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Foreword
The transport of radiation through shielding materials is a major consideration in the
safety design studies of nuclear power plants, and the modelling techniques used may
be applied to many other types of scientific and technological facilities. Accelerator
and irradiation facilities represent a key capability in R&D, medical and industrial
infrastructures and can be used in a wide range of scientific, medical and industrial
applications. Intermediate-energy ion accelerators, for example, are now used not only
in fundamental and applied research, but also for therapy as part of cancer treatment.
While the energy of the incident particles on the shielding of these facilities may be
much higher than that in nuclear power plants, much of the physics associated with the
behaviour of the secondary particles produced is similar, as are the computer modelling
techniques used to quantify key safety design parameters, such as radiation dose and
activation levels. Clear synergies exist, therefore, with other technical work being
carried out by the Nuclear Energy Agency (NEA), and its Nuclear Science Committee
(NSC) continues to sponsor activities in this domain.
One of these activities concerns “Shielding Aspects of Accelerators, Targets and
Irradiation Facilities” (SATIF). A series of workshops have been held over the last
20 years: SATIF-1 was held on 28-29 April 1994 in Arlington, Texas; SATIF-2 on
12-13 October 1995 at CERN in Geneva, Switzerland; SATIF-3 on 12-13 May 1997 at
Tohoku University in Sendai, Japan; SATIF-4 on 17-18 September 1998 in Knoxville,
Tennessee; SATIF-5 on 17-21 July 2000 at the NEA in Paris, France; SATIF-6 on
10-12 April 2002 at the SLAC National Accelerator Laboratory*, Menlo Park,
California; SATIF-7 on 17-18 May 2004 at ITN, Sacavem, Portugal; SATIF-8 on
22-24 May 2006 at the Pohang Accelerator Laboratory in Pohang, Korea; SATIF-9 on
21-23 April 2008 at Oak Ridge National Laboratory (ORNL), Oak Ridge, Tennessee;
SATIF-10 on 2-4 June 2010 at CERN in Geneva, Switzerland; SATIF-11 on
11-13 September 2012 at the High-energy Accelerator Research Organisation (KEK)
in Tsukuba, Japan; SATIF-12 on 28-30 April 2014 at Fermi National Accelerator
Laboratory (FNAL) in Batavia, Illinois.
The 13th workshop on Shielding Aspects of Accelerators, Targets and Irradiation
Facilities (SATIF-13) took place in Dresden, Germany and was jointly organised by
the Helmholtz-Zentrum Dresden-Rossendorf (HZDR) and the Expert Group on
Radiation Transport and Shielding (EGRTS) of the Working Party on Scientific Issues
of Reactor Systems (WPRS) of the NEA.
The workshop was sponsored by HZDR and co-sponsored by the NEA and its NSC.
The current proceedings provide a summary of the discussions, decisions and
conclusions as well as the text of the presentations made at the thirteenth workshop.
_______________________________
*

The “Stanford Linear Accelerator Center (SLAC)” at that time.
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Nested neutron spectrometer
Nuclear Regulatory Commission
Nuclear resonance fluorescence
Nuclear Science Committee (NEA)
National Superconducting Cyclotron Laboratory (United States)
Nuclear Safety and Security Commission (Korea)
Oxygen-free high thermal conductivity
Oak Ridge National Laboratory (United States)
Optically stimulated luminescence
Pohang Accelerator Laboratory (Korea)
Positron emission tomography
Particle and heavy-ion transport code system
Particle in cell
Proton ion medical machine study
Peak net area
Proton synchrotron
Paul Scherrer Institut (Switzerland)
Peta watt
Plasma X-ray dource
Quality check
Quasi deuteron
Research Organisation for Information Science and Technology
(Japan)
Review of LHC and injector upgrade plans
Radiation protection
Radiation protection department
Radio photo luminescence dosimeters
Radiological protection ordinance
Relativistic quantum molecular dynamics
Room temperature
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SATIF
SINBAD
SLAC
SMOG
SNS
SR
SRF
ST
STS
TAS
TOA
TOT
TS
TVL
XFEL
WPRS

Shielding aspects of accelerators, targets and irradiation facilities (NEA)
Shielding Integral Benchmark Archive and Database (NEA)
Stanford Linear Accelerator Center (United States)
Special mechanical off gas
Spallation Neutron Source
Synchrotron radiation
Superconducting radiofrequency
Source term
Second target station
Target absorber secondaries
Time of arrival
Time over threshold
Target station
Tenth-value-layer
X-ray free electron laser
Working Party on Scientific Issues of Reactor Systems (NEA)
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Executive summary

The 13th Workshop on Shielding Aspects of Accelerators, Targets and Irradiation
Facilities (SATIF-13) took place at the Helmholtz-Zentrum Dresden-Rossendorf
(HZDR), Dresden, Germany on 10-12 October 2016. The workshop was chaired by
Anna Ferrari (HZDR) and was attended by 71 participants representing
32 organisations of 11 countries.
Support for the SATIF workshop is now part of the mandated activity of the Expert
Group on Radiation Transport and Shielding (EGRTS, chaired by R. Grove from
ORNL) of the Working Party on Scientific Issues of Reactor Systems (WPRS) of the
NEA Nuclear Science Committee (NSC). The EGRTS also co-ordinates maintenance
and development of the Shielding Integral Benchmark Archive and Database
(SINBAD) of reactor shielding, fusion neutronics and accelerator shielding benchmark
experiments1.
The main objectives of the SATIF workshops are to:
•

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;

•

undertake a programme of work in order to achieve progress in specific priority
areas.

SATIF-13 was sponsored by HZDR and co-sponsored by the NEA and its NSC. The
workshop consisted of seven technical sessions and one poster session, and a wrap-up
session summarising achievements and defining further work for the next two years.
Highlights of the workshop were a presentation on “HZDR Laser-Plasma Research
Program” by T. Cowan (Director Institute of Radiation Physics, HZDR) and a tour to
the HZDR ELBE (Electron Linac for beams with high Brilliance and low Emittance).
The seven technical sessions were as follows:
•
•
•
•
•
•
•

Session I:
Session II:
Session III:
Session IV:
Session V:
Session VI:
Session VII:

Source terms and related topics
Induced radioactivity
Radiation shielding and dosimetry
Laser-plasma interaction and acceleration
Medical accelerators
Status of codes and data libraries
Code benchmarking and intercomparison

1. More information on the activities
www.oecd-nea.org/science/wprs/.

of

the

NEA/WPRS

can

be

found

at:
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The detailed programme is provided in Annex 1, and most of the presentations can be
found at: www.hzdr.de/SATIF13.
The first session was chaired by H. Hirayama (KEK) and focused on source terms and
related topics. Four presentations were made in the session, including estimation of
source term to environment from the target station and discussions related to neutron
production rates with protons below 20 MeV, 50 MeV/nU and high energy electrons.
From the comparisons of neutron production rates between measurements and
calculations with Monte Carlo codes, factor 2 or more differences were presented in
some conditions. Source term is one of the most important parameter for shielding
calculations. It is desire to obtain more experimental results and to perform the
benchmarking studies for neutron production by various particles.
The second session was chaired by D. Kiselev (PSI) and S. Roesler (CERN) and
targeted induced radioactivity. The session contained seven presentations. Radiological
characterisation of irradiated material is imperative not only for disposal but also for
free release, i.e. avoiding waste. While measurements are preferable, they are often not
straight forward to perform. In order to complement measurements, calculations are of
high importance because they can be performed well in advance of dismantling
campaigns and they allow radiological characterisation of components that are either
inaccessible before dismantling or too radioactive for direct measurements. At the
same time, the predictable power of calculations may be affected by uncertain
irradiation histories and material compositions. The following needs for future
developments or considerations were suggested:
•

Integration of radiological characterisation into design and operation:
‒ recording of history of components and tracking after dismantling;
‒ comprehensive dose-rate measurements and recording over entire life time;
‒ recording of beam losses over accelerator life time;
‒ placement of material samples representative of actual components;
‒ assessment and record of elemental composition including trace elements
relevant for waste disposal;
‒ optimisation of design for future dismantling;
‒ assessment of nuclide inventory as soon as possible.

•

Instrumentation to allow efficient measurements:
‒ mobile instrumentation;
‒ 4pi counter;
‒ instrumentation allowing direct measurements of beta emitters without
need for radiochemical methods.

•

Calculation methods/tools:
‒ Assessments for radioactive waste where irradiation history is not
available.
‒ Efficient assessments for contribution of trace elements to nuclide
inventory.
‒ Parametrisation of Monte Carlo studies in order to avoid repeating fullscale Monte Carlo calculations in case of design changes or for
assessments of the activation of sub-components.
‒ Scaling factors from measurable to total radiotoxicity and from external
dose rates to nuclide inventory.
‒ Benchmarks, especially for beta emitters.
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The third session was chaired by T. Sanami (KEK), H.-S. Lee (PAL) and A. Leuschner
(DESY) and focused on radiation shielding and dosimetry of different types of
facilities including major spallation neutron sources, heavy-ion accelerators and
electron accelerators. There were 12 presentations in the session:
•

Two from ISIS and SNS described the analysis of neutron production from new
high power proton targets and the design of targets and peripherals.

•

MARS 15 code was applied for shielding studies for ESS and ILC and the dark
current was estimated in detail.

•

Six practical studies based on commissioning or measurement results were
presented for electron, proton and heavy-ion facilities with two shielding
design reports of FRIB.

•

Shielding designs using Monte Carlo code touch very deep item like delicate
structure of accelerator and the data-based design showed more credit.

The fourth session was chaired by J. Bauer (SLAC) and focused on laser-plasma
interaction and acceleration, which is an important emerging field with peculiar
shielding problems. The session contained four presentations about the issues faced by
the laser facilities at ELI, SLAC, and the European XFEL (there were also poster
presentations about ELI, Spring-8/SACLA, and HZDR).
A major point of study is the source term. Depending on the type of target, a different
source term applies, and these source terms depend on many parameters and
uncertainties, some of which are difficult to control. Similarly, the measurements of the
resulting dose are highly dependent on these parameters and the exact conditions
during the shots. For solid targets, a new source term was presented that is based on
particle in cell (PIC) calculations, which use the basic Maxwell equations to step
through the laser-target interactions in space and time. Further studies and
measurements are expected from several laboratories.
The fifth session was chaired by M. Silari (CERN) and focused on medical accelerators.
The session contained three presentations on very different topics, two linked to hadron
therapy and one to radionuclide production. The first talk discussed neutron
measurements and dosimetry at hadron therapy accelerators, addressing specific issues
namely the pulsed nature of the neutron field and the very low radiation level outside
shielding. The latter may pose regulatory monitoring problems because of the need to
discriminate the neutron signal from natural background. Issues of neutron dosimetry
with medical accelerators are also linked to medical dosimetry presented in the third
session. The second talk discussed secondary neutron dose to the proton therapy
patient, which – with up to a few mSv of stray dose per therapy Gy – may lead to a few
percent lifetime excess cancer risk. Various approaches can be adopted to mitigate the
problem, from shielding the nozzle or the patient, to replacement of nozzle material or
a combination of the two. The third talk discussed the recent “discovery” of the
production of tritium via the 18O(p,t)16O reaction in 18O-enriched water target.
Although tritium is never present in the final radiopharmaceutical to be injected in the
patient, it may pose regulatory issues for licensing/import/export of non-irradiated and
irradiated 18O-enriched water.
The sixth session was chaired by N. Mokhov (FNAL) and the status of codes and data
libraries was discussed. There were four presentations in the session:
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•

The fist talk introduced some of the FLUKA’s new features (improvements/
new features related to the large hadron collider (LHC) and future high energy
projects, new features in electromagnetic dissociation, fully correlated
pointwise neutron cross-sections for a few selected isotopes, improved ion-ion
nuclear models for medical applications).

•

The second talk introduced new data of electron-photon-relaxation for MCNP6
and plans for verification and validation testing of the data.

•

The third talk introduced new features of the latest version of Geant4 and
results of shielding benchmarks for the latest Geant4.

•

The fourth talk introduced the FLUKA Line Builder (a CERN tool to generate
FLUKA geometry from set of elements).

The seventh session was chaired by H.G. Hughes (LANL) and Alfredo Ferrari (CERN),
and focused on code benchmarking and inter-comparison exercises. The session
contained nine presentations. Four were code benchmarking exercises:
•

Simulations using FLUKA in LHC;

•

FLUKA/photon and neutron dose rates around thick targets irradiated with
GeV electrons;

•

PHITS/neutron attenuation in iron and concrete during shielding experiments at
proton accelerator facilities (TIARA/RCNP/AGS);

•

FLUKA/Bi and Al activations around a Cu target irradiated with GeV protons.

Five were code inter-comparison exercises:
•

Geant4, PHITS, MCNPX, MARS/fluence, energy fluence, spectra, angular
integral energy fluence of neutrons from Al/Cu/Au targets irradiated with
1/10/100 GeV protons;

•

FLUKA, MARS, Geant4/muon fluence and absorbed dose after massive iron
shielding induced by GeV electrons;

•

Geant4, FLUKA, MCNP/photo-nuclear production from targets irradiated with
MeV electrons/photons;

•

FLUKA, PHITS, MCNPX, MARS/various cases of neutron yield, neutron
attenuation, and activation for designing large accelerator facilities;

•

Geant4, FLUKA, MCNPX/Po production in Pb irradiated with MeV protons.

A poster session was held as had been held previously at SATIF-12, due to the high
number of submitted contributions that could not be accommodated in the oral sessions.
The session attracted 21 contributions from CNAO (1), CNSC (1), ELI Beamlines (1),
ESS (2), Fujita Corp. (1), Hanyang Univ. (1), HZDR (10), KAERI (2), RIKEN (1), and
TUV SUD Nucl. Tech. (1) in the topics of source terms and related topics (1), induced
radioactivity (3), radiation shielding and dosimetry (3), laser-plasma interaction and
acceleration (4), code benchmarking and inter-comparison exercises (3), and
presentations of facilities (7).
Related to one of the contributions, “Standardisation of concrete for radiation shielding”
was orally presented in order to discuss possible collaboration works on the topic at the
end of the seventh session.
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The last session was chaired by R. Grove and was dedicated to summarising the
workshop, identifying areas of co-operation for the next two years, identifying actions
required in order to achieve desired progress in the different research areas, and
monitoring the progress achieved in actions decided in past workshops.
Following a comprehensive summary of the sessions 1-7 by N. Mokhov, H. Hirayama
emphasised that, in addition to presentations of various research works, the SATIF
community has to organise “tasks” suitable for the main SATIF objectives:
•

Organise working groups.

•

Work together as an international collaboration.

•

Present the results obtained by the collaborations at the SATIF meeting in order
to improve the knowledge in the field of “Shielding aspects of Accelerators,
Target and Irradiation Facilities”.

H. Hirayama introduced the following as ongoing/new tasks (the new are underlined):
•

exchange information about “Status of codes and data libraries”;

•

intercomparison of particle production:
‒

•

particle production (currently, neutron production by high-energy protons)
from targets; add neutron production by 2-20 MeV protons (including
low-Z materials) and by Giant-resonant photons;
‒ contribution of the results by code developers and code users;
‒ difference between codes for simple problems;
intercomparison and benchmark for muon fluence and absorbed dose in
shielding irradiated by electron beams;

•

neutron production cross-sections for low-energy protons;

•

standard concrete for radiation shielding.

H. Hirayama also mentioned the importance of SINBAD for Verification and
Validation of various radiation transport codes. A review of the status of SINBAD at
the next SATIF meeting (SATIF-14) was requested.
Highlights from the poster session were briefly introduced by Anna Ferrari. The
participants agreed that the poster session was useful for the SATIF Workshop.
In the discussion, several comments and suggestions were made by the participants.
Extensions of regions of the participants (Asia and America, especially), the workshop
format (3 days to 3.5/4 days), and sessions to nuclear-data evaluation were proposed.
E. Sartori (honorary member of the SATIF Scientific Committee) reminded the
participants about several historical points, especially that the SATIF workshop is a
system of information exchange for the main objectives, different from ordinary
international conferences. E. Sartori hoped that more contributions to the “SATIF tasks”
would be made by the participants.
It was suggested that SATIF-14 be held in 2018 in Asia following the tradition of
rotating the venue between America, Europe and Asia. On behalf of Korea
Multipurpose Accelerator Complex (KOMAC) and Pohang Accelerator Laboratory
(PAL), H.-S. Lee presented a proposal for the next SATIF-14 in 2018. KOMAC and
PAL are considering organising SATIF-14 in Pohang or Gyeongju, Korea. Dates and
venue will be fixed and provided well in advance of the next meeting.
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Participants thanked the General Chair Anna Ferrari and HZDR for hosting SATIF-13,
for the outstanding scientific programme, for the friendly atmosphere that contributed
to foster intense scientific discussion and for their kind hospitality. The Chair
adjourned the meeting.
After the workshop, the technical tour to the HZDR ELBE facility was arranged.
Participants in the tour had a chance to visit the facilities in ELBE and have face-toface meetings with the HZDR radiation experts.
The members of the Scientific Committee of SATIF-13 were: S. Ban (High Energy
Accelerator Research Organization – KEK, Japan), F. Cerutti (CERN), Anna Ferrari
(the general chair of SATIF-13, HZDR), R. Grove (ORNL), J. Gulliford (NEA,
France), H. Hirayama (KEK), G. Hughes (LANL), B. Kirk (honorary), H.-S. Lee
(PAL), N. Mokhov (FNAL), G. Muhrer (ESS), Y. Nakahara (NEA, France),
T. Nakamura (honorary), H. Nakashima (JAEA), S. Roesler (CERN), S. Rokni
(SLAC), E. Sartori (honorary), M. Silari (CERN), T. Valentine (ORNL), and P. Vaz
(IST).
The members of the local organising committee (from HZDR) were: A. Ferrari,
S. Müller, U. Schramm, R. Schwengner, and A. Varga.
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Session I: Source Terms and Related Topics
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1. Source Term to the Environment from the ESS Target Station
Daniela Ene1
1

ESS ERIC, European Spallation Source, Sweden

Abstract
This work provides the source term to the atmosphere from the European Spallation
Source (ESS) target station during planned operations. It is meant to be used as input
for update of the Environmental Impact Assessment for ESS facility. Within the target
station there are four important contributors to radioactive releases in locations where
venting system will be implemented: i) helium cooling loop of the tungsten target; ii)
helium within the shielding monolith; iii) gas-liquid separator tanks of the main
cooling water circuits and iv) hot cells facility. The releasing from the first three
sources are continuous releases, while releasing from the hot cells are short-term
planned releases, occurring periodically during the dismantling and cutting of the
obsolete activated components. The main elements defining the source term are: i)
gases (noble gases, tritium and gases produced via hydrolysis of the water); ii)
volatiles, semi-volatiles and other spallation products ejected via sputtering from the
tungsten target and iii) dust (tungsten dust, stainless steel dust from cutting processes
within hot cells, other corrosion products). The most critical zone is the helium cooling
loop of the target, where spallation products created within the target have the
potential to be released. Several assumptions were used to define and quantify that
source term along the occurring processes: i) radioactivity will be released from the
target within the helium loop; ii) a stationary level of the radioactivity will be achieved
in the loop due to the presence of the purification system; iii) leakages of the
contaminated helium will occur within the rooms where the pipes of the loop are
located and iv) released into the environment via the stack, by means of the ventilation
system. Two potential source terms to the environment originating during the
processing within hot cells were identified and quantified: i) tungsten dust (pasted up
on the surfaces of the structures and pipes) that can be spread and arise during the
cutting process; ii) stainless steel dust arising from machining of the obsolete
components (target shaft and shroud, moderator reflector twister, pipes, plugs, others).
The annual effective doses to the public, estimated based on a graded approach, are
further reported for two potential release cases
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1.1. Introduction
The impact of the release of the radioactivity to the ambient air has two main phases:
1.

2.

Calculation of the source term, which means the activities of radionuclides,
which can be released annually. Such calculations are based upon the estimated
radioactive inventory and the design parameters of the ventilation system;
Use of the atmospheric dispersion and radiological models to the reference
groups around the site. ESS approach is based on PREDO methodology [1].

This report provides the source term (ST) to the atmosphere from the European
Spallation Source (ESS) target station (TS) during planned operations. It is meant to
be used as input for update of the environmental impact assessment (EIA) for the
second step of the licensing of the ESS facility [2]. The consequences of the ESS
planned releases to the environment were previously reported within EIA report [3]
submitted to Swedish Authority (SSM) as a support document accompanying ESS
Preliminary Safety Analysis Report v.1 (PSAR #1 ) as well as inside the ESS
Technical Design Report (TDR) [4]. The present work reflects the actual knowledge
ESS personnel have upon the systems of the TS and account for the modifications
from the baseline design given in TDR.
Within the TS there are four important contributors to radioactive releases in
locations where venting system will be implemented:
1.
2.
3.
4.

helium cooling loop (HeL) of the tungsten (W) target;
helium within the shielding monolith (HeM);
gas-liquid separator (GLS) tanks of the main cooling water circuits (MCC);
active cells facility (ActC).

A helium purification system (HPS) is necessary within HeL, see justification in ESS
TDR [4]. The HeL contains also special filters for tungsten (W) dust formed by
ablation. The gases and dust that will leak from the purified helium through the pipes
will be extracted by the of the heating, ventilation and air conditioning (HVAC)
system from the rooms housing the loop.
All radioactive releases to the environment from the TS will occur via the HVAC
system through the main stack. The purge of the radioactive gases from the GLS
tanks of the MCC might be required even though the design accounts of measures,
such recombination and retardation. The releasing from HeL, HeM and GLS are
continuous releases, while releasing from the ActC are short-term planned releases,
occurring periodically during the dismantling and cutting of the obsolete activated
components. At the time being the primary data related to ESS radioactivity within
HeM and GLS are missing, therefore these sources will not be treated in this report.
The main elements defining the ST are: i) gases (noble gases, tritium and gases
produced via hydrolysis of the water); ii) volatiles, semi-volatiles and other spallation
products ejected via sputtering from W target and iii) dust (tungsten dust, stainless
steel dust from cutting processes within ActC, other corrosion products).
Of critical importance is an estimation of the amount of radioactive nuclides that will
be released from the target during operation and their ultimate fate within the facility
and the mechanisms by which they may reach the outside environment.
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The annual effective doses to the public, estimated based on a graded approach, are
further reported. Two potential release cases were accounted for a better
understanding of the radiological impact. Release from the HeL was treated as a
continuous process. It means that weather conditions averaged over last 10 years
were used for estimates. While the short-term release from the ActC was defined
using the most severe weather conditions over the duration of dismantling, one
month.

1.2. Helium cooling loop of the tungsten target
The most critical zone is the HeL where spallation products created within the W
target have the potential to be released. A schematic view of the HeL is provided in
the Figure 1.1. The basic parameters of HeL are given in the Table 1.1.
Table 1.1. Basis parameters of helium cooling loop
Parameter

Value

Mass of helium
Volume of helium

23 kg
176 m3 at pressure given below

Pressure

100 kPa at 200C

Leakage of helium during planned operation

1 g/hr

Figure 1.1. Schematic view of the helium cooling loop of the tungsten target

Several assumptions were used to define the ST from HeL. Safety factors/margins
were always allocated all over those suppositions and to the results of the theoretical
estimates associated with them. Until experimental evidence will be available to
benchmark them, they will remain just hypotheses. The ESS ST will be really known
after years of routine operation experience at full power of the facility, based on
continuous monitoring the source and environment sampling [5].
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The assumptions taken for the present assessment are presented as follows.

1.2.1. Assumptions
It is assumed that radioactivity will be released from the tungsten target within the
HeL (see Figure 1.1). Due to the purification system, based on several types of
getters and specialised filters, a stationary level of the radioactivity it is likely to be
achieved in the loop. Because of high pressure (see Table 1.1) of the helium coolant
it is expected that leakages will occur within the rooms where the pipes of the loop
are located. The leaked radioactivity is further released into the ambient air via the
stack by means of the ventilation system.

Helium contamination
According the knowledge that ESS staff has in this stage of the project, there are
three potential mechanisms responsible for releasing of the radionuclides from the W
target within the HeL: i) diffusion; ii) sputtering or direct ejection due to spallation
reaction and iii) ablation.

Release due to sputtering and diffusion
The calculation of the release of radioisotopes from tungsten during irradiation has
limited experience, particularly at the power levels of ESS. It could be anticipated
that novel problems could develop that are unanticipated. The early estimates of the
RFs from W target were based on scaling the literature data (measurements and/or
diffusion coefficient values).
The recent RFs calculated in [6] are believed to be reasonable since they are
calculated based on the best science available. Therefore they will be the further
reference for the assessment. The reference RFs were calculated for a temperature of
500oC. Maximum temperature of the tungsten target during full power operations is
400oC. The released species assumed in [6] the above reference are given in
Table 1.2.
Table 1.2. Expected elements released due to sputtering and diffusion
Gases

Volatiles

Semi-volatiles

Noble gases:
Ne, Ar, Kr, Xe

Halogens:
I, Br, F, Cl

As, Se, Sb, Te, Ru, P,
S, Cs, K

O, C*, N

H

Others ejected spallation products (particles)
Alkali metals: Li, Na, Rb;
Alkaline earths: Be, Mg, Ca, Sr, Ba;
Boron group: B, Al, Ga, Te, In;
Transition metals: Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb,
Mo, Tc, Rh, Pd, Ag, Cd, Hf, Ta, W, Re, Os;
Metalloids: Be, Si, Ge, Rb, Sn, Sb;
Lanthanides: La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb, Lu.

Note: *CO or CO2
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The rationale underlying the structured display of the radionuclides in the above table
is the way in which the cleaning system within HPS is assumed to affect the production of the
radionuclides. Thus there is not abatement system within HPS for noble gases, O, C

and N. Tritium and halogens are “cleaned” by means specialised getters. The
behaviour of the semi-volatiles is not known. They are assumed to be partially kept
within the getters and withheld by the special filters. Finally the particles (mainly
metals) ejected from target are retained within the dust and specialised particle filters.
The RF values from [6] are reproduced in the second column of Table 1.3 as RFsD.
Table 1.3. Release fractions due to sputtering and diffusion
Release fraction (RFsD)
Sputtering and Diffusion fraction [6]

Conservatism
Factor

3E-4; 1E-4; 3E-5
1E-4

5

1

1

Volatiles
(F-Cl-Br-I)

3E-04

10

Solid elements
class#1
(Na thru Zr)

1E-04

5

Solid elements
class#2
(Nb thru Os)

3E-05

2

Species
Gases excluding 3H
Noble gases
(He-Ne-Ar-Kr-Xe)
O, C*, N
H

Note: *CO or CO2

Calculations showed that the dominant term of the releasing from the target
originates from the nuclei recoil (sputtering) process. While, the diffusion (for which
the diffusion coefficients are the most uncertain) contributes less than 1% of the total
realise in most cases, except 3H, for which is the prevalent factor.
The radiation damages occurring within the W target were not included in the
analysis of the releasing mechanisms under investigation. From fusion experience [7]
it is known that with respect to radiation damages, both vacancies and interstitial
atoms may decrease the diffusion coefficients of 3H, halogens and noble gases
because vacancies will act as “trapping sites” for these atoms resulting in smaller
“effective” diffusion coefficients whereas interstitial atoms may increase the
activation energy for diffusion of 3H and other atoms though the effect of interstitial
atoms is very limited. One can conclude that diffusion rates for most isotopes in the
tungsten, except 3H are negligible. As resulted from the table above the RFsD for the
noble gas species in tungsten is the same order of magnitude as for the solid
elements. Note that the ITER experience [7-9] shows evidence that RF of 3H from
tungsten at 400oC may range from 1% to 50% because 3H generated at 400oC can
diffuse to the bulk and be trapped by vacancies and other defects. Additionally, from
the experience of other spallation facilities, SNS and JPARC it is known that more
than 30% from the 3H is pasted up on metallic surfaces such shrouds, pipe, others.
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However, for conservatism reasons, the reference RFsD value of 1 for 3H as given in
Table1.3 is further used in this assessment. As the retention of 3H in the tungsten and
pipes it is not accounted it is assumed that the abatement in the helium cooling loop
accounts for all of the 3H retention in the target system. Since halogens are very
reactive it can be assumed that will react with the tungsten to form a stable tungsten
halide. It has to specify also, that long run stack monitoring of both spallation sources
based on tungsten target: ISIS, UK and LANSCE, US showed no iodine detected.
Nevertheless, the W targets of those facilities are cladded with tantalum.
Despite the examples mentioned above, no evidence was found in the literature for
chemical reaction of halogens at elevated temperature specific to W target. Therefore,
it is not considered in the assessment. Consideration exists that a conservative factor
should be applied to the reference RFsD to account for the uncertainty that exists in
the calculation. There is also the error in the calculation of radioactive inventory from
neutronics that also should be considered. In conclusion conservative factors showed
in Column 3 of Table 1.3 are applied to the release values from [6]. For 3H, assuming
1 for the release factor cannot be more conservative. For volatiles (halogens) a higher
factor, such 10 is used since these isotopes contribute more to the off-site doses.
Semi-volatiles should have very low release fractions along with noble gases, and a
factor of 2-5 would apply.

Release due to ablation
Because the tungsten is exposed directly to the helium coolant, it might have the
potential to ablate as the surface grains and released into the coolant channels. Since
these are grain-sized particles, special filters shall be provided in the HPS of the HeL
to remove them. Subsequently, the tungsten oxide is known to be volatile, additional
filters are to be provided in the HeL cleaning system to remove these particulates.
Due to the content of spallation and activation products released into the cooling
system, assumptions should be used to estimate the amounts of W dust generated, so
that appropriate filtration equipment can be designed.
A guess value of the ablation fraction, based on similar hypothesis as in ESS TDR [4]
can be derived for the updated concept of the W target. The target consists of
6 000 bricks each sized of 8cm X 3cm X 1cm. It results in about 4.2E+5 cm2 of
external surface. Using an ablation rate of 1 μm/y of all surfaces it results of about
0.8 Kg of W dust that correspond to an ablation rate of about E= 3E-4 per year. Note
that it is a conservative value as consider that the beam is uniformly distributed
through over the W target. The guess ablation rate is in the range of the rates due to
sputtering (see Table 1.3). The operating assumption [4] is that 1% to 5% of this dust
potentially may coat the interior surfaces of the target-cooling loop, while the
remainder will be removed via special filtration. However to be on the safe side there
can be no accounting for retention of W dust on the pipes, and therefore the
abatement in the helium cooling loop accounts for all of the W dust retention in the
target system.
One concern is the tendency of the dust to emit volatile radionuclides. The nuclides
that have been identified as mobile due to diffusion from the target are also rapidly
liberated from the dust. Other elements remain in the dust for very long periods of
time. The radionuclides in the W dust were selected from the whole radioactivity
inventory of spallation products of the W target, based on their potential significant
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contribution to the radiological environmental consequences in design basis
accidents. The selected isotopes are provided in [10] together with the justification.

1.3. Clean-up system in the coolant loop and leakage
The effectiveness of the helium purification system (HPS), schematically showed in
Figure 1.2 is given in Table 1.4.
Table 1.4. Effectiveness of “filters” of the helium purification system
Filter type

Effectiveness

Noble Gases, O, C, N

no

Tritium and halogens

Specialised getter

3H,

N, O, CO2, H2O Getter (ZrFe alloy*)

99.79%

Halogens Getter (Activated carbon filter**)

99.97%

Special dust filters

99.999%

Note: *From SAES Group (www.saesgetters.com). ** From Camfil (www.camfil.com).

Note, that the HPS effectiveness is considered here as “ideal”. In the reality the
getter/filter will operate with its collection efficiency until it is at ~ 80% of its
capacity. At that point the collection efficiency will drop with time at a rate that
depends on the amount of radionuclide in the carrier flowing into the system divided
into the residual capacity of it. ESS intends to operate the abatement system to 75%
of the design capacity and then switch to a fresh system. Purification loop rate is
defined as the volume of the helium which passes through the HPS loop per unit time
divided by the total volume of helium in the cooling system. For the diversion of the
cooling flow of 1 g/sec (see Figure 1.1) from the total 23 Kg helium reservoir
(Table 1.1) results G=4E-5 Hz for HPS. The helium leakage from flanges, valves and
pipes of the cooling loop used for the current estimates is L = 9.3E-9 s-1, equivalent
of 1 gram/hour. The rooms hosting the helium coolant loop are located in the “Utility
Rooms” building in connection to the monolith. These are the places were the
leakages of contaminated helium may occur and taken over by the ventilation system
via the main stack to the environment.

1.4. Passage of radioactivity through ventilation system
The ventilation system of the target building is designed following the Standard ISO
17873 [11]. The radioactive releases from to helium coolant of the target and
monolith are related to leaks from pipes and devices of the cooling circuits located in
this zone. For simplicity, since now further, the compartment where extraction
ventilation line is located is assigned as “HVAC room”. All are connected to the
main stack. A HVAC room is characterised by: i) class number (C4 corresponds to
the highest level of air activation); ii) total volume Vi (m3); iii) Air extraction flow
rate Ei (m3/h) and iv) leak rate from the compartment i to the compartment j, Lij m3/h.
The main parameters of HVAC lines connected to HeL system are given in Table 1.5.
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Table 1.5. Parameters of HVAC system and of the rooms
housing the helium cooling loop
HVAC room
codifiction

Volume
(m3)

Air exchange rate (Vol/h)

Confinement
class

D02.115.3064

758

2

C3

D02.115.4003

842

5

C3

D02.103.3064

1049

2

C3

D02.103.4003

842

3

C3

The table shows that all HVAC lines are C3 classified. The ISO classification gives
the degree of complexity of the filtration system. The term “filter” is used here as
generic for all abatement devices able to: filter, absorb and/or delay the isotopes
within HVAC. Initial assumed values for the effectiveness of hepa filters associated
to HVAC system, taken from [11] is 99.97 %. The actual abatement system
associated to the stack does not contain iodine filters. In case that iodine filters are
requested it can be easily added. It is thought that iodine getters in the coolant loop
plus iodine filters in the ventilation should be able to acceptably abate it.

1.4.1. Source term
The movement of radioactive impurities from the target into the helium cooling loop
and molecular sieve was firstly derived in [2] using analytic functions describing the
transport of these nuclides, between several compartments. This approach is
developed here for derivation of the source term to the environment from HeL based
on the update knowledge and upgrade of the HPS. The block diagram showing the
possible locations where activity can reside, and the ways in which it can move is
shown in Figure 1.2.
“Surfaces” is a general term describing any place within the HeL where dust may be
plated up. For conservative reasons, the fraction used here to define the pasting up of
the dust on surfaces is redundant. The fraction of 1% used here was taken from [4]. It
can be easily changed to other value when more reliable data will be available.
From the target, the nuclides can either: i) radioactively decay with the constant λ, or
ii) release into the helium cooling circuit via sputtering, diffusion and ablation.
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Figure 1.2. Compartment model for developing the analytic expressions
governing the radioactivity releases from helium cooling loop

Thus the activity in the target, AT is governed by the differential equation:
𝒅𝑨𝑻
𝒅𝒕

whose solution is:

= 𝒄 − 𝑹𝑺𝑫 𝒄 − (𝝀 + 𝜺 )𝑨𝑻 (𝒕)

𝑨𝑻 (𝒕) =

𝒄(𝟏−𝑹𝑺𝑫 )
𝝀+𝜺

�𝟏 − 𝒆−(𝝀+𝜺)𝒕 �

(1)

(2)

where: RSD is sputtering and diffusion fraction as defined in Table 1.3. While, ε is the
constant ablation rate equivalent to 1.9E-11 Hz derived from the value E derived
above for an irradiation time of 5 000 hours. It shall be emphasised here that the
process of diffusion of the impurities from the target to the HeL was treated in TDR
[4] as a temporally removal rate. However here (see Eq. 1 and 2), for conservative
reasons and simplicity the diffusion is incorporated in the total release fraction.
The differential equation governing activity in the HeL, AHe is:
𝒅𝑨𝑯𝒆
𝒅𝒕

= 𝑹𝑺𝑫 𝒄 + 𝜺𝑨𝑻 (𝒕) − (𝝀 + 𝑮 + 𝑳 )𝑨𝑯𝒆 (𝒕)

(3)

where: G is the purification loop rate and L is the helium leakage from the pipes to
the HVAC room, as defined above.
According to the compartment model given in Figure 1.2 the simplified solution of
the above equation is:

𝑨𝑯𝒆 (𝒕) =

𝒄 𝑹𝑭

𝝀 + 𝑮+𝑳

�𝟏 − 𝒆−(𝝀+𝑮+𝑳)𝒕 �

where RF = (RSD + E)*1E-5 for particles and RF= RSD + E*1E-5 for others.

(4)
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Further, as above, the activity in the HVAC room, ArH is:
𝒅𝑨𝒓𝑯
𝒅𝒕

= 𝑳 𝑨𝑯𝒆 (𝒕) − (𝝀 + 𝒓 )𝑨𝒓𝑯 (𝒕) =

𝒄 𝑹𝑭 𝑳

𝝀 + 𝑮+𝑳

�𝟏 − 𝒆−(𝝀+𝑮+𝑳)𝒕 � − (𝝀 + 𝒓 )𝑨𝒓𝑯 (𝒕) (5)

The above equation was derived assuming a simple laminar flow model with an air
exchange rate, r of the total air volume of the room where HVAC is implemented, as
defined in Table 1.5.
One can calculate the activity in the HVAC room at each time moment by:

𝑨𝒓𝑯 (𝒕) =

𝒄 𝑹𝑭 𝑳

𝝀 + 𝑮+𝑳

�

𝟏

𝝀+𝒓

�𝟏 − 𝒆−(𝝀+𝒓)𝒕 � +

𝟏

𝒓−𝑮−𝑳

And the activity released to the environment is:

AOut(t) = r ArH(t)

�𝒆−(𝝀+𝒓)𝒕 − 𝒆−(𝝀+𝑮+𝑳)𝒕 � �

(6)

(7)

The annual release to the stack from the specific HVAC room is the integral
of AOut(t) over the operation time, T is:
𝑻

𝑨𝑶𝒖𝒕 = 𝒓 ∫𝟎 𝑨𝒓𝑯 (𝒕)𝒅𝒕 = 𝑷 𝑵 𝒓 � 𝒂 −

where:

𝒂−𝒃

𝒌𝟏 𝑻

�𝟏 − 𝒆−𝒌𝟏 𝑻 � −
RF L

𝒃

𝒌𝟐 𝑻

�𝟏 − 𝒆−𝒌𝟐 𝑻 � �
1

(8)
1

;a=
;b=
; k1 =
P = c T is the annual production in the target; N =
𝜆 + 𝐺+L
𝜆+𝑟
𝑟−𝐺−L
+𝑟 ; k2 = +𝐺 + L.

Note, that in case of the release of the radioactive particles, the Eq. 7 shall be
modified accounting for the hepa filter associated to the HVAC (see the Figure 1.2),
multiplying by (1 – effectiveness), where effectiveness is given above.

By using the analytical solution (Eq. 7), for a given operation time, one can derive the
annual releases to the environment of the isotopes produced within the target that can
reach the stack via the HeL. Finally, the total release to the environment arising from
HeL is obtained by summation of all contributions from the HVAC rooms given in
Table 1.5. The radionuclide annual activity productions in the target were taken from
[14] based on simulations performed using MCNPX Monte Carlo code (CEM3k
reaction model) coupled with ACAB activation and depletion programme.
The annual releases estimated were derived based on continuous operation time of
5 000 h. The obtained results are reported in Table 1.6. Two cases of release rates
were considered for the estimation of the annual dose:
1. pessimistic estimate, that assumes the maximum that the facility can potentially
release (no credit is given to the filtration equipment at the main stack) and
2.optimal estimate asuming that all abatement equipment works optimally.
The table shows that the dominant contribution to the ST is given by 3H followed by
iodine. The effect of the hepa filters reduces the source of metallic ejected spallation
products by more than 3 orders of magnitude.

1.5. Active cells facility
The active cells facility (ActC) purposes are: i) to process the obsolete components
with limited life time from the target monolith, in order to fit within the specific
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containers and ii) to store the processed waste until the shipping outside the site will
be available.
The potential radioactivity arising during processing within the ActC might be
collected and filtered in one separate device, with a vacuum cleaner, prior to be
extracted via the HVAC to the stack. As the use of this device is still under
discussion and therefore is not yet defined its presence will not be accounted in the
further estimates. In this stage of the ESS project, only dismantling of the W target
system within the ActC is analysed, as its process is understood and defined at the
time being. The dismantling of the target will occur each five years and last for a time
period of about two months. Therefore within the EIA the releases from the ActC are
treated as a short-term release.

1.5.1. Assumptions
Two potential source terms to the environment originating during the processing
within ActC were identified:
1. tungsten (W) dust (pasted up on the surfaces of the structures and pipes) that can
be spread and arise during the cutting process;
2. stainless steel (SS) dust arising from machining of the obsolete components
(target shaft and shroud, moderator reflector twister, pipes, plugs, others).
The dismantling of the target system within ActC will occur each five years. The first
stage, the residence of the target system within the monolith followed by the handling
and transportation of the target from the monolith to ActC is assumed to last
minimum two weeks and three days. Cutting of the top part of shaft, almost nonactivated is planned to be done for the next two weeks. The cutting and packing of
the bottom hot activated shaft and separation of the target wheel from the shaft it will
take more two weeks. It is further planed that the target wheel will be stored in the
pits of the storage ActC for more five decay years prior to be dismantled. However,
in the present estimates it is conservatively assumed that processing of the target
wheel (dismantling, cutting of the shroud and packing) will start immediately after
separation. This is a special situation that is foreseen in the logistics path that might
occur for instant for PIE sampling or other events. According to the most
conservative handling scenario presented above, the W dust can be released
minimum six weeks later after the beam off. While the radioactive SS dust after
minimum four weeks. Therefore, for the present estimates 30 days decay time is
assumed.

Tungsten dust
It is assumed that all W dust accumulated on the surfaces (see Figure 1.2) during five
years of irradiation will be spread within the processing ActC and released via
HVAC to the stack. Additionally, there is the potential that gases and volatile
elements from the target bricks can be released within the room during dismantling
and discharged via HVAC to the stack. The reference [6] shows that at 500oC the
diffusion coefficients of others elements with potential to be released from the W
bricks and dust are orders of magnitude smaller than that of the hydrogen. Therefore
at 60oC the difference for diffusion coefficients will be even much greater. It might
be concluded that no diffusion for other elements except hydrogen should be
60𝑑𝑒𝑔𝐶
considered. The release fraction of 3H conservatively assumed here is 𝑅𝐹𝐻3
=
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1E-4 chosen based on references [8-9]. The radionuclides in the W dust were selected
from the whole radioactivity inventory of spallation products of the W target, based
on their significant radiological contribution to the public consequences. The
justification of this selection, as is stated in [10] is based on previous radiological
studies conducted.

Stainless steel dust
The radioactive inventory of the stainless steel dust (SS dust) produced in the ActC
during cutting the shaft and the shroud of the target system was calculated based on
two steps. First, was calculated the radioactive inventory of the each of the items, to
be cat within the ActC: the shroud and the shaft. Second, were estimated the amounts
of SS dust that might arise during the cutting process. The Table 1.6 provides the
estimated SS dust fractions (mass of produced SS dust divided by the total mass of
the item) taken from [12].
Table 1.6. Estimated fractions of the stainless steel dust arising
from the cutting of the target system
Stainless steel dust fractions* (%)
Min

Stainless steel dust

Max

Shaft

Shroud

Shaft

Shroud

0.20

1.13

0.42

2.24

Note: *Percent from the total mass of the item.

Because the cutting process is not yet established the table gives two extreme values.
For instant, the minimum dust fraction derived for the shaft was estimated
considering two cuts of the item while the maximum corresponds to six cuts.
Similarly as above, the radionuclides in the SS dust were selected from the whole
radioactivity inventory of SS structures of the target system, based on their
significant contribution to the public radiological consequences. The justification of
this selection, as is stated in [10] is based on previous studies conducted. The release
60𝑑𝑒𝑔𝐶
= 0.5
fraction of 3H from the stainless steel, conservatively assumed here is 𝑅𝐹𝐻3
chosen based on the reference [13].

1.5.2. Passage of radioactivity through ventilation system
In the present estimates at least one level of filtration is credited. The room housing
the processing active cell facility, has a volume of 2175 m3, the air exchange rate of
HVAC is 3 Vol/h and confinement class is C4. Assumed values for the effectiveness
of “filters” associated to HVAC system are the same as above.

1.5.3. Source term
Tungsten dust
The radioactivity attached to the W dust will accumulate on the surfaces of the
helium cooling loop. The maximum inventory of the radionuclides accumulated on
surfaces at the end of the first operation year is given as:
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𝑨𝟏 =

𝒒𝒔
𝝀

�𝟏 − 𝒆−𝝀𝑻𝒊𝒓𝒓𝒂𝒅 � (9)

where qS = P ε fpu is the plated up rate of the W dust derived using: P = annual
production, ε = ablation rate, fpu = fraction and Tirrad is the operation time.
At the end of the 5th annual run, the accumulated activity will be:
𝒊−𝟏

𝑨𝟓 = 𝑨𝟏 ∑𝟓𝒊=𝟏�𝒆−𝝀𝑻𝟏 �

where T1 is the time of one year.

(10)

The resulting accumulated W dust radionuclide inventory and its activity at
dismantling time estimated using the annual activity productions in the target.
The annual release to the environment, considering a continuous uniform dismantling
is given by:

where:

𝑨𝑯𝑪_𝑾 =

𝑨𝟓 𝒓
𝝀+𝒓

�𝟏 −

𝟏

𝑻𝑯𝑪 (𝝀+𝒓)

�𝟏 − 𝒆−(𝝀+𝒓)𝑻𝑯𝑪 ��

(11)

TActC is the time needed for dismantling, here taken as 2 months and r is the HVAC
exchange rate given above.
The obtained results are reported in Table 1.6, for both analysed release cases. The
contribution of 3H released directly during dismantling of the W target of about
6.24E+11 Bq/y is dominant. In case of pessimistic assumption the W dust ST to the
stack is about 1.06E+08 Bq/y. The ST estimate in case of the optimal release was
further derived considering the effectiveness of the hepa filtration at the stack. Note
that the remaining 3H and iodine isotopes inside the W dust are assumed to stay
attached and behave as a dust. Thus, the hepa filter is effective upon them.

Stainless steel dust
The radioactive activity of the shroud and of the shaft at the time of dismantling were
taken from [14]. The results for the shaft were calculated for entire item. For instant,
Figure 1.3 taken from [14] gives the specific activity distribution in Bq cm-3 of the
60
Co.
Figure 1.3. Distribution of radioactivity of 60Co integrated
over the entire shaft geometry
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The data used integrate these specific activity values for all shaft geometry volume.
The activity of the SS arising from processing within the ActC was further calculated
based on the fractions given in Table 1.5. And finally, the annual release was derived
by means the Eq. 11, using the maximum of SS dust that can be produced during
processing within ActC room.
The obtained results are reported in Table 1.6, for both analysed release cases. The
contribution of 3H released directly during dismantling of the shroud and the shaft is
about 2.01E+8 Bq/y, while the remaining 3H is assumed to stay attached and behave
as a dust. The pessimistic ST of the SS dust is about 4.59E+8 Bq. Considering the
effectiveness of the hepa filtration at the stack it was further derived the ST for the
optimal release case.

1.6. Effective dose to the public
A graded approach was applied, see details in [15], for the environment impact
assessment of the entire ESS facility, consisting of two subsequent steps. In the first
step, “screening” conservative dose calculations were carried out to obtain a selection
of radionuclides with a potential significant contribution to the annual doses. In the
second step, for radiologically significant radionuclides, detailed calculations were
further performed using realistic wind dispersion and realistic radioecological
models. Release from the HeL was treated as a continuous process. It means that
weather conditions averaged over last 10 years were used for estimates. While the
short-term release from the ActC was defined using the most severe weather
conditions over the duration of dismantling, one month. The results of both screening
and realistic approach are provided in Table 1.7 for the two potential release cases
accounted.
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Table 1.7: Source term and annual effective dose
for the two release cases under analysis
Component

Effective dose (µSv/y)
SCREENING APPROACH

REALISTIC APPROACH

Pessimistic

Optimal

Pessimistic

Optimal

Pessimistic

Optimal

1.35E+09

1.35E+09

1.20E+01

1.20E+01

5.57E-02

5.57E-02

other halogens

5.94E+07

5.94E+07

1.98E-03

1.98E-03

1.98E-03

1.98E-03

3H

6.24E+11

6.24E+11

1.08E+00

1.08E+00

5.60E-03

5.60E-03

gases(O, N, CO)

7.33E+03

7.33E+03

7.53E-09

7.35E-09

3.83E-09

3.83E-09

Noble gases

6.60E+09

6.60E+09

1.28E-03

1.28E-03

1.28E-03

1.28E-03

Metaloids_1

2.72E+05

8.17E+01

9.20E-04

2.76E-07

3.26E-07

2.45E-07

Metaloids_2

5.29E+07

1.59E+04

2.06E-01

6.19E-05

1.02E-04

6.20E-05

Total

6.32E+11

6.32E+11

1.33E+01

1.31E+01

6.47E-02

6.47E-02

Helium Loop
Iodine
Continuous release

Released activity (Bq/y)

Short-term
release

Dismantling in ActC
W dust

6.24E+11

6.24E+11

1.26E+00

1.08E+00

2.94E-02

2.92E-02

SS dust

6.60E+08

2.01E+08

7.44E-01

5.71E-04

2.18E-03

6.54E-07

Total

6.25E+11

6.24E+11

2.01E+00

1.08E+00

3.16E-02

2.92E-02

1.26E+12

1.53E+01

1.42E+01

9.63E-02

9.39E-02

Target station each 5 years
TOTAL

1.26E+12

The total annual efective dose obtained for both variants of releases are below
1 µSv/year and is dominated by 125I. The total annual dose from short-term releases
from ActC is small in comparison to the contribution from continuous releases. The
reduction effect of the filtration system on the total doses is marginal, since the total
doses are dominated by radionuclides that are released in gas form and are therefore
not retained in the filters.

1.7. Conclusion
Estimates of the source term to the environment from the target station are provided
and discussed here. The assumptions used for deriving the source terms in the present
report are always selected to be conservative. The results of realistic dose
calculations for airborne releases of radionuclides from the main stack show that
annual doses to the members of the public are well below the regulatory constraint of
100 µSv/year and even below the exemption level of 10 µSv/year. This report is
conceived according the knowledge that ESS staff has in this stage of the project. The
current data are estimations subjected to evolution and update.
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Abstract
This work presents the validation of the nuclear physic models contained in the
Geant4 simulation toolkit for low-energy proton-induced reactions related to the
production of thermal neutron source. This study is part of the project SONATE,
which aims to produce a compact neutron source based on the accelerator
technology. Experiments have been performed with the IPHI accelerator at CEA –
Saclay so as to characterise and quantify the neutron flux obtained with a simple
moderator made of polyethylene and comparison with simulation is discussed in this
document.

2.1. Introduction
In the next decade the neutron community will have to face with the programmed
shutdown of major fission-based neutron sources in Europe. This will reduce the
Europe capacities to produce neutrons for fundamental solid state physics studies
with neutron scattering experiments for instance, neutron radiography especially for
industrial materials qualification and also medical purposes like isotope production or
neutron-capture therapy. An envisaged strategy to partly compensate this loss is to
build small scale or regional neutron sources devoted to specific applications. The
(p,xn) or (d,xn) reactions using low-energy proton or deuteron beams on light
Lithium or Beryllium targets can produce efficiently neutrons in the thermal and
epithermal energy ranges [1] and are envisaged solutions.
In CEA, we have launched the SONATE project (Source cOmpacte de Neutrons
s’Appuyant sur la Technologie des accélératEurs) [1]. The aim of this project is to
study and develop a compact neutron source based on 20 MeV high-intensity proton
beams and an optimised target/moderator assembly able to convert efficiently the
primary neutron energies to the required range for the applications. Such
developments imply to master the knowledges and the know-how of the neutron
scattering in a complex geometry to convert neutrons to the required energy range as
well as the transport of most of them to the point of interest. As a first step of the
project, we have performed the validation of the Monte-Carlo simulation tools for the
9
Be(p,xn) reaction, the moderation and transportation of the neutrons in polyethylene
(PE).
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2.1.1. The Geant4 simulation code
The target-moderator-reflector assembly is a key ingredient of the installation to be
optimised to improve the performances of the neutron source. This must depend on
the design which should reduce the neutron leakages on the moderator surface and
concentrate the neutron fluxes on the samples. These designs require accurate and
validated simulation tools in order to estimate the neutron production in terms of
neutron fluence, time resolution and energy spectrum. Besides, they are used for
dose-rate calculations and shielding protections as radioprotection is an important
issue for the construction of any new nuclear facilities. The Monte Carlo simulation
toolkit – Geant4 is a library for the simulation of the transportation of particles
through matter. It is used in large applications from high-energy to very low-energy
physics, including astrophysics and space science, medical physics and radiation
protection [2]. For the present calculations, we used the version Geant4.10.02.

2.1.2. Proton-induced reaction on Beryllium
One of the most efficient nuclear reactions to produce neutrons at low-energy proton
beam is the 9Be(p,xn) reaction. The final state probability in Geant4 is calculated by
determining first the probability of the processes (electromagnetic, elastic and
inelastic) and then the probability of the exit channel. Different models and/or
nuclear data libraries can be used to compute these probabilities. The Figure 2.1
shows the calculated neutron yields for proton on thick Beryllium (9Be) target as a
function of the incident proton energy for different options in Geant4 and compared
with existing data from Porges et al. [3], Scott [4], Lone et al. [5] and Tai et al. [6].
The values are given in Table 2.1. In this comparison, Geant4 used BarashenkovGlauber (BG) inelastic cross-section as by default and implemented inelastic crosssection from ENDF/B-VII.1 data library [7]. The reaction channel probabilities were
calculated using the three implemented intranuclear cascade models: the Bertini
(Bert) [8], the Binary Cascade (BinC) [9] and the INCL++ [10] in Geant4. As shown
on the figure, calculations using the Barashenkov-Glauber cross-section shows a
large underestimation of the neutron production, while the ENDF/B-VII.1 ones show
a better agreement with the existing experimental data. The INCL++ coupled to the
ENDF/B-VII.1 data library seems to give the better agreement even if the neutron
yields are underestimated by about 40%. Geant4 using “allHP” (“allHP” is
particle_hp package – a new data-driven model using TENDL-2014 [11, 12] and
ENDF/B-VII.1 [7] libraries, has been developed to simulate the interactions of
protons, deuteron, triton, 3He with energies less than 200 MeV with targets) shows
also an underestimation with the experimental data. It has to be noticed the
discrepancy between the Lone et al. and the Tai et al. data. In these simulations,
electromagnetic processes in “option 3” and ChipsElastic model [13] were provided
as by default.
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Figure 2.1. Neutron yields calculated (lines) for different options in Geant4 and
compared with existing experimental data (symbols) as a function of the incident
proton energy on thick 9Be target

Table 2.1. Calculated neutron yields (in n/cm2/s/mA) as a function of the proton
beam energy in the 9Be(p,n) reaction for different configurations of the Geant4
Beam energy
(MeV)

G4 (ENDF.B-VII.1 +
INCL++)

G4 (ENDF.B-VII.1 +
Bert)

G4 (ENDF.B-VII.1 +
BinC)

G4
(AllHP)

3

1.91E+11

1.25E+11

1.91E+11

2.19E+11

3.5

3.68E+11

2.91E+11

3.61E+11

4.36E+11

4.0

7.30E+11

6.75E+11

6.67E+11

8.32E+11

5.0

1.84E+12

1.99E+12

1.43E+12

2.21E+12

6.0

3.69E+12

4.32E+12

2.45E+12

--

The angular and the energy distributions of emitted neutrons are also important to
define the best strategy to moderate the neutrons and/or to extract them, as well as to
define the radiations shielding. Regarding the proton-beryllium reaction, differential
cross-sections are scare below 20 MeV incident protons. The Figure 2.2 shows the
angular (left) and energy (right) distributions calculated by Geant4 for 3 MeV of
incident protons on thick Beryllium target using the nuclear data libraries – “allHP”
in comparison with existing experimental data for 3 MeV (Marion [15]) and 3.7 MeV
(Howard and Yanch [16]) proton. As observed by Howard and Yanch the energy
distribution for 3 MeV proton is maximum at around 450 keV whereas “allHP”
shows the maximum at around 700 keV. The angular distribution of Marion. (Second
axis) is peaked around 120 degrees whereas the Howard and Yanch distribution (first
axis) is much focused in the forward direction. The effect of the angular distribution
will be discussed later
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Figure 2.2. Existing experimental data and Geant4 simuations (aIIHP)
on thick 9Be target
For 3 MeV protons for energy neutron distributions

For angular distribution

2.1.3. Experimental validations using the IPHI injector
To validate the simulation we have performed an experiment using the high-intensity
proton injector (IPHI) which was installed at CEA Saclay. It consists in a proton
source emitting 100 keV protons (the SILHI source) [17]. The protons are then
accelerated in a radio frequency quadrupole up to an energy of 3 MeV. The
accelerator was designed to operate in continuous mode with proton currents up to
100 mA which correspond to a total power of 300 kW. For the current experiments
dedicated to validations of neutron production and moderator Monte Carlo
simulations, we have operated the accelerator at a very low power of about 10 W,
both to avoid any target damage and for radioprotection reasons. The accelerator was
operated in pulsed mode with pulses of length 100 µs and with a repetition rate of 1
Hz. The Figure 2.3 shows the scheme of the experimental setup with simple
moderator in polyethylene. The proton beam was impinging on a thin beryllium
target of thickness 0.5 mm screwed on an aluminium backing with titanium screws.
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The support was air cooled to remove the heat deposit. The proton beam size was
limited to 16 mm of diameter. The proton current incident on the target was set up
from 2.6 to 3.1 µA.
Figure 2.3. Scheme of the experimental setup

The beryllium target was located close to the centre of a polyethylene (PE) moderator
box (300x300x400 mm3) (see Figure 2.4). A 20 mm diameter hole was drilled
through the moderator until 50 mm from the surface of the support tube to the outside
of the PE box (see Figure 2.5).
Figure 2.4. Photo of the experimental setup using the IPHI injector

To measure the neutron flux inside the moderator, 0.112 g gold foils, in the form of
6 mm diameter discs were set at two positions inside the moderator (at 70 mm and
210 mm from the intersection of the proton beam axis with the neutron guide). The
foils were then irradiated for durations ranging from 15 to 22 minutes for a proton
beam current of about 3 µA. 198Au isotopes were formed from neutron capture on
197
Au and decayed by the emission of gamma rays. The measuring of these latter
leads to the number of 198Au isotopes present in the foil after activation.
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Figure 2.5. Moderator configuration in experiment

In the simulation of the experiment we compared the effect of the energy and angular
distributions by defining the neutron term source at the target position either from
nuclear data using the “allHP” package or from the energy and angular distributions
measured by Howard and Yanch [16] or the angular distribution measured by Marion
[15] combined with the energy distribution of Howard and Yanch. The experimental
distributions were normalised to the total neutron yield measured by Porges et al. [3]
at 3.05 MeV, i.e. 3 1011 n/mA. For the “allHP” calculation the calculated neutron
yield given in Table 2.1 was used.
The neutron transport was realised in the code using the neutron-data library
G4NDL4.5 based on the evaluated ENDF/B-VII nuclear data library. The thermal
scattering library was also included below 4 eV of neutron energy to take into
account for molecular effects. In this work, we simulated the neutron transport and
moderation in polyethylene at ambient temperature. The configuration of moderator
was similar to the experiment (see Figure 2.5). The density of PE is set to 0.94 g/cm3.
Gold foil activations were calculated along the cylinder hole with Geant4 and
compared with experimental data in Figure 2.6, taking into account the delay time
between the irradiation and the measurement. The density of the gold discs is set
to 19.320 g/cm3.
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Figure 2.6. Comparison of gold activation as a function of distance
from 9Be target

2.2. Discussions
The preliminary results are shown on Figure 2.6. The calculations using the angular
distribution of Marion show an underestimation for the whole range of measurements
whereas using Howard and Yanch data a better agreement with experimental data is
found. It clearly shows the effect of the angular distribution as data from Howard and
Yanch are mainly focused in the forward direction. Using the Howard and Yanch
data an underestimation of about 30 % is found close to the target while the
discrepancy reduces to about 20% close to the exit hole. One may point out that the
experimental uncertainties are of 20 %, leading to a fair agreement in between
experimental data and simulation results.
Globally, the trend of the neutron production as a function of the distance in the
moderator seems to be well reproduced by all the calculations but the neutron yield in
the 9Be(p,n) reaction underestimated in the “allHP” physics and by the Porges et al.
data. By fitting to the data, a neutron yield of about (3.9 ± 1.0) 1011 neutrons/mA can
be extracted. A determination of angular distribution and neutron yield can lead to
necessary information on optimised geometries of moderator to avoid a large leakage
of neutron on moderator. This latter point should be further investigated.
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Abstract
Investigating the activation process of heavy-ion accelerators due to beam losses
during operation is a crucial step to optimise the choice of construction materials
and maintenance procedures. Significant optimisation of the operation schedule can
be achieved if the accumulated residual activity is properly controlled and predicted.
Radiation may cause changes of the functional properties of the construction
materials, which possibly leads to shortening of their lifetime. Replacing of the
activated accelerator components is affected by dose-rate restrictions for the “handson” maintenance. Handling and final disposal of the accelerator parts after several
years of usage is also an important issue directly related to the activation.
Monte Carlo codes provide an opportunity to simulate situations with various levels
of activation and different induced nuclides. However, to test their reliability, it is
important to verify the simulation codes by comparing the simulations with
experimental data.
Our previous works presented a scaling law derived from the tolerable beam losses
of 1 W/m defined for 1 GeV proton machines. This scaling law is expanding the
beam-loss criterion for projectile species from protons up to uranium ions.
FLUKA 2008 and the most recent FLUKA 2011 were used for this purpose. The main
difference between these two versions is modelling of the nucleus-nucleus interaction
below 100 MeV/u that is included in FLUKA 2011. The scaling law can be applied to
high-energy beams (around 1 GeV/u). However, the question about the lowest
possible energy limit is still opened. We present the results of tackling two different
problems. In the first part, we present a comparison of our simulations with
experimental data, where two Aluminium targets were irradiated by Uranium and
Xenon ion beams with energies between 125 MeV/u and 300 MeV/u. On the basis of
the depth profiles of residual activity, we show and discuss cases of agreement as
well as disharmony between the measured nuclides and the results of the FLUKA
simulations. In the second part, we demonstrate the non-applicability of the protonbased scaling law to heavy ions below 100 MeV/u and the case of 20 years long
activation of a bulky target.
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3.1. Introduction
In the frame of the FAIR project (Facility for Antiproton and Ion Research [1]) at GSI
Helmholtzzentrum für Schwerionenforschung in Darmstadt, the activation of
construction materials of accelerators by heavy-ion beams was studied as a nonnegligible process accompanying a normal machine operation and influencing or even
restricting “hands-on” maintenance [2]-[7]. An aim of presented work is to specify a
beam-loss criterion valid for heavy-ion machines after long-term operation and a
validation of the physical models and libraries implemented in the simulation codes.
Crosschecking of the simulations and experiments was based on the comparison of the
nuclide inventory of induced radioactive nuclides, the depth profiles of their residual
activity and the ranges of the primary particles. Two aluminium targets have been
irradiated separately by 238U and 124Xe beams. The simulation codes FLUKA 2011 [9],
SRIM 2013 [10] and ATIMA [11] were used for providing of necessary preliminary
calculations.
The tolerable beam losses for proton-beam accelerators [13] have been used for
determination of the beam-loss criteria for heavy-ion accelerators by using the
FLUKA 2008 code [14]. The Generic curve (GC) have been introduced as the time
evolution of the activity induced in the materials as copper and stainless steel,
independent from the beam species or the beam energy. Latest update of the criteria
was presented on the SATIF-12, where the FLUKA 2011 with implemented
nucleus-nucleus interaction of heavy ions below 100 MeV/u indicated the corrupted
GC theory for heavy-ion beams with energies below 150 MeV/u [15]. All beam-loss
criteria published up to now have been considering only an operation time of 100 days,
which is not considering a situation of most accelerators operating several years. This
article presents the beam-loss criteria derived from the simulation of 20 years long
permanent irradiation of the bulky target, where the ion losses correspond to the beam
power of 1 W.

3.2. Experimental study of the residual activity as a function of the depth
3.2.1. Experiments and methods
Two aluminium targets assigned T1 and T2 were individually irradiated with different
heavy-ion beams provided by synchrotron accelerator SIS-18 at GSI Darmstadt [1].
The targets were made of 99.95% natural aluminium with the density of 2.70 g/cm3 at
20 °C. The used geometry was rather simple, 70 and 73 foils assembled together
created a cylindrical shape of the targets T1 and the T2. The targets differ in the
diameter; the diameter is 10 cm in the case of T1 and 5 cm in the case of the T2. The
targets were designed to locate the range region in the centre of the target bodies and
the thinnest foils were placed in this region in order to achieve good depth resolution.
A thickness of individual foils varies between 0.1 mm and 1.0 mm. The target T1 was
irradiated by 238U with the initial energy of 200 MeV/u and the second target T2 was
irradiated by 124Xe beam with the initial energy of 300 MeV/u. The synchrotron
accelerator SIS-18 was operated in fast-extraction regime with the beam pulse
repetition from 2 up to 3 seconds. Information about provided irradiation is collected in
Table 3.1.
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Table 3.1. The parameters of the aluminium targets
and the irradiation conditions
Target

Beam

Charge
state

Energy
[MeV/u]

Total number of
ions

Number of
foils

Thickness of the target
[mm]

Diameter
[mm]

T1

238U

73+

200

2.8 x 1012

70

7.0

100.0

T2

124Xe

48+

300

2.5 x 1012

73

25.3

50.0

The target foils were placed in the air, supported by aluminium holders mounted in the
distance of 60 cm from the vacuum window made of a 100 µm thick stainless steel foil.
The high-purity germanium (HPGe) detector with the energy resolution of 1.8 keV
FWHM at the 1332 keV 60Co line was used for acquiring of the gamma spectra. The
time of gamma-spectroscopic measurement of each foil was depending on its
activation level and it fluctuated from several hours up to few days. The foils of the
target T1 were measured in two different time points of the decay: the 1st set within a
range of 6-22 days and the 2nd set within 133-180 days after the end of the irradiation.
All foils of the second target T2 were measured in three sets: 1st set within a range of
9-38 days, the 2nd set within 218-293 days and the 3rd set within 378-505 days after the
irradiation. Experimental data from an individual set of the measurements are labelled:
1st, 2nd and 3rd in the presented depth profiles of the residual activity. A partial activity
of each isotope was obtained from the peak net area (PNA) determined by
GammaVision software including the PNA uncertainty.

3.2.2. Computer simulations
Presented experiments were supported by several preliminary calculations for a precise
location of the range region. Three different codes were used: FLUKA 2011 [9],
SRIM 2013 [10] and ATIMA [11]. Last two mentioned, the SRIM and ATIMA codes
are less complex with relative low CPU usage. Results of these two codes were applied
for a quantification of the range and the range straggling. It should be mentioned for a
correct interpretation of presented data that ATIMA and SRIM do not provide
calculations with an inelastic interactions (nor TRIM, a Monte Carlo module of
SRIM). Thus, fragmentation of primary particles along their penetration path in a target
is not simulated. More precise simulations can be provided by FLUKA because of its
capability to calculate inelastic interactions and also possibility of including other
parameters like beam size, momentum spread, etc. In our FLUKA simulations, the
heavy-ion transport with nuclear interactions was switched on and the electromagnetic
dissociation was activated for primary ions, as well as for target nuclei. The new
evaporation model with heavy-fragment evaporation was used. Emission of the highenergy light fragments through the coalescence mechanism was also activated.
FLUKA has a collection of hadron-hadron (H-H), hadron-nucleus (H-N) and
nucleus-nucleus (N-N) interaction models and it is choosing autonomously between
them with respect to the type of interacting elements and their energy. However,
default settings can be controlled by a user if necessary. In like manner, we tested
influence of the transition between the Relativistic Quantum Molecular Dynamics
(RQMD) and the Boltzmann Master Equation (BME) by changing of different
threshold settings. The RQMD model simulates nucleus-nucleus interactions within the
range of energies from 5 GeV/u down to 0.125 GeV/u and the BME model is used for
interactions below 0.125 GeV/u. In reality, the threshold is not strict and by default
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both interaction models are used by FLUKA within an energy band of
0.125 ± 0.025 GeV/u [9]. The third nucleus-nucleus interaction model for heavy-ion
beams with the energy above 5 GeV/u is using a multipurpose generator based on the
Dual Parton Model (DPMJET).

3.2.3. Comparison of the results
Nuclides produced during the irradiation or during decay processes were identified and
their total residual activities induced in the targets were quantified. In order to enable
comparison of different experiments, the residual activity is extrapolated to the end of
irradiation and normalised per one incident ion. The benchmarking was considering
also a shape of the depth profiles as a possible source of information about the
fragmentation process of the primary particles and the target nuclei. The target-nuclei
fragments are observed from the 1st foil and extend even beyond the range of the
primary particles. The depth profiles of the projectile fragments start at the range of the
primary ions (that corresponds to the fragmentation of the primary particles at the very
end of their penetration path) and they are detectable in the foils downstream of the
range (that is a case of the primary ions that get fragmented on the beginning of their
tracks and as the fragments with lower Z they have a longer range) [6] [8]. An example
of the depth profile of the 7Be nuclide as a one of the typical target-nuclei fragments of
the aluminium target irradiation is shown in Figure 3.1.
The first results of the T1 target irradiation by 200 MeV/u 238U beam were published
with more examples in Ref [8]. Investigations of these depth profiles uncovered a
significant discrepancy between experimental data and the simulation. The agreement
is only found in the first foil of the target T1. In Figure 3.1, two depth profiles
simulated by FLUKA with different settings of the energy threshold between BME and
RQMD models are displayed together with a depth profile of the measured residual
activity. The disparity of the FLUKA calculations and the experimental data is
correlated with the energy of the primary projectiles. The measured depth profile has a
rather simple shape, where the residual activity achieves about 5.69 x 10-11 Bq/mm/ion
in the first foil. From that point on, the residual activity is slowly rising up to the
maximal value of 6.94 x 10-11 Bq/mm/ion at the depth of 2.25 mm. The residual
activity obtained from the experiment is permanently decreasing from the depth of
2.25 mm to the last experimental foil, where at the depth of 6.8 mm, it drops down to
about 1.05 x 10-11 Bq/mm/ion. On the contrary, the profiles calculated by FLUKA are
characterised by a dominant peak in the range region of the primary particles (where
the highest residual activity is about 1.07 x 10-10 Bq/mm/ion at the depth of 3.35 mm)
and by a regular decrease of the residual activity through all foils downstream of the
range for both FLUKA simulations (where the lowest calculated activity is about
2.55 x 10-11 Bq/mm/ion). The parts of the calculated depth profiles upstream of the
range undergo remarkable changes depending on the nucleus-nucleus model energy
threshold. The default setting of the transition between BME and RQMD models is
125 ± 25 MeV/u, thus both models are used from 100 MeV/u up to 150 MeV/u [9]. In
this particular case, a local maximum of the calculated residual activity of 6.60 x 1011
Bq/mm/ion is located at the depth of 0.95 mm and the local minimum of 4.80 x 1011
Bq/mm/ion is at the depth of 2.15 mm. A comparison of the positions of these local
extremes with the E=f(depth) calculation showed that they are corresponding very
closely to the depths where the energy of the primary projectiles is approaching
150 MeV/u and 125 MeV/u, respectively. This fact motivated us to change the default
settings used by FLUKA. New energy band was set to 125 ± 1 MeV/u in order to see
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an influence of the transition between the interaction models on the shape of the depth
profile. Indeed, there is a noticeable change of the positions of the local maximum and
local minimum downstream of the range. Under these conditions, the local maximum
of 7.08 x 10-11 Bq/mm/ion is at the depth of 1.35 mm and the local minimum of
4.07 x 10-11 Bq/mm/ion is at the depth of 1.75 mm. Based on these results, we assume
that the exchange of RQMD and BME nucleus-nucleus interaction models does affect
the results of the residual activity calculations. Unfortunately, none of chosen settings
improved the mismatch between the experimental and calculated data.
Figure 3.1. The depth profile of the residual activity of 7Be in aluminium target
irradiated by 238U with energy of 200ME V/u and a different FLUKA-setting
example (BME-RQMD energy threshold)
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A depth-profile analysis of the T2 target irradiated by 300 MeV/u 124Xe beam
discovered unusual deviations of the simulated results in comparison to measured data,
where the FLUKA predicts an artificial increase of the residual activity in a small
region downstream of the range. An observation concerns the depth profiles of 46Sc,
48
V, 52Mn, 54Mn, 56Co, 58Co, 65Zn. It is known from the previous experimental studies
of the fragmentation and the range of the primary particles that the peaks observed in
the range region are produced by the projectiles that get fragmented shortly before they
had lost their all kinetic energy [4][6][8]. Therefore, we decided to study the
production rate of the intermediate-Z fragments produced by 124Xe passing through a
thin aluminium foil, where the production rate is scored as a number of the fragments
exiting the back surface of the foil. A study was performed as a set of several
simulations of the Xenon beam with the energies between 25 MeV/u and 300 MeV/u
penetrating through the differently thick aluminium foils. The thickness of the foil was
determined from the dE/dx calculations for each simulation and it was equal to the
thickness that leads to the lost of 10% of the kinetic energy of the primary particles in
that foil, in order to ensure identical conditions for all beam energies. Indeed, the
assumption of a significant increase of the fragments at low energies was confirmed by
these simulations. The location of the artificial peak in the depth profile of 48V was
reproduced as a combination of the depth, where the 124Xe primary ions lose their
energy from 280 MeV/u down to 75 MeV/u, and the range of the 48V fragment, that
was produced at this depth with the energy of 75 MeV/u. Energy losses of about
20 MeV/u in the vacuum window and in the air gap have been taken into account.
Hence we can conclude without any doubt that the FLUKA is performing affected
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calculations of the residual activity in the case of intermediate-Z fragments. An
outcome of these simulations together with the depth profile of the residual activity is
displayed in Figure 3.2.
Figure 3.2. The depth profile of the residual activity of 48V in aluminium target
irradiated by 124Xe with energy of 300Me V/u (bottom part) and the production
rate of the nuclide in thin foil (upper part)
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3.3. Beam-loss criteria for heavy-ion accelerators
The results presented in this work belong to the 3rd sequel of the beam-loss criteria for
heavy-ion accelerators based on the FLUKA calculations and the releasing of edited
criteria was following the evolution of the simulation-code version. Based on the
previous studies, where only an operation time of 100 days was considered [14]-[15],
we decided to specify the beam-loss criteria for a long-term accelerator operation time
of 20 years. Beam losses were normalised to the beam power of 1 W and delivered
permanently on the target. A cylindrically shaped bulky target made of copper with the
length of 60 cm and with the diameter of 20 cm was assumed. Target activation was
simulated for different projectiles (1H, 4He, 12C, 20Ne, 40Ar, 84Kr, 132Xe, 197Au and 238U)
with different energies from 25 MeV/u up to 1 GeV/u. The time evolution of the
activity induced in the target was determined at several time points during 20 years of
the irradiation and other 20 years of the cooling time. As an example, we show the time
evolution of the activity of different beams with the energies of 500 MeV/u and
150 MeV/u in Figure 3.3 and 3.4. The ratio At/Aeoi as a function of time is shown,
where At is an activity at the certain time, t and Aeoi is the activity at the end of
irradiation. The normalisation of the activities produced by individual beams was
applied for creation of a generic curve as an average of all of them. The generic curve
is representing the time evolution of the induced activity independently from the
primary beam particles. It can be subdivided into two parts: (1) an increase of the
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activity during permanent irradiation = activation part, (2) a decrease of the activity
after the end of irradiation = decay part (also called a cooling part). The time evolution
of the total activity produced by different beams is supported with the nuclide
inventory of the main contributors where their relative activities are determined.
Figure 3.3. Time evolution of the induced activity in copper bulky target
irradiated by different projectiles with the energy of 500 Me V/u (left) and the
partial relative activities of the nuclides contributing mosty 1 day after irradiation
(rigt). A calculated data were provided by FLUKA 2011 code
Irradiation=20years; Energy=500 MeV/u; Cooling time=1day
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Figure 3.4. Time evolution of the induced activity in copper bulky target
irradiated by different projectiles with the energy of 150 Me V/u (left) and the
partial relative activities of the nuclides contributing mostly 1 day after
irradiation (right). A calculated data were provided by FLUKA 2011 code
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Comparison of the Figure 3.3 and the Figure 3.4 is showing a remarkable difference
between behaviour of the curves representing the time evolution of the activity
produced by the individual ion beams with the energy of 500 MeV/u and 150 MeV/u.
The normalised activities induced by different beams at higher energy are almost
identical and their time evolution is satisfactorily described by the generic curve. On
the contrary, the time evolution of the normalised activities at the low energy does
depend significantly on projectile species. The case of the 1H beam, which has a unique
list of included nuclides, is very outstanding. For example, the relative activity of the
3
H is by a factor of five up to eight lower compare to other beams, for which this
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isotope is the most dominating one. At the same time, the most dominant isotopes are
57
Co and 58Co from the perspective of the 1H beam and their relative activities are
higher by a factor of two than the relative activities of the same isotopes produced by
other beams. Similar deviations of the time evolution of the activity after 20 years of
activation are visible already for heavy-ion beams at 200 MeV/u.
Figure 3.5. Scaling law for the tolerable beam losses as a function of ion mass
after 20 years of operation
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Note: Calculated data were provided by FLUKA 2011 code.

In the same manner as it was presented in previous publications [14] [15], usage of the
scaling law is limited by validity of three assumptions: (1) the induced-nuclide
inventory does not depend strongly on the projectile species, (2) time evolution of the
induced activity correlates to a generic curve, and (3) the total activity induced by
1 W/m of beam losses (the normalised activity) is decreasing with increasing ion mass
and decreasing energy. The scaling law for beam losses is expressed as the ratio of the
normalised activity induced by 1 GeV protons, Ap-100d(1 GeV), and the normalised
activity induced by particles of interest at given energy, Ai-20y(E), (see Figure 3.5). It
should be stressed that the ratio was calculated between the activity produced by
protons during 100 days of irradiation and the activity produced by heavy-ion beams
during 20 years of irradiation. The tolerable beam losses derived for the long-term
operation are lower compared to the short-term operation. As an example, they are
30 W/m for 20 years long activation by uranium beam with the energy of 200 MeV/u
instead of 40 W/m calculated for the 100 days long operation.

3.4. Conclusion
The depth profiling of the residual activity is an advantageous technique giving an
opportunity to provide a benchmarking of different processes and physical phenomena
within simple experimental settings. An activation of two aluminium targets by the
238
U beam with the energy of 200 MeV/u and the 124Xe beam with the energy of
300 MeV/u were compared with the simulated data provided by FLUKA 2011 Monte
Carlo code. It was demonstrated on the particular case of the T1 target activation that
the transition between the nucleus-nucleus interaction models is not correct around the
energy of 125 MeV/u. A shape of the simulated depth profile did not achieve any
improvement after changing the energy threshold settings of the transition between the
relativistic quantum molecular dynamics (RQMD) and the Boltzmann master equation
(BME). Other misleading calculations provided by FLUKA were reported in the case
of so-called intermediate-Z nuclides (it was Z between 46 and 65) induced in the
aluminium target (T2) by 300 MeV/u 124Xe beam. It was proved by additional set of the
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simulations that the production rate of these fragments in a thin foil by 124Xe beams
with the different energies is reaching a maximum at certain energy (e.g. about
75 MeV/u for 48V). An artificial peak in the depth profiles of these fragments could be
explained as a sum of the depth, in which the primary particles are slowed down to this
particular energy and the range of the fragment produced at this depth with this energy.
Presented observations from the all irradiations of aluminium targets are indicating an
overestimated prediction of the residual activity upstream and/or also downstream of
the range introduced by the interaction models of the FLUKA.
Analysis of the simulated data of the copper bulky target irradiated with different
beams during 20 years with the normalised beam losses equal to the beam power of
1 W is showing that the beam-loss criteria are stricter with increasing operation time.
Simulation of the copper target activation showed that normalised activity induced by
uranium ions during 20 years of irradiation is about 4 times lower at 1 GeV/u, 9 times
lower at 500 MeV/u, 30 times lower at 200 MeV/u and 39 times lower at 150 MeV/u
than the activity induced by 1 GeV protons during 100 days. Therefore, the beam-loss
criteria for heavy-ion beams according to uranium ions could be 4 W/m at 1 GeV,
9 W/m at 500 MeV/u, 30 W/m at 200 MeV/u and 39 W/m at 150 MeV/u. It was
showed that the total induced residual activity decreases with increasing projectile
mass and with decreasing projectile energy. New calculations also prove the
conclusion of the previous work [15] that the relative activities of the nuclides with
dominating contribution to the total activity do not depend on the projectile mass at
high energies. On the contrary, the situation changes significantly in the case of the
heavy-ion beams at energy below 200 MeV/u, where the nuclide inventory showed a
dependency of the production of the nuclides on the projectile mass. This observation
is important for future consideration of the reliability of the beam-loss criteria based on
scaling the proton one.
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Abstract
The Spallation Neutron Source Inner Reflector Plug (IRP) is scheduled for
replacement. It reached end of lifetime because of moderator neutron poison and
decoupler burn out, which is used for shaping neutron pulses. The replacement of IRP
is a complex task due to its location in the area receiving high irradiation, being under
significant amount of shielding, and size, which requires removal in segments. In order
to support the disposal of spent IRP, waste characterisation analyses are performed.
These analyses include an accurate estimate of the radionuclide inventory and the
residual dose rate. Using this data, the package class is determined for the segment
and appropriate containers for temporary storage and subsequent transport are
assigned. Analyses are performed in four steps: a radiation transport analysis of the
radiation environment for producing the flux and isotope production information using
MCNPX, a multi-cell transmutation analysis based n CINDER90, the generation of
decay gamma source terms, and the gamma transport analyses of the decay gammas
arriving at residual dose rates again using MCNPX. Due to the complexity of the
geometry of the lower segment, transport analyses for the residual dose-rate require
elaborate work for the source terms definition.1

4.1. Introduction
The Spallation Neutron Source (SNS) in Oak Ridge, Tennessee, is an accelerator
driven neutron scattering facility for materials research. Presently the SNS operates at
1.4 MW proton beam power incident on a mercury target with proton beam energy of
1 GeV and 60 Hz repetition rate. The SNS consists of an accelerator facility, target
facility and a world-class suite of neutron scattering instruments.
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Some components of the facility are scheduled for replacement because they reach
their end of life due to radiation induced material damage or burn-up, or because of
mechanical failure, or as the result of design improvements. These components must be
safely removed, placed in a container for temporary on-site storage, and are ultimately
transported off-site to an approved radioactive waste disposal site.
The inner reflector plug (IRP) is a central component of the SNS target monolith,
which houses the mercury target and moderators. As a central component, it is exposed
to high-level radiation fields during routine operation and builds up significant
radioactivity. The IRP assembly contains shielding, four moderators and a beryllium
reflector. The IRP needs to be replaced due to the burn out of neutron poisons used in
some of the moderators for shaping narrow neutron pulses for use in neutron
scattering. The lifetime of the IRP was by calculations estimated to be about
40 000 MWh of proton energy delivered to the target. The IRP will be extracted from
the target monolith during facility maintenance period, and split into three segments.
Each segment will be characterised and subsequently disposed separately.
Accurate estimates of the radionuclide inventory, as well as the radiation fields and
respective dose rates of the spent IRP, were performed in order to characterise and
classify each segment. These estimates support decisions in choosing the appropriate
storage and transport package/container.

4.2. Methods and codes
Neutronics analyses are performed to support spent IRP disposition. Full threedimensional radiation transport calculations, using the state-of-the-art code MCNPX
Version 2.7.0 [1] [5] and the latest as-built target station model, are performed to
simulate the radiation environment of the IRP, and to calculate isotope production rates
due to spallation reactions and the below-20-MeV neutron fluxes in areas of interest
originating from a 1 GeV proton beam delivered into a mercury target.
Isotope reaction rates and neutron fluxes are fed into the CINDER90 code [2] [6] using
the standardised ACTIVATION_SCRIPT [3] to calculate the IRP radionuclide
inventory. Irradiation history was assumed to fit 40 443 MWh of proton energy
delivered the target, which were distributed over 11 years, as illustrated in Table 4.1.
In order to obtain radionuclide inventory decay gamma sources distributions in the
segments, the segments were subdivided into finer cells for each of which activation
calculations were performed based on cell specific isotope production rates and neutron
fluxes.
Then, to obtain integral isotope inventory and decay gammas, the post-processing code
ALLCODE is used. This code is part of CINDER90 package and accumulates
quantities from all material regions.
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Table 4.1. Irradiation history of IRP
Period, days
730
248
117
248
117
248
117
248
117
124
60
124
57
124
60

Delivered energy, MWh
3749.28
1964.16
0
2380.8
0
3571.2
0
4047.36
0
2232
0
2232
0
2410.56
0

Period, days
124
57
124
60
124
57
120
63
120
62
120
62
90
2
30

Delivered energy, MWh
2410.56
0
2470.08
0
2470.08
0
2499.84
0
2499.84
0
2499.84
0
1998
0
1008

Decay gamma sources for a defined history of build-up and decay are extracted from
each cell and compiled to a source term in MCNPX language by running the
GAMMA_SOURCE_SCRIPT [4]. The decay gamma source is prepared for tentative
transport dates to the waste disposal facility. For upper and middle segments, analyses
are performed for 100 days, 185 days and 365 days cooling down after beam
termination. For the lower segment, analyses are performed for 100 days of cool down
after the beam termination. The source is utilised in photon transport calculations for
each IRP segment. For analyses of the residual dose rates, next-event point and ring
detectors were applied, as well as dose-rate mesh tallies to allow for dose-rate contours
in and around the segments geometries.

4.3. Geometry
The IRP with segmentation for waste disposal is shown in Figure 4.1. The IRP is
cylindrical, approximately 454-cm tall and 100-cm in diameter.
The SNS as-built target station model is a CAD type model that details the target
module; cylindrical inner reflector plug including moderators, beryllium and steel
reflectors; the cylindrical outer plug; and the proton beam window assembly. A full
three-dimensional model was developed for transport analyses to simulate proton
interactions on the proton beam window and target, and secondary radiation fields in
the IRP environment. A vertical cut of the target station transport analyses model
containing the IRP is shown in Figure 4.2. The target station model consists of the
proton beam window assembly, IRP, outer reflector plug and target module. The IRP,
outer reflector plug and target module are surrounded by the shielding monolith.
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Figure 4.1. SNS IRP extracted from the target station

Figure 4.2. Vertical cross-section through the beam central line of the target
station model

The IRP model for residual gamma transport was extracted from target monolith model
and divided, according to the drawings, into three segments, each of which is going to
be disposed separately. Analyses were performed for each component.

NEA/NSC/R(2018)2

4.4. Results
The obtained residual nuclide inventories and dose rates around the segments will
enable characterisation of the IRP segments for waste disposal, and selection of an
appropriate container/package for off-site transport to ensure compliance with
Department of Transportation (DOT) regulations.
The residual dose rates 100 hours after shutdown are shown in the Table 4.2 for upper,
middle and lower segments. The upper and middle segments are significantly cooler
(about 3 orders of magnitude in the dose rates) compared to the lower segment. The
lower segment is located in the proximity of the beam hitting the mercury target and
exposed high levels of the radiation.
Table 4.2. Residual shutdown dose rates (mrem/h) at specified locations around
the IRP upper, middle and lower segments after 100 hours cool down
Location

Upper segment

Middle segment

Lower segment

0 ft from the bottom

3.31E+02

3.59E+03

1.37E+06

1 ft from the bottom

2.46E+02

1.73E+03

9.50E+05

3 ft from the bottom

8.77E+01

5.12E+02

2.69E+05

10 ft from the bottom

7.10E+00

6.57E+01

2.90E+04

25 ft from the bottom

9.83E-01

1.13E+01

5.69E+03

50 ft from the bottom

2.31E-01

2.88E+00

1.19E+03

125 ft from the bottom

3.60E-02

4.45E-01

3.36E+02

0 ft from the side

1.70E+02

2.13E+03

6.76E+06

1 ft from the side

6.54E+01

5.60E+02

2.25E+06

3 ft from the side

1.93E+01

1.53E+02

7.19E+05

10 ft from the side

2.86E+00

2.22E+01

1.01E+05

25 ft from the side

5.46E-01

4.09E+00

1.81E+04

50 ft from the side

1.44E-01

1.08E+00

4.70E+03

125 ft from the side

2.37E-02

1.79E-01

7.60E+02

4.4.1. Upper segment
The IRP upper segment transport analyses model is comprised of stainless steel and is
shown in Figure 4.3, which depicts 4-cross-sections of the segment. Red colour
represents the air, and blue colour represents the steel of the upper IRP segment.
Stainless steel 316/53 with density 7.95 g/cm is used for transport and activation
analyses.

│ 71

72 │ NEA/NSC/R(2018)2
Figure 4.3. IRP upper section transport analyses model
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Vertical cross-section through
the beam centerline

Horizontal cross-section at level 1

Vertical cross-section perpendicular
the beam centerline

Horizontal cross-section at level 2

The activity vs time after shutdown in the IRP upper section is shown in Figure 4.4.
Figure 4.4. Activity (Ci) in the IRP upper segment during cool down

Dose-rate contours for the spent IRP upper segment after 100 days cool down are
presented at Figure 4.5 in vertical cross-section and in horizontal cross-section at about
47 cm from the bottom edge of the IRP upper section.
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Figure 4.5. Dose-rate contours in and around the IRP upper segment after 100
days, vertical cross-section along the beam centerline and horizontal cross-section
at about 47 cm from the IRP upper segment bottom

4.4.2. Middle segment
The IRP middle segment transport analyses model is comprised of stainless steel shield
plug and is shown in Figure 4.6, which contains 4 cross-sections of the segment. Red
colour represents the air and blue colour represents the steel of the upper IRP segment.
Stainless steel 316/53 with density 7.95 g/cm is used for transport and activation
analyses.
Figure 4.6. IRP middle section transport analyses model
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Activity in the IRP middle segment during the cool down after beam termination is
shown in Figure 4.7. Dose-rate contours for the spent IRP middle segment after
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100 days cool down are presented at Figure 4.8 in vertical cross-section and in
horizontal cross-section at about 30 cm from the bottom edge of the IRP upper
segment.
Figure 4.7. Activity (Ci) vs time after beam termination in the IRP middle
segment during cool down

Figure 4.8. Dose-rate contours in and around the IRP middle segment after 100
days, vertical cross-section along the beam centreline and horizontal cross-section
at about 30 cm from the IRP upper segment bottom

4.4.3. Lower segment
The IRP lower segment transport analyses model is shown in Figure 4.9, which
contains 4 cross-sections of the segment. The IRP lower segment is a reflector plug,
which has shielding attached on the top. The plug material is beryllium (red colour in
Figure 4.9), extending radially to 32 cm, and followed by stainless steel 304 (orange
colour), extending radially to 47.6 cm. The reflector plug is enclosed in an aluminium
hull (yellow colour), extending radially to 49.5 cm (yellow colour). The reflector has
an opening for the target vessel and houses 4 moderators, two moderators are located
above the opening for the target and two moderators are located below opening for the
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target. Moderator vessels are comprised from aluminium, two are wrapped partially
with cadmium, and have a gadolinium plate for pulse shaping,. The moderator vessels
are fed by liquid water and hydrogen through invar piping. The shielding above the
reflector plug is made of stainless steel 316 (blue colour).
Figure 4.9. IRP lower segment transport analyses model
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Due to the complexity of the lower segment geometry and large amount of segment
cells, transport analyses for the residual dose-rate require elaborate work for the decay
source terms definition. The cells that contribute less than a fraction of 10-4 times
compared to the total source strength were omitted. The rest of the cells were split into
two source decks to meet MCNPX restriction for the maximum cell numbers in the
source description. The description of the moderator cells was altered manually to
reflect the universe structure used for the moderators geometry modelling. Two
transport analyses utilising the prepared source decks were performed, and results were
combined.
Activity in the IRP lower segment during the cool down after beam termination is
shown in Figure 4.10. The activation is mostly dominated by steel components.
Beryllium reflector has a long living activation, after 10 years of decay, activity
decreases only only to half of the initial activity.
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Figure 4.10. Activity (Ci) in the IRP lower segment in the components materials
and total during cool down

Dose-rate contours for the spent IRP middle section after 100 days cool down are
presented at Figure 4.11 in vertical cross-section and in horizontal cross-section at the
beam centreline.
Figure 4.11. Dose-rate contours in and around the IRP lower section after 100
days, vertical cross-section along the beam centreline and horizontal cross-section
through the beam centreline
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Abstract
For more than 40 years the proton accelerator facility at the Paul Scherrer Institut
(PSI) has delivered protons with 590 MeV of energy, and nowadays can deliver up to
2.4 mA proton current. The protons from a hydrogen source are accelerated in three
steps: First in a Cockroft-Walton to 870 keV, then in a cyclotron injector to 72 MeV,
and finally to 590 MeV in a larger Ring cyclotron. From here on, the protons are sent
to four main target stations: the meson production target stations, Target E and Target
M, as well as the spallation target stations SINQ and UCN, which produce neutrons
from ultracold to thermal energies. A proton beam of such high intensity requires a
biological shielding of several metres, especially around beam-loss points like target
stations and collimators. Due to the interaction of protons with the surrounding
material, part of the shielding will have to be disposed as radioactive waste when the
facility comes to its final shutdown somewhen in the future. However, the Swiss
regulatory authorities have already requested the volume, material composition and
nuclide inventory of decommissioning waste for further planning of the final
radioactive waste repository in Switzerland. Furthermore, in the near future,
exemption limits in Switzerland will decrease significantly for many isotopes which
play an important role in determining the amount of radioactive waste. Therefore, the
licensee, i.e. PSI, has interest to know how these changes affect the future costs for
decommissioning.
Although some estimates of the decommissioning waste were done previously, the new
evaluation uses realistic geometrical models and state-of-the-art Monte Carlo
simulations (mainly MCNPX2.7.0 and MCNP6.1), which is now possible due to the
available power of modern computers. For now, the calculations concentrate on the
590 MeV area (in and after the Ring cyclotron), where most of the radioactive waste is
expected to be produced. In the simulations, the 590 MeV area was subdivided in
several regions where different simulation methods were chosen based on
appropriateness. In this paper, these methods are explained in detail and their results
are presented.

5.1. Introduction and motivation
For some time in Switzerland, the approval for operating a facility which produces
radioactive waste requires an estimate of the amount of radioactive waste and the
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nuclide inventory therein that will be produced up to the final shutdown of the facility.
This input is needed by the NAGRA, the National Co-operative for the Disposal of
Radioactive Waste, for the planning of the final waste repository. For such an estimate,
Monte Carlo particle transport codes are currently used which in former times could
only be used in simplified cases since the computer resources were not available for
large and complex geometries. The high-intensity proton accelerator facility (HIPA) at
the Paul Scherrer Institut (PSI) is operated for more than 40 years, and therefore only
very conservative estimates of the waste volume existed until the work described in
this report was done.
The second motivation for this work is the fact that the exemption limits in Switzerland
will change significantly in 2018 and this will subsequently have a significant
influence on the radioactive waste volume. In the near future, the Radiological
Protection Ordinance (RPO) [1] in Switzerland will follow the Euratom Basic Safety
Standards Directive (BSS), which will be established in the European Union at the
beginning of 2018 at the latest. Although Switzerland is not obliged to follow these
rules, the state wants to avoid the strange situation that a material is declared
radioactive in one country and in another it can be released freely. The BSS was
established by the Euratom Community and it includes the IAEA Safety Guide RS-G1.7 [2], which was initiated by ICRP 103 [3] and is based on the BSS from 2003.
In Switzerland, radioactive material is that which would have a clearance level greater
than one after 30 years of storage. All other material can be immediately free released
or after a maximum storage time of 30 years. Radioactive contamination of surfaces is
not considered here. The clearance level is defined as

CI (CL ) = ∑
i

Ai
,
CLi

(1)

where Ai is the specific activity for each radioisotope i and CL are the clearance or
exemption limits according to the RPO. The clearance level is also called the “sum
rule” in Switzerland. The actual exemption limits in the Swiss RPO are shortened as
LE, the future ones are called LL to distinguish them from the present limits.
Table 5.1. Comparison of present and future exemption limits
for a few relevant isotopes
Nuclide

LE, present regulation [Bq/g]

LL, future regulation [Bq/g]

H-3

200

100

Co-60

1

0.1

Ni-63

70

100

Eu-152

7

0.1

Eu-154

5

0.1

A comparison of LE and LL for isotopes important in steel and concrete for longer
storage times is shown in Table 5.1. The new exemption limits are preliminary values
and are taken from Reference [4]. Except for Ni-63, the LL values are lower, i.e. more
restrictive, than the current exemption limits LE. For Co-60, Eu-152 and Eu-154 the
future exemption limits will drop by a factor between 10 and 70. The reason is that the
LE values were derived only taking into account effects on the human body due to
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ingestion. The future LL values also account for the damaging effect induced by
external radiation. Therefore, for gamma emitters, LL values in general are lower than
the LE values.
Besides the isotopes mentioned in Table 5.1, even natural isotopes like uranium and
thorium can have a non-negligible contribution to the sum in Eq. 1 for concrete. Both
uranium and thorium are naturally present in concrete. Assuming a content of 1.5 ppm
U and 1 ppm Th in the material composition of un-irradiated concrete, the natural
isotopes and their daughters (Ra-228) have a non-negligible contribution to the
clearance level after storage times of 75 and 100 years. However, the limits are usually
relaxed for natural isotopes and their daughters compared to manmade isotopes,
particularly in the future LL values. The long storage times were considered in the
evaluation to examine the possibility to further reduce the amount of radioactive waste.

5.2. Approach for waste estimate
To use Eq. 1 for distinguishing between radioactive and non-radioactive material, the
nuclide inventory has to be known first. Calculating the nuclide inventory is a wellknown and established procedure at PSI and is briefly described below. Since the
geometrical model contains massive shielding, up to 10 m thick, biasing techniques are
required to acquire acceptable statistics. The technique chosen for this work does not
belong to the standard methods implemented in MCNPX and is therefore described
below. Further, other ingredients like the geometry, the material compositions and the
irradiation history will also be described in this section.

5.2.1. Nuclide inventory
The nuclide inventory is calculated using the Monte Carlo particle transport programs
MCNPX2.7.0 [5] or its successor MCNP6.1 [6] coupled to the build-up and decay
program SP-FISPACT-10 using the European Activation Files EAF-2010 [8] via the
so-called “activation script” [7]. Cross-sections for neutrons up to 20 MeV were taken
from ENDF/B-VI or ENDF/B-VII [9] datasets. For these neutrons, the flux spectrum is
recorded and folded with the isotope production cross-sections from EAF-2010 in the
second step of the calculation procedure. For higher energy neutrons and other
particles like protons and pions, which were also taken into account, the intranuclear
cascade model BERTINI-DRESNER-RAL [10-12] with subsequent evaporation or
fission was used. This model was chosen as it is the fastest when compared to more
sophisticated models like INCL4.6-ABLA07 [13-14]. Further, for determining the
clearance level via the sum rule in Eq. 1, only the dominant nuclides like Co-60, Eu152 and Eu-154 have to be known with good precision. In lots of comparisons done so
far, BERTINI-DRESNER-RAL could provide the needed level of accuracy. For
particles controlled by physics models, the residual isotope production rates are written
conveniently into the output file of MCNPX in ASCII format with the help of the rnucs
card [15]. This avoids an output and analysis via the histp file and htape3x, which can
be several GB. The irradiation history is taken into account via the activation script in
the build-up and decay program SP-FISPACT-10. Further, the activation script feeds
the necessary information from the MCNPX output file into SP-FISPACT-10. Another
script was implemented to calculate the clearance indices for the cells/regions defined
in the geometrical models using the two sets of exemption limits (LL and LE).
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5.2.2. Biasing technique
The regions around large loss points include shielding up to 10 m thick. To acquire
statistics in cells far from the loss point, biasing techniques are needed. MCNPX has
two biasing techniques implemented which can be employed: importances and weight
windows. Both increase the number of particles by splitting them into multiple
particles with less weight but conserving the total weight. Although importance
corresponds to 1/weight window in value the two methods differ in their usage. The
importances are cell-based and values have to be set by hand. This is not an option for
models containing around 20 000 cells. Weight windows can be cell or mesh-based.
Their values are set by an algorithm built into MCNP(X). Besides this, the weight
windows can be chosen energy dependent to account e.g. for the energy-dependent
reaction cross-section of neutrons. However, the built-in algorithm for setting the
weight-windows values works only in one direction towards a certain defined surface
(tally/detector) of interest. Since the nuclide inventory is needed in any directions
around a loss point, the built-in method would require six runs for each geometric
model to be performed, i.e. one calculation for each direction. In addition, when the
chosen surface is far away from the loss point, thermal neutrons in the closer vicinity
of the loss point are suppressed by this method, since they will not make it up to the
distant surface. However, the thermal neutrons are important regarding the activation.
The technique of biasing applied in this evaluation is based on the fact that regions
with low neutron fluxes need an increased population, i.e. a larger importance or lower
weight (in the sense of the definition in MCNPX). In the ideal case the population of
high, intermediate and low-energy neutrons should be similar in all cells. The neutron
flux was iteratively calculated for up to 6 energy groups. The weight windows were
calculated by an external C/C++ program in attempt to keep the neutron population
constant in all cells taking the neutron flux and the condition of a maximum weight of
0.5 as inputs. The neutron fluxes were first generated in a geometry with reduced
density to get sufficient statistics in the outer-most regions.
This method is also called global variance reduction [16] and was exploited in other
codes like ADVANTG [17] in a similar way already.

5.2.3. Geometry
Since the accelerator facility is a large complex (see Figure 5.1), the calculations
concentrate on the main beam-loss points where most of the radioactive waste is
expected. The regions considered are indicated in Figure 5.1 and belong to the 590
MeV proton beam line. These are the 590 MeV cyclotron (“Ring”), the meson
production target stations (Target M and Target E), the ultracold neutron target station
(UCN) and the neutron spallation source (SINQ). The distance between Target M and
the beam dump is about 35 m with shielding extending to almost 10 m to the left and
right of the beam line. The SINQ target station has a footprint of about 16 m x 16 m
and a height of 13.5 m. At Target M, 1% of the beam is lost on a graphite target with
an effective thickness of 5.2 mm. In the Target E region, 10% is lost at a 40 mm
graphite target and the collimators nearby. The scattered beam after Target E is shaped
by the collimator system KHE2/KHE3 about 5 m downstream. Here almost 20% of the
beam is lost. The remaining 70% are steered to SINQ (since 1996) or occasionally to
the beam dump. The UCN facility uses the entire beam from the Ring cyclotron, but
with a duty cycle of only 1%; during UCN operation no beam gets to Target M, Target
E and SINQ.

│ 81

82 │ NEA/NSC/R(2018)2
The PSI HIPA complex was subdivided into 5 geometrical models as shown in
Figure 5.1. Some parts of the geometry already existed from former tasks, e.g.
optimisation of the SINQ target. However, for regions containing the 590 MeV
cyclotron, the meson production station Target M, as well as the beam dump
environment, no geometrical model suitable for MCNPX was available. Since the
590 MeV cyclotron can be well represented by 8 magnets of the same shape, 400 t
each the concrete bunker including its roof was able to be modelled fast in the classical
way using a combinatory logic of surfaces.
Figure 5.1. Overview of the high-intensity proton accelerator (HIPA) at PSI
(Courtesy of Th. Rauber)

For the Target M region, the complex local environment of the target was simplified
and modelled from detailed 2D- drawings in CATIA-V [18]. The model was
completed by using SpaceClaim [19] from ANSYS for the 18 m long transfer beam
line to Target E as well as for the shielding.The CATIA-V STEP-file of the model was
converted into a MCNPX 2.7.0 geometry model using SuperMC/MCAM, which was
developed at the Nuclear Energy Safety Technology Institute in China [20]. The
conversion process had to be subdivided as MCAM can convert only a maximum of
1 000 cells at once; the model of the Target M region consists of about 5 000 cells. For
the shielding blocks, a 3D CATIA-IV model existed already. However, lots of
modifications of the STEP file in SpaceClaim had to be done before the model was
usable for conversion into the MCNPX geometry. Besides simplifications like the
removal of tubes for ventilation and other small details, the removal of very small gaps
between blocks and double planes were quite time consuming. The feature of the
double planes seems to be a problem with the CATIA-IV version. Blocks simply
appeared twice, one directly on top of the other. Another problem to be solved was the
loss of information about the material of each component or cell. Although the material
definition for each part of a component is contained and used in CATIA-V, it was not
possible to transfer this information with SuperMC/MCAM. An additional list had to
be prepared containing the correspondence between the part number in CATIA-V and
the material. A homemade Python script was used to pass, the material information to
the geometry input file for MCNPX.
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Figure 5.2. Geometrical model of the Target M environment
Upper part: SpaceClaim model. Lower Part: after conversion into MCNPX2.7.0.

In the upper part of Figure 5.2, the SpaceClaim model of the Target M region and
transfer line to Target E is shown. The region encircled in red was modelled first in a
simplified way in CATIA-V and then imported as STEP-file into SpaceClaim. The part
in the blue ellipse was directly modelled in SpaceClaim using printed versions of
technical drawings. The rest of the model, mainly shielding, was available in CATIAIV and had to be cleaned as discussed above. In the lower part of Figure 5.2, the
MCNPX model as converted from the STEP-file is shown.

5.2.4. Irradiation history and cooling times
The irradiation history of each of the main loss points is well known. The oldest parts
of HIPA, like the 590 MeV cyclotron, have been in operation since 1974. The
accumulated charge was averaged over longer periods of approximately equal
integrated current per year. The operation period was extrapolated until 2058 assuming
an integrated charge of 10 Ah per year, which corresponds to the largest integrated
current achieved to date. The assumption of such a long future operation is a
conservative estimate as it assures that the activities of the isotopes relevant for a
storage time of 30 years are approximately in saturation.
For cooling times, a 10 years post-closure phase was assumed following the 30 years
of storage time for decay of radioactivity as described in the RPO [1]. Furthermore,
75 years and 100 years of cooling were included in the calculation as there was interest
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expressed about benefit of longer storage times on reducing the amount of radioactive
waste.

5.2.5. Material composition
The initial material definition used in the simulations is very important as it
determines, to a large extent, the amount of radioisotopes produced. The largest
uncertainty of the calculated nuclide inventory is probably due to the uncertain and/or
inconsistent compositions of materials. Isotopes present in the elemental composition
might have large neutron-capture cross-sections producing large amount of radioactive
isotopes from elements on the ppm level. Examples are Cl-36, Eu-152 and Au-108m.
For cooling times of 30 years and longer, the relevant elements in concrete and steel
are europium and cobalt, i.e. the main contribution to the clearance index comes from
Co-60, Eu-152 and Eu-154.
In the first evaluation, the same material definitions used in the operational waste
calculations were used. The content of the most important elements, Co and Eu, for the
main materials in the shielding, steel and concrete, are shown in Table 5.2. This
material composition is indicated as „standard“.
Table 5.2. Abundance of Co and Eu in steel and concrete
Element

Steel

Concrete

Concrete

composition

standard

standard

In this evaluation

Co

170 ppm

1 ppm

5 ppm

Eu

1 ppm

3 ppm

0.5 ppm

However, material analyses of a steel and concrete sample used at PSI were ordered by
NAGRA at the Radiochemie Munich. According to these analyses, the europium
content in steel was negligible but 0.55 ppm in concrete. The Co abundance in steel
was measured in two grades of steel. In ST52.3 140 ppm and in ST37 110 ppm was
determined, which is close to the standard value in Table 5.2. However, in concrete the
analysis lead to an almost 5 times larger Co content than in the standard composition.
During the evaluation presented in this work, it became clear that the europium content
has a large influence on the amount of material which has to be declared as radioactive
waste. Since the analysis was performed just on one concrete sample and concrete was
expected to be an inhomogeneous material, it was decided that further material
analyses with respect to Eu had to be performed in order to reliably determine the Eu
content in the material composition of concrete.
For this purpose, concrete samples from shielding blocks and walls in different
locations of HIPA were irradiated in the NAA station of the neutron spallation source
SINQ [21] at PSI and the gamma emission of Eu-152n (T1/2 = 9.3 h) was measured by a
high impurity Germanium (HPGe) detector. The location of the NAA irradiation
station in SINQ and its environment can be seen in the detailed geometrical model of
the SINQ facility, see Figure 5.3. NAA is located in about 1 m distance from the centre
of the spallation target and is surrounded by D2O. The green areas in Figure 5.3 are
neutron nozzles made from aluminium, filled with He. The NAA station is connected
to a rabbit system, i.e. the irradiation time of the samples can be chosen independently
from the operation of the SINQ spallation source. The concrete samples were irradiated
for 10 minutes only and measured in the HPGe 20 h later to reduce the dose rate and
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consequently the dead time of the detector. In one batch, three samples could be
irradiated. The samples were packed in PE capsules and stacked one top of each other.
A usual batch consisted of two capsules filled with concrete samples and one capsule
filled with fly ash, with a very precisely known composition obtained from NIST.
According to its certificate the fly ash contained 4.67 ppm Eu with an uncertainty of
0.07 %. The activity of Eu-152n in all three samples was measured with a HPGe and
rescaled to the same date (e.g. to the end of irradiation). Since the Eu content in the fly
ash as well as the weight of each sample is known, the Eu content in the concrete
samples was obtained by proper scaling. The results for different samples are shown in
Table 5.3. The first line in Table 5.3 contains the sample which was also measured by
the Radiochemie Munich. The result of 0.4 ppm is in good agreement. Three samples
were taken from the bunker of the 590 MeV cyclotron and three additional concrete
samples came from the beam line between Target E and the beam dump (indicated by
p-channel or experimental hall). The last two samples were milled with a mill made out
of corundum to obtain a more homogenous sample that contained material from the
aggregate as well as the binder in the concrete. Since concrete contains a lot of
different stones three stones were picked-up and measured. Comparing all results it is
astonishing that the variation is only a factor of 2 and that the maximum Europium
content is 0.53 ppm, well below the first estimate of 3 ppm used in “standard” concrete
material definition. Therefore, lowering the Eu content to 0.5 ppm in the material
composition of concrete is justified. The average of the measurements is even lower,
0.34 ppm with an uncertainty of 2.6 %.
Figure 5.3. Left: Geometrical model in MCNPX2.7.0 of the NAA irradiation
station in SINQ
Right: samples in PE capsules.
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Table 5.3. Results of the Eu measurement in concrete
Sample

Eu (ppm)

shielding block exp. hall #1

0.40+/-7.0%

roof Ring machine bunker

0.52 +/-20.3%

p-channel around MHC5 #4

0.39+/-13.4 %

Ring bunker @ EEC

0.25 +/-11.8 %

Ring bunker @AHA

0.27 +/- 6.7 %

shielding block exp. hall #1, 3 stones

0.53 +/- 4.8 %

shielding block exp. hall #1, milled

0.26 +/- 7.4 %

p-channel around MHC5 #4, milled

0.40 +/- 5.4 %

Weighted mean

0.34 +/- 2.6 %

The method to obtain the Eu content while scaling to a known standard avoids
systematic errors. However, the measurement was also used to check how well the
MCNPX simulation using the detailed geometrical model in Figure 5.3 can reproduce
the measured results. An agreement of better than 20 % could be achieved on the
activity of Eu-152n. In addition, the variation along the sample position was studied.
The gradient of the neutron spectrum within the samples is about 10 % and probably
the largest systematic error in the measurement not taken into account in the results
presented in Table 5.3.
The Co content in concrete contributes much less to the clearance index than Eu.
Ultimately, its content was increased to the 5 ppm value as measured by the
Radiochemie Munich. With this value for Co in concrete, better agreement was
achieved between measured and calculated Co-60 activity for samples from the Target
E region as well as from the 590 MeV cyclotron bunker.

5.3. Results
In the following, the method to obtain the activation and nuclide inventory results is
described in more detail using the example of the Target M region and the 590 MeV
cyclotron bunker. These two examples both use the method described, but additional
effort was also necessary to achieve reliable results. In case of the Target M region, the
effect of the quadrupole triplet had to be taken into account. The difficulty of
modelling the cyclotron is that the exact location of loss points are not known and had
to be evaluated by comparison of simulated and measured dose-rate maps. The results
from the Target E region up to the beam dump can be found in [22].

5.3.1. Target M region
The geometrical model of the Target M region starts a few metres upstream of Target
M and covers the beam line and shielding down to Target E, a 4 cm thick graphite
target. Altogether, this section of the proton beam line is 20 m long. Target M
effectively consists of 5.2 mm of graphite. To compensate for the beam spread after the
target, there are 6 collimators in the beam line and two quadrupole triplets. The aim of
the first quadrupole triplet is to focus the divergent beam and to reduce the losses in the
beam line. Since the calculation to determine the radioactive material was done with
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MCNPX2.7.0, no magnetic field could be taken into account. Comparing the losses at
the collimators calculated with MCNPX2.7.0 and the beam dynamics code TURTLE
[23,24], the losses with MCNPX2.7.0 are about 1000 times larger after the first
quadrupole triplet, whereas there is good agreement of the losses before the triplet
between both codes. As a result, the activation after the triplet is overestimated by a
factor of 1000.
FLUKA [25,26] simulations with and without the magnetic field of the quadrupole
triplet were also performed. The beam profile in the triplet and the beam losses were
compared to the TURTLE beam dynamics simulation as well. Finally, a scaling factor
was evaluated between the neutron and proton fluxes simulated with FLUKA and
MCNPX2.7.0.
The evaluation of the total amount of radioactive waste in Target M region was
performed by cutting this region into three parts. The first part (see Figure 5.4) consists
of Target M and the first triplet. The calculation was performed with the full beam on
Target M. In the region after the first triplet until the last triplet, the nuclide inventory
was scaled down by a factor of 1 000 as described above. The last part of the model,
after the second triplet up to Target E, is mainly activated by backscattering from
Target E. This calculation uses the full beam on Target E. The nuclide inventories
obtained in the three calculations were summed up for each cell and the clearance
index was calculated to sort out which cells are radioactive waste. In Figure 5.4,
coloured cells represent radioactive material for the case of 30 years storage time.
Green is steel, blue concrete, red magnetic iron and cyan marks stainless steel. The
upper plot uses the present exemption limits LE, the lower plot the expected future LL
values. Clearly, the volume of radioactive waste is larger for the LL values. However,
the factor is strongly depending on the geometry. This can be seen in Figure 5.4. Since
most of the steel is already declared radioactive using the LE values, the increase in the
amount of radioactive steel using the LL values is only 30%. In close vicinity to the
already radioactive steel there is the concrete shielding. Most of it could be free
released using the present LE values. However, in case of the future exemption limits
LL, a 4.5 times larger amount of the concrete is left as radioactive waste.
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Figure 5.4. Coloured cells indicate radioactive waste after 30 year of storage
Upper plot: using the present exemption values LE. Lower Plot: using future LL values.

5.3.2. 590 MeV Ring cyclotron bunker
The Ring cyclotron accelerates protons from 72 MeV to 590 MeV using 4 cavities and
8 large sector magnets, each consisting of more than 400 t of magnetic iron.
Electrostatic elements are used for the injection close to the centre of the Ring and for
the extraction at the last turn. The electrostatic element for extraction is called EEC.
The EEC separates the proton bunch from the last turn then the first magnet AHA
bends the protons out of the Ring. The total losses are determined by calibrated
ionisation chambers. For the determination of the activation of components, not only
the total amount of losses has to be known, but also its spatial distribution, direction
and first interaction with whatever material is present. For all the other regions
mentioned in this work, the losses were determined by the interaction of the beam with
a target, collimator or beam dump. However, the Ring is a special case and the
presence of strong magnetic fields makes it even more complex. Therefore another
approach had to be chosen.
On top of the 3 m thick concrete roof of the Ring bunker, neutron dose rates were
measured at different locations during operation of HIPA. The focus of the dose-rate
measurements was on locations with large dose rates, as these are caused by large
losses in the Ring. The neutron dose rates were measured with a Bonner sphere like
detector LB6411 [27] as well as a Wendi-II [28]. The LB6411 detector is sensitive to
neutrons in the energy regime from thermal to 20 MeV whereas the Wendi-II detects
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neutrons up to 5 GeV. As expected, the largest dose rates were measured above the
extraction region. For a proton current of 2.2 mA, a maximum of 6.6 µSv/h was
measured with LB6411 and 11.3 µSv/h with Wendi-II, respectively.
In the geometrical model of the Ring built for MCNPX2.7.0, artificial loss points were
introduced in between all sector magnets (see Figure 5.5). The eight loss points consist
of 590 MeV protons on a piece of steel. Except for the loss point at the AHA and EEC,
the proton direction corresponds to the actual direction of the protons accelerated
inside the cyclotron. The direction of the protons at the AHA corresponds to that of the
extraction beam line. A few metres in this direction, the maximum dose rates
mentioned above were detected. With the help of the simulation, the source could be
confirmed to be at the AHA. The protons at the loss point of the EEC are slightly
bended towards the wall. The reason is that large dose rates were measured all the way
up to the wall adjacent to the EEC. To reproduce the measured distribution, the proton
direction on the EEC loss point was moved towards the wall.
Figure 5.5. Left: Geometrical model of the Ring bunker for MCNPX. Right:
Simulated dose-rate distribution on the roof of the bunker (arbitrary scale)

First, the relative strength of the loss points was adjusted according to the
measurement. The result is shown in Figure 5.5 on the right. However, in the
simulation the ratio of the dose rates corresponding to the Wendi-II and LB6411
sensitivity regimes is 2.5 whereas the same ratio in the measurement is 1.7.
Implementing the response functions of LB6411 and Wendi-II into MCNPX and using
them instead of the actual neutron dose conversion factors had a negligible effect and
did not eliminate the discrepancy. It was later determined that this ratio is sensitive to
the hydrogen content in the concrete. Reducing the hydrogen content from 1 weight
percentage (w %) to 0.5 w % reduces the ratio to 2.0. Due to the uncertainty in the
measurements, the hydrogen content was not reduced further. The hydrogen content
has not only a strong influence on the ratio. Reducing the hydrogen content leads to
larger simulated dose rates on the roof as well as fewer neutrons get absorbed in the
concrete. Effectively, the total absolute losses had to be reduced in the MCNPX
simulation to reproduce the absolute dose rates measured. However, the absolute
neutron dose rates simulated depend mainly on the thickness and density of the cell
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chosen as the loss point, since it determines the number of neutrons produced per
proton. Hence, the density was adjusted such that the measured dose rates could be
reproduced by the simulation with an absolute loss of about 150 nA at 2.2 mA.
Table 5.4. Results of measured and simulated activities
for the three samples from the ring bunker
Samole 1 AHA
Bq/g

Data

MCNPX

Be7

1.22

2.61

Na22

2.46

Na24

Meas/Calc

Sample 2 EEC
Meas/Calc

Sample 3 roof (AHA+EEC)

Data

MCNPX

Data

0.47

0.88

1.52

0.58

0.32

1.17

2.11

1.09

0.76

1.43

0.19

8.21

5.08

1.62

3.13

4.48

0.70

3.46

Sc46

0.47

0.05

9.29

0.49

0.03

14.70

0.01

Sc47

0.07

0.19

0.38

0.16

0.06

Cr51

0.34

0.43

0.79

0.38

0.21

Mn54

0.31

0.34

0.92

0.29

0.30

0.95

0.11

Fe59

0.20

0.17

1.21

0.26

0.14

1.84

0.11

Co60

0.72

0.48

1.50

1.14

0.41

2.79

Cs134

0.35

0.09

3.87

0.48

0.07

6.55

Eu152

1.63

0.78

2.09

3.08

0.69

4.48

Eu154

0.25

0.09

2.89

0.38

0.07

5.18

0.82

MCNPX

0.32

Meas/Calc

2.60

0.05
0.57

0.55

1.03

0.06

For verification of the approach applied in the case of the Ring, three samples were
taken from locations in the Ring bunker and the activities of several gamma emitters
were measured. The results are shown in Table 5.4. Sample 1 and Sample 2 were taken
from different walls, one in the vicinity of the first magnet AHA for the extraction and
the other adjacent to the EEC. Sample 3 was taken from the roof. It consisted of
2 samples, one taken from above the AHA and the other from above the EEC.
However, the amount of material and subsequent activity was small. Therefore, these
samples were combined into Sample 3. The low activity is also the reason that from
Sample 3 only Co-60 and Eu-152 could be measured. The results from the simulation
are shown in Table 5.4 and are given in Bq/g as well as the ratio of the measured to
calculated activity. Comparing the measured and simulated activities, the agreement is
within a factor of 2 to 3. The measured activities for Co-60 and the Eu isotopes for
Sample 2 at the EEC are about a factor of 4 underestimated by the simulation.
However, the activities of other isotopes in Sample 2 are reproduced by the simulation
with similar deviations as for Sample 1. The Sc-46 as well as Cs-134 activities are
underestimated by factors of 10 and 6, respectively. The reason for the underestimation
in the simulation might likely be too little scandium and caesium in the material
composition of concrete.
Another difficulty with losses in the Ring is that these losses are not constant but
dependent on the beam current and on the actual tuning of the beam in the Ring. In
addition, due to problems with the flat-top cavity 5 in 2014, the losses were twice as
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large as in 2015. This might be a reason for the larger measured activities for longer
lived nuclides; cavity 5 is located close to the EEC and therefore close to Sample 2.

5.4. Summary
The authorities in Switzerland are requiring estimations of the amount of radioactive
waste that will be produced at a facility before that facility gets the approval for
operation. Since pure estimates are usually very conservative and overestimate the
amount of waste, the approach using the Monte Carlo particle transport code
MCNPX2.7.0 and MCNP6 was chosen to obtain the volume of radioactive waste for
the final repository after the future shutdown of the HIPA facility including the
spallation target stations SINQ and UCN. Complicated geometrical models for
MCNP(X), which did not yet exist, were obtained by using SuperMC/MCAM
converting STEP files from CAD into MCNP(X) geometry.
The main uncertainty of the evaluation is probably due to uncertainty in the material
composition of steel and concrete. Small amount of elements like cobalt and europium
in the material composition have a large influence on the nuclide inventory and
consequently on the amount of radioactive waste produced due to their large neutroncapture cross-section. The europium content of concrete used at PSI was measured for
the first time in the spallation source SINQ and determined to be 0.5 ppm.
Large Monte-Carlo simulation models including thick biological shielding require
biasing techniques to acquire acceptable statistics. None of the built-in methods of
MCNPX was found to be suitable for use in the presented activation studies. In this
study, weights based on energy-dependent neutron fluxes were calculated and properly
normalised by an external code.
In this report, the evaluation methods used in the region of Target M as well as the
Ring cyclotron bunker was described in some detail. The first dealt with the effect of
magnetic fields on the nuclide inventory distribution, whereas in the second case
described how the distribution of the loss points had to be obtained by dose-rate
measurements.
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6. Radiological Characterisation of the Superconducting Radio-Frequency
Acceleration System of the Large Electron-Positron (LEP) Collider
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CERN, 1211 Geneva 23, Switzerland

Abstract
This work describes the radiological characterisation of the LEP superconducting
radiofrequency system presently stored at CERN. The study has been conducted to
assess the feasibility of clearing from regulatory control most or all of the equipment,
according to the Swiss legislation. It involved recovery of background information
(mass and elemental composition of material, activation sources and irradiation
history); extensive γ-spectrometry measurements on samples of all materials taken
from several modules, complemented by, radiochemical analyses, dose rate and
contamination measurements; Monte Carlo simulations and ActiWiz calculations to
investigate the possible activation pathways, obtain the particle spectra, determine the
radionuclide inventory and calculate scaling factors. The results indicate the feasibility
of free release of the material and provide analytical scaling factors for estimating the
specific activity of difficult-to-measure radionuclides (DTM) and a key radionuclide
(KN).

6.1. Introduction
CERN large electron positron collider (LEP) was in operation from 1989 until 2000.
The accelerator and the four experiments were decommissioned in 2000-2001 to allow
reusing the tunnel and associated infrastructures for the large hadron collider (LHC).
All equipment from both accelerator and experiments were eliminated on the bases of a
zoning approach as LEP was classified as INB (Installation Nucléaire de Base,
Nuclear Basic Installation) in France, and the French legislation did not and does not
provide radionuclide-specific exemption limits. About 70% of the equipment was
finally eliminated as conventional material for recycling [1]. At that time the
superconducting (SC) radiofrequency (RF) accelerating system was preserved in view
of a future use. It was stored in the former ISR (Intersecting Storage Ring) tunnel
(Figure 6.1), now used as interim storage area for radioactive waste. The decision was
finally taken not to reuse the SC RF system and there is now the necessity to free the
space it occupies before the start of Long Shutdown 2 (LS2) at the end of 2018.
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Figure 6.1. The LEP superconducting RF modules stored in ISR

An extensive study has been undertaken in spring 2016 to assess the feasibility of
clearing from regulatory control most or all of the equipment, according to the Swiss
legislation [2]. Clearance can be performed if three criteria are respected:
1.

Surface contamination below surface contamination limits;

2.

H*(10) at 10 cm above background below 0.1 μSv/h;

3.

Specific activity of any given radionuclide, a, below the exemption limit, LE. If a
mixture of radionuclides is present, Eq. 1 (also called “summation rule”, where i is
the ith radionuclide) must be satisfied:

ai

∑ LE
i

<1

(1)

i

This study consists of:
a. Recovery of background information, such as mass and elemental composition of
material, activation sources, irradiation history, etc;
b. Extensive γ-spectrometry measurements on samples of all materials taken from a
number of modules, to gain knowledge on expected levels of residual
radioactivity, complemented by radiochemical analyses, dose rate and
contamination measurements;
c. Monte Carlo simulations and ActiWiz calculations to supplement the experimental
results and to determine scaling factors between DTM and a KN.
The dose rate and contamination measurements are not shown in this work but the
results fully comply with criteria 1 and 2.

6.2. Description of the equipment
The LEP SC RF accelerating system [3] consisted of 72 cryo-modules each containing
four SC cavities (Figure 6.2). Each module is made of an outer vacuum tank containing
four cryostats. The tank is made of thick aluminium plates connected by supporting
rings also made of aluminium, held together by 1 mm thick stainless steel (SS) sheets.
Each cryostat is made of 2 mm thick stainless steel and hosts a four-cell cavity. The
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cryostats are wrapped in an insulator made of several films of polyethylene
terephthalate (PET) on which a thin aluminium layer (400 Å) is deposited separated by
a thick insulating layer made of polyester. Three 2-m long tuning rods made of
nickel/copper/stainless steel/Bakelite are attached around each cryostat. Four of the
modules contain cavities made of solid niobium (Nb-sheet), the remaining 68 contain
cavities made of OFHC (oxygen-free high thermal conductivity) copper coated with a
1.5 µm thick niobium film, for a total coated surface of 6 m2 [4]. There are four RF
tuners per module, which were used to inject the RF power into each cavity. Several
flanges are mounted on the tank housing other ancillary components such as HOM
(Higher-Order Mode) couplers and electrical connections. Each cryo-module weighs
4.875 tonnes. Each module stands on a support, the same used when in LEP, for a total
weight (module + support) of 6.2 tonnes. The types and amount of materials in the
modules are detailed in Table 6.1.
Figure 6.2. The LEP SC cavity [3]

One module was donated to an Indian institute a few years after the decommissioning
of LEP [5]. Measurements performed outside the tank in 2006 showed very low doserate values, just above background at the exit of the modules and in correspondence to
the inter-cavity connections, typically <0.1 µSv/h with a maximum value of
0.18 µSv/h. In situ gamma-spectrometry measurements showed traces of Mn-54 and
Co-60. A second module was disassembled in 2012 to test the dismantling procedure,
in view of a possible separation of the activated parts from the non-activated ones. In
2015 two of the four cavities were crushed in a press-shear to test the feasibility of
compacting them in case of their elimination as TFA (déchets de très faible activité,
very low activity waste) material.
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The volume of each module is 25.4 m3, which translates into a total volume of just
below 1800 m3 for the 70 modules. However, because of the ancillary equipment
mounted on the various flanges (RF couplers, cryogenic connection, HOM-coupler
outlet, vacuum and electrical connections) the overall volume occupied by a module is
approximately 29 m3. The total space occupancy of the 70 modules in the ISR is thus
about 2 000 m3.
Table 6.1. Types and amount of materials per each cavity, per module and in total
Component
Tank plates
Tank sheets, end
cryostats
RF cavities
RF cavities
Tuning rods
Supports
Ancillary components
Cables
Insulator

caps,

Material
Aluminium
Stainless steel

Mass (tonnes)
134.4
105.4

Copper
Niobium
Nickel/copper/stainless steel
Iron
Stainless
steel/copper/aluminium
Copper/plastic
PET/Al/ polyester

47.52
2.88
22.68
91
19.53
5.53
4.9

TOTAL

433.84

6.3. Source of residual radioactivity
The superconducting accelerating system was progressively installed in LEP for the
LEP2 phase starting from the end of 1995. For LEP2 the collider energy was raised in
steps from 45.6 GeV (LEP1 phase, 1989-1995) to 104 GeV in 2000, the last year of
operation. LEP had an eightfold symmetry and the RF system was located in the
straight sections on both sides of the four even points. The first SC modules installed
were operational from 1996 until 2000; the last modules were installed in the winter
shutdown 98/99 and were in the LEP tunnel only in the two final years of operation
[6].

6.3.1. Distributed beam losses in the RF straight sections
Beam losses in an accelerator are caused by particles escaping the stability region of
the circulating beam. Collimators were placed at specific locations around the LEP ring
to concentrate losses on these components, thus effectively transforming distributed
losses in localised losses. Distributed beam losses thus represented only a small
fraction of the total losses in LEP. In a high-energy accelerator losses typically occurs
in bending sections and not in straight sections with large beam acceptance. It is
therefore extremely unlikely that the circulating beam could have directly hit the walls
of the RF cavities. However the exit cones (280 mm long with inner and outer
diameters of 200 mm and 100 mm, respectively) at both ends of the SC RF modules
could have intercepted particles in the beam halo. Another source of distributed beam
losses was represented by electrons and positrons emerging at small angles from
interactions at the centre of the four experiments (the so-called Bhabha scattering).
Most of these off-axis particles (with energy close to that of the circulating beam) were
intercepted by the collimators installed to this purpose in the straight sections at both
ends of the four even LEP points, but a fraction could have been lost on the exit cones.
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6.3.2. Beam losses on the collimators at both ends of the RF straight sections
In the years preceding LEP decommissioning, an extensive theoretical and
experimental study was conducted to assess the radioactivity induced in LEP materials
in order to establish the zoning (zonage) of the entire accelerator for its dismantling.
This was requested by the French authorities as LEP was classified as INB [1].
Equipment such as dumps, collimators and any other machine element that were likely
to intercept a fraction of the beam, were obviously expected to be slightly radioactive
and were treated as such at the time of dismantling. On the other hand, the largest
effort (both computational and experimental) went in predicting the expected amount
of specific activity in all other components situated nearby the various loss points. This
study produced a set of data to convert lost beam power at a point into specific activity
in the surrounding materials, which were used to predict the induced radioactivity in
the LEP materials for typical beam-loss scenarios. The study showed that it was largely
conservative to consider as TFA the components situated upstream and downstream of
a loss point up to a distance of 1 m, all the rest being not radioactive. This conclusion
was confirmed by the extensive radiological controls performed during LEP
dismantling. Therefore, the stray radiation produced by beam particles lost on a
collimator at the end of the RF straight section could have not been a source of
activation in the modules.

6.3.3. Field emission
A third radiation source was field emission of electrons from small impurities on the
Nb surface of the cavities. Trajectory calculations had shown that there were two
electrons sources [7, 8]: a) a high intensity source of low-energy electrons mainly
producing transverse bremsstrahlung X-rays, and b) a low intensity source of high
energy electrons travelling parallel to the cavity axis and generating X-rays emitted
along the axis. The latter source was more important, due to the much higher energy to
which electrons could be accelerated to, up to the maximum field of the cavity. When
these electrons stroke the cavity walls or any other material (such as the exit cone or
beamline elements downstream of the module), they produced intense bremsstrahlung
radiation. Part of this bremsstrahlung radiation was sufficiently energetic to both
activate material directly and induce photonuclear reactions resulting in neutron
production and further activation [9]. Some components close to the module
extremities were actually activated. Measurements performed at the time had shown
that the electron spectrum from field emission had four peaks, more or less equally
spaced, one very small corresponding to the maximum field (40 MeV), the others to ¼,
½ and ¾ of this maximum (about 10 MeV, 20 MeV and 30 MeV, respectively) [10].
This spectral shape is in agreement with process b) mentioned above.

6.4. Irradiation history and radioactive decay
The exit cones were the only pieces of equipment that could be directly hit by either
10-40 MeV electrons from field emission or high-energy (45-100 GeV) beam particles.
Experience had shown that during operation of LEP only a few, well-localised, ‘‘hot
spots’’ of induced radioactivity were produced on one or both extremities of the
modules and on the machine components immediately downstream. No induced
radioactivity had ever been detected alongside a module during the radiation surveys
regularly performed during the LEP lifetime. During the 16.5 years elapsed from the
moment LEP was switched off at the end of 2000 until the start of the elimination of
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the SC cavities from CERN, planned towards spring 2017, any residual radioactivity
will have decayed according to the half-life of the given radionuclide. A radionuclide
with a half-life of one year will have decayed by a factor of 216.5 ≈ 105. Therefore, one
can realistically expect residual radioactivity only from radionuclides with half-life of a
few years. Due to the relatively short activation period (2-5 years), it can be expected
that radionuclides with long half-life (of the order of 100 years or longer) would not
build up to appreciable levels. The γ-spectrometry measurements discussed later on
have indeed shown mostly traces of Co-60 in some of the samples taken from the
various components. The exact irradiation history of each module is unknown and it is
therefore impossible to predict absolute values of specific activity. Also, each module
can have different activation levels and requires dedicated measurements to evaluate its
activity. At the same time, all modules share the same activity ratios and activity
distribution because they underwent the same activation mechanisms.

6.5. Characterisation study
6.5.1. FLUKA simulations
The FLUKA Monte Carlo code [11, 12] was employed to investigate the activation
pathways and obtain the particle spectra. A whole LEP cryo-module (copper cavities +
stainless steel cryostats + nickel rods + aluminium tank + stainless steel sheets) was
simulated together with the exit cone of the module located just upstream (Figure 6.3).
The cavities and the cryostats were modelled as hollow cylinders. The LEP concrete
tunnel surrounds the cryo-module to include the contribution of backscattered
neutrons. The electron beam impinges on the exit cone of the upstream module. Two
beam scenarios were considered:

1. 20 MeV electrons from field emission;
2. 100 GeV electrons (the maximum LEP energy) from beam losses.
In addition, 30 MeV electrons from field emission were simulated and the particle
spectra compared with the ones of the 20 MeV scenario. The spectra at the two
energies slightly differ in absolute value but have the same shape, yielding the same
scaling factors. The particle spectra for neutrons and photons (protons and pions for the
100 GeV case) were scored in several regions, e.g. cavity, cryostat, tank, cone, flanges.
Figure 6.4 shows an example of the particle fluence spectra for the two scenarios;
Figure 6.5 shows the fluence maps for neutrons and photons for the 100 GeV case; this
proves that neutron activation is nearly isotropic whereas the photons are forward
peaked.
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Figure 6.3. 3D cut of the FLUKA geometry

XRF measurements provided the material chemical composition; since at this stage we
only scored the particle spectra, the amount of impurities has no influence. Material
composition and reason for their choice for calculating the scaling factors are discussed
in the next section (“ActiWiz calculations”). Since we do not know the exact
placement of the cryo-modules in the LEP tunnel and how each individual module was
oriented with respect to the circulating beam, we assumed that the 1st (outer) cavity is
representative of the two outer cavities, and that the 2nd cavity is representative of the
two inner cavities.
Figure 6.4. Particle fluence spectra at 20 MeV (top) and 100 GeV (bottom)
in the flange of the exit cone
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Figure 6.5. Neutron (top) and photon (bottom) fluence for the 100 GeV case
The legend is in particles per cm2.

6.5.2. ActiWiz calculations
ActiWiz 3 Creator [13] is a latest generation of the ActiWiz code, which uses arbitrary
particle fluence spectra as input and subsequently calculates the nuclide inventories
without running Monte Carlo simulations. ActiWiz was used to determine the scaling
factors between DTM and KN radionuclides. In addition to the particle spectra,
ActiWiz was provided with the irradiation and cooling times and the material
composition. We assumed a representative irradiation time of 2 years (the last modules
were installed in LEP during the 1998/99 winter shutdown) and a cooling time of
16 years (2001-2016). There is no significant variation in the results with longer
irradiation times.
For stainless steel, 42 XRF measurements were performed on several components of a
single module manufactured by CERCA (cryostat, screws, tank plates) to determine
the material composition to be used in Actiwiz. There are two grades of stainless steel,
316L and 304L, which are very similar in terms of activation likelihood. Since the
production of Co-60 is mainly driven by the amount of cobalt, the average minus two
standard deviations (2σ) was considered; as the production of Fe-55 is mainly driven
by iron, the average plus 2σ was taken into account. For the other elements, the
average value was taken. This choice represents the most conservative assumption for
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the evaluation of the Fe-55/Co-60 scaling factor. For copper, nickel and aluminium,
about 10 XRF measurements were performed on various components and the average
value was taken as reference for the calculations. As expected, copper is almost pure
(> 99.9%). For the Nb-sheet cavities, in absence of specific information they were
assumed to be made of pure Nb. Since they are not accessible at present, XRF
measurements will be performed at the time the modules will be opened to verify the
exact chemical composition. Table 6.2 lists the chemical compositions used for the
calculation of the scaling factors.
Table 6.2. Chemical compositions used for the calculation of the scaling factors
Element
Density [g/cm3]
Fe
Cr
Ni
Mo
Mn
Si
Cu
Co
V
Nb
Sn
Zn
Ti
Al
W
Zr
S
Pb
Mg

SS
7.71
71.47
16.85
10.53
1.53
1.77
0.65
0.23
0.11
0.06
0.01
0.01
0.03
0.05
3.11
0.04
0.02
0.06

Cu
8.96
0.02
0.03

Al
2.75
0.322
0.441

99.94

1.031
1.894
0.022

0.212

0.011

0.031

0.055
0.053
92.308

0.048

0.01

Ni
8.87
0.021
0.33
99.053

0.002
0.003
3.868

The particle spectra calculated in the previous section (“FLUKA simulations”) were
used to obtain the radionuclide inventory for each region and material. Then, the
radionuclides contributing for more than 90% to the summation rule were identified
(hereafter called top contributors, with their contribution to the summation rule
indicated in parentheses).
At 20 MeV, the top contributors in stainless steel are Fe-55 (10%-99%) and Co-60
(1%-90%). Fe-55 is mainly produced from photonuclear reactions on Fe-56, and Co-60
by (n,γ) reactions on Co-59; in certain regions, e.g. the flange of the exit cone, Co-60
can be produced in nickel for up to 50% of its amount through the Ni-60(n,p) reaction.
At 100 GeV, the top contributors in stainless steel are Fe-55 (5% to 90%) and Co-60
(10% to 95%). Fe-55 can be produced via the Fe-54(n,γ) and Fe-56(γ,n) reactions,
Co-60 via the Co-59(n,γ) and Ni-60(n,p) reactions. In addition, Ti-44 can be produced
from Cr-50 (via both photonuclear and neutron-induced reactions) in stainless steel,
Na-22 in aluminium and H-3 by spallation reactions. In the outer tank components
ActiWiz predicts that the production yield of Na-22 in aluminium is (at least) one order
of magnitude lower than that of Co-60 in stainless steel.
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At 20 MeV, the scaling factor H-3/Co-60 in stainless steel varies between 1E-6 to
4E-3, whereas at 100 GeV it is between 0.1 and 10. Experimentally (section
“Radiochemical analysis”), H-3 was detected in samples from the cryostat and exit
cone in amount comparable to Co-60 (scaling factor between 0.1 and 1); this indicates
that induced radioactivity from beam losses at 100 GeV are the dominant contribution
after 16 years of decay. Moreover, simulations at 20 MeV predict that in stainless steel
Co-60 is produced at least three orders of magnitudes more than in copper (this value
strongly depends on the location and goes up to 70 000). At 100 GeV, the production
of Co-60 in stainless steel is up to 10 times more than in copper. Experimentally, the
ratio lies between 1 and 20 confirming the results of the simulations for the 100 GeV
scenario. In conclusions, experimental measurements agree with simulations with
beam losses at 100 GeV. The analytical scaling factors are therefore calculated for the
high-energy scenario, and the low-energy scenario has been discarded in the rest of the
study.
The top contributors at 100 GeV are:
•

in stainless steel: Fe-55 (5% to 90%) and Co-60 (10% to 95%);

•

in copper: Ni-63 (2% to 10%) and Co-60 (90% to 96%);

•

in nickel: Fe-55 (4% to 6%), Co-60 (65% to 83%) and Ni-63 (10% to 30%);

•

In aluminium: H-3 (5%), Na-22 (90%) and Fe-55 (6%).

•

in niobium: Co-60 (2%), Nb-91 (13% to 18%), Nb-93m (75% to 83%) and Nb94 (2%).

Table 6.3 lists the analytical scaling factors that will be employed in the clearance
measurements. For the 4 Nb-sheet modules a full experimental approach will be
adopted: samples of niobium from each cavity will be taken and measured by both γspectrometry and radiochemical analysis.
Table 6.3. Analytical Fe-55/Co-60 scaling factors for stainless steel
and nickel in the various components
Equipment
Tuning rods
Cryostat of 1st and 4th cavity
Cryostat of 2nd and 3th cavity
Stainless steel sheets
Exit cone
Tuning rods
Equipment
1st and 4th cavity
2nd and 3rd cavity
Tuning rods
Tuning rods
Equipment
Outer tank

Material
Stainless steel
Stainless steel
Stainless steel
Stainless steel
Stainless steel
Nickel
Material
Copper

Fe-55/Co-60
50
55
80
20
500
5
Ni-63/Co-60
5

Copper
Nickel
Material
Aluminium

10
35
H-3/Na-22
10

Fe-55/Na-22
5
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6.5.3. γ-spectrometry measurements
Sets consisting of about ten samples each were taken from the outer tank of seven
modules, and two additional sets of samples from both ends of the tank of one module,
for a total of about 100 samples. Around 60 samples were taken from the cryostats and
cavities of two modules. Eighteen samples were taken from the two end caps of the test
case module. Two samples were taken on both extremities of the support. All samples
were measured by γ-spectrometry. Only traces of Co-60 were detected in copper and
stainless steel samples. The specific activity is always far lower than the present
Exemption Limit given in the ORAP [2], i.e. 1 Bq/g, with values < 0.2 Bq/g. All other
γ-emitters were below the MDA. Traces of Ag-108m were detected in silver plated
screws with a maximum value of 7.3E-3 Bq/g. The samples from the end caps of one
module were taken each 45° around the aperture. Traces of Co-60 were found with a
maximum of 9E-2 Bq/g. As expected (see also “FLUKA simulations”), these results
indicate that the production of Co-60 is homogeneous all around the central aperture,
where the exit cone is welded on the inside of the end cap. Table 6.4 lists the maximum
values of specific activity of Co-60 detected in the samples taken from the outer tank
of the seven modules.
Table 6.4. γ-emitters detected in the samples taken from the outer tank of the
seven modules and maximum value of specific activity
The percent uncertainty is given in brackets.
Module id

γ-emitter(s) detected

Maximum activity value (Bq/g)

Type of sample

133550

Co-60

6.48E-2 (9%)

Screws from flange

133554

Co-60

8.92E-2 (8.8%)

Screws from flange

133571
133577
133595
CERN4
133588 (1)
133588 (2)
133588 (3)

Co-60
Co-60
Co-60
Co-60
Co-60
Co-60
Co-60

7.33E-2 (8.8%)
3.54E-2 (9.4%)
7.42E-2 (28.6%)
8.92E-3 (17.9%)
9.45E-3 (11.7%)
4.01E-2 (10.0%)
8.55E-3 (38.1%)

Screws from flange
Flange
Pipe
Screws from flange
Screws from flange
Screws from flange
Pipe

Co-60 was detected in stainless steel flanges, pipes, the tank fixation sheets, screws
and bolts, with a value always lower than 0.1 Bq/g. In 8 out of 9 cases, the screws
show a specific activity of Co-60 larger than the average quantified in the other
stainless steel samples; for the outliner the activities are comparable within the
respective uncertainties (Figure 6.6).
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Figure 6.6. Specific activity of Co-60 in the screws in comparison with the average
specific activity in the stainless steel pieces of each of the seven modules

No sampling technique can deliver steel samples which are systematically more
radioactive than any other possible steel sample inside the module. At the same time,
this study shows with 99.7% confidence level that the activity in the screws is on
average higher than the activity in the other stainless steel samples. Indeed, the average
ratio of activity in screws with respect to other steel samples is 1.92 ± 0.23 at 1 σ
(Figure 6.7). The screws removed from the outer tank of a module can therefore be
regarded as conservatively representative of the Co-60 activation of all stainless steel
components of the tank.
Figure 6.7. Weighted average calculation of the ratio between the Co-60 activity
in the screws and the Co-60 activity in the other stainless steel pieces, for the outer
tank of each module
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6.5.4. Radiochemical analysis
Thirty samples from seven modules were sent to the AMEC laboratory (UK) to
measure the specific activity of H-3, Fe-55 and Ni-63. At the same time γ-spectrometry
measurements were performed by both AMEC and CERN. These samples are
representative of the stainless steel components of the outer tank, exit cone (stainless
steel), cryostat (stainless steel) and cavity (copper). Table 6.5 summarises the results of
the radiochemical analysis. As expected, the exit cones (the only pieces of equipment
that were directly hit by the electrons) are the only components showing significant
amounts of Fe-55. In the flanges of the exit cones (6 samples from 5 modules) Fe-55
varies between 5 Bq/g and 9200 Bq/g, whereas Co-60 is between 0.1 Bq/g and
28.8 Bq/g. Radiochemical measurements never detected (i.e. above the MDA of about
1 Bq/g), Ni-63 in any of the stainless steel and copper samples. Ti-44 is always below
the MDA (0.03 Bq/g) in all samples. H-3 was detected in a few samples from the exit
cones.
The results indicate that the exit cones and the cap of each module will most likely not
be eligible for clearance. At present the experimental activities of the DTM
radionuclides are always well below the LE for the outer tank, cryostat and cavity.
Additional samples (from the cryostat and the outer tank) have been sent to AMEC to
validate the analytical scaling factors.
Table 6.5. Summary of the radiochemical analysis results
The dash means that the radioisotope was not searched for.
An asterisk (*) refers to the MDA.
Module

Dose rate
at the
extremities
[µSv/h]

133546

< 0.1 and
n.a.

133595

1.0 and 0.1

133571

0.6 and < 0.2

CERN4

< 0.1 and 0.3

133577

0.1 and < 0.1

133584

1.0 and 0.1

133553

0.1 and n.a.

Location and
material
Cryostat
(stainless steel)
Cavity (Cu)
Exit cone
(stainless steel)
Tank
(stainless steel)
Cavity (Cu)
Exit cone
(stainless steel)
Tank (SS)
Cavity (Cu)
Tank
(stainless steel)
Cavity (Cu)
Exit cone
(stainless steel)
Exit cone
(stainless steel)
Exit cone
(stainless steel)

Samples

H-3
[Bq/g]

Fe-55 [Bq/g]

Ni-63 [Bq/g]

Co-60
[Bq/g]

3
5
2

< 0.3*
< 0.2
< 1.2

< 0.7
132 and 604

< 0.1*
-

< 0.6*
< 0.2*
0.2 and 2.2

5
1
1

< 0.05*
0.8

< 0.9*
< 0.6*
1210

< 0.3*
< 0.1*
-

< 0.1
< 0.01*
5.7

4
1

< 0.02*
-

<3
< 0.6*

< 0.8*
< 0.07*

< 0.1
< 0.05*

4
1

<0.04*
-

< 1.2*
< 0.5*

< 0.8*
< 0.08*

< 0.07*
< 0.009*

1

< 0.02*

5

-

0.05

1

28.2

9200

-

28.8

1

< 0.08*

226

-

0.6
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6.6. Conclusions
The characterisation study confirmed the feasibility of clearing the LEP cryo-module.
The exit cones, where the beam losses occurred, will probably not be eligible for
clearance, whereas experimental results for the outer tank, cryostat and cavity indicate
specific activities for the KN well below the LE. FLUKA simulations and ActiWiz
calculations provided a deeper analysis of the activation mechanism caused by the
100 GeV beam losses; the analytical scaling factors were provided for this scenario.
The clearance strategy, based on the present results, has been defined and is currently
under evaluation by the Swiss authorities for approval. A clearance pilot phase of
8 modules will start in March 2017; the clearance of the whole SC RF accelerating
system is expected by the end of 2018.
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Abstract
In this paper we present a novel method, based on the recently developed GEMPix
detector, to measure the 55Fe content in samples of metallic material activated during
operation of CERN accelerators and experimental facilities. The GEMPix, a gas
detector with highly pixelated read out, has been obtained by coupling a triple gas
electron multiplier (GEM) to a quad Timepix ASIC. Sample preparation,
measurements performed on 45 samples and data analysis are described. The
calibration factor (counts per second per unit specific activity) has been obtained via
measurements of the 55Fe activity determined by radiochemical analysis of the same
samples. Detection limit and sensitivity to the current Swiss exemption limit are
calculated. Comparison with radiochemical analysis shows inconsistency for the
sensitivity for only two samples, most likely due to underestimated uncertainties of the
GEMPix analysis. An operative test phase of this technique is already planned at
CERN.

7.1. Introduction
The operation of particle accelerators and experimental facilities generates activated
equipment and material which, when no longer in use, become radioactive waste. This
mostly weakly radioactive waste is usually stored ad interim at the facility premises (to
allow for radioactive decay, sorting, conditioning and characterisation), before it is sent
to a national repository. The waste must be radiologically characterised as the
repositories usually require the full radionuclide inventory before it is accepted.
Radioactive waste from particle accelerators is mostly made of metallic components
coming from accelerators, experimental apparatus, ancillary equipment and
surrounding infrastructures.
The 55Fe radionuclide is a difficult-to-measure (DTM) nuclide (radionuclides whose
radioactivity is difficult to measure directly from outside of the waste package by nondestructive assay means) present in iron and steel radioactive waste, and it must be
measured according to the specific characterisation procedure [1]. The current
exemption limit of 55Fe for clearance of materials according to the Swiss legislation is
30 Bq/g [2]. This exemption limit will be increased to 1 kBq/g with the introduction of
the new legislation in 2017 [3].
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The 55Fe radionuclide is currently assessed at CERN in very-low-level radioactive
waste (“très faiblement actif” – TFA) by means of radiochemical analyses on waste
samples. After collection and tracking, the samples are shipped to external companies
to perform the analysis. A typical delay time is about 2 months for the work performed
by the company, including sample preparation (cutting and acid digestion) and liquid
scintillation counting. In this work we have developed a measurement procedure using
a novel detector called GEMPix [4].

7.2. The GEMPix detector
The GEMPix has been obtained by coupling two CERN technologies, a small triple
gas electron multiplier (GEM) detector (3x3x1.2 cm3 active volume) to a quad Timepix
ASIC with 262 144 pixels of 55x55 μm2 area for readout (Figure 7.1).
Figure 7.1. The GEMPix detector: (1) external gas supply, (2) external HV
connector, (3) Mylar window, (4) frame to hold the GEM foils, (5) FITPix readout

GEM detectors are a relatively recent innovation in detector technology invented at
CERN by F. Sauli in 1996 [5]. The basic element is a GEM foil, which consists of a
50 µm thick insulating Kapton layer electroplated with a conductive metal on both
sides. Small holes are then etched in this foil and a voltage is applied across it. When
an electron traverses the hole, avalanche multiplication takes place giving
approximately 20 secondary electrons 1 for each primary electron (the exact value
depends on gas density, gas mixture and applied electric field). The triple GEM
configuration (Figure 7.2) used in the GEMPix has gains in the range of 102 – 104. On
top of the GEM/Timepix region is a 12 mm thick drift volume, topped with a Mylar
cathode metallised with a thin aluminium layer (approximately 18 µm in total of which
1 µm is the aluminium layer).

1. This number is the effective multiplication per GEM foil, taking into account that some
electrons are captured by the lower side of the GEM foil.
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Figure 7.2. The schematic of the detector including the principle dimensions and
transport fields (ED = drift field, ET = transfer fields, EI = induction field) [6]

The Timepix [7] is a pixelated silicon detector developed by the Medipix Collaboration
[8, 9]. It is based on a read-out chip consisting of a 256x256 pixel CMOS ASIC to
which different pixelated semiconductor sensors are normally bump-bonded. In this
application, however, we use a 2x2 array of chips (for a total of 512x512 pixels)
without silicon sensor as readout for a triple GEM detector. Each pixel measures
55x55 μm2.
One of three modes can be used for each pixel: Counting (Medipix), time of arrival
(TOA) and time over threshold (TOT). The mode that has been used for this
measurement is the TOT mode. In this mode whenever the pulse is above threshold the
pixel counts until the pulse is low again. This allows each pixel to act as a Wilkinson
type ADC measuring the discharge time of the preamplifier (i.e. the time spent over the
threshold).

The detection gas (Ar:CO2:CF4, 45:15:40) is supplied by a 50 litre bottle equipped
with a gas adaptor to reduce the pressure from about 150 bar to about 1 bar. A
flowmeter controls the gas flow which is set at 3 l/h. High Voltage (1240 V) is
supplied by a NIM Module HVGEM and controlled by a Labview programme. A low
voltage supply for the GEMPix (3.3 V) is also necessary. The quad Timepix is
mounted on a bespoke quad PCB, and read out using the FITPix system [10] and
accompanying Pixelman software (Figure 7.3), which includes a Python plugin for
code development [11]. The GEMPix detector is placed in a lead shielding box

to reduce the background produced by ambient gamma rays. Currently,
lead bricks are used for shielding (see Figure 7.5 in next section).
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Figure 7.3. The Pixelman console [11] showing the 55Fe X-rays
observed online during the acquisition

7.3. Experimental technique
55

Fe is a radioactive isotope of iron decaying by electron capture to 55Mn with a halflife of 2.7 years. The electron capture is followed by emission of the characteristic
5.9 keV X-rays. Due to their low-energy, the photons are strongly absorbed within a
few µm of the material. On the other hand, radionuclides such as 60Co, 54Mn, 44Ti
emitting photons of higher energies and therefore longer attenuation lengths, are
usually present together with 55Fe in activated metallic waste. A direct measurement of
the X-rays of 55Fe thus requires a drastic reduction of the sample thickness in order to
decrease the gamma background. For this purpose, the samples need to be ground and
a thin layer of metallic powder shall be used for the measurements with the GEMPix.
The operational procedure is the following. A piece of metal from the waste to be
examined is selected and cut. This sample is put in a milling machine to produce about
1 g of powder. The sample powder is filtered with a 0.5 mm mesh and placed in a
plastic container with dimension 4 x 4 x 1 cm3, attached to its bottom with a doublesided tape, and then gently beaten with a tool (parallel punch) to improve the adhesion
of the powder to the bottom of the container. The extra powder is finally removed.
Figure 7.4 shows the filled sample container.
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Figure 7.4. The plastic container with the sample powder attached on the bottom

The actual search of the 55Fe content in a metallic sample consists of four separate
measurements: 1) calibration of the system using a source of 55Fe to define the energy
window for counting (Figure 7.5 and next section); 2) X-ray counting of the sample;
3) calibration measurement to define the energy window for counting for the
background measurement; 4) measurement of the gamma background from the sample.
This is obtained by placing a thin layer of aluminium (approximately 100 µm thick
corresponding to 3 attenuation lengths for 6 keV photons ( 2 )) between sample and
detector to absorb the 5.9 keV photons. Sample and background measurements both
last 2 h while the calibration measurements for sample and background both last
10 minutes.
Figure 7.5. The radioactive source of 55Fe just before
the insertion inside the system

7.4. Samples, measurements and analysis
A total of 45 activated steel samples were selected to characterise the technique. Each
sample was divided in two pieces: one was sent to an external company for
radiochemical analysis (AMEC [13]), the other was reduced to powder as described
above and measured with the GEMPix.
2. Attenuation length in aluminum is 32 µm for 6 keV photons. This value is calculated using
the mass attenuation coefficient and the density of aluminum in NIST data [12].
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Figure 7.6 shows the energy spectrum of a measurement with a 55Fe source. Only
cluster with a shape typical for X-rays are taken into account (‘heavy blobs’). An
energy resolution of about 20% FWHM is typically achieved. A Gaussian function is
fit to the data obtained from the calibration measurement with the source. Mean and
sigma of this fit define the counting interval for the analysis of the sample and
background measurements: only events within the range “mean ± 2 sigma” are taken
into account.
The GEMPix counts per second (cps) are plotted against the corresponding
radiochemical results in Figure 7.7. An error-weighted linear fit is used to provide the
conversion factor between GEMPix cps and the declared specific activity from the
radiochemical analysis (Bq/g). The slope of the fit provides the calibration factor for
the GEMPix:

�(6.078 ± 0.140) × 10−4

𝑐𝑝𝑠 −1
�
𝐵𝑞⁄𝑔

= 1645 ± 38

𝐵𝑞⁄𝑔
𝑐𝑝𝑠

.

The bad quality of the fit (χ2/ndf=272/43) is explained by an underestimation of the
uncertainties on the GEMPix counts, since only statistical uncertainties on the number
of counts are considered.
Figure 7.6. Energy spectrum recorded with a 55Fe calibration source
Peaks are due to 55Fe x-rays (5.9 keV) and Argon escape / fluorescence (2.9 keV / 3.0 keV). Here,
events within (5910 ± 1077) eV would be counted in the sample and background measurements.
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Figure 7.7. GEMPix counts per second versus specific activity as determined
by the radiochemical analysis
The slope of the linear fit provides the conversion factor: 1645 ± 38 (Bq/g)/(cps).

7.5. Sensitivity of the technique, detection limit, confidence levels
and uncertainties
In this section, a Confidence Level (C.L.) of 95% is chosen for all calculations. As an
example, the sensitivity to a 30 Bq/g limit is calculated as this value is the current
Swiss exemption limit for 55Fe. The measured background is not independent of the
sample itself since there is a non-negligible contribution from other radionuclides
present in the sample.
The detection limit of the technique is defined as the “upper limit of background only”.
It is calculated depending on the background using Poisson statistical methods.
Figure 7.8 shows the detection limit background subtracted and converted to activity.
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Figure 7.8. The upper limits converted to activity using the calibration factor
Above the limit, the detector is sensitive to 55Fe. Below this, in the shaded area, background only cannot
be excluded. The vertical lines show the maximum background counts for a stated fraction of the
measured samples (numbers above the lines).

Figure 7.9 compares the GEMPix results with the calculated detection limit. Also, the
total number of counts for a sample with an activity of 30 Bq/g is calculated for each
number of background counts. For this, the activity of 30 Bq/g is converted to number
of counts using the calibration factor and the number of background counts is added.
Figure 7.9. GEMPix raw versus background counts (data points) of the samples
are compared with the detection limit (solid red line) and the Swiss exemption
limit of 30 Bq/g plus background (black dashed line)

Solid black line shows 95%-C.L. lower limit of the exemption limit plus background.
Radiochemical analysis results are encoded for sample data points: red upwards (green
downwards) pointing triangles denote activity plus uncertainty at 95 %-C.L. above
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(below) exemption limit. Some samples are out of range on the y-axis of this plot but
they are well above the detection limit and all are correctly assigned to have an activity
larger than 30 Bq/g.
Thus, if a data point is:

•
•
•
•

Below detection limit, the total number of counts is compatible with the
background only hypothesis.
Above detection limit, the background only hypothesis is ruled out and we
infer that there is some 55Fe content in the sample.
Below the lower limit of the exemption limit, the activity of the sample is
less than 30 Bq/g.
Above the lower limit of the exemption limit, we cannot exclude an activity
larger than 30 Bq/g.

All statements are at 95%-C.L.
Furthermore, Figure 7.9 shows a comparison with radiochemical analysis with
different marker styles and colours. If a data point is a:

•
•

Red upwards pointing triangle: the activity of the sample measured by
radiochemical analysis is larger than 30 Bq/g minus its uncertainty at 95%
C.L.
Green downwards pointing triangle, the activity of the sample measured by
radiochemical analysis is smaller than 30 Bq/g minus its uncertainty at 95%
C.L.

Results of the radiochemical analysis and of GEMPix are inconsistent for two of the
45 samples: for sample no. 30 the GEMPix states an activity above 30 Bq/g while the
radiochemical analysis states an activity below 30 Bq/g. The results for sample no. 28
show the inverted situation. Thus, sample no. 28 would be falsely declared to have an
activity below the exemption limit. However, it is expected that a complete uncertainty
investigation of the GEMPix would result in larger uncertainties. The probability to
falsely state that an activity is below 30 Bq/g would be decreased. At the same time, a
larger uncertainty on the GEMPix results will correspondingly reduce the sensitivity.
This is less problematic for larger exemption limits since the majority of 55Fe samples
typically has a rather low activity. The future Swiss exemption limit will be
1 000 Bq/g.
The complete analysis presented in this section is limited by the fact that only
statistical uncertainties on the counting are considered. An investigation of other
uncertainties is necessary before defining operational limits with respect to the Swiss
exemption limit. Sources of other uncertainties include sample preparation, stability of
the GEMPix and positioning of the samples below the GEMPix.

7.6. Conclusions
A new method to measure the 55Fe content in radioactive samples using GEMPix, a gas
detector with pixelated readout, has been developed. A procedure to measure the
background and the total counts of a sample has been designed. In total, measurement
of one sample takes approximately 4.5 hours. Forty-five samples from CERN’s
radioactive waste were used to calibrate the detector. Measured counts are converted

│ 117

118 │ NEA/NSC/R(2018)2
into specific activity using a calibration curve based on reference data from
radiochemical analyses of the same samples.
Since the background is sample-dependent, the detection limit is also backgrounddependent and has been accounted for in the calculation of the detection limits. From
the 45 samples analysed, good agreement has been found between the radiochemical
analysis and the present procedure. As an example, the sensitivity to 30 Bq/g, which is
the current Swiss exemption limit for 55Fe, was investigated but only statistical
uncertainties of the method were included. The method is potentially sensitive to the
exemption limit. A complete uncertainty study is in progress. This will most likely
reduce the sensitivity of the method though this will be less important in the future
since the activity of most of the samples is small compared to the future Swiss
exemption limit of 1 kBq/g.
A correction of the high voltage (and therefore of the gain) as function of temperature,
pressure and humidity in the detection volume was developed in order to obtain a more
stable system and reduce systematic uncertainties. An operational test phase for this
method is planned at CERN.
A more detailed report on this work can be found in a paper submitted for publication
in Nuclear Instruments and Methods in Physics Research Section A [14].
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Abstract
The Spallation Neutron Source (SNS) and the High Flux Isotope Reactor (HFIR), two
of the word-class neutron scattering facilities, are located at the Oak Ridge National
Laboratory. The SNS and HFIR are funded by the U.S. Department of Energy, Office
of Science, Office of Basic Energy Science, and are operated as user facilities,
available to researchers from all over the world. Currently there are 13 neutron
scattering instruments in operation at the HFIR and 20 at the SNS First Target Station.
Producing the cutting edge science requires continuous improvements and
development of the facilities and instruments. The SNS was designed from the
beginning to allow addition of the second target station (STS) and an upgrade of the
accelerator power. At this time both advances: the accelerator upgrade and the
construction of the STS are in preparation.
Current baseline design for the STS calls for a rotating compact tungsten target. The
target station is driven with short (<1 μs) proton pulses at 10 Hz repetition rate and
467 kW proton beam power, and is optimised for high intensity and high resolution
long wavelength neutron applications. The proton beam footprint as small as
acceptable from the mechanical and heat removal aspects is planned to generate a
compact-volume neutron production zone in the target, which is essential for tight
coupling of the target and the moderators and for achieving high-intensity peak
thermal and cold neutron fluxes. The STS will allow operation of approximately
22 beamlines and will expand and complement the current national neutron scattering
capabilities.
This paper will present an update of the status of the neutronics analyses performed
for the STS and will discuss the performance of the moderators, heating rates,
activation analyses and shielding calculations which provide input in the engineering
design.
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8.1. Introduction
The Spallation Neutron Source (SNS) is in operation at the Oak Ridge National
Laboratory since 2006. It provides the most intense pulsed neutron beams in the world
for scientific research and industrial development. SNS is funded by the US
Department of Energy, Office of Science, Office of Basic Energy Science, and is
operated as user facility, available to researchers from all over the world. Currently
20 state-of-the-art neutron scattering instruments are in operation at the SNS and
provide a variety of capabilities for researchers across a broad range of disciplines,
such as physics, chemistry, materials science and biology.
Producing cutting edge science requires continuous improvements and development of
the facilities and instruments. The SNS was designed from the beginning to allow
addition of the second target station (STS) and an upgrade of the accelerator power. At
this time both advancements: the accelerator upgrade and the construction of the STS
are in preparation.

8.1.1. STS target/moderator/reflector design
The current baseline design for the STS calls for a rotating compact tungsten target.
The target station is driven with short (<1 μs) proton pulses at 10 Hz repetition rate and
467 kW proton beam power, and is optimised for high intensity and high resolution
long wavelength neutron applications. The proton beam footprint is as small as
acceptable from the mechanical and heat removal aspects in order to generate a
compact-volume neutron production zone in the target, which is essential for tight
coupling of the target and the moderators and for achieving high-intensity peak thermal
and cold neutron fluxes. Selected parameters of the STS and the first target station
(FTS) after the upgrade of the accelerator power are presented in Table 8.1.
Table 8.1. Selected FTS and STS parameters
First target station (Upgraded)

Second target station

Short (<1 s) proton pulses

Short (<1 s) proton pulses

1.3 GeV protons

1.3 GeV protons

50 Hz repetition rate

10 Hz repetition rate

2 MW beam power

467 kW beam power

40 kJ per proton pulse

47 kJ per proton pulse

Large beam footprint ;
~ 140 cm2

Small beam footprint ;
~ 30 cm2 (90% of the beam)

Mercury target

Tungsten target, (Tantalum clad, D2O cooled)

Three moderators are currently planned for the STS that will allow operation of
approximately 22 beamlines and will expand and complement the current national
neutron scattering capabilities. A high peak brightness cylindrical coupled para-H2
moderator, with two 3 cm х 3 cm viewed faces and one 3 cm х 6 cm viewed face, is
placed above the target. The high-intensity box-shaped coupled para-H2 moderator
with a 5 cm х 5 cm face area viewed from one side is placed in the upstream position
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below the target. Finally, a multi-spectral decoupled moderator with two 7 cm x 7 cm
viewed faces and cadmium poison plate separating the two moderator volumes is
placed in the downstream position below the target. The thermal face of this moderator
is viewing H2O at ambient temperature, and the cold face is viewing liquid para-H2.
The decoupled moderator has the moderator vessel coated with cadmium absorber
except for the viewed areas to prevent crossing of thermal neutrons from the reflector
into the moderator for sharpening the emitted neutron pulse time structure. At coupled
moderators such absorber layers are absent.
The inner reflector plug will be water-cooled beryllium and the outer reflector region
will be water-cooled stainless steel SS-316; it has not been decided yet if heavy water
will be used.

8.2. Moderator performance
The comparison of the peak brightness of the coupled para-H2 moderators for the
rotating STS configuration and the previously considered stationary target
configuration [1] are shown in Figure 8.1, along with the brightness for the FTS
beamline 5 (BL5, light blue solid line curve) which views the top downstream coupled
para-H2 moderator. Along with the STS stationary target results for the cylindrical
moderator (solid line curves: red for the first 3 cm x 3 cm viewed area, green for the
second 3 cm x 3 cm viewed area, and dark blue for the 3 cm x 6 cm viewed area), the
curve for the high-intensity box-shaped moderator with viewed area 5 cm x 5 cm (pink
curve) is also shown. The curves for the same set of moderators on the rotating target
are shown with the set of dot-dashed lines (yellow, blue, red and grey). The results for
the STS are normalised to 467 kW proton beam power and 10 Hz pulse repetition rate,
while the results for the FTS are normalised for 2 MW beam power and 50 Hz
repetition rate. Figure 8.2 depicts the ratio of the peak brightness of the STS coupled
para-H2 moderator with 3 cm x 3 cm viewed area (solid red line), and the STS coupled
para-H2 moderator with 5 cm x 5 cm viewed area (solid green line), to the peak
brightness of the FTS BL5. The dot-dashed red and green lines depict the same
comparison for the rotating STS configuration.
The coupled para-H2 moderator peak brightness for the STS is about 10 to 14 times
higher than the brightness for the FTS coupled moderators in the range below 10 meV.
The STS gains with respect to the FTS were obtained by moving the coupled H2
moderators to the prime neutron production zone of the target, by having a moderator
depth optimised for para-hydrogen, and by reducing target and moderator dimensions
and improving the target-moderator coupling. Another factor contributing to the higher
brightness of STS moderators are smaller viewed areas which are 5 cm x 5 cm (top
upstream moderator), and 3 cm x 6 cm and 3 cm х 3 cm (bottom moderator) for the
STS, and 10 cm x 12 cm for the FTS. The rotating and stationary STS configurations
deliver very similar coupled para-H2 moderator peak brightness, with a slight
advantage on the side of rotating target.
The peak brightness for the STS decoupled para-H2 and ambient temperature H2O
moderators is shown in Figure 8.3, together with the brightness for the FTS para-H2
(BL2) and H2O (BL17) decoupled moderators. For the STS the results are given for the
rotating and stationary target configuration. The STS decoupled moderator placement
is restricted to the location downstream of the coupled moderator. This results in
~25 % reduction in decoupled para-H2 moderator performance with respect to an
optimally placed decoupled para-H2 in a single-moderator configuration. However, due
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to a more compact design, the STS decoupled moderators still exhibit gains in
brightness by a factor of ~3 and ~4 for the para-H2 and H2O moderator faces at
energies below ~1 eV, relative to the brightness of the FTS decoupled para-H2 and
water moderators, as shown in Figure 8.4 The stationary STS configuration shows
slightly better decoupled moderator performance relative to the rotating STS
configuration. More information on moderators is provided in references [2] and [3].
Figure 8.1. Coupled para-H2 moderators; peak brightness versus neutron energy,
for the stationary STS (STS-tdr), rotating STS (Rot),
and first target station (FTS)

Figure 8.2. Coupled para-H2 moderators; ratio of the peak brightness
of the STS moderators to the peak brightness of the FTS coupled H2 moderator
versus neutron energy
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Figure 8.3. Decoupled para-H2 moderator and ambient temperature H2O
moderator; peak brightness versus neutron energy, for the stationary STS (STStdr), rotating STS(Rot), and first target station (FTS)

Figure 8.4. Decoupled para-H2 moderator and ambient temperature H2O
moderator; ratio of the peak brightness of the STS moderators to the peak
brightness of the FTS moderators

8.3. Energy deposition in the target during operation and decay heat
The compact target design and small proton beam footprint, which are required to
achieve high moderator brightness, result in high heating rates in the target during
beam on operation and high volumetric density of spallation and activation products
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which accumulate in the target and are the source of decay heat after the proton beam
shutdown.
The distribution of the energy deposition in the rotating target which results from a
single proton pulse is illustrated in Figure 8.5. The maximum energy deposition
density per pulse in the rotating target is ~80 J/cm3/pulse, which is about the same as
for the stationary target. However, the target rotates and the proton beam energy is
spread over much larger volume than in the case of the stationary target. For the watercooled rotating target, which operates in asynchronous mode, so that the target rotation
and beam pulses are not co-ordinated in time, the maximum temperature reaches
~102°C for the beam power of 0.5 MW.
Figure 8.5. Energy deposition in the rotating target resulting from the single
proton pulse The peak energy density is ~80 J/cm3

The decay heat versus time after the proton beam shutdown is shown in Figure 8.6 for
the stationary and rotating target. For the stationary target after 5 000 hours of
continuous operation at 0.470 MW the decay heat is ~ 3.3 kW. The decay heat is
confined to a small volume (only ~ 1 400 cm3) with relatively small surface areas
available for cooling. In accident scenarios such as complete loss of active cooling,
melting of the target can occur resulting in unacceptable consequences. The rotating
target has in fact higher decay heat than the stationary target because it has larger mass
and consequently intercepts more radiation. However, thanks to the larger volume,
lower decay heat density and larger surface area, the rotating target can withstand loss
of active cooling without deterioration. This was the main reason to select rotating
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target for the STS design baseline, even at the relatively small proton beam power of ~
0.5 MW.
Figure 8.6. Decay heat versus time following the operation at 0.47 MW for
5 000 hours, for the stationary and rotating target

8.4. Shielding analysis for the target monolith
One of the considered target monolith configurations is shown in Figure 8.7. The
moderators are embedded in the beryllium reflector, which is surrounded by watercooled steel, followed by steel and finally enclosed in high density concrete. The
analysis was performed entirely with Monte Carlo method. The source was the
1.3 GeV proton beam.
The variance reduction was accomplished with the space and energy-dependant meshbased weight windows. The weight windows were generated by the ADVANTG
methodology [4]. The ADVANTG step of the analysis started with the same MCNPX
model that was used for the target and the monolith analysis with MCNPX [5].
However, due to the current limitations of ADVANTG, the proton beam source was
replaced with a cell-based neutron source, with the energy spectrum obtained from
proton-induced neutron production in the corresponding cell, which was generated in a
separate MCNPX run. The forward-weighted consistent adjoint driven importance
sampling (FW-CADIS) method was selected for the weight-windows generation,
which was developed specifically for multiple tallies and mesh tallies [6]. The FWCADIS method required two deterministic calculations: an initial forward calculation
to estimate the responses and an adjoint calculation to estimate the importance function
resulting from the adjoint source. The importance function was then used to construct
weight windows. From the MCNPX model of the target and the monolith, ADVANTG
generated inputs for the forward and adjoint deterministic calculation with DENOVO
[7] as well as the cross-sections for the deterministic calculations, which were
constructed from the HILO2K library [8]. Finally the weight-windows file was
generated which was applied in the subsequent MCNPX analysis.
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Figure 8.7. Vertical section through the target and monolith model
The colours indicate: green –high density concrete, blue –steel, orange – water-cooled steel;
the model extent is ~ 12 m across

The results are illustrated in Figure 8.8, which shows the neutron and photon dose-rate
distribution in the vertical plane through the target monolith. The dose-rate isolines
extend further away from the target in the direction of the proton beam, therefore
correctly reflecting the predominantly forward directed production of energetic neutron
in the target. The asymmetric neutron distribution generates similar asymmetry in the
photon dose rate distribution.
Figure 8.9 shows detailed neutron and photon dose-rate distribution along the vertical
axis through the target. The monolith provides a peta-scale attenuation of the dose rate,
yet the relative standard deviations remain relatively constant and are below 10% over
most of the monolith. The extremely high attenuation of radiation through the monolith
makes this problem difficult to solve with Monte Carlo method and was traditionally
handled with deterministic methods such as discrete ordinates. The analysis presented
here was possible only due to utilisation of efficient variance reduction realised with
ADVANTG generated energy and space-dependant weight windows.

8.5. Conclusion
This paper presented selected aspects of the neutronics analyses performed for the STS
and discussed the performance of the moderators, heating rates, activation analyses and
shielding calculations which provide input in the engineering design.
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Figure 8.8. Neutron (top) and photon (bottom) dose-rate distribution
in the vertical plane through the STS target. The red arrow indicates
the direction of the proton beam
The model extent is ~ 12 m across (the scales shown on the edges of the figure are in cm).
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Figure 8.9. Top: neutron and photon dose-rate distributions along the vertical
axis through the centre of the top moderator. Relative errors of the neutron and
photon dose rates are also shown
Bottom: red line depicts the location of the abscissa of the dose-rate plot on the top
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Abstract
Comprehensive studies with the MARS15(2016) Monte-Carlo code are described on
evaluation of prompt and residual radiation levels induced by nominal and accidental
beam losses in the 5-MW, 2-GeV European Spallation Source (ESS) Linac. These are
to provide a basis for radiation shielding design verification through the accelerator
complex. The calculation model is based on the latest engineering design and includes
a sophisticated algorithm for particle tracking in the machine RF cavities as well as a
well-established model of the beam loss. Substantial efforts were put in solving the
deep-penetration problem for the thick shielding around the tunnel with numerous
complex penetrations. It allowed us to study in detail not only the prompt dose, but
also component and air activation, radiation loads on the soil outside the tunnel, and
skyshine studies for the complicated 3-D surface above the machine. Among other
things, the newest features in MARS15 (2016), such as a ROOT-based beam-line
builder and a TENDL-based event generator for nuclear interactions below 100 MeV,
were very useful in this challenging application.

9.1. Introduction
The European Spallation Source (ESS) accelerator complex is under construction in
Lund, Sweden. It will deliver a 5-MW, 2-GeV proton beam for the ESS facility. The
first ESS shielding calculations were performed in 2013-2014 [1]. The purpose of the
current work was to build the calculation model of the entire machine as close to the
reality as possible – with all the information on geometry, materials and beamline
element electromagnetic fields taken into account – and perform detailed simulations
to verify that as-built ESS accelerator tunnel building together with the planned soil
structure around provides sufficient attenuation for the normal operational prompt
radiation. The Linac tunnel walls and soil together are referred to as a shielding and its
adequacy is checked for normal operations. Weak spots, such as personnel or
equipment penetrations, were carefully modelled and studied. Duration of an accidental
point beam loss for which the shielding would prevent excessive exposure to workers
outside of it was determined as well.
The existing geometry model of the ESS Linac was updated with the newest
detailed information – based on the engineering design – on beamline components
such as quadrupole magnets, accelerating cavities and cryo-modules as well as as-built
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Linac tunnel, numerous associated systems and shielding layout. The study described
in this paper was performed with the newest version of the MARS15 (2016) code [2,3].
The new model uses the ROOT-geometry [4] mode in MARS15 and includes all the
details available on geometry, materials and electromagnetic fields as well as the
standard model of the beam loss [5]. The powerful features in MARS15 (2016), such
as a new ROOT-based beam-line builder, a TENDL-based event generator for nuclear
interactions below 100 MeV, and variance reduction techiques were especially useful
in this challenging application.
The paper starts with a description of the ESS machine MARS model. Then, beam-loss
assumptions for the normal operation are outlined. This is followed by a section on the
particle acceleration model developed and its verification. The results of the study for
the normal operation are presented on the prompt dose in the tunnel and associated
systems as well as on machine component and air radio-activation. A special attention
is given to the skyshine radiation calculation on the ESS site. Assumptions and results
for the worst-case beam accident conclude the paper.

9.2. MARS15 (2016) model
Included in the MARS15 model is the newest information – based on the engineering
design – on beamline components such as quadrupole magnets, accelerating cavities
and cryo-modules as well as as-built Linac tunnel, associated systems and shielding
layout with all the details available on geometry, materials and electromagnetic fields.
This information from the ESS CAD teams was obtained in the form of STEP files and
converted to the MARS15 ROOT-geometry modules. Location of beamline
components is determined from the optics files of the linac lattice. The element
sequence was built and linked to the above geometry modules and to materials/field
maps by means of the advanced ROOT-based beamline builder. The following
penetrations in the shielding were included in the model:
•

27 stubs for RF waveguides and cables (including waveguides, cables and filler
material for additional shielding (in some cases);

•

4 personnel emergency exits;

•

1 cryogenic transfer line;

•

1 HEBT loading bay;

•

1 A2T-GSA chicane;

•

1 HVAC exhaust duct;

•

4 alignment penetrations;

ESS-specific descriptions of 32 materials are used in the model. Various fragments of
the MARS15 calculation geometry model are given in Figures 9.1-9.3.

│ 133

134 │ NEA/NSC/R(2018)2
Figure 9.1. A side view of the ESS accelerator and adjacent structures (left)
and details of the berm in a lateral view (right) in the MARS15 model

Figure 9.2. A plan view of the ESS accelerator and adjacent structures (left)
and implementation of a typical stub and filling scheme (right)
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Figure 9.3. 3D representation of a high-beta cavity (left) and quadrupole
geometry and magnetic field distributions in MARS15 model (right)

Customised steppers with the high-order unge-Kutta algorithms were created for
optimal particle tracking in the drift tube linac (DTL), spoke cavities, medium- and
high-beta elliptical superconducting radio frequency (SRF) cavities, quadrupole/dipole
magnets and thick shielding of a quite complex 3D configuration. For inelastic nuclear
interactions, a combination of the LAQGSM and CEM event generators [6] were used
at 0.15 – 2 GeV, extended TENDL [7] based generators below 0.15 GeV down to 1
MeV for charged particles and 14 MeV for neutrons, and ENDFB-VI libraries [8] for
neutrons below 14 MeV. Energy thresholds were 0.001 eV for neutrons and 100 keV
for charged particles and photons. Two variance reduction techniques were used in the
shielding simulations: multi-stepping and splitting/Russian roulette.
To calculate the effective prompt dose in the regions of interest from the
particle/energy-dependent track-length estimator in the course of Monte-Carlo
simulations, a standard MARS15 set of flux-to-dose (FTD) conversion factors was
used. That is the data from ICRP103 [9] supplied with ICRP60 ones [10] with data for
neutrons from [11] and for other particles from [12]. A proposed at ESS set of FTD
factors [13] was found to be very similar for the components of radiation field outside
the Linac shielding. The set [13] was used in this study for the skyshine dose
calculations.

9.3. Beam-loss model
A proton beam loss rate of 1 W/m is assumed to be distributed uniformly
longitudinally and azimuthally on the beampipe at a 3-mrad grazing angle in the beam
reference system. It was considered as a design criteria and an upper limit during
normal operations. This was derived from the hands-on maintenance conditions [5] as
adopted at ESS. Beam energy dependence on location along the ESS accelerator is
shown in Figure 9.4 along with the modelled 1 W/m beam-loss rate.
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Figure 9.4. Primary proton beam energy as a function of a location along the linac
(left) and modelled normal operational 1 W/m beam-loss rate (right)

9.4. Modelling acceleration
In this study, a “Kick and Deflection” Model (KDM) is based on calculating the
change in kinetic energy of the particles when they are passing through a single cell of
the cavity (kick) and at the same time they are deflected in the moment of impact. The
deflection is determined by the conservation of the transverse momentum of the
particles upon impact while their total momentum is changed due to the change in
energy. Figure 9.5 (left) shows the electrical field inside a single cell. In the linac
modelling, it is taken into account that the phase and amplitude for each cavity are
different along the lattice. Figure 9.5 (right) shows the amplitude distributions in the
spoke, medium-beta and high-beta sections of the linac.
Figure 9.5. 𝐄-field inside the cell (left) and amplitude distribution along
the linac (right)

The ASTRA code (A Space charge TRacking Algorithm [14]) was used to verify the
acceleration model employed in this study. The comparison of the particle acceleration
and their trajectories in the cavities of all types was made. Figure 9.6 illustrates a very
good agreement between the two schemes.
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Figure 9.6. MARS and ASTRA comparison of acceleration in the first high-beta
module (left) and tracks inside the first medium-beta module (right)

9.5. Operational scenario: Beam loss of 1 W/m
9.5.1. Prompt dose in the linac and its associated systems
The calculated prompt dose distributions in the linac tunnel, associated systems,
surrounding soil and above the berm are presented here. Note that the colour palette is
the same in all isocontour plots of this section. To get statistically valid results on
prompt dose on the berm above the ESS machine and create a source term for
skyshine, the MARS15 runs included scoring source terms at the outside of the tunnel
concrete walls. Those source terms are represented by files with detailed information
on particles entering the soil around the ESS linac tunnel walls. These are used then in
the second stage of MARS15 simulations as a source. The properties of such sources
along with a comprehensive set of results on prompt dose at the ESS complex are
described in detail in [16]. Energy of particles entering the soil can be as high as
0.8-0.9 GeV for photons and electrons and 1.5 GeV for protons and neutrons. At the
same time, the mean energies are substantially lower: 18.6 MeV (n), 163 MeV (p),
13.6 MeV (photons) and 51 MeV (electrons).
Figure 9.7 shows total and neutron only dose-rate isocontours in a vertical plane
through the beam axis. The DTL section is the least hot region of the accelerator. The
ratio of the highest and lowest prompt dose rate in the immediate vicinity of the
beamline (at the Linac end and beginning of DTL, respectively) is approximately 100.
The maximum dose rate on the berm is between 0.1 and 1 μSv/h for the majority of the
ESS linac. It reaches 1 μSv/h at the end of the linac straight horizontal tunnel section as
can be seen in Figure 9.8 that shows the prompt dose rate at four longitudinal locations
of the straight horizontal tunnel as a function of elevation from the beam in soil above
the tunnel concrete ceiling (at x = 280 cm) with the berm/air boundary of x = 840 cm at
y=0. The dose stays at the level of 1 μSv/h through the end of the A2Tdogleg berm. A
neutron contribution to the total dose on the berm is at a 97% level, while in the tunnel
it is about 10% as seen by comparing Figure 9.7 left and right.

│ 137

138 │ NEA/NSC/R(2018)2
Figure 9.7. Total (left) and neutron only (right) prompt dose-rate isocontours in
the entire ESS machine: vertical scan through the beamline center

Figure 9.8. Prompt dose rate at four longitudinal locations of the straight
horizontal tunnel as a function of elevation in soil above the tunnel concrete
ceiling (at x = 280 cm)

The transverse total dose distributions are shown in Figure 9.9 for two lngitudinal
locations in the linac where the proton beam reaches 1 GeV in the high-beta section at
z ~ 237 m (left) and at the end of the straight horizontal tunnel, z=483.5 m, E=2 GeV
(right).
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Figure 9.9. Transverse scans of total prompt dose rate at a 1-GeV location
in the high-beta section (left) and at 2-GeV in the end of the straight horizontal
tunnel (right)

The prompt dose distributions for the normal operation were also calculated in klystron
gallery and stubs (with and w/o filler), at emergency exits, in HEBT loading bay, A2TGSA penetration, HVAC exhaust pipes, alignment penetrations, and cryogenic transfer
line [15]. It was justified that with the current design and corresponding protective
measures – such as sand/polybead filler in the stubs – the dose at the critical locations
is kept below the target value of 1 µSv/hr in all the cases. As an example, Figure 9.10
shows the dose-rate calculated at seven locations along the HEBT loading bay. The
data refers to dose rates averaged over several penetration cross-sections, and the
distance from the beamline refers to horizontal distance between centre of each crosssection and the beamline. The symbols in the geometry fragment indicate approximate
locations of the centres of the cross-sections used for the dose averaging.
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Figure 9.10. HEBT loading bay geometry fragment (left)
and prompt dose in its section (right)

9.5.2. Component activation
Residual dose rate on the outer surface of magnets – after 100 days of irradiation and
4 hours of cooldown – ranges from 0.3 to 1 mSv/h (see Figure 9.11), in a full
consistency with the 1 W/m rule [5]. At the same conditions, the maximum contact
dose on the concrete walls is 0.01 mSv/h. Air activation in the tunnel is described in
[16].
Figure 9.11. Residual dose rate on contact through the hottest cross-sections of
quadrupole at the end of the high-beta section (left) and the dipole magnet at the
beginning of the dogleg (right)
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9.5.3. Skyshine radiation
Reference [17] describes a comprehensive study of skyshine dose maps at and around
the ESS site associated with the ESS accelerator normal operations. Only a
contribution from the beam losses in the linac (from zero to the end of the accelerator
to the target region, up to neutron shield wall) was considered there. The primary
particles beyond this point (neutron shield wall) were not tracked.
The source for skyshine calculations was tallied at the second stage of the deep
penetration and source term MARS15 calculations as discussed in detail in Ref. [15,
16]. The co-ordinate system origin (x=y=z=0) is at the beginning of the ESS linac. A
soil berm above the accelerator tunnel has a noticeable right (positive y) to left
(negative y) slope, with the highest vertical co-ordinate being x=9.3 m. As seen from
Figure 9.1, the berm height is at x=8.42m above the beam (y=0), with the overall
ground level at the site at x=2.1 m. The skyshine calculations are done in the
atmosphere with the air density gradually decreased with height according to the
NASA Earth Atmosphere Model [18]. In this model, the air volume is centred at the
source and is 10 km in height and 5 km in radius. In this study, the HVAC exhaust
chicane inside the A2T region was filled with ordinary concrete of density 2.35 gcc.
Thus, a contribution to skyshine from the HVAC exhaust penetration is not calculated
and will require a further investigation. Skyshine from the target system is considered
elsewhere and not included in the current report. The skyshine calculation is done with
the MARS15(2016) code for particles exiting the soil berm, concrete structures and
penetrations and entering the atmosphere air. These particles are scored in a separate
file. It comprises parameters of neutrons, protons and photons with energies down to
0.001 eV (neutrons) and 100 keV (protons and photons). It was found in [15] – and
was confirmed in the skyshine study - that the total dose rate on the ESS linac berm is
97% due to neutron-induced reactions and remaining 3% - due to photons with
practically no contribution from other particles. Results below are obtained with
neutron and photon flux-to-dose conversion factors of [13].
The prompt dose maps in the 1.7-m thick (human height) air layer right above the ESS
linac berm is shown in Figure 9.12 (left). The dose maps are superimposed with the
contours of the linac systems taken at x=8 m above the beam. The peak dose right
above the berm at y=0 is below 0.01 µSv/hr in the DTL, Spoke and the first half of
medium-beta (z<150 m), 0.01 to 0.1 µSv/hr in the rest of medium-beta and beginning
of high-beta (150<z<220 m), 0.1 to 1 µSv/hr in the rest of the Linac and up to the end
of the A2T dogleg beamline (220<z<550 m). The peak dose above the berm in the
latter region rapidly drops by an order of magnitude left and right of the upward beam
projection. The small box in magenta corresponds to a section of HEBT loading bay
(see Figure 9.13), inside of which, the radiation dose rates are attenuated by the
concrete structure. Figure 12 (right) shows the skyshine dose map in the same central
region just a few metres higher. Compare it to the distributions given in Figure 9.14 for
the larger region -500 < y < 500 m, -100 < z < 1100 m, covering most of the ESS site.
Figure 9.15 shows elevation and transverse skyshine radiation profiles. Much more
results of this ESS skyshine studies can be found in Ref. [17].
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Figure 9.12. Prompt dose-rate distributions in the 9.3 < x < 11 m (left) and
13.8 < x < 20 m (right) air layers above the ESS linac central region superimposed
with the contours of the linac systems taken at 8 metres

Figure 9.13. A cross-sectional xy-view of the HEBT loading bay at z=370 m
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Figure 9.14. Prompt dose-rate distribution in the 13.8 < x < 20 m (left) and
20 < x < 100 m air layers above the ESS site superimposed with the contours
of the linac systems taken at 8 meters

Figure 9.15. Prompt dose-rate xz-isocontours in the first kilometre above the
Linac at -2.5 < y < 2.5 m (left) and xy-isocontours at the end of the linac
550 < z < 580 m (right)

9.6. Beam accident
The consideration was given to the impact on radiation environment of the accidental
point loss of the full beam [15]. The primary concern is the corresponding peak prompt
dose rate on top of the berm and in the hottest point in klystron gallery. A preliminary
MARS15 analysis has shown that the worst-case corresponds to a 2 GeV beam lost
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downstream of the high-beta linac at z ~ 447 metres just upstream of the quadrupole
magnet quad-475 in front of the stub mouth. It is assumed that the point-like beam hits
the beam pipe at a grazing angle of 3 mrad upward. There is a 2-fold increase in the
dose rate for the worst stub if the loss point is in a horizontal plane towards the stub.
The rate of 2 GeV protons that corresponds to the full 5 MW beam is 1.5625×1016 p/s.
The prompt dose-rate distribution for such a full beam-loss event is shown in
Figure 9.16 (left). The peak dose rate on the berm of 200 mSv/h was derived from
similar histograms and the dose attenuation law obtained with results used for
Figure 9.8. The prompt dose-rate distribution in the lattice components and at the
entrance to the stub at z = 448 m is shown in Figure 9.16 (right). With sand+poly
filling in the first and third legs of the stub at this location, the peak dose at the
entrance to the klystron gallery is 20 mSv/h for the full beam accident. The peak power
density in the coils of the hottest quadrupole at this location is about 40 W/cm3.
Figure 9.16. Elevation view of prompt dose-rate isocontours in the ESS linac
tunnel and surrounding soil (left) and plan view of the dose at the entrance to the
stub at z=448 m (right)

9.7. Conclusions
Extensive MARS15 simulations were performed to determine prompt and residual
dose-rate maps for the European Spallation Source (ESS) linear accelerator. Both
normal operations and accidental point beam loss were studied. Weak points in the
accelerator shielding, such as personnel and equipment penetrations were modelled and
studied carefully. Both prompt and residual dose-rate values are used as input for
accelerator radiological event and hazard analysis, through which required safety
functions and administrative measures are defined.
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10. Dark Current and Radiation Shielding Studies for the ILC Main Linac
Nikolai V. Mokhov, Igor L. Rakhno, Nikolay A. Solyak, Alexander Sukhanov, Igor S. Tropin
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Abstract
Electrons of dark current (DC), generated in high-gradient superconducting RF
cavities (SRF) due to field emission, can be accelerated up to very high energies—19
GeV in the case of the International Linear Collider (ILC) main linac—before they are
removed by focusing and steering magnets. Electromagnetic and hadron showers
generated by such electrons can represent a significant radiation threat to the linac
equipment and personnel. In our study, an operational scenario is analysed which is
believed can be considered as the worst-case scenario for the main linac regarding the
DC contribution to the radiation environment in the main linac tunnel. A detailed
modelling is performed for the DC electrons which are emitted from the surface of the
SRF cavities and can be repeatedly accelerated in the high-gradient fields in many
SRF cavities. Results of MARS15 Monte Carlo calculations, performed for the current
main linac tunnel design, reveal that the prompt dose design level of 25 μSv/hr in the
service tunnel can be provided by a 2.3-m thick concrete wall between the main and
service tunnels.

10.1. Introduction
During design and optimisation of an SRF linac, one has to inevitably deal with dark
current (DC) issues. Dark current electrons, generated in a cryo-module (CM), produce
radiation that affects various elements nearby: (i) beamline components and cables
inside the CM; (ii) electronics outside of the CM in the linac tunnel; (iii) electronics
and personnel in the service part of the linac tunnel. Therefore, extensive studies of DC
radiation are required during the design of the SRF linac in order to protect various
accelerator components from radiation damage and optimise thickness and cost of
radiation shielding. Similar DC issues were addressed at Fermilab about a decade ago
when a vertical test stand for SRF cavities was under construction [1,2]. A distinctive
feature of those studies was limited number of SRF cavities—at any given time the test
facility could contain no more than six such cavities. From physical standpoint, the DC
generation mode is the same in both the previous and current studies—RF fieldinduced quantum tunnelling from the SRF cavity surfaces initially studied and
described by Fowler and Nordheim [3]. From a technical standpoint, however, the
current study for the ILC main linac is more complicated because it deals with sections
of the linac consisting of up to 40 basic RF units (periods), and every single unit
contains 4 cryo-modules, 26 SRF cavities and a focusing quadrupole magnet. A
detailed description of the generated distribution of the DC electrons, that serves as an
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input for subsequent Monte Carlo modelling of interactions with materials of
accelerator components, is given in Ref. [4]. The modelling of interactions with matter
is performed with the MARS15 code [5,6]. In order to normalise the generated DC and
all subsequent calculations, one assumes that in every single SRF cavity the current is
equal to 50 nA. The study was performed with TESLA-type 9-cell 1.3-GHz SRF
cavities.

10.2. Field emission and particle tracking in SRF cavities
Experimental observations of field-induced emission (in other words—dark current) in
SRF cavities can be summarised as follows: (i) the field-induced emission is generally
the result of various imperfections, e.g. residual dust contamination in the cavity; (ii)
the imperfections can give rise to a significant enhancement of local electric field and,
consequently, field-emitted electrons which can generate secondary gammas in
surrounding materials; (iii) the surface imperfections can happen anywhere, but field
emission occurs mostly around irises−locations with the highest local electric field; (iv)
for a given SRF cavity the emission usually does not occur at several sites; it usually
happens at a single site and lasts until a significant amount of RF energy stored in the
cavity is lost to the generated DC.
In our model, the field-emitted electrons are modelled inside the cavity until they hit
the cavity surface. The DC generation is assumed to be uniform over the cavity
surface, and a weight technique is employed. For a given region, the probability of
field-induced emission depends greatly on the magnitude and RF phase of the surface
electric field [7]. Therefore, the relative probabilities of possible electron trajectories
differ significantly, and the most probable trajectories usually do not correspond to the
highest electron energy gain in the accelerating field. The field emission is generated
with azimuthal symmetry. Phase space co-ordinates of such events represent a digitised
source term for subsequent modelling of secondary particle generation and transport in
the entire system with the MARS15 code. A detailed description of the generated
distribution of the DC electrons, that serves as an input for subsequent Monte Carlo
modelling, is given in Ref. [4]. Various modelled DC electron trajectories in the SRF
cavities are shown in Figure 10.1.
A detailed modelling is performed for the DC electrons which are emitted from the
surface of the SRF cavities and can be repeatedly accelerated in the high-gradient
fields in many cavities. Results of our modelling in the SRF cavity fields can be
summarised as follows:
•
•
•

About 92% of emitted particles are absorbed in the same cavity where they
were generated ;
4% of emitted particles are captured into an acceleration mode and exit the
cavity in the direction of the main beam thus entering the next cavity ;
The remaining 4% of emitted particles exit the cavity upstream, that is in the
direction opposite to the main beam thus entering the previous cavity.
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Figure 10.1. Various modelled DC electron trajectories

10.3. MARS15 geometry model
A cross-section of the ILC Kamaboko tunnel is shown in Figure 10.2. In the current
design, there is a wall between main and service tunnels. Thickness of this wall
(1.5-3.5 m), that separates the service and operational parts of the tunnel, is determined
by the maximum beam losses. A reduction of the wall thickness is considered as a cost
reducing option.
Figure 10.2. A cross-section of ILC Kamaboko tunnel
(the dimensions are given in mm)

An advanced MAD-MARS beamline builder, that generates a 3D ROOT geometry [8]
for linac sections under consideration, is used in these studies. The following energy
thresholds were used: 10-3 eV for neutrons and 0.1 MeV for all other particles. Several
fragments of the MARS15 geometry model are shown in Figure 10.3. Three-
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dimensional DC distributions, generated at the first stage of the study, served as an
input for subsequent Monte Carlo modelling with the MARS15 code. One can see
from the figure that the current geometry model provides a quite realistic description of
the ILC main linac with major beamline components and tunnel.
Figure 10.3. Fragments of the MARS15 model – tunnel cross-section (top left),
SRF cavity (top right), cryo-module elevation view with an SRF cavity and crosssection with a quadrupole magnet (bottom left and right, respectively)

10.4. Modes of operation
First, we considered a normal mode of operation of the linac, when both RF power to
the cavities and quadrupole magnets were turned on. Also studied were a few
commissioning modes of operation when only RF power to the cavities is turned on,
while quadrupole magnets were turned off. It turned out that a commissioning mode
can be more severe from the standpoint of prompt radiation. Therefore, the problem of
selecting the worst-case scenario actually boils down to the question of how realistic
the assumption of equal 50 nA DC contribution from every single SRF cavity is.

10.4.1. Normal mode
In the normal mode of operation, the DC electrons are lost in the magnets or in the
cavity downstream. The maximum energy of the lost DC electrons can be as high as
800 MeV. In this case, the equilibrium state, when losses of DC particles along the
linac are compensated by newly generated DC electrons, is reached already at the
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second RF unit. The largest losses in this mode are observed at the end of the linac and
concentrated at the locations of focusing magnets. Figure 10.4 shows the distribution
of the prompt dose over the tunnel cross-section at the focusing magnet location at the
end of linac. The dose is as low as 25 µSv/hr after a 1.2-m thick concrete wall. Thus, in
the current design of the ILC main linac and in the normal mode of operation, the
3.5-m concrete wall between main and service tunnels provides a very large safety
margin for radiation protection.
Figure 10.4. Prompt dose (mSv/hr) over the tunnel cross-section at the end
of the ILC main linac for normal operation

10.4.2. Commissioning modes
Turning off quadrupole magnets while still having RF power in cavities can,
potentially, present worse conditions from standpoint of radiation generated around the
linac when comparing to the normal mode of operation described above. We
considered four different commissioning modes:
•
•
•
•

A straight section of the linac (bunch compressor) with steering/correcting
magnets turned off.
A curved section of the linac, which follows Earth curvature, with
steering/correcting magnets turned off.
A curved section with perfect alignment, steering magnets on, but no correctors
off.
A curved linac with random misalignment, with steering magnets and
correcting magnets on.

When quads are turned off, DC electrons can traverse many RF units of linac before
they hit a material and are absorbed. Therefore, an equilibrium state—from the
standpoint of losses—can be reached only after multiple RF units, and energies of
these DC electrons after multiple accelerations can be pretty high. In our study, we
track DS particles through 40 RF units (1.5 km) of the linac. Results of our calculations

NEA/NSC/R(2018)2

reveal that the worst case is the last option listed—a curved linac with steering
magnets on and correction on for misalignment, see Figure 10.5. The loss in the
plateau region—beyond 800 m—was used to build the source for MARS15 modelling.
One can see that it takes about 700 m to reach a uniform beam-loss distribution.
Calculated energy spectra of the DC electrons for the worst case are shown in
Figure 10.6. Figure 10.7 gives the total prompt dose for the worst case, and Figure 10.8
provides partial neutron and photon contributions to the total dose. In Figure 10.9 one
compares the normal operation mode and the worst case during commissioning. One
can see that in the worst case the radiation level is approximately an order of
magnitude higher, and that the dose level of 25 µSv/hr is observed at the depth of
2.2 m in the concrete wall. For the worst-case commissioning mode, Figure 10.10
shows 2D maps of prompt dose (mSv/hr) and yearly absorbed dose (Gy/yr) across a
cryo-module in the plateau region.
Figure 10.5. Power loss per cryo-module along the curved ILC linac with steering
magnets turned on and correctors off (red) or on (blue). Every single SRF cavity
contributes 50 nA dark current
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Figure 10.6. Electron energy spectra for high-energy (top) and low-energy
(bottom) parts in the file used for MARS15 modelling as a source corresponding
to the worst case during commissioning
Average energy is equal to 2.4 GeV and 1.5 MeV for the high-energy and low-energy parts, respectively.
The highest energy observed in the spectra is equal to 19.2 GeV and 28 MeV, respectively
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Figure 10.7. Total prompt dose (mSv/hr) over the tunnel cross-section at the end
of the ILC main linac for the worst case during commissioning

Figure 10.8. Partial photon (left) and neutron (right) prompt dose (mSv/hr)
over the tunnel cross-section at the end of the ILC main linac for the worst case
during commissioning
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Figure 10.9. A comparison between normal operation mode (case A) and the
worst case during commissioning (case B) is shown in upper part. In both cases
the quads correspond to a 250-GeV beam. Lower part shows locations of the
maximum prompt dose in the tunnel observed in both the cases
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Figure 10.10. Total prompt (top) and absorbed (bottom) dose calculated
for a cryo-module for the worst-case c²ommissioning mode

10.5. Conclusions
An elaborate model of dark current, generated in SRF cavities, is employed to study
DC radiation in the ILC main linac tunnel. A normal operation and commissioning
mode of the linac are considered, when focusing magnets are turned on and off,
respectively. In order to normalise the generated DC, we assume that every single SRF
cavity contributes 50 nA of DC. Tracking of the generated DC electrons is performed
in the linac sections as long as 1.5 km (40 basic RF periods). Results of this tracking
are used as a source for subsequent MARS15 modelling of interaction of the radiation
with matter to calculate radiation levels in the tunnel.
Results of our calculations reveal that, for approximately half of the entire linac tunnel,
the radiation environment is practically independent of the longitudinal position. The
major contribution to prompt dose behind the tunnel wall is due to secondary neutrons.
The worst-case scenario is a commissioning mode with focusing magnets turned off
and both steering and correcting magnets are on. In this case, the prompt dose at the
surface of the wall in the main tunnel is approximately 2000 mSv/hr, and the dose
drops to the design level of 25 µSv/hr after 2.2 m of the concrete wall. Therefore, the
current design of the ILC main linac with concrete wall of 3.5 m provides a large
safety margin to protect the personnel and electronics in the service tunnel.
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11. Radiation Safety Studies on Super KEKB Phase 1 Operation
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Abstract
The Super KEKB factory, phase1 operation of which started at February 2016, is a
7 GeV electron- 4 GeV positron collider that is designed to derive 8×1035 [1/cm2/s]
luminosity. To fulfil the target luminosity, the collider will be operated with small beam
size and a large crossing angle at the interaction point. Phase1 operation of the Super
KEKB, which is aimed at establishing beam injection tuning, background study and
vacuum scrubbing, was successfully done at the end of June 2016. During the phase1
operation, data related to radiation shielding design were obtained for thermal
neutron flux in the tunnel, which produces 41Ar in air. The result was compared with
the prediction of empirical equation and beam life.

11.1. Introduction
SuperKEKB is the project to provide the world highest luminosity, 8×1035 [1/cm2/s]
with a 7 GeV electron and 4 GeV positron double ring circular collider for exploring
rare decay particles to find physics beyond standard model [1][2]. In January 2016,
phase 1 operation of this collider was started. The purpose of the phase 1 operation is
vacuum scribing of beam chambers, development of operation software, injection
tuning and beam background study at interaction point. In addition to these, studies and
measurements concerning radiation safety design were performed to obtain
information on radiation safety design of phase 2 and full specification operation.
In this paper, the outlines of SuperKEKB accelerator and phase 1
operation are described from the view point of shielding design. In addition to this, the
result of measurement is described for thermal neutron flux that is important to
estimate production of 41Ar activity in air. The result is compared with one obtained
from empirical equation to verify radiation safety design methodology.

11.2. Accelerator overview of SuperKEKB
Figure 11.1 shows schematic diagram of SuperKEKB. It consists of two rings, high
energy ring (HER) and low-energy ring (LER). The HER and LER store 7 GeV
electrons and 4 GeV positrons, respectively, supplied from injector linac. Each ring
consists of four straight and four curved sections. RF cavities are installed in three out
of four straight sections to compensate energy loss due to synchrotron light emission.
The rings are crossed at the center of the Tsukuba experimental hall for collision

│ 157

158 │ NEA/NSC/R(2018)2
experiment. At opposite side, in Fuji experimental hall, HER across over LER. The
rings are 3016 m in circumference.
Figure 11.1. Schematic diagram of SuperKEKB

Table 11.1 summarises key parameters of SuperKEKB in comparison with former
project, KEKB, which provides the world highest luminosity, 2.1×1034 [1/cm2/s].
SuperKEKB is designed to achieve 40 time more luminosity than KEKB. To increase
luminosity, beam current is approximately doubled, and, beam size at interaction point,
βy*, is reduced to 20 times less, with keeping beam-beam parameter, ξy. For this
purpose, we replace lattice of LER at curved section, final focus system and vacuum
chamber of LER. Injector linac was also improved to provide low emittance beam by
employing a newly prepared positron damping ring and electron RF gun.
Table 11.1. Key parameters of SuperKEKB
KEKB

SuperKEKB

LER

HER

LER

HER

Beam current [A]

1.6

1.2

3.6

2.6

βy* [mm]

5.9

5.9

0.27

0.42

0.12

0.09

ξy
Luminosity

0.09
[cm-2s-1]

2.1×1034

0.09
8.0×1035

SuperKEKB commissioning is divided to three phases. The phase 1 operation is aimed
at vacuum scribing of beam chambers, development of operation software and beam
background study at interaction point without installing final focus magnets and
particle detector, Belle2. The phase 1 operation was started on January 2016 and ended
on June 2016. After the phase 1 operation, the final focus magnets and Belle2 detector
without silicon vertex detector are installed to interaction region (IR) for phase 2
operation. The phase 2 operation will be started on February 2018. It is aimed at

NEA/NSC/R(2018)2

collision tuning with final focus system and solenoid field of Belle2 detector. Finally,
silicon vertex detector system will be installed to start physics run as phase 3 operation.

11.3. Beam loss and shielding structure of SuperKEKB
Table 11.2 shows beam losses of SuperKEKB phase 1 to 3 in comparison with KEKB.
The beam losses were determined based on beam tracking simulation with assuming
vacuum of the ring, beam size, 80 % of injection efficiency and beam abort of 5 times
per day full beam dump equivalent. The amount of beam loss in ring and arc (curved
section) uniform are determined from beam-gas interaction and touschek effect,
respectively. The mask (collimator) local means total amount of beam losses at masks
that are installed in both rings at several places. The amounts of beam loss in Tsukuba
IR are estimated as beam loss caused from radiative Bhabar due to beam collision.
Table 11.2. Beam losses of Super KEKB phase 1 to 3 in comparison with KEKB
LER
HER
[109 eps]

Beam life

Injection and
abort

Total

Ring uniform

Arc uniform

Mask local

Tsukuba IR

KEKB

0.53
0.01

0.98
0.65

5.44
0.71

1.43
1.44

15.2
6.12

24
9

Phase1

4.36
0.937

0
0

0.0
0.0

0.0
0.0

4.68
3.86

9
5

Phase2

16.95
0.67

31.25
31.30

233.5
80.0

1.13
0.83

69.1
24.9

351
138

Phase3

33.90
1.33

62.5
62.6

467.0
160.0

90.4
66.2

138
49.8

792
340

As one can see clearly, beam losses in phase 3 are significantly larger than others.
Thus, we try to predict what happens in phase3 through observation in phase 1 and
2 operations. As shown in Table 11.2, we could measure the effect from Ring uniform
loss in phase 1 operation. Measurement of effects from arc uniform and Tsukuba IR
due to small beam size and collision will be performed during phase 2 operation
launched in the beginning of 2018.
The beam line of SuperKEKB is located 10 m underground from the surface. The
curved sections of the ring are covered with 80 cm normal concrete and 6.7 m soil to
the ground level. Only the part of straight sections is opened and can be accessible in
the four experimental halls. Therefore, dose rate increase from beam loss will be
limited except for Tsukuba IR hall. For entire tunnel region, the main issue due to
phase 3 beam loss will be induced activities in tunnel air.
In electron accelerator of GeV energies, most of induced activities have short half-lives
except for 3T and 41Ar. The amount of 41Ar should be estimate properly since the
produced activity will be saturated with typical accelerator operation period and may
affect a plan for air release after the operation. 41Ar is generally produced through
thermal neutron-capture reaction of 40Ar. Thus, we measure thermal neutron flux in the
tunnel during Phase 1 operation to estimate amount of 41Ar produced related to the ring
uniform beam loss.
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11.4. Phase 1 operation
SuperKEKB phase 1 operation was started on February 2016. Figure 11.2 shows beam
current history for both rings. The stored current of LER and HER reach 1010 mA and
870 mA, respectively. Vacuum of beam lines reach to ~1×10-6 Pa for LER and ~1×10-7
Pa for HER. Under this condition, beam life times are 60 min for LER and 560 min for
HER, which correspond to 1.57×1010 eps and 1.53×109 eps beam loss rates.
Figure 11.2. Beam current history for SuperKEKB Phase 1 operation

Figure 11.3 shows residual dose rate along the beam lines from IR to IR with CW
direction. In this figure, DXXHX and DXXVX mean horizontal and vertical
collimators, respectively. The residual doses were measured only for the aisle side
(inside) ring, i.e half of LER and HER rings were measured. As shown in this figure,
beam losses were localised at collimators, beam dumps and injection points instead of
prediction, ring uniform, described in Table 11.2.
Figure 11.3. Residual dose rate along the beam from IR to IR with CW direction
DXXHX and DXXVX mean horizontal and vertical collimators, respectively
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11.5. Thermal neutron measurement in the tunnel
To estimate amount of 41Ar production during beam operation, thermal neutron flux
distribution was measured using gold foil activation technique with Cd difference
method. 20 sets of bare and Cd covered gold foils were placed at around collimators,
injection points, curved sections and IR. After beam operation, the foils were collected
to measure induced activities of 198Au. To measure the activities, the foils were
attached on an imaging plate (BAS2040). The plate was put in a lead shielded box
during a couple of days. Then, the plate was read using imaging plate reader, Typhoon
FLA7000 (GE healthcare). After reading the plate, relative values of activities were
obtained as PSL values in digital image. The PSL values were normalised using
absolute activities determined by HP-Ge detector measurement for two or three foils
out of the 20 gold foils.
Figure 11.4 shows experimental result of thermal neutron measurement in comparison
with residual dose rate of beam pipes around D06H3 and D06H4 collimators of LER.
The thermal neutron shows symmetrical distribution from the collimators, however
beam losses were quite localised at the collimators. The tail of thermal neutron
distribution reaches up to 20 m from the beam-loss point, which means the production
of 41Ar should be considered up to 20 m, not 3016 m entire ring, from the beam-loss
point. The maximum value of the thermal neutron flux was 7.13×103 [n/cm2].
Analytical estimation of thermal neutron flux can be obtained from the following two
equations. The first equation gives the number of neutrons per electron loss using
Mao’s equation as shown in the following figure.
Figure 11.4. Thermal neutron flux distribution around two LER collimators
(lower panel) in comparison with residual dose rate along the beam (upper panel)
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Yn = 8×10-6 E0 ( Z0.5 + 0.12 Z1.5 – 0.001 Z2.5 ) ,
where Yn is number of neutrons from giant dipole resonance reaction, Z is atomic
number of target material and E0 is electron energy in MeV [3]. The thermal neutron
flux can be obtained from neutron flux using Patterson’s equation as shown in the
following,

Φnth = C Yn / S ,
where Φnth (n/cm/s) is thermal neutron flux, S is surface area of accelerator cave (cm2)
and C is 1.25 if the cave shape is a long tunnel [4]. According to the result shown in
Figure 11.4, 20 m will be enough as a length of tunnel to obtain S. The result of the
calculation is 6.75×104 [n/cm2] for the beam-loss rate obtained from beam life time.
As shown in Figure 11.3, beam losses along LER ring were occurred at two
collimators, D06H3 and H4, beam dump, injection point and IR instead of prediction
shown in Table 11.2. With considering the number of beam-loss points observed as
relatively high residual dose parts shown in Figure 11.3, measured value of thermal
neutron flux 7.13×103 [n/cm2] at maximum is factor of smaller than the calculated
value, 6.75×104 [n/cm2]. It indicates the calculation overestimates thermal neutron flux
in the long tunnel. Unfortunately, because the circular ring, exact amount of beam loss
are difficult to obtain at each loss point. Thus, similar experiment for simple beam loss
is highly desired to confirm this discrepancy quantitatively.

11.6. Summary
Overview of Phase 1 beam operation of SuperKEKB is described. For radiation
shielding design, estimation of airborne activities, especially 41Ar, is quite important.
Therefore, thermal neutron flux in the tunnel were measured directory using gold foils
with Cd difference method since 41Ar is produced through thermal neutron reaction.
The experimentally obtained flux is smaller than calculated value based on empirical
equation and beam life time with considering beam-loss condition of the entire ring.
Experiment with well-known beam-loss condition is desired to obtain quantitative
evaluation of the difference.
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Abstract
The CERN High energy AcceleRator Mixed field (CHARM) facility has been
constructed in 2014 in the CERN East Experimental Area to study radiation effects on
electronic components. It receives a primary proton beam from the CERN Proton
Synchrotron at a beam momentum of 24 GeV/c and a maximum average beam intensity
of 6.6×1010 protons/second with a maximum pulse intensity of 5×1011protons/pulse
and a respective pulse length of 350 ms. The beam impinges on one out of a set of
dedicated targets to produce the desired radiation fields at several experimental
positions.
This paper focuses first on the radiation protection aspects of the commissioning of the
CHARM facility. It includes a discussion of the operational constraints due to the
unavailability of the ventilation system during the first weeks of operation and the
measurements campaigns performed to validate the radiation protection assessment of
the facility design.
Then, the operational parameters of the run period in 2015 are presented together with
a comparison between calculations and measurements of the release of radioactivity
due to air activation.
Finally, the recently performed upgrade of the CERN Shielding Benchmark Facility
(CSBF) is discussed together with its first commissioning phase. The upgraded CSBF
will allow deep-penetration benchmark studies of various shielding materials laterally
above the CHARM target as well as detector calibration and inter-comparison in
deep-penetration neutron fields.
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12.1. Introduction
The CERN high energy accelerator mixed field (CHARM) facility [1] has been
constructed in 2014 in the CERN proton synchrotron (PS) east experimental area. The
purpose of the CHARM facility is to provide test locations to the CERN radiation to
electronics (R2E) project [2-4] for electronic equipment with well understood, mixed
radiation fields that are typical of the CERN accelerators and other applications of
interest and it complements the other existing irradiation facilities at CERN such as
CERF and IRRAD. The location of the CHARM facility on the CERN site and its
connection to the CERN PS are shown in Figure 12.1 and the layout of the CHARM
facility is presented in Figure 12.2.
Figure 12.1. Location of the CHARM facility connected to the CERN PS
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Figure 12.2. Layout of the CHARM facility
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A 24 GeV/c proton beam extracted from the proton synchrotron accelerator impacts on
a cylindrical copper, aluminium or aluminium sieve target inside the CHARM facility
and the created secondary radiation field is used to test electronic equipment. Mobile
shielding walls also allow to further tune the secondary particle spectra at some test
locations.
The maximum average beam intensity is 6.6×1010 protons/second with a maximum
pulse intensity of 5×1011protons/pulse and the respective pulse length of the slow
extraction is 350 ms [5]. The average beam intensity during normal operation is
approximately 2.2×1010 protons/second.
The radiation protection design assessment for the CHARM facility covered prompt
radiation, residual radiation, air activation and environmental impact aspects [6,7]. This
paper presents the radiation protection aspects of the commissioning and operation of
the CHARM facility in 2014 and 2015 as well as the performed upgrade of the CERN
Shielding Benchmark Facility (CSBF) that is situated laterally above the CHARM
target

12.2. Construction of the CHARM facility
The CHARM facility has been constructed in 2014 in the CERN proton synchrotron
east experimental area at the location that until 2013 had been occupied by the DIRAC
experiment. The CHARM facility shares this location with the proton irradiation
facility IRRAD that is situated upstream of the CHARM facility.
A close collaboration between the integration team, the construction co-ordination and
the radiation protection group during the construction phase proved to be very efficient
in identifying potential problems very early and resolving them accordingly.

12.3. Commissioning of the CHARM facility
The CHARM facility shares a common ventilation system with the IRRAD facility.
This ventilation system was not operational during the first weeks of the
commissioning phase in 2014. The committed effective dose due to inhalation for a
1 hour exposure has been computed for the various possible targets of the CHARM
facility and cool-down times as a function of the irradiation time with the nominal
beam intensity of 2.2×1010 protons per seconds (see Figure 12.3) in absence of an
operational ventilation system. Based on these numbers, the maximum permitted beam
intensity and the target type had been constrained accordingly so that the 1 µSv
inhalation dose design constraint was respected for all accesses.
The shielding for the CHARM facility has been designed [7] based on FLUKA Monte
Carlo simulations [8,9] so that the prompt ambient dose equivalent rate levels for the
maximum average beam intensity of 6.6×1010 protons per second are compatible with
the CERN Radiation Area classification inside and around the East Hall.
Several measurement campaigns [10-12] have been performed with mobile
measurement stations to verify the compliance of the ambient dose equivalent rates
inside the East Hall with the limits from the Radiation Area classification in addition to
the online measurements of the permanently installed radiation monitors. The
measured ambient dose equivalent rates extrapolated to the maximum beam intensity
are well below the limits corresponding to the Radiation Area classification at all
measurement locations.
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Figure 12.3. Committed effective dose due to inhalation for a 1 hour long access
without ventilation system as a function of the irradiation time with 2.2E10 p/s

The prompt ambient dose equivalent rate on the roof laterally above the CHARM
target has also been measured and extrapolated to the maximum average beam
intensity. A comparison of this value with the prediction from FLUKA simulations is
presented in Figure 12.4, showing an agreement better than a factor of 2 with the
simulated values being on the conservative side. The simulations also show that more
than 95% of the prompt ambient dose equivalent rate is due to neutron radiation.
Based on the results of these measurement campaigns, the CHARM facility is fully
operational for its design limits since December 2014.
Figure 12.4. Simulation results for the gamma, neutron and total prompt ambient
dose equivalent rate at 40 cm above the shielding roof, for maximum beam
intensity, in the beam direction, compared to an ambient dose equivalent rate
measurement on the roof [12]
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12.4. Operation of the CHARM facility
Access planning and co-ordination are extremely important for an efficient and
optimised facility exploitation. The operation of the CHARM facility has been
optimised to maximise the testing capacity of electronic components while respecting
radiation protection design goals and optimisation obligations.

12.4.1. Access planning
Since the end of the commissioning phase, the strategy to respect residual dose-rate
objectives is to adapt the cool-down time before the weekly access according to the
facility exploitation in the previous days while maximising the beam intensity during
irradiation. Based on the operational experience, a guideline for the cool-down times
has been established for standard interventions and is presented in Table 12.1. For
interventions inside the CHARM target room, dedicated radiation protection
assessments have to be performed based on residual radiation survey data.
To minimise the committed effective dose due to inhalation, the air flushing of the
facility before access is obligatory and automatically enforced by the access system.
Table 12.1. Required cool-down times before the weekly access to the CHARM
facility for standard interventions as a function of the facility exploitation in the
previous days
Required cool-down time before access
Average beam intensity I
(protons/h)

Copper target
Mobile Shielding
Retracted

Al/Al sieve target

Mobile Shielding
Inside

I < 9×1013

3 hours

3 hours

3 hours

9×1013 ≤ I < 1.3×1014

12 hours

3 hours

3 hours

1.3×1014 ≤ I

24 hours

12 hours

3 hours

12.4.2. Operational dosimetry
Access to the CHARM facility is only permitted with a passive personal dosimeter and
an active, electronic operational dosimeter. Each intervention has to be requested and
authorised via the CERN work planning tool called IMPACT.
The effective dose for each person is registered by the operational dosimeter for each
access and after the access automatically attributed by the dosimetry system to the
IMPACT identifier of the intervention. These data provide quick feedback that is used
to guide the optimisation process of the facility exploitation.

12.4.3. Operational parameters for the 2015 run period
In total, 2.91×1017 protons have been delivered to the CHARM facility in 2015. The
numbers of protons delivered to the CHARM facility in 2015 are listed in Table 12.2
for the different CHARM target types.
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Table 12.2. Number of protons delivered to CHARM in 2015
per CHARM target type
Target type

Number of protons on the CHARM target in 2015

Copper

2.71×1017

Aluminium

7.20×1015

Aluminium sieve

1.30×1016

No target

2.38×1014

This actual number of protons has been used together with the actual settings for the air
renewal rate during 2015 to properly scale the estimates [7] for air activation and
subsequent release to the environment as well as the effective dose to the reference
group for the members of the public. The most important radionuclides in terms of
effective dose consist in the short-lived radioactive gases that are listed in Table 12.3.
The estimated total release for 2015 is 2.28 TBq, resulting in an estimated effective
dose of 75 nSv.
The releases of short-lived radioactive gases are continuously monitored by mean of a
gross beta counter. The measured releases are based on the measured ventilation flow
rate, the counts registered by the gas monitor and the estimated fractions listed in Table
12.3, convoluted with the sensitivity of the gas monitor to the respective radionuclides
[13]. The measured releases were in good agreement with the estimates: 2.54 TBq
(84 nSv).
Table 12.3. Predicted and measured release for the most important radionuclides
and effective dose to the reference group for the members of the public for 2015
Release

Radionuclide

Total (TBq/y)

Fraction

Effective dose
(µSv/y)

C-11

0.33

0.14

0.017

N-13

0.79

0.35

0.030

O-14

0.08

0.04

0.002

O-15

0.99

0.44

0.013

Ar-41

0.06

0.03

0.005

Total predicted

2.28

n.a.

0.075

Measured

2.54

n.a.

0.084

The ratio between measurement and prediction of the ambient dose equivalent rate on
the roof of the CHARM facility (see Figure 12.4) as well as the annual number of
protons in 2015 delivered to the CHARM target have been used to scale the estimate
for the effective dose to the reference group for the members of the public due to
skyshine [7], yielding 0.58 µSv for 2015.
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Combining the exposure due to the release of airborne radioactivity and due to
skyshine, the total effective dose to the reference group for the members of the public
in 2015 was 0.66 µSv, which is well below the design goal of 1 µSv per year.

12.5. Upgrade of the CERN shielding benchmark facility
The shielding of the CHARM facility includes the CERN Shielding Benchmark
Facility (CSBF) situated laterally above the CHARM target. The main purpose of the
CSBF is to perform benchmarks with deep shielding penetration neutron radiation. It is
a shared facility of the CERN Engineering department, the R2E project and the CERN
Radiation Protection group.
Based on the experience gained during a measurement campaign at the CSBF in 2015
[14], the facility has been upgraded during the first months of 2016. Now the facility
can be used in 3 different configurations to allow
1. material activation studies for Monte Carlo benchmarks and response studies for
passive dosimeters;
2. shielding characteristics studies for different shielding materials in deep shielding
penetration fields;
3. detector calibration and detector inter-comparison studies in deep shielding
penetration fields.
To provide an example, the layout of the CSBF for configuration 1 is shown in
Figure 12.5. In this configuration, the material samples and passive dosimeters to be
irradiated are placed in the dedicated openings of the removable sample concrete block.
The CSBF can be parasitically used during the normal operation of the CHARM
facility. In addition, one week of dedicated beam time for the CSBF per year has been
agreed with the IRRAD and CHARM operation teams in the last years.
The first dedicated week of operation of the upgraded CSBF in September 2016 has
been successfully used to extensively collect data to validate the FLUKA Monte Carlo
simulations for the design of the upgrade of the CSBF.
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Figure 12.5. Layout of the CSBF after the upgrade in 2016

12.6. Conclusions
The CHARM facility has been constructed and commissioned in 2014. Several
measurement campaigns have been performed and the shielding design, residual dose
rate and air activation estimates from the design radiation protection assessment have
been verified. Therefore the CHARM facility is fully operational for its design limits
since December 2014
The optimisation of the operational exploitation is well advanced, also thanks to the
quick feedback provided by the active dosimetry system coupled to the CERN work
planning tool.
In total, 2.91×1017 protons have been delivered to the CHARM facility in 2015. This
led to the airborne release of 2.54 TBq, consisting predominately of short-lived
radioactive gases. The resulting effective dose to the reference group for the members
of the public has been 0.084 µSv. Together with 0.58 µSv due to skyshine, the total
effective dose to the reference group for the members of the public in 2015 was
0.66 µSv, which remains below the design goal of 1 µSv per year.
Finally, the CERN Shielding Benchmark Facility for deep-penetration neutronradiation studies has been upgraded for the 2016 run and the commissioning week of
the upgraded CSBF in September 2016 has been extensively used for the
characterisation of the facility and the verification of the FLUKA design studies.
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Abstract
The Facility for Rare Isotope Beams (FRIB) is an accelerator facility being established
at Michigan State University (MSU). The facility will utilise a broad range of primary
ion beams from 16-O to 238-U with a beam power of up to 400 kW and energy of 200
MeV/nucleon for 238-U in its baseline configuration to produce rare isotopes. A
possible facility upgrade will include an increase of the beam energy up to 400
MeV/nucleon for 238-U and addition of new light ion beams down to 3-He and protons
for ISOL operations.
A conservative estimate of the annual dose equivalent that would bound anticipated
normal operating losses for workers and the general public was obtained for potential
receptor locations. The annual dose is a sum of contributions from the direct radiation
exposure, skyshine and airborne emissions. The direct and skyshine estimates are
based on Monte-Carlo calculations with the radiation transport and nuclide decay
codes MCNPX, PHITS, FLUKA, DCHAIN-SP 2001 and MARS15. Airborne exposure
was estimated using AERMOD.
This material is based on work supported by the U.S. Department of Energy Office of
Science under Cooperative Agreement DE-SC0000661, the State of Michigan and
Michigan State University. Michigan State University is designing and establishing
FRIB as a DOE Office of Science National User Facility in support of the mission of
the Office of Nuclear Physics.

13.1. Introduction
The Facility for Rare Isotope Beams (FRIB) is a next generation accelerator facility
that was designed for the purpose of research in rare isotope science. The areas of
research that this facility makes possible include nuclear astrophysics, the study of
properties of nuclei, test for fundamental symmetries, and providing isotopes for
applied research such as bio-medicine, energy, material sciences and national security.
The facility is currently under construction with the project completion scheduled for
2022. FRIB will feature a high-power heavy-ion superconducting radiofrequency linear
accelerator that will be able to accelerate a broad range of ions from oxygen to
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uranium; a new target station with fragment pre-separator where rare isotope beams of
interest will be produced; a reconfigured mass-separator; and the existing experimental
areas of the National Superconducting Cyclotron Laboratory (NSCL) where setups for
fast, stopped and reaccelerated beams are situated (see Figure 13.1 and Figure 13.2).
The energy of the primary beam will depend on the beam species, and will reach
200 MeV/nucleon for 238-U in baseline configuration, and higher for lighter beams. A
unique combination of a high primary beam power of 400 kW, in-flight production and
separation with a high-power target and three-stage fragment separator, and state-ofthe-art instrumentation will significantly expand our reach into the area of new rare
isotopes. The baseline configuration of the facility can be upgraded in the future by
increasing the primary ion energy up to 400 MeV/nucleon for 238-U, or by adding a
new Isotope Separation Online (ISOL) target station and light ion injectors.
A detectable amount of radiation streaming is expected at the FRIB
facility due to the high beam power. Several sources have been identified – releases of
radionuclides from various sources, direct radiation streaming from the linac and target
station, and neutrons escaped from the facility and re-scattered back to the ground
level, the effect is also known as neutron skyshine. Contributions from these sources to
the annual doses both to the facility personnel and members of the general public were
conservatively estimated and presented in this work.
Figure 13.1. Plan view schematics of the FRIB facility. Also shown
is the existing NSCL facility
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Figure 13.2. 3D rendering of the FRIB and NSCL facilities

13.2. Regulatory requirements and facility design goals
The calculated values of the exposure to the facility workers and public from
radionuclide releases, direct radiation streaming and skyshine are often expressed in
this work in units of mrem-per-year or mrem-per-hour. These dose equivalent rates are
compared against the limits established by Nuclear Regulatory Commission (NRC)
and FRIB design goals (see Table 13.1). The results of the present calculations of dose
equivalents to public receptors are compared against the regulatory limit of 10 mrem/y
for maximum exposure to nearest public receptor from air emissions, and to the MSU
ALARA (As low as reasonably achievable) goal of 10 mrem/y. The results of the
present calculation of dose equivalent exposure at worker locations are compared
against the MSU ALARA goal of 500 mrem/y. Actual worker exposure will be based
on readings from personal dosimetry. The analysis presented herein provides assurance
that local background dose for workers will not impact the ability to perform work in
areas with increased radiation exposure. In other calculations referenced below, the
MSU ALARA goal for workers is ensured by the design performance goal for normal
operation to not exceed 0.1 mrem/h outside of shielded areas that can be generally
accessed by FRIB trained workers (calculation safety factor of 2.5 and 2000 h/y
occupancy assumed). The calculated dose equivalents to the public from the direct
exposure and skyshine are compared against the MSU ALARA goal of 10 mrem/y.
Table 13.1. Regulatory limits and design goals for FRIB
Target Receptor

Limit

Radiation Dose – Worker

Standard: 5000 mrem/y
MSU ALARA Goal: 500 mrem/y

Radiation Dose – Public

Standard: 100 mrem/y and 2 mrem/(any one hour)
MSU ALARA Goal: 10 mrem/y and 2 mrem/(any one hour)

Air – maximum exposure to nearest public receptor

Standard: 10 mrem/y
MSU ALARA Goal: 10 mrem/y
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13.3. Models
13.3.1. Bounding air for skyshine calculations
The influence of air temperature and relative humidity on skyshine dose equivalent
rates was studied by comparing two extreme cases to the atmosphere provided by the
MARS15 code [1-3]. The standard MARS15 atmosphere (material ‘AIR’) has a
density of 1.2E-03 g/cm3 and represents a temperature of 18ºC and a relative humidity
of 58%. The composition of MARS15 air appears in Table 13.2. The two extreme
cases were constructed based on the U.S. Standard Atmosphere [4]. The cold extreme
was taken to be -10ºC with a relative humidity of 40% and the warm extreme was
taken to be 30ºC with a relative humidity of 80%. For each extreme the US Standard
Atmosphere was modified to account for the influence of changes in temperature on
the density of the air and the influence of changes in humidity (water content) on both
the density and relative abundances of the constituent elements. The elemental
composition of the cold air appears in Table 13.3 and the elemental composition of the
warm air appears in Table 13.4.
Table 13.2. Elemental composition of MARS15 air at 18°C and 58% relative
humidity (ρ = 1.20E-03 g/cm3), used for comparison purposes
Element

Mass fraction

H

8.00E-04

N

7.49E-01

O

2.37E-01

Ar

1.29E-02

Table 13.3. Elemental composition of cold air (ρ = 1.34E-03 g/cm3)
Element

Mass fraction

H

1.26E-04

C

1.08E-04

N

7.80E-01

O

2.11E-01

Ar

9.33E-03

Table 13.4. Elemental composition of warm, moist air (ρ = 1.14E-03 g/cm3)
Element

Mass fraction

H

3.62E-03

C

1.05E-04

N

7.56E-01

O

2.32E-01

Ar

9.04E-03
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The results of three Monte Carlo simulations using the FLUKA code [5] showing the
influence of atmosphere extremes on skyshine dose equivalent rates are presented in
Figure 13.3. The source of initial particles for these calculations was obtained with a
model of the FRIB target station described in sections below with initial beam of 48Ca at 261 MeV/nucleon and 400 kW. The abscissa origin represent the center of the
target building. The curves in the figure result from tallies over a series of cylindrical
bins, centred on the origin, averaged over a height of 0 to 50 m above the ground level.
The model extends 1 km above the ground level. It was found through several test
calculations that extending the atmosphere greater than 1 km was unnecessary and had
negligible effect on the resulting skyshine dose equivalent rates.
Figure 13.3. FLUKA simulation of skyshine dose equivalent rates showing
the influence of temperature and relative humidity

For the first several hundred metres from the target hall the influence of temperature
and relative humidity on skyshine dose equivalent rates is negligible. The long
interaction length of high-energy neutrons in air results in the dose equivalent rate
being dominated by non-collided neutrons close to the target hall. As the distance from
the target hall increases, however, the interaction probability increases and the
influence of the cold and warm extremes become visible. The decrease in skyshine
dose equivalent rates with the cold atmosphere relative to the MARS15 atmosphere is
due largely to the increased density. Relative to the MARS15 atmosphere, the warm
extreme has a higher hydrogen content and a lower density with the net effect being a
slight increase in skyshine dose equivalent rates. The warm extreme is the bounding
condition and was used in the skyshine simulations to ensure conservatism in the
reported values.

13.4. Linac model
The linac model was developed in the MARS15 code framework. It includes tunnel
walls, linac segments, tunnel shielding, penetrations through the shielding, utility
conduits, pits and trenches in the service building, local shielding, and the walls of the
service building (Figures 13.4-13.6). The model extends approximately 1 km from the
facility to allow skyshine calculations. The bounding case of warm and damp air is
assumed.
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Figure 13.4. 3D rendering of concrete structure of the linac tunnel and the service
building. Various “major” penetrations through the linac bulk shielding are
indicated

Figure 13.5. Plan view of model above the ground level

Figure 13.6. A cross-section of the model
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13.4.1. Model of the target building for direct streaming calculations
The model for direct streaming from the target building was developed within the
PHITS code framework [6]. Various views of the model are shown in Figure 13.7. The
model includes the target building walls, bulk shielding, vacuum vessels, magnets,
target module and the beam dump.
Figure 13.7. Various views of the target building model

Light blue is air, dark blue is concrete, orange is soil and yellow is
steel re-entrant shielding. Panel A: elevation view along the beam
direction is taken at the beam line center; Panel B: elevation view
across the beam direction is taken in the vicinity of the beam dump.
Panel C contains a plan view of the target building at a human torso
height (≈190 cm) above the ground (see red dashed lines in A and B).
Dashed lines numbered 1 and 2 in Panel C refer to areas where
general public might be present.

13.4.2. Model for skyshine from the target building
It is impractical to calculate the skyshine dose in a single calculation due to the
complexity and the size of the target building model. Instead, a split source technique
was utilised – a list of particles above the re-entrant shielding (see Figure 13.7) was
created first using a PHITS model described in the previous section; and then this list
was used as a source in a FLUKA model shown in Figure 13.8. This simplified model
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includes bulk shielding and target building roof, but not the detailed model of the beam
line and its local (re-entrant) shielding. Only particles escaping through the roof were
assumed to contribute to skyshine. Neutrons escaping through the walls were assumed
to contribute to the direct dose only. It is recognised that for significant thicknesses of
air, direct dose equivalents are likely to contain contributions from atmospheric
scattering.
The floor of the target hall was modelled as a layer of low-carbon steel, the same
material used in the re-entrant shielding. The full details of the re-entrant shielding are
contained in the PHITS geometry in the first step of the split source method. The walls
and roof of the target hall model were concrete and the region inside was filled with
warm, moist air. The outer atmosphere, also warm, moist air, extended up to a height
of 1 km.
Figure 13.8. Elevation view of FLUKA model of the target hall and target
building roof used in the second step of the two-step skyshine calculation
The units for the axes number labels are centimetres.
The roof is multi-layered but thin (17.6 cm).

13.4.3. Receptor locations and AERMOD model
The dose equivalent exposure to the workers and public are normally calculated
directly above the ground. However, there are buildings around the facility where the
public can be present at various heights. Several such receptor locations of interest
were identified and initially evaluated for facility emissions by the company
RWDI using a 1:250 scale 3D model of FRIB and the immediate campus placed within
a wind tunnel (Figure 13.9). The airborne dispersion and potential exposures were then
evaluated using the AERMOD code modelling system [7,8]. The model and the 31
receptor locations (R1 through R31) within it are shown in Figure 13.10. AERMOD
was used to simulate the propagation of radionuclide emissions through air from four
emission stacks located on the roof on the target building. The four emission stacks are
associated with the following FRIB systems – linac tunnel air exhaust, target primary
exhaust, target Hot Off Gas (HOG) system exhaust, and service building Special
Mechanical (SMOG) system exhaust.
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Figure 13.9. Scale model of the MSU FRIB and surroundings in RWDI’s
boundary layer wind tunnel

Figure 13.10. AERMOD 3D model and receptor locations within it

13.4.4. Beam operation conditions
The source terms for determining dose equivalent rates were obtained from several
previous calculations and calculations described in this work. In every case,
conservative assumptions for the beams and power losses used as input to the
calculations were made. Table 13.5 summarises the source terms and the beam
operation assumptions used. Please note that only normal beam-loss conditions of
1 W/m were considered. Postulated beam-loss incidents, failure of the target station
components and various mitigation scenarios are the topics that were studied
separately.
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Table 13.5. Sources, source generation locations, and beam conditions
used in the calculations of the sources
“LS” is the acronym for linac segment, and “BDS” is the acronym for beam delivery system
Source

Source generation
location

Beam ion

Specific energy
[MeV/nucleon]

Power
1 W/m
1 W/m
1 W/m

Air emissions – primary confinement
exhaust (linac)

LS3, Tunnel
LS2, Tunnel
LS1, Tunnel

18-O

304
100
17.5

Air emissions – primary confinement
exhaust (target)

Target Building

48-Ca

261

Air emissions – target building hot off
gas (HOG) exhaust

Target Building

18-O

261

Air emissions – special mechanical off
gas (SMOG) exhaust

LS3, Tunnel
LS2, Tunnel
LS1, Tunnel
FS2, BDS beam
dumps

18-O
(proton)

637 (1000)
207.1 (611)
20 (-)
637 (1000)
207.1 (611)

Skyshine

Target Building

48-Ca

261

Direct radiation

Target Building

48-Ca

261

Skyshine + direct radiation

LS3, Tunnel
LS2, Tunnel
LS1, Tunnel

48-Ca
(proton)

261 (1000)
193.6 (611)
(-) (-)

1 W/m
1 W/m
1 W/m
135 W
135 W

1 W/m
1 W/m
1 W/m

13.5. Results
13.5.1. Linac skyshine and direct dose
Although it is possible to calculate the direct doses to the workers and public from the
normal uncontrolled beam losses in linac, separating the specific skyshine component
from the direct dose is somewhat difficult due to the fact that some concrete structures
of the linac building are considerably tall. Additionally, due to the location of the linac
underground with the service building over the linac, the skyshine contribution to
public dose is quite small. Therefore, specifically for the linac section, we prefer to
present the dose equivalent rate results without distinguishing between the direct dose
and skyshine. Figure 13.11 shows the dose equivalent rate distribution calculated in a
“whole body” equivalent layer (61 cm to 190 cm) as defined in Reference [9]. The
model used in this calculation is a complete linac model described above in previous
sections, extended approximately 1 km upwards and to the sides. Warm, damp air was
used as the atmosphere. The calculations were conducted for baseline operating
conditions – 1 W/m beam losses of 193.6 MeV/nucleon 48-Ca ions in the second linac
segment and 261 MeV/nucleon 48-Ca ions in the third linac segment. As one can see,
the dose rates at a distance are significantly lower than the FRIB ALARA goal of
10 mrem/y for public.
Figure 13.12 shows the direct dose equivalent rate distribution in the vicinity of the
facility. Unlike in Figure 13.11, this distribution was obtained in previous studies for
different beam conditions assuming upgraded facility – 1 W/m beam losses of
611 MeV protons in the second linac segment, and 1 GeV protons in the third linac
segment. The dose rate for 48-Ca beam is expected to be ≈20 times lower. But even for
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the upgraded proton beam, the dose rate to public is below 0.001mrem/h (5.6 mrem/y)
and is below 0.1 mrem/h (200 mrem/y) for workers (except controlled areas close to
major penetrations).
The dose equivalent rates to the receptors R1-R31 (see Figure 13.10) were also
calculated. They are presented in the sections below.
Figure 13.11. Dose equivalent rate in a 4 km2 area around the FRIB tunnel
and service building from 1 W/m uncontrolled losses during 48-Ca beam
operations at 261 MeV/nucleon, calculated in a “whole body” layer above ground
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Figure 13.12. Dose equivalent rate in the immediate vicinity of the FRIB tunnel
and service building from 1 W/m uncontrolled losses during proton beam
operations at 1000 GeV, calculated in a “whole body” layer above ground

13.5.2. Annual dose equivalents from direct radiation from the target
building
Figure 13.13 shows a contour map of dose equivalent rates in the vicinity of the target
building. Contour line bounding the region filled with green shows locations where
dose equivalent rates are equal to 10 mrem/y or above. This area is inside the facility
and is not accessible to the public. The target hall (red area) will not be accessible
during the facility operation.
Figure 13.13. A plan view of the FRIB Facility with the overlaid contour map
of dose equivalent rates
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13.5.3. Annual dose equivalent from target building skyshine
A 2D projection of the skyshine dose equivalent rate resulting from neutrons emitted
from the target building appears in Figure 13.14. This map reports dose equivalent
rates averaged over a distance of 0 to 50 m above the ground level. The black rectangle
centred at the origin represents the location of the target hall in the target facility.
Conservative 400 kW 48-Ca beam operations at 261 MeV/nucleon were assumed.
Figure 13.14. 2D projection of the skyshine dose equivalent rate in a 4 km2 area
outside of the target hall from a conservative 400 kW 48-Ca beam operations
at 261 MeV/nucleon

13.5.4. Annual dose equivalents from facility emissions
We conducted calculations and analyses of FRIB facility emissions. There are four
emission sources – linac tunnel air exhaust, target primary exhaust, target Hot Off Gas
(HOG) system exhaust, and service building Special Mechanical (SMOG) system
exhaust. The dose equivalents were calculated with the AERMOD code [7] for the
receptor locations R1 through R31. Figure 13.15 shows a typical annual dose
equivalent isopleths from the linac tunnel air exhaust. It is difficult to assign traditional
uncertainties to the annual dose equivalents primarily due to the fluctuation in wind
conditions. The four source terms were obtained independently using conservative
assumptions for the radiation transport calculations, which in themselves have
uncertainties. There also will be uncertainties (e.g. for HVAC systems) that are
controlled by operations that can reduce the assumed releases from the HOG and
SMOG systems. Uncertainties in the airborne consequences are governed by the
assumed source term wind direction and wind speed [8]. The assumptions on
meteorology establish the bounding uncertainties affecting AERMOD results.
AERMOD has been compared to wind tunnel results with favourable consequences. It
was found that the annual doses from the facility emissions are relatively small. The
highest annual doses are 2.57 mrem for the receptor location R16 and 1.94 mrem for
the receptor location R19. Both the receptor locations R16 and R19 cannot be accessed
by the public. The highest annual dose to a public receptor location (R22) is
1.67 mrem.
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Figure 13.15. Annual dose equivalent isopleths from the linac tunnel air exhaust

13.5.5. Annual dose equivalents to receptors from all sources
Table 13.6 summarises the calculated annual dose equivalents for selected receptor
locations from all the sources separately and in sum. Three receptor locations that are
accessible to the public and where the annual doses are estimated to be the highest
were selected, and similarly, three locations accessible to workers only were selected.
When dose equivalents are calculated from all the sources, the highest annual dose in
receptor locations accessible to the public is 8.5 mrem (R22). It does not exceed the
MSU ALARA goal of 10 mrem/y for the public. There are two locations (R16 and
R19, which are not normal FRIB worker locations) where the annual dose equivalent
exceeds 10 mrem, but these receptor locations are accessible only to FRIB workers and
not the public. The annual doses there are 35.0 mrem and 19.1 mrem respectively,
which are below the ALARA goals for workers.
Table 13.6. Annual dose equivalents to selected receptors from target building
skyshine, direct radiation from the target building, facility emissions, skyshine
from the tunnel and the sum of these contributors
Receptor

Receptor
Type

Annual Dose Equivalent [mrem]
Target Building
Skyshine

Target Building
Direct Radiation

Facility
Emissions

Tunnel Skyshine +
Direct Radiation

Sum

R9

Public

0.8

2.7E-01

0.4

0.2

1.6

R14

Worker

4.5

8.9E-01

0.3

0.3

6.0

R15

Public

2.4

5.8E-01

0.3

0.05

3.3

R16

Worker

25.8

6.5E+00

2.6

0.04

35.0

R19

Worker

12.2

4.9E+00

1.9

0.04

19.1

R22

Public

6.7

9.4E-02

1.7

0.03

8.5
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13.6. Conclusions
Even with the conservative operational assumptions, annual dose equivalents from
FRIB facility air emissions are significantly below 10 mrem. The regulatory limit of
10 mrem annually from air emissions to the nearest public receptor (R22) is met. In
sum, the annual dose equivalents to public receptors with the worst-case beam
operating for the assumed source term are below the MSU ALARA goal of 10 mrem/y.
Annual occupational location dose equivalents are below about 40 mrem, which is
small compared to the MSU ALARA goal of 500 mrem. This provides a reasonable
operational margin for FRIB workers.
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14. Radiological Design and Controls of the Cooling Systems for LCLS-II
High Power Electron Dumps
Jan Blaha, James Liu
Radiation Protection Department, SLAC National Accelerator Laboratory,
Menlo Park, CA, United States

Abstract
The LCLS-II (Linac Coherent Light Source II) facility at SLAC National Accelerator
Laboratory will further expand the X-ray free electron laser science program in the
United States and worldwide. The facility will use a new superconducting electron
accelerator that will be operated at up to 4 GeV and 100 kHz. Electron beams with an
average power of up to 250 kW will park on three high power dumps, one located in a
beam switchyard and one on each, hard and soft, X-ray lines. Since these dumps
absorb a large amount of beam power, use of active water-cooling systems is required.
The induced activity in the dump cooling system has been estimated by the FLUKA
Monte Carlo code using detailed geometry models and SLAC empirical data that were
collected for similar high-power systems in the past.
Induced activation of the water coolant has been analysed, and radiological design
and controls of the cooling systems have been optimised to minimise worker exposure,
possible release of radioactivity into the environment, and maximise accelerator
operational availability. Radiological issues that have been addressed include
shielding design for underground piping and system housing against radiation from
short-lived positron emitters in water (15O, 11C and 13N), shielding for radiation from
erosion/corrosion products of long-lived gamma emitters captured in resin and filters
(22Na, 54Mn, 60Co, 65Zn, etc.), and the associated radiation monitoring and interlocked
access controls. Another radiological aspect being considered is leak detection and
containment of the coolant with accumulated 3H and its wastewater discharge
management. Finally, explosion risk due to H2 build up inside the surge tank, and
related release of airborne radionuclides into the environment, has been evaluated.
The above-mentioned radiation hazards and mitigation measures have been evaluated
for different types of high power dumps, including a volume cooled dump (Al spheres
in water), a surface-cooled dump (Al dump with peripheral cooling), and a dump with
internal cooling (Al dump with cooling at approximately 1 RM radial position). These
dumps have been under consideration for the LCLS-II project and the presented results
have provided an important input for the final choice of the dump design.
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14.1. High power dumps
The LCLS-II will use three high power dumps to park maximum 4 GeV electron
beams. Two main electron beam dumps (EBDs) are designed for a power of up to
120 kW each, and the Beam Switch Yard (BSY) dump for a power of up to 250 kW.
The EBD dumps will be installed at concrete pits inside the Main Dump Hall (MDH)
equipped with local steel shielding while BSY dump will be integrated inside the
existing BSY Muon shield, a large iron structure. Design of those dumps was evolving
during last several years from a solid aluminium dump with surface cooling designed
for two main dumps and a volume cooled dump (aluminium cylinder filled with
aluminium spheres and water) for BSY to a final design which is common for all three
dumps. The latter design is based on the CEBAF tune-up dump (currently operating at
JLAB [1]) and has internal cooling (Al dump with cooling at approximately 1 Moliere
length RM radial position).
The surface-cooled dump has a cylindrical shape and it consists of a 147 cm long core
made of aluminium alloy and 16.5 cm thick tungsten end cap, both parts has 30.48 cm
diameter. The dump is cooled by water-cooling circuit consisting of a set of parallel
metallic tubes embedded to the core. The volume-cooled dump consists of an
aluminium cylinder (30.48 cm diameter and 150 cm long) filled with aluminium
spheres and water (volume ratio of 65% Al and 35% water). The rear end of the dump
is equipped with a 30 cm long copper end cap of the identical diameter. Thus, the water
coolant is used as an absorber and also as a cooling medium. Finally, the internallycooled dump has also a cylindrical shape and it consists of a core surrounded with a
radial ring, both made of aluminium, and a copper end cap. Overall length of the dump
is 175 cm (including 15 cm thick copper part) with a diameter of 30 cm. To use
identical design for two EBD dumps (2x120 kW) and BSY dump (250 kW), beam
rastering to reduce peak temperature and related thermal stresses must be used for BSY
dump. Beam energy deposited in a dump is transferred to heat, which is cooled down
by water flowing through a fine structure between the core and the ring at a radial
distance of 5 cm and by a return pipe that is integrated inside the aluminium ring.
Simplified geometry of those three dumps, as implemented in FLUKA, is shown in
Figure 14.1.
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Figure 14.1. FLUKA geometry of the volume (left), surface (centre), and
internally (right) cooled dump inside a local shielding made of iron (brown) or
steel (green)

14.2. Methodology
The dump geometry with local steel shielding, as implemented in FLUKA [2, 3], is
shown in Figure 14.1. The volume of the water coolant which is directly exposed to
secondary radiation generated in the dump body depends on dump design and it is
38.92, 5.8 and 4.6 litre and for volume, surface and internally-cooled dump,
respectively. Each dump was exposed to 4 GeV electron beam, and the FLUKAcalculated radionuclides production yields in the water coolant were used to calculate
activity evolution for various beam powers and irradiation scenarios. In order to
estimate levels of activity concentrations, it was assumed that the dumps are connected
to two separate cooling systems, one for the two main dumps (connected in series) and
one for BSY dump, with a total capacity of 2 000 litre each. Both systems, which
consist of heat exchangers, pumps, resin tanks, filter bottles, surge tanks, hydrogen
recombiner and associated piping, will be installed in the dedicated housing with
concrete walls and roof. The required shielding thickness for different parts of the
cooling system (e.g. pipes, resin tanks, etc.) and its concrete housing was determined
by means of the Nucleonica Shielding++ [4] that also takes into account distance from
the source, exposure build-up factors for typical shielding materials (concrete, iron,
lead, etc.), and also includes radioactive daughters for parent radionuclide or mixture
of radionuclides. In addition, to estimate production of free hydrogen molecule (H2) for
explosion risk, the amount of energy deposited in water coolant was also calculated by
FLUKA. Finally, radiological controls to minimise worker exposure and
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environmental impacts, and to minimise impacts to accelerator operation, were
proposed.

14.3. Energy deposition
The fraction of the energy deposited in different parts of the dump is summarised in
Table 14.1. In case of volume cooled dump about 77% (193 kW) of primary beam
energy is deposited in solid parts of the dump and about 18% (45 kW) is absorbed in
water coolant flowing through dump. In case of surface-cooled and internally-cooled
dumps, less than 0.1% and 0.5% of beam power is absorbed in cooling structures
resulting in much lower induced activation of water cooled in those types of dumps for
the same electron energy and similar beam powers. The remaining, about 5%, is lost in
nuclear binding or leaks out of the dump and is consequently dissipated in surrounding
iron shielding.
As mentioned above, the internally-cooled dump in BSY will require beam rastering.
The energy deposition and heat transfer studies confirm that 2 cm rastering radius will
be adequate for BSY dump. Such a rastering will lead to 40% increase of the energy
deposition (and thus the induced activity) in water coolant. The fractions of the energy
absorbed in different dump components as a function of rastering radius can be found
in Ref. [5].
Table 14.1. Fraction of the energy deposited in different parts of the dump
Energy balance [%]

Volume cooled dump

Surface-cooled dump

Internally-cooled dump

Solid parts

76.97

96.78

96.07

Water coolant

18.42

0.03

0.48

Remaining

4.61

3.19

3.45

14.4. Hydrogen production
The energy deposited in a dump causes radiolysis of the water coolant with subsequent
evolution of free hydrogen gas (H2) that may be accumulated and float to the top of the
surge tank creating a risk of explosion and subsequent spread of the radioactivity to the
environment. Historically, SLAC uses as a design limit the maximum concentration of
1% of H2 in air, which is four times less than the Lower Explosive Limit (LEL) for
hydrogen gas. The production rate of hydrogen generated in radiolysis can be
calculated using the yield G value for hydrogen, which was determined experimentally
for high power dumps at SLAC to be about 0.14 H2/100 eV [6] corresponding to a
production rate of 0.33 litre of H2 gas per MW-second of irradiation.
For instance, assuming that 250 kW is absorbed in the BSY dump, about 46 kW of this
power is absorbed in the water coolant (see Tab. 14.1), which results in a production
rate of about 55 litres of H2 per hour. Considering that a capacity of the surge tank is
about 1 000 litres and it is typically filled by 50% of air, then 1% of H2 concentration
may be reached in about 11 minutes. Therefore, to mitigate potential hydrogen
explosion hazard, the surge tank shall be equipped with a hydrogen-oxygen recombiner
for removal of hydrogen gas and thus keep its concentration under 1% level during
LCLS-II operation.
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The results on hydrogen production are summarised in Table 14.2 showing that the
mitigation measures must be applied not only for volume-cooled dump, but also for
internally-cooled dump (reaching the limit in about 5 hours). On the other hand, to
reach the 1% limit, the surface-cooled dump must be exposed to beam with a nominal
peak power for about 100 hours (which is much longer than the natural air exchange
rate in a vented surge tank), and therefore the use of hydrogen-oxygen recombiner is
not required for this type of dump.
Table 14.2. Hydrogen production rates and times to reach the design limit
Dump type

Absorbed power in water at 250 kW

Volume cooled
Internally cooled
Surface cooled

46 kW
1.6 kW*
75 W

Hydrogen production
[H2/hour]
54.7
1.9
0.1

1% H2 limit
[hour]
0.2
5.3
100

Note: * Assuming rastering.

14.5. Induced activation of water coolant
The main radionuclides produced are H-3, Be-7 and O-15 from photo-activation of
O-16 in water coolant itself and beta-gamma radionuclides of Na-22, Mn-54, Co-57
and Co-60 from corrosion and erosion products in metal components. The FLUKA
code was used to calculate the production of long-lived H-3 and Be-7 at an average
beam power (76 kW for the EBD dumps and 90 kW for BSY dump) while nominal
peak power (up to 250 kW) was considered for short-lived positron emitters. Activities
of corrosion and erosion products were estimated from available historical data for
similar high-power cooling systems operated at SLAC in past, which were scaled
linearly with respect to volume of the resin tank (about 400 l) and average beam power.
Total activities and corresponding dose rates for three types of dumps are summarised
in Table 14.3. As expected, the highest values have been found for volume-cooled
dump where water coolant serves also as absorption medium. For the surface-cooled
and internally-cooled dumps, the induced activities and corresponding dose rates are
approximately 10-100 times lower. As described below, this will have a strong impact
on required shielding for system housing and piping.
The produced Be-7 (and also the above-mentioned corrosion and erosion products) will
be trapped by resin and/or filters and thus their activities are accumulated in resin tanks
(predominant) and filter bottles only. Moreover, radionuclides such as C-11, N-13, and
O-15 decay quickly after beam off and thus pose a radiological issue only during beam
operation and shortly (could be up to several hours due to C-11) after beam off.
Finally, the long-half-life H-3 is the only radionuclide, which builds-up during
accelerator life time and remains in the coolant until the cooling water is discharged to
sanitary sewer. It should be noted that, not to exceed the regulatory yearly discharge
limit of 185 GBq, the water from volume-cooled dump need to be occasionally
discharged already during accelerator lifetime. This calls for development of the H-3
management programme with auto-discharge system.
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Table 14.3. Induced activity and dose rate
Induced activity and impact on cooling
system design for three types of dumps

BSY dump
(volume cooled)

2 EBD dumps
(surface cooled)

BSY and 2 EBD dumps
(internally cooled)

3H

510 GBq @ 90 kW
average power

3,3 GBq @ 76 kW
average power

EBDs: 11 GBq @76kW
BSY: 18.5 GBq @90kW

74 GBq @ 90 kW

0.44 GBq @ 76 kW

EBDs: 1,5 GBq @76kW
BSY: 2.4 GBq @90kW

15O, 11C, 13N

saturation activity @ 240 or
250 kW maximum power;
1 TVL = 17 cm concrete

2850 GBq 15O,
703 GBq 11C
& 0.56 Sv/h at 1 m

18.5 GBq 15O,
3.7 GBq 11C
& 3.5 mSv/h at 1 m

222 GBq 15O,
48 GBq 11C
& 42 mSv/h at 1 m

22Na, 54Mn, 60Co, 65Zn

5 mSv/h at 1 m
from two 400-L
resin tanks
(= 15 GBq 60Co)

0.05 mSv/h at 1 m
from two 400-L
resin tanks
(= 0.15 GBq 60Co)

0.4 mSv/h at 1 m
from two 400-L
resin tanks
(= 1.2 GBq 60Co)

saturation activity @ average power
(185 GBq/y discharge limit to sewer)
7Be

saturation activity
@ average power

Maximum activities estimated from
historical data
1 TVL = 26 cm concrete

14.6. Dose-rate estimate and required shielding
14.6.1. Housing for cooling system
At SLAC, a concrete housing for the cooling system will be situated in area, which is
accessible to workers only, and therefore the shielding design limit of 5 μSv/h (over
2 000 h/y occupancy) outside of the concrete housing (walls and roof) must be
fulfilled. The main source of radiation inside the housing is the short-lived
radionuclides, and the long-lived radioactive erosion/corrosion products inside the
resign tanks. The total dose rates for radionuclide mixture of short-lived radionuclides
(C-11, N-13, O-15) inside the housing are summarised for different types of dumps in
Table 14.3 and the required shielding is given in Table 14.4. Note that the difference in
thickness of shielding for walls and roof is due to different distances from the source
that were considered. Generally, 1 or 2 tenth-value-layer (TVL) less shielding is
needed for internally or surface-cooled dumps in comparison with the volume-cooled
dump.
The radioactive corrosion and erosion products (e.g. mainly Na-22, Mn-54, Co-57, and
Co-60) and Be-7 accumulated in resin tanks are important sources of radiation during
beam on and are the dominant source during beam off periods (except of Be-7). For
shielding design, it was conservatively assumed that all dose rates come from Co-60,
which is the most energetic corrosion product. Thus the estimated radiation level at 1
m distance from the surface of a resin tank (with a total capacity of 800 litres) vary
from 50 μSv/h to 5 mSv/h in case of the surface and volume cooled dump,
respectively. It is planned to have a separate room for resin tanks allowing workers to
access the system housing for maintenance within several hours after beam off.
Assuming that same distance applies for walls and roof, then, depending on the dump
type, about 26 cm up to 72 cm of concrete shielding is needed, see Table 14.4. If the
resin tank is placed at the same room as other parts of the system, then a local shielding
separating resin tanks from other parts of the system is recommended.
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Table 14.4. Induced activity and dose rate
Concrete shielding [cm]

2 Systems in housing
(one system for 2 EBD dumps
and one system for BSY dump)
15O/11C

Volume cooled
dump

Internally-cooled
dump

Surfacecooled dump

Wall

63

48

28

Roof

74

60

43

Wall and roof

72

50

26

in water coolant

Resin Activity (60Co)

14.6.2. Distribution pipes
Distribution pipes (pipes from heat exchanger to dump) are routed inside the
accelerator enclosure, underground or LCW system enclosure; thus providing
sufficient shielding against radiation during machine operation. During beam off
periods, the gaol is to have the enclosure accessible for maintenance within 1 hour. For
access, it is designed that residual dose rate at 1 m from pipe be no more than 5 μSv/h.
The estimated dose rates around the distribution pipes, calculated for a 10 m long pipe
(a line source) with a diameter of 7.5 cm, is about 146, 5, and 1 μSv/h for the volume,
internally, and surface-cooled dump, respectively. Therefore, shielding for distribution
pipes (about 2.1 cm of lead or 7.5 cm of iron) is required only for volume-cooled
dump. Such a shielding can have significant impact to cost if large distances need to be
covered (e.g. 600 m in case of EBD routing back to heat exchanger system #2 outside
BSY enclosure). Indeed, other mitigation measures may be considered. For instance,
the pipe shielding can be reduced by factor of 2 by extending access time to 1.5 hours
(due to decay of C-11 which dominates after 1 hour) or no shielding is required if
access is permitted 2.5 hours after beam off.

14.7. Other radiological controls and requirements
14.7.1. Requirements for resin and filters
To minimise personnel exposure and operational impacts from exchanges and disposal
of resin and filters, high capacity resin tanks (e.g. 400 litres) and filter bottles (one
upstream and one downstream of the resin tanks) allowing resin discharge no more
than once a year are recommended. The resin tanks and filter bottles should have
remote or auto-exchange features to reduce exposure from post-processing of the spent
resin and filters. Two resin tanks for each cooling system should be planned to allow
that one tank in use while another is disconnected from the cooling loop allowing
decay of produced radionuclides before the spent resin is post-processed.

14.7.2. Requirements on radiation monitoring and access to the LCW
housing
High radiation levels inside the coolant due to positron emitters (O-15, C-11, and
N-13) are expected during beam on operation (see Table 14.3.). Therefore the coolant
system housing will be classified as a High Radiation Area (>1 mSv/h at 30 cm) and
thus it must be equipped with corresponding access controls and posting requirements.
In order to prevent unauthorised access, the housing shall remain locked during both
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beam on and beam off periods. It should be equipped with a photon radiation detector
to monitor the radiation levels inside the housing, which triggers a local audio/visual
alarm (and a remote visual alarm at accelerator control room) if a predefined limit is
exceeded (e.g. 50 μSv/h). The detector shall be interlocked to the access key bank at
the control room and it will stay in active mode during the key release and thus during
whole access time.

14.7.3. Requirements for LCW system containment
Below is a list of main requirements on the coolant containment in order to prevent and
mitigate possible contamination and spread of radioactivity into environment:
a) The fixed cooling systems and liquid containers should have secondary
containment systems in place capable of preventing any credible breach or spill
from the system from entering the environment (surface water or groundwater) or
unmonitored sewage discharge point.
b) The housing shall serve as the secondary containment for radioactive water
leaking from the system. The housing shall have elevated entry surface and sump
for containment of a large spill. The floor and walls of the housing shall be made
for easy decontamination (e.g. sealed with epoxy coating or made of stainless
steel).
c) Heat exchange coolant loops shall be equipped with pressure monitor interlocked
to the accelerator control room. The pressure of the secondary coolant circuit shall
exceed the primary coolant pressure (e.g. using boots pump) to ensure that, in case
of leak, activated water in primary circuit cannot get into the secondary circuit.
d) Leak detection monitors shall be installed near the floor and sump.
e) Secondarily contained piping with leak monitoring shall be used for distribution
lines between the housing and dump if routed outside a tunnel enclosure.
f) Piping inside the housing shall have allowance for valves and fittings (high quality
fitting and valves to prevent leak are recommended).

14.8. Summary and conclusions
Radiological design study of the cooling system has been completed at SLAC for three
types of high power dumps that were considered for future LCLS-2 facility. The study
included analysis of energy deposition in dump body and cooling structure, activity
analysis of water coolant, and induced activity of erosion and corrosion product
accumulated in resin tanks. Based on the results, shielding for the cooling system
concrete housing and pipes distribution system has been defined and the need for
oxygen-hydrogen recombiner was justified. Radiation controls for access and system
containment as implemented at SLAC were also discussed. Same concept can be
adapted by similar facilities worldwide.
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Abstract
The Facility for Rare Isotope Beams (FRIB) project is under construction at Michigan
State University. 400 kW beam operations with heavy ions ranging from oxygen to
uranium will create a high radiation environment for many components, particularly
superconducting magnets. Therefore, detailed studies of the proposed magnet design
and shielding have been performed to ensure magnets will survive in that environment
and to determine capacity requirements of the cryogenic system.
Using the Monte-Carlo particle transport code PHITS, the radiation heat loads and
coil lifetimes of quadrupoles and dipoles located in the fragment preseparator are
estimated. Local shielding is proposed as needed to protect magnet coils and extend
their lifetimes. Radiation transport analyses show that coil lifetimes and cryogenic
requirements are compatible with long-term operations. The shielding designs
optimised in radiation transport calculations are being incorporated in refinements of
the magnet design.

15.1. Introduction
The Facility for Rare Isotope Beams (FRIB) is a national user facility under
construction. There are four major areas of science that FRIB will address: nuclear
physics, nuclear astrophysics, fundamental interactions and societal applications such as
biomedical and material sciences. The FRIB project is funded by the DOE-SC Office of
Nuclear Physics with contributions and cost share from Michigan State University and
the State of Michigan. Once in operation, the facility will be serving over 1 300 users.
Its key feature is the use of 400 kW beam power for primary beams ranging from light
ions to uranium. The facility will provide in-flight production of rare isotopes, with fast
development time for any isotope. Fast, stopped and reaccelerated beams will be
available for a broad science programme. Figure 15.1 shows a schematic view of the
future facility. More details about the project can be found in [1].
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Figure 15.1. A schematic view of the future FRIB facility

15.1.1. Radiation Transport Scope within the Project
Radiation transport calculations and analyses support technical design and safe
commissioning and operations of the entire facility (Figure 15.2). The scope of
radiation transport consists of determination of bulk and local shielding, component
and material choices, hands-on and remote handling, as well as personnel and public
doses.
Figure 15.2. Technical scope of radiation transport within the FRIB project
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15.1.2. FRIB fragment separator
One of the main components of the project is a three-stage fragment separator for
production and delivery of rare isotopes with high rates and high purities to maximise
FRIB science reach. It makes use of primary beams delivered by a superconducting
radiofrequency (SRF) linac with beam energies of more than 200 MeV/u and up to
400 kW beam power. The front end of the separator is located in a shielded target hall
(Figure 15.3) to mitigate the radiation from beam – matter interaction in the rare
isotope production target (~100 kW) and in the primary beam dump (~300 kW).
Various components of the beam line in the vicinity of the target or the beam dump can
absorb doses up to tens of MGy/year.
Figure 15.3. FRIB fragment separator. The separator front end located
in the target hall is shown on the right

15.1.3. Radiation transport model of the separator front end
Radiation transport calculations are based on models developed from mechanical and
facility design (Figure 15.3). High level of detail in radiation transport models supports
construction and preparation for operations. A model containing target hall beamline
components is shown in Figure 15.4. It is made using the software MCAM [2] and
VISED [3]. Particle transport codes PHITS [4] and MCNP [5] are used to simulate
radiation conditions. Magnetic fields correspond to those needed for beam optics and
are provided by the fragment separator group within the project.
Figure 15.4. Radiation transport model of the target hall beamline components
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15.2. Target hall magnet heat load studies: Local shielding optimisation
Some of the most sensitive components of the beam line in the target hall are magnets,
particularly superconducting (SC) ones. Beam-induced effects on these magnets are
important to the facility lifetime and operations. Power losses into the magnet parts
need to be removed efficiently. Magnet heat loads drive the design of water cooling
and cryogenic components. Coil lifetimes depend on radiation doses; for
superconducting magnets, high radiation heat loads into coils can also increase the
probability of coil quenching.
Beam optics modes affect power loss characteristics. Radiation transport calculations
rely on beam physics input. Optics modes were developed to maximise rare isotopes
for experimental studies yet minimise damage to components.
In the following chapters, we will discuss the analysis of radiation heat loads into
several magnets that are exposed to the highest levels of radiation within the target
hall. These are (see Figure 15.5): room temperature (RT) quadrupole Q1;
superconducting quadrupole Q2; and superconducting 30 degree bending dipole D1.
Using PHITS, we calculate heat loads in the magnet components. Peak heat loads in
magnet coils are converted to absorbed dose rates. Knowing the radiation tolerances of
the materials being used, one can estimate coil lifetimes. In the design, magnet coils
contain cyanate ester; based on the CERN material studies, we assume radiation
tolerance for cyanate ester to be about 150 MGy. For reference, the facility lifetime is
planned to be 30 years. We strive to minimise coil damage to make sure the magnets
survive 10 years or longer. Superconducting magnet coils are of the NbTi-type. We
choose 10 mW/cc as a quench limit for NbTi coils (cf [6]). For target hall magnets, the
ratio of operating to critical current Iop/Ic is lower than in [6], hence our assumption is
conservative.
A beam of choice for these calculations is 48Ca at 261 MeV/u, a light, neutron-rich
beam that is expected to be used relatively frequently in the future operations (expected
~20% of the time). Likely magnetic field settings make it a high rigidity case, such as
for the production of isotopes near the region of 40Mg. Our earlier analysis showed
that, among the 48Ca beams with different rigidities considered, this particular scenario
produces the most damage to the pre-dump beamline components. The assumption of
this beam setting is conservative; lighter beams, such as oxygen, will be used relatively
infrequently, while heavier beams will be used often, but will not produce as much
damage.
The magnets downstream of the production target are shielded by a post-target
collimator consisting of a large, 40 cm long, copper block with a conical aperture. This
shield is located between the target module and the magnets. Nonetheless, to mitigate
the radiation effect caused by certain beam settings additional local shielding is needed
to provide additional protection to the magnets and to further reduce heat loads.
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Figure 15.5. FRIB preseparator beamline components

Note: Q1 is an RT quadrupole; Q2 and Q3 are SC quadrupoles; M1 is an RT multipole; D1 and D2 are 30 degree SC
bending dipoles.

15.2.1. Room temperature quadrupole Q1
The first magnet after the target module, room temperature quadrupole Q1, has to
withstand high radiation heat loads. Its coils contain cyanate ester.
Without additional shielding, coil lifetimes for only using the 48Ca beam considered in
this work would be about one year. Based on the radiation transport calculations, we
propose filling available spaces close to the magnet coils with copper (Figure 15.6)
which helped to reduce coil heat loads by about 5 times, increasing coil lifetimes for
this particular beam to 7 years.
Figure 15.6. Room temperature quadrupole Q1
a) Engineering model; b) Radiation transport model views: coils are shown in green, proposed copper
filling is shown in red; c) Local heat loads in the inner coils. Peak heat loads after local shielding
optimisation are 5 mW/cc; this translates to absorbed dose rate of 16 MGy/year.

FRIB project will be operating with many beams at various rigidities. To account for
major beam scenarios, we have considered the 5 most prolific beams, calculated Q1
heat loads and weighed the results with respect to the proposed beam usage time
fractions. Overall coil lifetimes are then about 30 years, similar to the facility lifetime.
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15.2.2. Superconducting quadrupole Q2
The second quadrupole downstream of the target module, Q2, also is subject to high
radiation heat loads. Because the magnet is superconducting, we are concerned not
only about its coil lifetimes, but also about coil quenching.
Figure 15.7. Superconducting quadrupole Q2
a) Engineering model; b) Radiation transport model views: proposed local shield is shown in green; C)
Local heat loads in the coils. Peak heat loads after proposed local shielding optimisation are 3 mW/cc.

Figure 15.7 shows the SC quadrupole Q2. Local shield is proposed as a 5 cm thick
cylinder to attenuate radiation to the coils. The block can be made of either copper or a
tungsten alloy; its inner and outer radii were varied for optimisation purposes. Most
heat goes into the multipole coils and peak heat loads, using a 48Ca beam, were
20 mW/cc. With the proposed local shielding optimisation, heat loads are reduced to
3 mW/cc. This corresponds to about a 20 year lifetime for the coils.
Note that heat loads in the superconducting magnet Q3 located downstream of Q2 are
several times lower than those for Q2. Q3 is both farther from the target module, and
effectively shielded by Q2 and other beamline components.

15.2.3. Superconducting dipole D1
The first 30 degree bending SC dipole after the target, D1, is also exposed to high
levels of radiation. A copper beam blocker is located inside it and a 2-inch thick copper
plate on its front, to protect its coils (Figure 15.8).
Figure 15.8. First 30 degree bending SC dipole, D1
a) Engineering model: Copper beam blockers and front copper plate are shown in pink;
b) Radiation transport model views: More copper shielding is proposed on the sides and in front.
C) Local heat loads in the coils. Peak heat loads after local shielding optimisation are 7 mW/cc
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Coil heat load maps show that the highest power deposition goes into the front coils, in
the relatively narrow strip of about 20 cm in the horizontal plane. Local heat loads in
this area reach 30 mW/cc that corresponds to about 2 year coil lifetimes. These
numbers can be improved by optimising the existing local shielding. The best results
are achieved having 3” of shielding in front of the coils, using a tungsten alloy, in the
coil regions where the hot spots occur. With this shielding, peak heat loads are reduced
to 7 mW/cc; corresponding coil lifetimes could be 7-8 years for a worst-case high
rigidity 48Ca beam. For multiple time-weighted beams, coil lifetimes are expected to
exceed 20 years.

15.3. Discussion
Local shielding helps decrease heat loads into the most susceptible target hall magnets,
therefore increasing coil lifetimes for all magnets and avoiding quenching. Local
shielding can be introduced and optimised for size and location, as well as material
composition. Copper is a material of choice because it is inexpensive and easy to
handle. In some situations where copper shielding is not sufficient, tungsten alloy,
which has a 2 times higher density than copper, is proposed as an alternative.
It is worth mentioning that excessive pole-tip heating in dipoles could lead to
undesirable effects such as magnetic field profile distortions; therefore, thermal
analyses of the dipole pole-tips have been performed based on the results of radiation
heating.

15.4. Summary
FRIB project is being designed and established at MSU as a national user facility to
provide fast, stopped and reaccelerated beams of rare isotopes. The high radiation
environment in the target facility within the fragment separator demands detailed
analysis of radiation damage and heat loads to beamline components, particularly for
magnets that are most sensitive. Various studies of the magnets exposed to the highest
radiation levels have been performed and their component heat loads have been
analysed. We introduced and optimised various local shielding to reduce heat loads
into the magnets exposed to highest radiation in the target hall. This will help
extending magnet lifetimes and avoiding possible quenches for certain beam settings.
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Laboratori Nazionali di Legnaro – INFN, Legnaro (Pd), Italy

Abstract
The 70 MeV proton cyclotron of the LNL-INFN is already installed and the
commissioning tests started in May 2016. The radiation protection aspects of the SPES
project were extensively studied, through Monte Carlo calculations, performed with
the FLUKA code.
After the first delivered/extracted beam at low current, a measurement campaign has
been conducted, both on field and with samples collected from cooling effluents, dust
and miscellaneous beamline equipment.
In this work the results of the measures will be shown, together with the related
instrumentation involved, the methods followed and the comparison with the calculated
values.

16.1. Introduction
The SPES project of the INFN (Istituto Nazionale di Fisica Nucleare) is aimed at the
production of re-accelerated radioactive ion beams for fundamental physics research
and the generation of radioisotopes of medical interest for applied physics [1]. Both the
aspects share the starting point, a proton beam of energy in the range 40 – 70 MeV
delivered by the 70p Best Cyclotron [2].
The cyclotron, housed at the LNL (Laboratori Nazionali di Legnaro, Italy) is presently
under commissioning. The first tests have been led to prove the ability of the machine
to accelerate and extract a proton beam with maximum 70 MeV energy and 700 uA
current on two separate extraction ports.
The tests done so far include:
•

Injection of the H- beam and acceleration without extraction at maximum
energy and current up to 3 uA.

•

Extraction of the proton beam with maximum current of 3 uA on silver and
copper faraday cups inside the cyclotron vault.

•

Extraction of the proton beam with maximum current 500 uA on the beam
dump (copper thick target shielded with polyethylene and lead) in the
irradiation bunker.
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The radiological survey has been organised in such a way to exclude any radiation dose
outside of the building (through passive dosimeters placed on the external perimeter of
the building), to avoid unforeseen exposure of the personnel accessing the controlled
areas or staying in the control room (through ionisation chambers and rem counters), to
keep the activation of the environmental matrices and accelerator structures under
control, thus avoiding any spread of contamination.
In the following paragraphs it will be given an overview of the instrumentation actually
on-site, the measurements done during the first tests and, where possible, the
comparison of the measurements with the expected values calculated with the FLUKA
code [3, 4].

16.2. Instrumentation
The external perimeter of the buiding has been monitored through track-etch detectors
(CR-39) for neutron dosimetry [5] and TLD for gamma dosimetry. Passive dosimeters
have also been placed inside the building, in critical points corresponding to shielding
penetrations and ventilation ducts coming from controlled areas.
Inside the building, mobile monitoring stations have been placed: they include ionisation
chambers for gamma dose rate (measuring range: 100 nSv/h– 1 Sv/h, energy range: 30 keV
– 7 MeV) and extended range rem counters for neutron dose-rate measurements
(measuring range 1 nSv/h – 100 mSv/h, energy range 25 meV – 5 GeV). Additional,
extended range, Geiger-Mueller counters have been placed inside the cyclotron vault and in
the beam dump bunker. The distribution of the described equipments is shown in Figure
16.1.
The radioactivity concentration in air is continuously measured via a spectrometric system,
specifically designed to have a sensitivity of 0.1 Bq/g. Two separate systems are used to
monitor the radioactivity concentration inside the irradiation cave and at the stack.
Figure 16.1. Environmental monitoring plan
Neutron dosimeters around the external perimeter (red circles), neutron gamma dosimeters
(blue rectangles), n-gamma mobile stations (green circles) and extended range GM (purple rectangles).
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16.3. Measurements
16.3.1. Environmental survey
During the low current tests, the beam has been sent on two Faraday cups in silver and
copper, with maximum beam power of 210 Watt (70 MeV energy and 3 uA current).
The indication of the rem counter for the neutron ambient equivalent dose rate (AEDR)
at the reference point, with beam on the Ag faraday cup, was 465 mSv/h/uA, the
calculated value was approximately 500 mSv/h/uA (see Figure 16.2, the yellow spot at
co-ordinate -15 m on x-axes and 7.5 m on y-axes, each axes minor tic is 2.5 meters).
During the irradiation of the copper faraday cup, the neutron dose rate at the
measurement point, as indicated in Figure 16.3, was between 200 and 250 mSv/h/uA
(approximate co-ordinates -15 m on x-axes and 17.5 m on y-axes, each axes minor tic
is 2.5 meters). This indication can be used as a reference during the irradiation of the
beam dump, or in future operations with the SPES target. Since the shielding between
the bunker of the beam dump and the cyclotron vault is thick enough to shield the
neutron dose coming from the beam dump irradiation, it comes out that the dose rate in
A1 is exclusively due to the beam losses along the beam line. The neutron dose rate in
A1 proves useful to indicate whether the beam losses are close to nominal value or out
of range.
Figure 16.2. Neutron ambient equivalent dose rate during the irradiation
of the silver farady cup with 3 uA, 70 MeV protons
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Figure 16.3. Neutron ambient equivalent dose rate during the irradiation
of the copper farady cup with 1 uA, 70 MeV protons

Inside the bunker housing the beam dump the expected neutron AEDR is close to
10 Gy/h, a prohibited environment for neutron active measurements through, for
instance, rem counters. The only instrument placed in the vicinity of the beam dump is
an extended GM counter. The measured gamma AEDR during the irradiation of the
beam dump is 160 mSv/h per 100 uA proton current at 70 MeV energy. This is
confirmed by calculations (Figure 16.4, yellow-green spot at co-ordinates -20 x-axes,
24 y-axes).
Figure 16.4. Gamma ambient equivalent dose rate in the bunker, during
the irradiation of the copper beam dump with protons of 70 MeV energy
and 100 uA current

During the irradiation, all the critical points of the shielding were constantly monitored
and – except for the accelerator cave, the irradiation bunker and respective prebunkers – nowhere the n-gamma AEDR exceeded the background.
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16.3.2. Activation monitoring
The total irradiation period of the tests done so far is about 30 hours, so the build-up of
long half-life species is not enough to detect those elements through a gamma
spectrometry. Nevertheless, some short-medium half-life elements have been found in
the targets directly irradiated (Ag and Cu faraday cups) and in matrices activated by
secondary radiations.
The direct irradiation of the Ag faraday cup with 3 uA proton current and 70 MeV
proton beam energy, lasted approximately 2 hours. It was possible to identify some
nuclides through gamma spectrometry, using a portable detector (Table 16.1).
Table 16.1. Nuclide identification from the gamma spectrometry
of the Ag faraday cup
Nuclide

Activity (Bq/unit)

Na-22

2.03 105

K-40

1.37 107

Mn-54

2.02 105

Co-58

6.96 105

Zn-65

1.94 106

Y-92

1.94 106

Zr-97

1.05 106

Rh-105

1.07 107

Cd-109

1.09 1010

Sn-113

2.88 106

Sb-122

1.66 106

Te-132

6.05 105

The irradiation of the beam dump (thick copper target shielded by 35 cm polyethylene
and 5 cm lead) with protons of 70 MeV energy, current in the range 100 to 500 uA,
lasted non-more than 30 hours in total. The residual ambient equivalent gamma dose
rate due to copper activation was about 150 uSv/h on the external shielding surface still
2 weeks after the end of irradiation.
The high neutron fluxes during the beam dump irradiation, caused the air inside the
bunker to be activated, as well. The measures where done sampling the air directly
inside the bunker and at the stack, where the air coming from the ventilation system of
the facility as a whole, is sent: with a ventilation rate of approximately 400 m3/h to
keep the bunker under pressure, at the maximum power tested (35 kW) the
radioactivity concentration in air was 200 Bq/g, while with FLUKA calculations the
expected value was approximately 500 Bq/g. In the same condition the radioactivity at
the stack was below 1 Bq/g, with a total air flow of 40 000 m3/h and a path length from
the bunker to the stack not less than 30 m, the readings have been shown in
Figure 16.4. On the left of Figure 16.4, the detector reading of the air at the extraction
is shown, with an indication of the reference concentration of 1 Bq/g (concentration
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limit for unauthorised release to the environment of short half-life nuclides). The limit
value has never been reached during the tests.
On the graphs in Figure 16.5, the blue indicators represent the radioactivity
concentration of Ar-41, while the green are representative of the beta+ emitters, O-15,
N-13 and C-11.
Figure 16.5. Radioactivity concentration in air:
reading at the stack

and inside the irradiation bunker

A sample of the water in the cooling system of the cyclotron has also been analysed.
The reference irradiation condition where: proton beam current 3 uA, energy 70 MeV,
irradiation period 2 hours. In the calculation, it has been taken into account the total
tank capacity, the water flow and the size of the pipes, to correctly evaluate water
activation. While the radioactivity concentration of the beta+ emitters is consistent
within a 20% error between measurements and calculation (approximately
2.5 MBq/litre calculated at EOB and 2 MBq/litre measured some minutes after the
sample collection, figure 16.6), the radioactivity of Be-7 measured (830 Bq/l) differs
quite a lot form the calculation (50 Bq/l). Being this discrepancy still under
investigation, the possible explication might be some leaching effect from copper.
1

Half-life shorter than 75 days.
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Figure 16.6. Comparison of the radioactivity concentration from O-15,
N-13 and C-11 as calculated and as measured at different cooling times
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The water of the beam dump has not been sampled yet, but measures in contact with
the tank showed a gamma aedr of about 180 uSv/h during the irradiation at maximum
power. The beam dump water tank has been temporarily confined with barriers at
2 metres distance, in future it will be shielded in order to avoid accidental
overexposure of the personnel working close by. Being the irradiation period still too
short, tritium has not been found but it is not excluded that, after a long run, it might be
detected in the cooling water. In that case, a careful management of the water as a
waste must be foreseen.
In order to evaluate possible contamination sources in future operations, a sample of
the dust collected in the bunker was placed in the vicinity of the beam line and
irradiated for two hours (irradiation by secondary neutrons). Despite the limited
irradiation duration, 2 hours, with successive gamma spectrometry it was possible to
identify the following species:

‒ Na-24 (T1/2 15 h), activity 144 Bq ± 5;
‒ Mn-56 (T1/2 2.6 h), activity 160 Bq ± 4;
‒ K-42 (T1/2 12.3 h), activity 16 Bq ± 1.4.
Confirmation of the presence of those species in the activated dust can be found in
reference. This measurement suggests that future maintenance or, more generally, any
work done in the irradiation bunker after an irradiation period, must be done using
masks, in order to avoid any possible introduction of radioactive particles.

16.3.3. Personal monitoring
At this stage, all the people authorised to access the controlled areas of the facility have
been classified as cat. B workers. Everyone is provided with passive and active
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dosimeters for n-gamma radiation. Whenever « hands-on » intervention was requested,
finger dosimeters were supplied. After 4 months of operations, the colletive dose is 28
uSv, considered as negligible.

16.4. Conclusions
During the first tests done with the cyclotron under commissioning, some radiological
aspects have been faced. The operational quantities observed, as indicated by the
monitors installed in the vicinity of the interaction points, were consistent with the
expected values calculated with Monte Carlo simulations. The radioactivity induced in
the environmental matrices and in the accelerator structures, even though in limited
amounts, rise the attention on some important issues concerning the management of the
facility, the maintenance programme and the waste treatment.
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Abstract
With increasing use and increasing power of optical lasers, the SLAC National Accelerator Laboratory (SLAC) has to study the hazards from electrons emitted during lasertarget interaction. The talk details recent advances in the analysis undertaken by
SLAC’s Radiation Protection Department.
SLAC’s most powerful optical laser routinely reaches an instantaneous power of
25 TW at 1 Hz (1 J with pulse length ~40 fs). The laser is also capable of shots up to
200 TW (8 J), and further upgrades are already being considered. Coupled with
strongly focusing optics, peak power densities reach currently 1020 W/cm2. When
interacting with solids, such laser pulses accelerate electrons to energies of several
MeV; during laser wakefield acceleration (LWFA) using gas cells, electrons reach up
to 200 MeV.
The effect of electromagnetic fields on a plasma (like from the fields of an incoming
laser pulse) can be simulated with particle in cell (PIC) code. Such PIC code sets up a
mesh in 1, 2 or 3 dimensions, then follows the trajectories of the plasma's electrons
and ions by sequentially applying Maxwell's equations (electric and magnetic fields)
over time.
Specifically, we used PIC Code “EPOCH” to simulate the laser-target interactions in
two dimensions for the time during and shortly after the laser pulse arrives. The energy
spectra and angular distributions of the hot electrons that are emitted in the
interaction with solid targets were extracted. With these spectra as input, FLUKA
simulations led to improved estimates of the shielding properties of various materials
and to improved dose yield predictions, which we can compare to measurements.
Radiation doses measured at recent solid target and LWFA experiments are also
presented.

17.1. Introduction
SLAC, like many other experimental laboratories around the world, is seeing a large
increase in optical laser installations. Some of these laser installations operate at such
high pulse energy, short pulse duration and strong focusing that creation of ionising
radiation is possible. In this talk, we give an overview on laser experiments, describe
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the mechanism for creating ionising radiation with both solid and gas targets, and
present calculations that are able to predict the radiation dose from laser light
interacting with solid targets.

17.2. Optical laser at LCLS Hutch 6
The laser installation at SLAC with the highest potential for radiation and that saw
significant production of radiation is the one at LCLS Hutch 6, where the MEC
instrument operates to study “Matter in Extreme Conditions” [1].
While LCLS itself is a laser, it provides 2 to 12 keV X-rays to Hutch 6, and the hazards
from these X-rays are not the topic of this talk; instead, operation of the optical laser
(800 nm wavelength) alone can create the ionising radiation hazards to be discussed
here.
Research interests at the MEC instrument are studies of Warm Dense Matter (similar to
matter inside the planet Jupiter), Hot Dense Matter (of interest to Inertial Confinement
at the National Ignition Facility), shock waves through matter and acceleration of
electrons for X-ray generation, as well as proton acceleration.
MEC’s 800 nm optical laser is operating since 2012, initially with 150 mJ per pulse,
since 2014 with 1 J per pulse, and usually at 1 Hz with possible 5 Hz mode. Starting
spring 2017, a new mode with up to 8 J per pulse, but only once every 8 min, will be
added. With a pulse duration of about 40 fs and optics that focus the beam to a few μm
diameter, the power per area, called “intensity” or “irradiance,” can reach 1016 W/cm2
to even 1021 W/cm2. Only in vacuum can the laser be focused to this high intensity, and
therefore the experiments are all set up within a vacuum target chamber with 1 m
radius and aluminium walls mainly 1 inch (2.54 cm) thick.

17.3. Types of experiments
So far three types of experiments have been performed that can create ionising
radiation from laser-matter interactions: Interactions with solid targets, with liquid
targets and with gas targets.
In laser interaction with solid targets (metals, plastics), hot electrons of few MeV are
created that result in Bremsstrahlung when they interact with matter. The laser operates
in these experiments usually one shot at a time to allow exact alignment.
Liquid targets consist of a thin (few μm wide) stream of a liquid like liquid hydrogen,
helium or even argon, that freezes when it enters the evacuated target chamber. Per
shot, these targets create lower levels of hot electrons than solid targets, but since these
targets replenish continuously, they can be hit with laser beam at high repetition rate.
Especially for liquid hydrogen, protons may also be accelerated to few tens of MeV
energy.
Gas targets are few-mm large cells filled with gas or puffs of gas, in which a laser
pulse creates a tube of plasma that creates electric fields that allow electrons to be
accelerated to few 100s of MeV. These electrons also oscillate in the electric field and
emit Betatron X-rays that are used for experiments. These X-rays are in the 10s of keV,
very similar to those from the LCLS X-ray Laser, and are easily shielded. Substantial
shielding is, however, required for the electrons, since their energy goes into the 100s
of MeV.
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17.3.1. Solid-target interactions
Production mechanism and dose yield measurements
When a laser beam impinges onto a target, it first ionises the atoms into a plasma. The
strong electromagnetic field of the laser light then accelerates the electrons in the
plasma (‘hot electrons’). The energy spectrum of these hot electrons can be described
by a Maxwellian distribution with a hot electron temperature up to tens of MeV,
depending on the intensity of the laser light. Some hot electrons will already interact
inside the target and create Bremsstrahlung radiation; the others escape the target and
create Bremsstrahlung at the target chamber wall or on any other device in between.
Since 2011, the SLAC Radiation Protection Department conducted measurements of
ionising radiation outside the target chamber and outside the hutch (no person is
allowed inside the hutch during high-power laser shots), and correlated this radiation
with the laser pulse energies and laser intensity. A summary of the measurements is
shown in Figure 17.1 as dose yields (mSv/J) at 1 m versus laser intensity (=power per
area, in W/cm2) [2,3]. For each intensity, measurements were taken at various angles
with respect to the laser direction, and with various shielding towards the interaction
point. This leads to the vertical spread in the data.
Figure 17.1. Summary of dose yield measurements
By the SLAC Radiation Protection Department during solid-target experiments at SLAC’s
MEC facility and at Lawrence Livermore National Laboratory's Titan facility.

PIC code for simulating laser-target interactions
Because of a lack of characterisation of the ionising radiation from laser interaction
with solid targets, the SLAC RP Department found it necessary to predict the ionising
radiation dose yield through ab initio calculations, namely through a particle in cell
(PIC) code followed by a Particle Transport Code.
The open source code EPOCH was chosen for the PIC simulation [4]. It simulated a
laser beam impinging onto a 2-dimensional plasma and follows in 0.1 fs steps the
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changes to the electromagnetic (EM) field and to the movement of the electrons and
ions of the plasma. At each step, the Maxwell equations are being evaluated by first
calculating the effect the EM on the moving particles, then by evaluating the effect of
the moving particles on the EM field. The simulation assumed a 40 fs long pulse on a
plasma with copper ions. The plasma was 4 μm thick along the laser direction, and
extended ±10 μm perpendicular to that direction. Figure 17.2 shows on the left the
initial plasma before the arrival of the laser pulse; on the right is a snapshot from the
middle of the interaction.
Figure 17.2. Plot from PIC simulation
To the left the plasma distribution before the laser pulse arrival, to the right a snapshot 150 fs i
nto the laser-target interaction. Note in the left plot the exponential rise in plasma density,
from blue (low density) to red (full density).

Parameters extracted from pic code simulation
During each PIC code simulation, the energy and direction of any electron leaving the
simulation area was noted. At the end of the simulation, the energy and direction of all
electrons still inside the simulation area were also recorded.
Figure 17.3 presents the energy distribution of these electrons for the case of 1020
W/cm2. Note the logarithmic vertical scale. The numerous electrons on the left with
low energy (“cold electrons”) are those that are only little affected by the laser pulse.
The “hot electrons,” less numerous, but with higher energy, are the ones of interest
here, since they create ionising radiation that is measurable outside the target chamber.
Those hot electrons can be fitted to a Maxwellian distribution.
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Figure 17.3. Electron distribution from simulation at a laser intensity
of 1020 W/cm2
A fit of the hot electrons to a Maxwellian distribution gives
for this case a hot electron temperature of 2.1 MeV.

The angular distribution is shown, also for 1020 W/cm2, in Figure 17.4, on the left for
±90° around the forward direction, and on the right for ±90° around the backward
direction. Note that in this case the peak in the forward direction (0°) is considerably
higher than the peak in the backward direction (180°).
Figure 17.4. Distribution of hot electrons against the angle with respect
to the laser direction (at 1020 W/cm2)
The left plot is for angles around 0° (forward direction),
the right plot for angles around 180° (backward direction).

Characterisation of hot electrons as function of laser intensities
Through multiple simulations at various settings, especially for different laser
intensities, the creation of hot electrons can be characterised for different laser
conditions. Note that our interest in the ionizing radiation that can be measured outside
the target chamber led us to optimise certain input parameters for the highest dose
yield. Such parameters were the thickness and type of target, and the size of
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exponential rise in plasma density (see Figure 17.2), which depends on the presence
and size of any pre-pulse and is not easy to control experimentally.
The hot electron temperature shown in Figure 17.3 changes with intensity according to
the plot on the left of Figure 17.5. The plot on the right of Figure 17.5 tells us how
much of the laser energy goes into hot electrons (calculated as area under the energy
spectra like the one shown in Figure 17.3, divided by the laser pulse energy).
Figure 17.6 shows the ratio of the total energy of the electrons going forward and
backward. At the highest intensity, the total energy of the hot electrons going in
forward direction is larger that the total energy of those going in backward direction.
At the lowest intensity, the opposite is true, and equal distribution of the energy in
forward and backward direction is found around 1018 to 1019 W/cm2.
Figure 17.5. Hot electron temperature (left) and fraction of laser pulse energy
converted into electron energy, both plotted as a function of laser intensity
See Reference [3] for references of other work.

Figure 17.6. Ratio of total energy of the forward- and backward-directed
hot electrons as a function of laser intensity
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Particle transport code simulations
The above-mentioned PIC studies give us the energy distribution, angular distribution
and the total energy contained by the hot electrons. This is a complete characterisation
of the hot electrons, which can serve as the electron source term for particle transport
code simulations. Figure 17.7 presents plots for such FLUKA simulations [5,6] for the
1019 W/cm2 case, separately for the forward and the backward-directed electrons. The
target chamber has a wall thickness of 1 inch (2.54 cm) in these simulations.
From Figure 17.2 we see how the creation of hot electrons is a surface effect. The
FLUKA simulation therefore places the source point 10 μm inside the surface. Not all
backward-pointing electrons are therefore interacting with the target material; instead
many continue to the target chamber wall for Bremsstrahlung interaction there. The
forward-pointing electrons, however, see the bulk of the target material, and most of
these electrons interact with matter right at the center of the target chamber.
Figure 17.7. FLUKA simulation of the dose yield from backward-pointing (left
plot) and forward-pointing (right plot) hot electrons for an intensity of 1019 W/cm2
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Predicted dose yield for laser-solid target interactions
From each FLUKA simulation at the various intensities, we obtain the dose yield at
1 m, i.e. the radiation dose in sievert per laser energy in the shot. The result is shown
in Figure 17.8 together with the measurement points already presented in Figure 17.1.
We find good agreement between these two data sets [3].
These new photon dose yield functions can now serve as the basis to determine the
required radiological controls for future experiments (based on the experiments’ laser
energy, focusing capabilities, number of shots and geometry of their setup).
Figure 17.8. Comparison of photon dose yields to measurements

17.4. Gas target interactions
A different type of laser-target experiment involves gas targets, in which electrons are
accelerated via laser wakefield acceleration (LWFA). The setup of the experiments at
SLAC is sketched in Figure 17.9: A laser beam is focused by long focal length optics
into a gas target where it creates a plasma and accelerates the freed-up electrons to
energies of 100s of MeV. During this laser wakefield acceleration process, these
electrons also emit X-rays during Betatron motions. Outside of the gas target, a
permanent magnet bends the electrons away and into a dump, while the Betatron
X-rays continue straight and are used in broadband X-ray experiments.
Figure 17.9. Schematic of gas target experiments at SLAC MEC

Since such laser wakefield acceleration has already been studied at various
laboratories, we are able to rely on the experimenters for a conservative estimate of the
energy spectrum and of the charge of the electrons that are accelerated in their
experimental setup (with their laser pulse energy, focusing optics and choice of gas).
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Figure 17.10 shows on the left the spectrum that was assumed for one such experiment
(up to 300 MeV), while on the right, we see a spectrum later measured by the experimenters during the experiment.
Figure 17.10. Energy spectra from Laser Wakefield Acceleration
at a SLAC MEC gas target experiment
The left plot shows the electron spectrum used for shielding calculations, the right plot an actual measured
spectrum (arbitrary units on vertical scale; plot courtesy of F. Albert, LLNL)

A FLUKA study based on the assumed spectrum, on the strength of the permanent
magnet, and on the geometry of the experimental setup determined the shielding
requirement: a 10.2 cm diameter and 8.59 cm deep tungsten cylinder for the forward
direction, and 10.2 cm thick, 10.2 cm high lead stretching for 47 cm along the
remaining fan that the permanent magnet creates when sweeping the accelerated
electrons away (Figure 17.11).
Figure 17.11. Drawing of setup inside MEC Target Chamber (2 m diameter),
with the location of the tungsten and lead shielding indicated by yellow arrows
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The shielding was chosen thick enough to reduce the radiation dose outside the hutch
to maximal 100 μSv for the whole experiment (12 000 shots). A FLUKA simulation of
the radiation dose from the whole experiment is shown in Figure 17.12, on the left
showing just the target chamber, on the right also the edges of the hutch (outside of
which personnel is allowed to stay during shots). Measurements of the dose agreed
very well with these estimates. For example, where a maximum of 100 μSv was
expected in the forward direction, an actual dose of 84 μSv was measured.
Figure 17.12. FLUKA simulations of dose delivered from a gas target
experiment (12 000 shots)
Left shows just the area of the target chamber; right shows the area with the hutch walls.

17.5. Conclusion
With current laser technology used at SLAC, a proper treatment of the radiological
hazards from laser-target interaction is necessary. Due to a lack of detailed
characterisation of solid-target interactions, the SLAC Radiation Protection
Department (RPD) used ab initio calculations (with the PIC code EPOCH and the
particle transport code FLUKA) to determinate functions of the ionising radiation dose
yield at 1 m for various laser intensities [3]. These predictions agree well with
measurements performed by SLAC.
SLAC RPD also addresses the hazards from gas target experiments by determining
shielding requirements with FLUKA simulations. Measurements of the actual radiation
doses showed good agreement with the predictions.
Over time, laser technology will improve and lead to even stronger pulses at even
higher repetition rates. And since the interest in experiments with such lasers is still
rising, the hazards from laser-target interactions will need to be considered even more
in the future.
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Abstract
ELI Beamlines is a laser facility under construction near south of Prague in the Czech
Republic, where laser-driven plasma sources are used to accelerate particles. There
will be three beamlines in the facility which could accelerate electrons up to 10 GeV in
energy, and produce x-rays that are of interest for users. Each of these beamlines
produces different electron energy spectra.
The first part of this paper introduces the beamlines and the corresponding source
terms. In some experimental setups, electrons are made to traverse through magnetic
field inside experimental chamber, which changes the spatial profile of electron beams
posing challenging conditions for radiation protection. The second part of the paper
presents details on beam dumps and supplementary shielding that are designed to
reduce the ambient dose equivalent around the experimental halls to protect people.
The approach to dump design, estimated dose rates, and some technical aspects of
radiation shielding that are particular to laser facilities are discussed further in the
paper.

18.1. Introduction
Laser wakefield can be used to accelerate particles. This is the scientific principle used
at ELI Beamlines to produce secondary radiation which can be used in a myriad of
applications such as medicine, material science and fundamental physics. ELI stands
for “Extreme Light Infrastructure” which exploits lasers with ultra-short pulses in the
range of few femtoseconds. ELI Beamlines is situated in Dolni Brezany near Prague,
Czech Republic. The civil structure of the facility is constructed and the installation of
lasers will follow soon. It is expected to become mainly a user facility with access to
one of the most powerful laser in the world.
High energy particle radiation is associated with significant health related risks. Hence
it is important to protect users and working personnel from radiation hazard by
employing radiation protection measures. This contribution highlights the electron
beamlines in the facility elaborating the source terms, shielding and ambient dose
equivalent. FLUKA [1,2] has been used to estimate dose rates.
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18.2. Radiation protection at ELI beamlines
The radiation protection (RP) group in ELI beamlines is responsible for limiting
radiation hazard from ionising radiation. The non-ionising radiation from
electromagnetic pulse (EMP) is taken care by a separate group. RP in a laser facility
can have challenging conditions and following are some aspects that are particular to
the facility.

18.2.1. Scale of the facility
The ultra-short laser pulses combined with high repetition rates at ELI beamlines can
be used to create intense radiation fields and accelerate particles up to very high
energies (see Section 18.3 for source terms). These high energy particles and their high
intensities are unforeseen in other laser facilities [3]. Hence a transition to large scale
beamlines demands a significant change in attitude towards RP and safety in general.
It has been generally observed that there is lack of appreciation for RP in large scale
laser facilities. The unfamiliarity of working personnel with risks of particle radiation
could be the reason. So, dedicated RP training sessions are held in order to increase the
awareness of particle radiation, the risks associated with it, and safety in radiation areas.

18.2.2. Uncertainty of source terms
Unlike in conventional particle accelerators, the source term in laser-plasma
accelerators is not well known [4]. Physics explanation of laser-plasma interaction is
not well developed which imposes a high uncertainty on source terms.

18.2.3. Mixed radiation field
Different experiment within the same facility can accelerate different particles. For
example there are electron, proton and x-ray beamlines. There is a plasma experiment
which can create a wide array of particles and energies. Therefore RP tasks can
become challenging given the presence of mixed radiation field. And often RP devices
need to be designed taking care of the limited space, and variable experimental
parameters.
Some beamlines can operate in more than one mode that can create vastly different
spectra of particles (e.g. monoenergetic vs exponential [5]). Hence RP devices need to
be versatile enough to offer proper shielding in all situations.
The radiation field is pulsed and duration of the field can be as short as a few
femtoseconds. This imposes significant limitations on the type of radiation monitors
that can be used.

18.2.4. Penetrations
In order to transport laser from one floor to other, and from one experiment hall to
another, penetrations are created in the ceilings, and in walls shared between the
experiment halls. Figures 18.1a and 18.1b show the penetrations in a wall and in a
ceiling. The size of the most usual penetration is about 1 m x 1 m, and can be
compared with the man in the figure. Many penetrations are at beam height which
means that the source of radiation is in “line of sight” to any entity in the neighbouring
hall via the penetration. Even though the penetrations are filled with concrete shielding
blocks, overall they dilute the effectiveness of shielding provided by the walls.
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Figure 18.1. Pictures showing penetrations in a wall (1a) and in a ceiling (1b)

Figure 18.2 shows the zoomed view of a penetration in the roof. One can see that the
vacuum pipe is going through and is surrounded by concrete bricks. The space between
vacuum pipes and concrete bricks is made radiation-tight by pouring in mortar.
Figure 18.2. Zoomed view of a penetration showing vacuum pipes
and local shielding

18.3. Electron beamlines
There are 3 electron beamlines in the facility, namely LUX, HELL and Betatron. The
following subsections will describe each beamline, its source term and the shielding
implemented.
Each experiment hall has its own control room and the halls share a common main
corridor. No personnel is allowed to stay in the experiment hall when it is under
operation. The civil structure of the building was designed so that the ambient dose
equivalent H*(10) in places with personnel access is below 1 mSv/year [6,7].
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Figure 18.3. FLUKA geometry of the experiment halls at ELI beamlines

18.3.1. LUX – laser-driven undulator X-ray
Electrons are undulated in LUX to produce coherent x-rays. Electrons can have
energies up to 1.2 GeV and the spectrum is expected to be monochromatic. LUX
beamline is currently being developed at DESY in Hamburg, Germany and will
eventually be moved to ELI Beamlines.
Figure 18.4. Schematic of the final part of LUX beamline

Figure 18.4 shows the part of beamline just before electrons are dumped on to a
concrete block whose dimensions are 1.6 x 1.2 x 2 m3. The dump is placed on steel
railings so that the beamline can be extended in case of need without affecting the
alignment. Activation studies are being done in order to assess the long-term effect of
electron irradiation.

18.3.2. HELL – High-energy electron acceleration by laser
HELL beamline is dedicated for experiments with electrons. Three different
configurations are under development: User Station (for irradiation of samples),
Spectrometer (for characterisation of electrons), and High energy (for acceleration
experiments). The beamline will operate from 0.1 Hz to 10 Hz repetition rate, a single
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shot intensity of electrons is assumed to be 100 pC. Figure 18.5 shows FLUKA
geometry of the experimental chamber and the local shielding that is present for all the
configurations. The shielding comprises of 1m thick polyethylene (PE) followed by
40 cm of iron and 40 cm of concrete. PE is necessary to reduce the background to
experiments in the user station. FLUKA simulation is done to estimate dose in and
around the hall. The dose in the main corridor (see Figures 18.6, 18.7, and 18.8) is due
to an open door in the model. However, in reality this region is filled with concrete
blocks up to the full width of the wall. Therefore, radiation streaming to the corridor is
not expected.
Figure 18.5. FLUKA geometry of local shielding in HELL beamline

User station: The considered electron spectrum is flat from 0 to 500 MeV. Figure 18.6
shows the dose map ( H*(10) mSv/shot ) in and around the experimental chamber and
the dose is in the range of a few micro Sievert. It will require about 1000 shots within a
year before the limit of 1 mSv/year is reached.
Spectrometer: The electron spectrum is assumed to be flat from 0 to 4 GeV. The
electron beam is deflected towards the local shielding by 1 T magnet. The upper end of
energy spectrum is significantly higher than that of the user station case which results
in an increase in dose, as seen in Figure 18.7.
High energy: For the simulation, monoenergetic 10 GeV electrons are assumed. This is
the most challenging configuration not only in terms of energy but also due to the fact
that muon production threshold has been surpassed. Figure 18.8 shows the dose map
where a forward directed stream of muons is depositing dose in the labs which are
located downstream of the beamline. The dose value however is still very low but
studies are under progress to shield the muons entering the lab.

NEA/NSC/R(2018)2

Figure 18.6. H*(10) mSv/shot in and around the hall
for “user station” configuration

Figure 18.7. H*(10) mSv/shot in and around the hall
for “spectrometer” configuration

Figure 18.8. H* (10) mSv/shot in and around hall
for “high energy” configuration

18.3.3. Betatron
Betatron beamline exploits x-rays produced by electrons generated through laserplasma interaction, which are deflected by 1 T magnet located within the chamber. The
dump has a cast iron core whose dimensions are 2 X 1 X 0.6 m3. The core is
surrounded by 40 cm thick concrete which can be extended using shielding blocks.
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Two experimental cases are studied having monochromatic or exponential electron
spectra. The monochromatic case has maximum energy of 1 GeV and is characterised
by a large divergence in the order of about 10 mrad. The all-particle fluence is
illustrated in Figure 18.9a. As one can see in the figure, the electrons are bent not only
inside the experimental chamber but also immediately outside of the chamber due to
2 additional external 1 T magnets. The external magnets are necessary to deflect the
electrons further away from the x-ray beam line and to allow enough space between the
beamline and the dump to accommodate diagnostics.
Figure 18.9b illustrates the exponential spectrum with 40 MeV temperature. All the
electrons except for the very high energy ones, are deflected by the internal magnet
towards the chamber wall. The deflection inside the magnet causes the electrons to be
spatially dispersed. Because of which, it was necessary to add a supplementary
concrete shielding the main dump as can be seen in the Figure 18.9.
Figure 18.9. Illustration of all-particle fluence for monochromatic (a)
and exponential (b) spectra of electrons

Dose-rate map in and around the hall due to 1 GeV electrons is shown in Figure 18.10.
The intensity is assumed to be 500 pC per shot at 10 Hz with 4 hours of operation per
day throughout the year, a very conservative assumption for RP. In the adjacent hall,
control room and, main corridor where personnel access is allowed, the dose rate is
close to 1 mSv/year. During simulations, the penetrations were left open to get
conservative estimates of dose.
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Figure 18.10. H*(10) mSv/year in and around E2 for 1 GeV electrons

18.4. Conclusions
This paper introduces the electron beamlines namely LUX, HELL and Betatron at ELI
Beamlines. The source terms describe the varying spectra and varying energies up to
10 GeV. Ambient dose equivalent is estimated using FLUKA in and around the
experiment halls, and is found to be within manageable levels.
Unfortunately, significant uncertainties in the source terms are presently inherent in
laser-plasma acceleration technology. Also there are penetrations in the walls and
ceilings which dilute the shielding efficiency. Hence pessimistic assumptions have
been made on the nature of source terms and penetrations in order to make
conservative estimates of ambient dose equivalent.
The need to handle several source terms simultaneously within the facility adds to the
existing challenges. Significant effort is also spent on training the personnel in order to
increase the RP awareness and to nurture a healthy safety culture.
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Abstract
Within the extreme light infrastructure (ELI) European framework, the ELI beamlines
facility will host laser-driven plasma sources of accelerated particles. The ELIMAIA
station is dedicated to the development of a proton laser-driven beamline to be used in
biomedical research. It is designed to accelerate protons up to 250 MeV with a 10 Hz
repetition rate. The plasma X-ray source (PXS) station is dedicated to time resolved
experiments like ultrafast X-ray diffraction. Its main features are the generation of
femtosecond duration X-rays (100 mJ, ~20 fs, 1 kHz laser) and the presence of
personnel in the experimental hall during the operations. Because of the different
underlying physics, the description of these sources is challenging. The extremely short
duration of the pulse and the nonlinear behaviour with prepulse from the laser, make
also difficult to estimate the operation conditions. We will present the shielding
calculations for these beamlines, and we will discuss the radiation protection
assessment and our collaboration with the experimental teams.

19.1. Introduction
The ELI beamlines facility, located in Prague, Czech Republic, is one of the pillars of
the extreme light infrastructure (ELI) framework. The facility is designed to host
dedicated experimental stations for studying hot dense plasma, and to provide laserdriven beamlines for X-rays, electrons, protons and ions. Ionising radiation is produced
in the laser-target interaction.
For several beamlines, characterisation of the radiation fields and the shielding design
are presented here. The FLUKA Monte Carlo transport code [1,2] and its graphical
interface Flair [3] was used for the assessment.
Finally, the problematic of the radiation protection work in a laser facility is discussed.

19.2. ELIMAIA: ELI multidisciplinary applications of laser-ion acceleration
The ELIMAIA experimental station is designed to study the production of laser-driven
protons and ions beams, and the possible applications in dosimetry and radiobiology as
well as the possible future development of compact beams for medical therapy[4].
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Two spectra were used as input for the FLUKA simulation: one obtained from
experimental data [5] and one from PIC (particle in cell) simulations [6]. The two
spectra are shown in Figure 19.1 and their characteristics are summarised in
Table 19.1.
The geometry used for the simulations included the experimental hall and the
experimental chamber. The details of the latter are relevant because of its possible
activation and are shown in Figure 19.2.
Figure 19.1. Spectra used for Fluka simulations
Left, experimental measurements [5] and right, PIC simulations [6].

Table 19.1. Source term parameters for ELIMAIA simulations
Reference [5]

Reference [6]

Protons / shot

7*1010

2*1010

Max. Energy

30 MeV

70 MeV

Divergence

25°

~10°

Shots / day

300

2000

Figure 19.2. Geometry used in ELIMAIA simulations
Close up of experimental chamber with section cut to show details of the interior.
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Figure 19.3 shows the prompt ambient dose equivalent rate H*(10) maps obtained
from the simulations, while Figure 19.4 presents the corresponding statistical
uncertainty. No personnel will be allowed in the experimental hall during operations,
therefore the main concern is only the effectiveness of the shielding provided by the
walls. The simulations indicate that the provided shielding is sufficient.
The maps of ambient dose equivalent rate generated by the induced radiation are
shown in Figure 19.5. This has been produced with the PIC source term [6] and one
year of irradiation. The maps are shown for cooling time t=0, end of irradiation, and
for cooling time t=1h. The results indicate that already after one hour of cooling time,
the values of ambient dose equivalent rate are below the legal limit for general public
(1 mSv/year) [7,8].
Figure 19.3. Results: H*(10) in mSv/h from prompt radiation
Left, the values using ref[5]; right, the values using ref[6]. The walls provide sufficient shielding.

Figure 19.4. Results: Statistical uncertainty of H*(10) from prompt radiation
(given in relative percental uncertainty)
Left, using reference [5]; right, using reference [6].
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Figure 19.5. Results: H*(10) from activation in µSv/h, using spectrum from [6]
Left, for the end of irradiation; right, after one hour of decay time.

P3: Plasma station
The plasma station P3 is dedicated to the investigation of highly dense and hot plasma.
It will use a 10 PW laser focused on a solid target with a ~μm2 focal spot. This creates
a high temperature plasma from which a mixed spectrum of ionising particles is
emitted.
The characterisation of this spectrum is complicated because it has to rely on the
possibility of theoretical scaling to higher intensities. This is usually done by scaling
experimental yields and corroborating with PIC simulations. This method was used by
the P3 experimental group to calculate the spectra used as input for the FLUKA
simulations. The spectra are shown in Figure 19.6; the total number of particles
produced in each shot is ~1014.
Figure 19.6. Particle spectra used for P3 simulations.
Relative yield normalised to unity with respect to the total yield of particles per shot.

NEA/NSC/R(2018)2

The experimental chamber is a large walk-in one and is made of aluminium and
stainless steel. For the layout, dimensions and position in the experimental hall see
Figure 19.7.
Because of the high yield of the radiation it is already foreseen that no personnel will
be allowed inside the experimental hall during operations. Therefore, the focus of the
radiation protection assessment is the evaluation of the radiation level in the
surrounding rooms which is affected by the presence of several penetrations between
the rooms.
Figure 19.8 shows a vertical view of the room with the ambient dose equivalent rate
values obtained from the simulations. The radiation streaming through the penetrations
is evident. The results obtained for the next room are well above the radiation limits for
general public, while those for the room above are bordering the limits. Future
refinements of the simulations are foreseen once more details about the devices present
in the experimental hall and the real dimensions and shielding of the penetrations will
be available.
Figure 19.7. P3 chamber shape, dimensions and location in experimental hall
Geometry defined in Fluka and rendered with Flair.

Figure 19.8. Vertical view of the experimental room. Values of H*(10) in mSv/shot
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19.3. PXS: Plasma X-ray Source
The plasma X-ray source is an experimental station intended to provide extremely
short pulses of coherent X-rays with high repetition and luminosity. These features are
interesting for phase contrast image, diffraction and absorption spectrometry
experiments. The station is designed to deliver about 1013 photons in a 300 fs long
pulse, with a 1 kHz repetition rate.
The working principles are described in literature [9]. A coherent source of photons is
focused on a heavy Z material to produce a small sized plasma of sufficient
temperature. The temperature is related to the intensity and wavelength of the laser by
Equation 1 [10]:

(1)
The electrons in the plasma follow a Maxwell-like spectrum of the corresponding
temperature. Some electrons escape the plasma and generate bremsstrahlung X-rays
inside colder zones of the target. The yield of the X-rays is estimated as [11]:

(2)
The theoretical considerations provide a good estimate for the X-ray spectrum.
However, the intensity of the plasma can vary from shot to shot because of several
reasons, like misalignment or pre-pulses. Therefore, doing the radiation protection
assessment, a safety margin needs to be accounted for.
Figure 19.9 shows the scaled experimental spectrum [12] and the approximation used
as input for the FLUKA simulations. The spectrum extends up to 1 MeV and does not
include the spectral lines of the target.
Figure 19.9. Particle spectra for PXS. Experimental measures on literature [12]
scaled to expected yields (blue) and model used (orange)

NEA/NSC/R(2018)2

The effectiveness of a shielding box has been studied. Figure 19.10 shows the ambient
dose equivalent rate maps for the set up with and without roof of the shielding. The
latter case would result in excessive backscattering from the ceiling of the experimental
hall, therefore it has been opted for the set up with the roof of the box present.
The material of the inner layer of the shielding box has been decided upon after a
comparison between aluminium, iron and lead, see Figure 19.11. Both iron and lead
present characteristic X-ray peaks between 7 and 20 keV which could generate
excessive background for the experiment. Despite its higher yield, aluminium has been
preferred because of its smoother spectrum. A schematic view of the final design of the
shielding box is shown in Figure 19.12.
Figure 19.10. H*(10) values from simulation, in Sv/h

Figure 19.11. Spectra of backscattered photons on 1mm layer
of different materials
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Figure 19.12. Detailed view of the geometry for the shielding design

19.4. Final considerations
The generation of ionising radiation is a novelty in the laser community and it has been
achieved only relatively recently with the use of high energy laser and the development
of laser-driven particle acceleration. Therefore, the laser community is not accustomed
to the details of radiation protection work and shielding. This has had some effects on
the work presented here.
The design of the PXS shielding has suffered particularly of this. According to the
requests of the experimental group, a large amount of time has been spent considering
several shielding configurations. Nevertheless, the experimental group had not taken
into account the commercial offer of the selected provider. This was only discussed at
the time of a direct contact between the provider and the radiation protection group.
Only at this moment it was understood that the mechanical constraint were such that
the minimal thickness viable was already providing an adequate shielding. This
experience has indicated the importance of a direct participation of the radiation
protection group in the discussion with the contractors about shielding.
The level of radiation protection awareness has been an important factor in the attitude
towards the work of the radiation protection group. Experimental groups that had
already had even a small experience with ionising radiation, have been more
understanding of the work done by the radiation protection group and their comments
and critics were more grounded. They have also shown a more proactive attitude
towards the radiation protection group. Instead, experimental groups without previous
experience with ionising radiation had been more dismissing of the work of the
radiation protection group and of its suggestions and remarks. A common critic was
that the assumptions on the source term were too conservative and therefore the
proposed shielding was deemed overestimated. To overcome this attitude, a long and
slow work, supported by a large amount of additional simulations and literature, had
been necessary.
Considering the sometimes unfriendly attitude towards the work of the radiation
protection group, its support by the management has been fundamental. Indeed, the
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management has acknowledged the professional skills of the group and provided the
authority needed to enforce the radiation protection requests when no agreement with
the experimental group was found.
The lesson learnt by the overall experience is that operating in an environment where
ionising radiation is quite a new topic can be challenging. It is useful to collaborate
with the experimental groups from the early stage of the design of the experiments,
both to avoid the waste of resources and to make the groups aware of the complexity of
radiation protection. For this purpose the organisation of seminar and dedicated formal
training would be useful. Last, the support of the management is fundamental in
asserting the expertise of radiation protection professionals over the opinions of
scientist with no direct experience on the subject.

19.5. Summary
The simulations presented here allow to evaluate the foreseen operations scenarios and
to assess the compliance with radiation safety international standards.
The ambient dose equivalent rates for both prompt and induced radiation for the proton
beamline ELIMAIA have been evaluated. The results show that the envisaged
operation will produce acceptable levels of H*(10).
Because of the characteristics of the radiation generated in the P3 plasma station, the
radiation levels in the adjacent rooms could reach dangerous levels and particular care
would be required when starting operations.
The design of the PXS shielding is being finalised and will allow presence of the
personnel in the hall during operation.
The challenges of radiation protection work in high energy laser environment have
been discussed and suggestions for other similar facilities have been presented.
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Abstract
In typical hadrontherapy applications, usual instrumentation and techniques devoted
to neutron dosimetry show significant limits due to the peculiar radiation fields that
can be found in such environments.
In these cases, radiation protection measurements have to deal with fields with
significant high energy components that, in many cases, are produced by pulseoperated machines. Moreover, inside the accelerator and the treatment vaults, the
radiation fields are often dominated by high energy charged particles, that must be
considered when designing personal dosemeters that should also provide reliable
results in case of accidents. Instruments designed for these applications, in order to be
useful for operational radiation protection should also meet strict requirements in
terms of lower detection limits.
In the frame of the co-operation between CNAO (the Italian National Hadrontherapy
Centre) and the Politecnico di Milano, a set of instruments have been studied to
address some of the unconventional issues that arise in typical hadrontherapy
applications.
A passive rem counter for high energy neutron dosimetry, based on CR39 track
detectors coupled to an enriched boron converter, was developed and is currently used
for environmental dosimetry at CNAO, proving very effective for a capillary passive
environmental dosimetry, with a lower detection limit in the order of a few
microsieverts over a few months.
An active rem counter, based on a logarithmic amplifier based front end electronics
(LUPIN), has been developed and is being deployed as a beam-loss monitor. It is
designed to achieve a very wide dynamic range, in order to withstand intense neutron
pulsed fields while also achieving a lower detection limit in the order of a few nSv/h.
A passive personal dosemeter based on track detectors has been widely tested (and is
currently under further development) that shows a flat energy-to-personal dose
equivalent response to neutrons from 0.5 to 100 MeV and that is able to take into
account the contribution of high energy charged particles in accidental scenarios.
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20.1. Introduction
It is well known that the instrumentation used for neutron dosimetry can provide
correct measurements within a limited energy range, and often within some significant
constraints in terms of radiation field contamination and time structure.
These measuring conditions are not usually met in accelerator environments, where
radiation protection measurements have to deal with fields with significant high energy
components, and that, in many cases, are produced by pulse-operated machines.
Moreover the radiation fields produced by irradiated targets are often dominated by
high energy charged particles.
All of these features must be considered when designing instruments meant for
radiation protection applications in accelerator environment, also keeping in mind that,
in order to be useful for operational radiation protection, the instrumentation should
also meet strict requirements in terms of lower detection limits.

20.2. Passive rem counter for environmental monitoring
A passive rem counter for high energy neutron dosimetry was developed and is
currently used for environmental dosimetry at CNAO. It is based on a thermal neutron
detector made of CR39 SSNTD, coupled to an enriched 10B converter (manufactured
by Dosirad ®, Paris, France). The thermal neutrons are detected via the α particles and
7Li ions generated by the 10B(n,alpha)7Li reaction. The tracks generated by these
particles can be developed through an adequate etching of the SSNTD (40 min, 25%
NaOh solution, 98°C), so that they can be seen and counter by an automatic read-out
system (such as Politrack ®, Miam, Fabiano di Rivergaro, Italy), or Tasl track ®
(TASL ltd, Bristol, UK ). Due to the very low energy (and range) of the detected
particles, under the etching conditions described above the tracks are overetched [1], so
that they exhibit a peculiar shape that makes them easy to distinguish (see Figure 20.1)
from tracks due to higher energy α particles (see. e.g. α particles from radon) and from
usual noise on CR39, like scratches and dust particles. For this reason, strong rejection
algorythms can be applied based on the track parameters (i.e. roundness, greyscale
etc.), just by defining a ROI in the tracks parameters space (see Figure 20.2), thus
greatly reducing the background. Five (5) set of 10 unexposed detectors, etched in the
conditions described above, and read with the TASL reader, showed a background of 7
±3 tracks/cm2 in the ROI of the low energy alpha particles due to 10B(n,α) 7Li
reactions.
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Figure 20.1. Overetched tracks, due to α particles
generated by (n,α) reactions on B10

Figure 20.2. Space parameters region on the major/minor axis of the tracks
(TASL-image® software screenshot)

These detectors are placed inside an extended range rem counter specifically designed
to host them. These rem counters are 25 cm dia. polythene spheres, where a 6 mm
thick, 56 mm radius lead shell is placed to enhance its response to high energy
neutrons, thus providing a measuring range extended from thermal to 1 GeV neutrons,
and 11 25mm cadmium buttons are placed, at the same radius, to adjust the spectral
response. Further details are provided in [2].These passive rem counters are in use at
CNAO for routine environmental monitoring, and have proven able to measure dose
rates as low as the cosmic background over a few months. A comparison was made
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about cosmic background measurements made with an active rem counter (Thermo
electron Wendi, 6h measurements) and the presented passive rem counter (over
104 days), over 5 different locations. The results (12±2 vs. 8±2 nSv/h) show a
reasonable agreement, and are statistically compatible with the average cosmic
background.
Calibration checks are routinely made to verify the metrological validity of the method.
The irradiations are made with am Am-Be source, with groups of 8 detectors per
check, over two years, on CR39 from different manufacturers, (TASL®, Bristol,
United Kingdom, ad Intercast®, formerly Parma, Italy). The data found in a recent set
of these checks are presented in Figure 20.3 and show that a remarkable difference can
be found between CR39 from different manufacturers. However, the H*(10) LDL,
calculated over the average calibration factors (2.9±0.3 for TASL CR39) and the
average measured background above cited, can be considered to range from 2 to
3 microsieverts.
Figure 20.3. Calibration factor from periodical checks

20.3. Passive personal dosimeter
A passive personal dosemeter based on track detectors has been widely tested, and is
currently under further development, that is based on CR39 SNTD, coupled to a 1 cm
PMMA converter. The heavy charged particles that are generated by the radiation field
inside the converter impinge on the CR39 surface, thus creating tracks. Based on the
geometry of the tracks after etching, for any single track it is possible to calculate the
impinging angle, with respect to the surface, and its LET in the material, estimated
through the quantity LETnc (further details on the method can be found in [3]). It is so
possible to calculate, for any particle track, its contribution to the energy released in the
material (i.e. the dose), and, rescaling the LETnc to its equivalent in water, the quality
factor, in order to estimate the equivalent dose. A vast experimental campaign has been
carried out [4], [5], showing that the dosemeter shows a flat energy-to-personal dose
equivalent response to neutrons from 0.5 to 200 MeV and that it is able to take into
account the contribution of high energy charged particles in accidental scenarios (see
Table 20.2) These features are of special interest in hadrontherapy environments. The
reliable response to high energy neutrons is an undeniable necessity, since the neutron
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fields inside and outside the shielding show a predominant high energy component.
Moreover FLUKA simulations also show that the radiation field inside the shielding is
also dominated by high energy charged particles [6]. In case of accidental irradiations,
the dose received by a person exposed to the latter radiation field would be also (if not
mainly) due to this component. Further studies are still in progress in order to
understand the dosemeters behaviour in isotropic and simulated workplace fields.

20.4. Active rem counter for pulsed fields
An active rem counter, especially designed to be able to correctly measure the neutron
dose rate in pulse fields (named “LUPIN”), has been developed and is being deployed
a CNAO as a beam-loss monitor. The rem counter is based on a BF3 tube, inserted in a
cylindrical moderator with lead and cadmium insets, in order to extend its energy range
up to 1 GeV. Its front end electronics is based on a logarithmic amplifier, which output
voltage, proportional to the instantaneous current flowing out of the anode of the BF3
tube, is sampled at 10 MHz by an FPGA. The FPGA then calculates back, through a
look-up table, the current corresponding to any sampled value, and integrates it to get
the total charge released in the BF3 tube (further details can be found in [7]. Since an
average n,α reaction on B10 releases a given charge in the BF3 tube, the number of n,α
reactions that took place in any given time interval can be calculated, without any
saturation due to dead-time effect. The rate the rem counter can withstand is then only
limited by space-charge effects [8]. With this architecture, the rem counter has been
tested in a pulsed neutron field produced by a 68 MeV proton beam impinging on a W
target at the Helmholtz-Zentrum Berlin für Materialien und Energie GmbH (HZB) [9].
The linearity in terms of burst intensity is shown in Figure 20.4. The LUPIN is linear
up to a dose per burst around 250 nSv/burst and shows an underestimation around 20%
at 500 nSv/burst. Its nominal sensitivity is about 2 counts per nSv that is 103 counts for
a 500 nSv burst in about 0,5 ms. The corresponding interaction rate is in the range of
the MHz, much higher than the typical count rate supported by a conventional rem
counter. Moreover the LUPIN has the typical sensitivity of a conventional rem counter
(in the order of 0.5 nSv/count). Background measurements have shown that its
background is perfectly explainable in terms of cosmic background.
Figure 20.4. LUPIN response to neutron bursts
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21. Tritium Production – Competitive Reaction in Cyclotrons F-18
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Abstract
The Canadian Nuclear Safety Commission (CNSC) is the regulatory body with the
mandate to regulate many different types of accelerator facilities as well as the
production, use of nuclear energy and nuclear substances in Canada. In the last
40 years, positron emission tomography (PET) has advanced rapidly, and is becoming
an indispensable imaging modality for the evaluation of cancer patients. Of the
hundreds of positron labelled radiotracers, 2-[18F]-fluoro-2-deoxy-D-glucose (FDG) is
the most successful and widely-used imaging agent in PET today. Canada is no
exception where last year, a total combined production of 1.37 PBq of 18F at the end of
bombardment (EOB) was reported to CNSC from the cyclotron facilities that hold a
licence from the CNSC.
In the last decade, several published papers have confirmed the presence of tritium in
enriched (H218O) water via the competitive reaction 18O (p, t)16O during the production
of 18F. In 2015, five Canadian cyclotron licensees were invited by CNSC to participate
in a study to assess tritium production. The tritium measurements were conducted at
the CNSC laboratory. The aim of this study was to evaluate the levels of tritium
produced by different types and models of cyclotron under different operational
conditions and using different enriched water suppliers. The measurements confirmed
that the competitive reaction 18O (p, t)16O is present during the production of 18F due to
tritium being present. In addition, the presence of tritium in non-irradiated enriched
water was confirmed in these measurements. A discussion of the possible regulatory
implications due to tritium is briefly presented as well.

21.1. Introduction
In the last 40 years, positron emission tomography (PET) has advanced rapidly and is
becoming an indispensable imaging modality for the evaluation of cancer patients. Of
the hundreds of positron labelled radiotracers, 2-[18F]-fluoro-2-deoxy-D-glucose
(FDG) is the most successful and widely-used imaging agent in PET today. Similarly
last year in Canada, national production reported 1.37 PBq of 18F at the end of
bombardment (EOB) in all the cyclotron centres licenced by the CNSC as depicted in
Figure 21.1 below.
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Figure 21.1. Production of 18F at the end of the bombardment
in the Canadian centres

Cyclotrons produce 18F by the 18O (p, n)18F reaction where energies can vary from
9.6 to 24 MeV. Some facilities produce and synthesise the FDG for their own PET
scan; where as other licensees produce 100% of the commercial stock for PET clinics
across Canada.

21.2. Results and xiscussion of published work
In 2004, Shigeti Ito et al. [1] published a paper where they experimentally confirmed
the presence of tritium in enriched (H218O) water via the competitive reaction
18
O (p, t)16O during the production of 18F. In this study, a series of samples taken before
and after the synthesis of FDG were quantified for the presence of tritium using a
Beckman LS 6 000 liquid scintillation counter. All the samples contained tritium at
different concentration levels, but tritium was not detected in the purified [18F]FDG
(final product) (see Figure 21.1 & Table 21.1).
Ito’s team used a Minitrace GE cyclotron operating at 9.6 MeV proton beam, current
25 µA, and irradiating for 60 min.
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Figure 21.2. Process and apparatus of [18F]FDG production and vials of tritium
sampling setup to the right

Table 21.1. Distribution of tritium in sampling vials

during [18F]FDG production
Samples

Tritium Activity (kBq)

Vial-1 [18O]H2O

63.57

Reservoir

46.17

Vial-2 collected [18O]H2O

43.37

Vial-3 collected acetonitrile

1.46

Vial-4 [18F]FDG

N.D.

Vial-5 cold trap

0.726

It can be noted that there is no loss or release of tritium in the process. The tritium
sampled in vial 2 is recovered in the enriched water for recycling, which is almost 93%
of the tritium that entered in the synthesis process.
In 2011, Romolo Remetti et al. [2] published a paper where two samples were
irradiated using a PETTrace GE cyclotron with a proton beam of 16.5 MeV, 37 µA and
60 minutes of irradiation. The aim was to measure all the impurities present in the
irradiated water. Monte Carlo FLUKA simulations were performed to evaluate the
possible nuclear reactions of the pollutants and the competitive tritium reaction. Total
tritium activity in measured samples was 36 kBq/ml and 33 kBq/ml, which is almost
half the concentration measured by Ito’s group. The group [2] also detected several
gamma emitters in the irradiated water as shown in Table 21.2; most of them leached
from the Havar® window foil and from the silver target body (Cd-109).
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Table 21.2. Activity of gamma emitters [2] detected in water samples

The most recent publication is from Marshall et al. [3] in 2014, where an IBA cyclone
18 was used. Typical conditions were 18 MeV proton beam, 40 µA current for
60-85 minutes of irradiation time and volume target of 1.5 to 2.2 ml of H218O. Before
the irradiation, virgin enriched water was also analysed for tritium with background
being subtracted. Tritium activity detected in rinsing water and un-irradiated enriched
water varied from 1.4 kBq/ml to 0.4 Bq/ml.
Twenty four samples were confirmed with tritium concentrations varying from
71.3 kBq/ml to 91.8 kBq/ml with a mean value of 80.6 kBq/ml. A correlation between
the production of 18F (GBq) at the end of bombardment (EOB) and tritium
concentration T (kB/ml) was derived as Equation 1 below:
T (KBq/ml) = 0.78 18F (GBq/ml) + 23.1

(1)

Obviously, this correlation is valid for irradiation times less than two half-lives of 18F
production. It is now well established that the competitive reaction 18O (p, t)16O is
present during the production of 18F. Cross-sections of both reactions are available at
www-nds.iaea.org/[4]. Figure 21.3 shows the two nuclear reactions plotted in the same
graph.
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Figure 21.3. Cross-section graphs of nuclear reactions in the production of 18F

21.3. Results and discussion of measurements in Canadian cyclotrons facilities
licensed by the CNSC
The Accelerators Class II Facilities Division (ACFD) of CNSC invited five cyclotron
licensees to participate in a sample measurement study performed by the CNSC
laboratory. The aim of this study was to test different types and models of cyclotrons
with different operational conditions and different enriched water suppliers.
The participants provided to the CNSC laboratory for analysis one millilitre of nonirradiated enriched water (H218O) and a millilitre sample of the simulated normal
operational condition. In most of the cases, the irradiated sample rested to allow for the
decay of 18F and other pollutants produced in the irradiated water. As a result, it took
more than a week of decay time before sending the samples as an exempted package to
the CNSC laboratory for analysis.
A Perkin Elmer Tri-Carb (low background level) Liquid Scintillation Counter was used
to measure tritium activity in the samples at the CNSC laboratory. Some samples were
found to have high concentration of tritium. As a result, the samples had to be diluted
several times for analysis to minimise quenching. A laboratory blank and a Quality
Check (QC) sample were also included in the measurement sequence for quality
control. The results of the measurement confirm that the competitive reaction 18O
(p, t)16O is present during the production of 18F as well as the presence of tritium in the
non-irradiated enriched water samples.
CNSC laboratory measurements by a high-purity germanium detector also confirmed
that all the irradiated samples contained the typical gamma emitters there are pollutants
leached from the Havar® window as previously found by Romolo Remetti et al. [2].
During the simulated cyclotron operations, the CNSC laboratory measurements found
concentrations of tritium varying from 31.65 kBq/ml to 181 kBq/ml in samples
provided by the licensee’s participants, after the subtraction of the initial concentration
of tritium in the enriched water.
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Table 21.3. Tritium concentration samples analysis results
Cyclotron
TR24
Non-irradiated H218O
TR19
Non-irradiated H218O
PETTrace
Non-irradiated H218O
IBA Cyclone
Non-irradiated H218O
MC-17
IBA Cyclonec
Note: a)
b)
c)

Energy
(MeV)

Current
(µA)

Time
(min)

Supplier
(H218O)

Tritium
(kBq/ml)

18
n/a
19
n/a
16.5
n/a
18
n/a
17
18

100
n/a
60
n/a
48
n/a
40
n/a
40
40

60
n/a
36
n/a
130/126a
n/a
30
n/a
30
60

Rotem
Rotem
Huayi
Huayi
Rotem
Rotem
Huayi
Huayi
Huayi
Isoflex

181.8
0.004
57.07
5.22
268.7
0.009
70.57
31.74
22.32b
31.65

Two 2.5 ml targets, dual extraction, volumes mixed at the end of the run.
Diluted 30%.
Produced their own analysis of five recovering water samples, no samples of un-irradiated
water were provided.

It is now well established that following the irradiation of enriched water with a proton
beam, 18F and tritium are produced in the process with 18F decaying very quickly
(110 min half-life) to 18O in the enriched water recovered containing both tritium and
other contaminants. This recovered water can be recycled by the suppliers for cleaning,
through distillation and purification, but in most cases the tritium is not removed in the
cleaning process.
The new stock supplied to the users is typically accompanied with a Certificate of
Analysis in order to meet cGMP requirements of ISO: 9001:2008 and ISO 14001:2004.
There is however no indication of the content of tritium activity in such certificates.

21.4. CNSC regulatory implications
According to the NSRD Regulations [5], it is evident that in all the routine operations
of these types of facilities, the unconditional releases of tritium concentration does
comply with the limit of 100 Bq/g indicated in Schedule 2 of the NSRD Regs [5].
However, dilution of enriched water wastes is strongly recommended (when possible)
if the licensee chooses this option.
Concerning the licensing of tritium at the moment, there is no indication that in its routine
operations a cyclotron facility in Canada can exceed 1 MBq/g of tritium concentration,
which is the regulatory limit for licensing in Schedule 1 of NSRD Regs [5].
As noted in Table 21.2, the maximum concentration of tritium within the water
samples in a routine operation for the facilities tested was found to be 181.1 kBq/ml in
one hour of proton beam irradiation. If the tritium production is proportional with the
irradiation time, it will take about six hours of irradiation of the same enriched water to
exceed 1 MBq/ml. As mentioned above, optimum irradiation time for 18F production is
two times its half-life, which is no more than two hours.
New technology and improvements are happening in this field every year. It is
expected that the limitation of 160 microamperes on an 18F target can be exceeded in
the near future, making the probability of producing tritium concentrations higher than
1 MBq/ml possible.
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According to Nuclear Non-proliferation Import and Export Control Regulations
(NNPIECR) [6] for tritium, a licence to export/import is needed when tritium, tritium
compounds or mixtures containing tritium in which the ratio of tritium to hydrogen by
atoms exceeds 1 part in 1000 as well as products that meet any of these conditions.
This ratio is equivalent to 6.023E+19 atoms of tritium per millilitre in enriched water
which computes to a tritium activity of 107.2 GBq/ml.
To sum up, tritium activity concentration in several samples provided from the
Canadian accelerator facilities were provided to CNSC for quantification. The tritium
measurements conducted at the CNSC laboratory showed that none of the samples
exceeded this concentration limit. It is thus evident that a CNSC licence from ACFD
(use, store or possession) is required, but a licence to export or import is not needed at
the moment.

21.5. Conclusions
•
•
•
•
•

•

•

•

•

Tritium is present in un-irradiated enriched water where concentrations can
vary from 0.6 Bq/ml to < 100 kBq/ml.
During the production of 18F, tritium is also produced via a competitive
reaction, and it can be recovered in the enriched water up to ~ 93%.
Tritium is not present in the final product FDG.
Some cyclotron licensees recycle the recovered water from the synthesis to the
suppliers.
Right now, the enriched water is sent for recycling, however there is no
monitoring for tritium nor when “virgin” enriched water is received by the
licensees. More importantly, there is no indication of tritium concentration in
the Certificate of Analysis provided by suppliers of “virgin” stock.
Tritium concentration in 18F production varies depending on the cyclotron,
target and materials type (target body, havar window, etc) however, tritium
concentration produced does not trigger any regulatory consequences requiring
additional license requirements other than meeting the unconditional release
limits.
In order to license the tritium concentration produced as a competitive reaction
in the production of 18F, tritium concentration has to exceed 1 MBq/g
(according to CNSC’s Schedule 1 of NSRD Regs). However, this is not the
case in any of the Canadian cyclotron facilities operating under normal
operational conditions (optimal 18F production is in less than two hours).
Unconditional releases of tritium concentration shall comply with the limits
indicated in Schedule 2 of NSRD Regs [4], which is 100 Bq/g. However,
dilution of enriched water wastes is strongly recommended if the licensees
choose this option.
Tritium concentration in export/import transactions with enriched water shall
not exceed the ratio of tritium to hydrogen by atoms 1 part in 1000. This ratio
is equivalent to 6.023E+19 atoms of tritium per millilitre in enriched water,
which computes to a tritium activity of 107.2 GBq/ml. Yet, this is not the case
in any of the Canadian recycling facilities or in the case of new stock
export/import situations.
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22. Geant4 Version 10.02: Code Improvements and Shielding Benchmarks
Tatsumi Koi1 on Behalf of the Geant4 Collaboration
1

SLAC National Accelerator Laboratory, Menlo Park, United States

Abstract
Geant4 is a toolkit for the simulation of the passage of particles through matter. Since
2006, we have regularly submitted Geant4 results for the “Inter-Comparison Problems
of Neutron Attenuation” to the SATIF organisers. We showed that Geant4 produced
good results in the shielding benchmarks and demonstrated new functionalities in this
area. We will briefly discuss new and improved functionalities since the previous
SATIF meeting. These include the extension of the high precision package to charged
particles, major updates of the G4LEND (low energy nuclear data) model which uses
the generalised nuclear data format, and reduced memory consumption when using the
multi-threading library. Version 10.02 is the latest version of Geant4 and has been
publicly available since December 2015. Using this version we will also show new
comparisons of Geant4 predictions to past benchmarks proposed by the SATIF
organisers as well as several other benchmarks that may be of interest to users in the
area.

22.1. Introduction
The Geant4 toolkit [1,2,3] provides a complete set of class libraries for Monte Carlo
simulations of particle interactions in matter. It is an open source project; hence users
may download its source code free from the web site (www.geant4.org/geant4). Geant4
has its origin in detector simulations of high energy physics experiments but now it is
used in many other research fields. To demonstrate its capability in radiation protection
and shielding calculations, we have participated in SATIF meetings and its "Intercomparison" projects since SATIF8. Utilising output from the participation, a Geant4
physics list dedicated to shielding calculations was developed. The physics list is
named “Shielding” and it has been included in releases of Geant4 since version 9.4.
The inclusion of the physics list into the release made it easier for users to apply it. We
continuously maintain and update the physics list along with developments of Geant4
and feedback from users. These days, not only users in the shielding field but also
several high energy physics experiment groups use the physics list in their applications.
There have been two minor releases of Geant4 since the previous SATIF meeting. In
this paper, at first we introduce several highlights of the releases both in physics and
non-physics aspects. Supported platforms and required environments of the latest
version of Geant4 10.02 are also summarised in this section. Then we show results of
shielding benchmarks. The benchmarks are selected from past inter-comparison
projects and from material discussed in previous meetings. Finally we give a short
summary of recent Geant4 developments and some future plans.
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22.2. Recent developments of Geant4
Since the last SATIF meeting, two minor releases of Geant4 were made. Since they are
minor versions of the Geant4 version 10 series, users can upgrade the libraries without
modification of their codes which have adapted to version 10. Geant4 10.02.p02
released in June 2016 is the latest public release. Compilation requires the C++11
standard. Although building with the old-style GNUmake is still available, using the
cmake tool (version 3.3 or higher) is recommended for building the library. Supported
platforms of the current version of Geant4 are Linux gcc-4.8.3 on 64 bit architectures
(Intel or AMD) with CERN CentOS Linux 7 (CC7) (based on CentOS Linux 7),
MacOSX 10.11(El Capitan) with clang-3.7 (Apple LLVM/Clang-7.0.0) and Windows7
with Visual C++ 14.0 (Visual Studio 2015). There are many more verified and tested
configurations using later versions of gcc compilers on Linux and slightly older
versions of MacOSX and clang combinations and previous versions of Visual C++
compiler on Windows7. Linux for Intel Xeon Phi with Intel-icc compiler is also
verified and tested. Support for Windows platforms is limited because they are verified
only for sequential, and not multithreaded mode.
Support of multithreading capability was introduced in Geant4 10.00 and it has been
continuously improved since then. Most of the immutable memory during event loops
from physics and non-physics codes is now being shared among threads. Several
programmes which had prevented parallel calculation have also been improved.
Multithreading applications have become more effective and robust than before. Figure
22.1 shows the speed up linearity obtained with Intel Xeon Phi co-processors. It is
measured by using a realistic detector geometry description of the CMS experiment at
the LHC. Within the number of physical cores (the testing system had 61 cores)
speedup is almost proportional to the number of threads. Even beyond the physical
core number, additional speedup by support of Hyper-Threading Technology is
observed. Highly scalable performance improvements are achieved in such a manycore system.
A common solids library, USolids, has recently been developed and interfaced to
Geant4. It is motivated by the optimisation of tracking performance and a guarantee of
better long-term maintenance. Starting from existing solids in Geant4 and ROOT, it
aims to offer a single high quality solid library that can be used with them. The solid
library potentially can be used by many other systems as well. Geant4 can adopt it as
an external separate library for replacing the original solids library. Optimised
implementation of USolids gives much improved performance in several shapes, such
as Multi-Union, Tessellated Solids, Polyhedra and Polycone. Several new shapes are
added through USolids. Figure 22.2 shows solids implemented in USolids library.
A new biasing scheme was introduced in release 10.00. It provides a set of base
classes that can control various types of biasing techniques. G4VBiasingOperation and
G4VBiasingOperator are two main abstract classes of the scheme. The former
represents a type of biasing operation such as splitting/killing tracks, enforces selected
interactions and so on. The latter makes the decision about which biasing operator to
be applied in the current step. G4BiasingProcessInterface is a third concrete class
which provides the interface between tracking of Geant4 kernel and the biasing
scheme. It checks a possible biasing operator at tracking time. If such an operator
exists, then the operator will be properly applied. If not, regular tracking will continue.
A G4BiasingProcessInterface object can wrap an existing physics process in Geant4
and allow easier access to cross-sections/mean-free-paths of wrapped processes.
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Physics-based biasing and non-physics-based biasing are now handled through a set of
common classes based on G4VBiasingOperation and G4VBiasingOperator.
The visualisation system for the multi-threading library has been revised and a
dedicated thread of visualisation for “real-time” event display was adopted. New UI
commands for specific MT applications were also provided with the development.
Several new physics models have been introduced and extensions and improvements of
current models have also been made. The synchrotron radiation process was extended
to be applicable to any charged particle. Muon pair production and positron
annihilation into muons and hadrons were newly introduced. Multiple scattering of
charged particles was widely reviewed and updated significantly. A new option which
allows displacement at a geometry boundary was introduced to the process.
G4UrbanMscModel added a correction factor for e+ and an optional algorithm for
sampling the lateral displacement. The Goudsmit-Saunderson multiple scattering
model for electrons and positrons was revised and completely rewritten. Single
scattering models for ions, electrons and positrons were updated and a new UI
command to turn on/off Mott corrections for e+/e- was added. Full Auger atomic deexcitation cascades became available which take the secondary vacancies into account.
Phonon physics with the concept of crystal structure was introduced with support of its
propagation in the Geant4 kernel.
The most relevant updates to users in the shielding field is the extension of the
NeutronHP package and a major update of the LEND package. Both packages
previously handled low energy, generally below 20MeV, neutron interactions based on
an evaluated nuclear data library. The extension of the NeutronHP package is called
ParticleHP. It treats inelastic interactions between proton, deuteron, triton, helium3 and
alpha projectiles and nuclei in the same manner as neutrons. G4TENDL1.0 is the data
library for ParticleHP. About 400 isotopes are compiled in the library and isotopes
present in G4NDL4.5, which is the neutron data file for HP package, have been
included. NeutronHP and ParticleHP were successfully merged in v10.02 and
ParticleHP is the name of the unified package. However header files of NeutronHP will
remain in the release for a while, so that, users are still able to use their codes without
modification.
The low energy nuclear data (LEND) package is a set of alternative data-driven models
for the HP package. It uses data written in generalised nuclear data (GND) format
through the General Interaction Data Interface (GIDI). The GND format is a new,
modern structure to replace the legacy nuclear data format of ENDF-6 and the GIDI is
an API for handling data written in the GND format. The LEND package was
introduced in Geant4 at v9.5 and a major update of the package occurred at v10.02.
The upgrade allows gammas to be used as projectiles and new GND data files
translated from ENDF/B VII.r1 were prepared. The new data library provided data for
421 nuclides from H to Es for neutrons and 162 nuclides from H to Pt for gammas.

22.3. Shielding benchmarks for Geant4 Version 10.02
In this section we show benchmark results for Geant4 version 10.02. The intercomparison task for SATIF13 is calculating the double-differential spectrum of
neutrons from 1, 10 and 100 GeV protons bombarding specified thick targets (Al, Cu
and Au). Results from the Geant4 shielding physics list were submitted to SATIF13.
The most important physics process impacting the final result is the inelastic reaction
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between the projectile proton and the nuclei in the target material. Geant4 offers
multiple choices of models for the process, thus we present results from other physics
lists that employ different models than those used in the Shielding physics list. Figure
22.3 shows neutron double-differential cross-sections of 1 GeV protons bombarding a
thick target of aluminium using the QGSP_BERT, QGSP_BIC and QGSP_INCLXX
physics lists. Bertini-like, Binary and INCL cascade modes are used in the physics
lists, respectively. The inelastic reaction around the projectile energy is calculated by
the corresponding intranuclear cascade model. Some differences among them can be
seen especially in the energy spectrum at 0 degrees. The Bertini-like cascade model is
employed in the Shielding physics list, and thus its result is similar to that from
QGSP_BERT. Figure 22.4 shows the neutron double differential cross-sections of 100
GeV protons bombarding a thick target of aluminium using FTFP_BERT and
QGSP_BERT physics lists. The Fritiof (FTF) string and Quark Gluon String models
are used respectively. At this higher energy, the first and most important interaction
between proton and target nucleus is controlled by the high energy string models. A
relatively large difference also appears in the zero degree result. The Shielding physics
list uses the FTF high energy string model, therefore its result is similar to
FTFP_BERT. The largest difference appears in the zero degree results in both cascade
models and high energy strings models, thus getting measurements of the most forward
angles is important for evaluating the models.
The second benchmark uses actual data from the BNL AGS shielding experiment [4]
which was employed in the inter-comparison projects at SATIF9 and 10. Proton beams
of 2.83 GeV and 24 GeV irradiate a mercury target to produce neutrons. Secondary
neutrons come into shielding materials of concrete and iron. Neutron fluences in the
shielding materials were measured by activation of Bi samples embedded in the
shielding. Conversion factors from neutron fluences to reaction rates of
209Bi(n,4n)206Bi and 209Bi(n,6n)204Bi had been provided by the coordinator of the
inter-comparison at that time. The same numbers were also used at this time. Figure
22.5 shows the result of Geant4 version 10.02.p02 with the Shielding physics list.
Good agreements are seen between simulation and measurement, and Chi2/N values
are listed in the plot. We performed the same benchmark with other reference physics
lists in Geant4. The values of Chi2/N and CPU usage of benchmarks are plotted in
Figure 22.6. Physics list, which was used in the INCL cascade model costs more CPU
than others. The Shielding physics list also costs more CPU than others, however it
uses the CPU-intensive HP packages for low-energy neutron transportation. No other
listed reference physics list uses this package.
The third benchmark was made by adapting the experiment of radioactive spallation
products in a thick Cu target[5]. The measurement was done at NIRS HIMAC for 230
and 100 MeV/nucleon Ne, C, He and p ions. Species of induced radioactive products in
the target were determined by analysing characteristic gamma rays using Ge detectors.
The depth distribution of these radioactive products in the target is provided. We
simulated their experiment with Geant4 using Shielding, FTFP_INCLXX_HP and
QGSP_BIC_HP physics lists. From the energy range of projectile ions, high energy
string models were never utilised in the calculations and cascade models play the most
important role. The Shielding physics lists uses the Bertini-like cascade model for
proton, neutron and mesons and the QMD model for ion interactions. The Binary
cascade model is used in QGSP_BIC_HP and the INCL model is used in
FTFP_INCLXX_HP. However INCL cannot simulate the Ne-Cu reaction, thus BIC is
automatically invoked for such reactions in the physics list. All physics lists use the HP
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package for low-energy neutron transportation. Depth distributions of residual
activities in Cu target for 230MeV/n Proton, He, C and Ne ions are shown in Figure
22.7. Activities are calculated from the half-lives of residual nuclei listed in the
experimental paper. Results from the QMD calculation in the Shielding physics list
reproduce well the distribution of Cu61 which gives the highest activity among listed
nuclei. BIC and INCL also give reasonable agreement to the measurement. Generally
speaking, the distribution of nuclides having high activation like Cu61, Cr49, Mn56
and Cl38 are well reproduced in simulation, however agreement becomes worse in low
activity nuclides such as Be7 and Na22.
The last benchmark is the production of Po isotopes in lead. A comparison between the
measured activities of the polonium isotopes and simulated results using MCNP2.7.0
was presented by Kislev at the last SATIF meeting [6]. In the comparison, the default
model of MCNP, Bertini-Dresner underestimated the measured activity by up to
several orders of magnitude, while INCL4.6-ABLA07 implemented into MCNP gave
good agreement to the measurement. She proposed performing a benchmark using a
simplified geometry in Monte Carlo simulations, such as MCNP, FLUKA and Geant4
for comparison after the meeting. We agreed with the proposal and made a Geant4
application running the benchmark. The simplified geometry consisted of 5 blocks of
lead and heavy water surrounding the blocks, with a proton beam striking the heavy
water. The resulting particles in the lead blocks were scored in the application. A result
based on the physics list QGSP_INCLXX_HP, which used the Geant4 version of the
INCL cascade model, was sent. Details of the benchmark and results of the comparison
are presented at this SATIF meeting [7]. Here we present, as a user reference, some
results obtained with other Geant4 cascade models, Bertini-like and Binary cascades.
Figure 22.8 shows energy spectra for alphas and tritons in lead block #0 which is
closest to the incident point of the proton beam to the heavy water. Among the three
cascade models, the INCL cascade always gave the highest spectrum for both particles,
the Bertini-like cascade model gave the lowest and the Binary cascade was located in
the middle. However, the difference between INCL and Bertini-like models in Geant4
is smaller than in MCNP.

22.4. Conclusions
The third general paper of Geant4 was published and it summarises the development of
Geant4 over the last nearly 10 years. There have been two public releases of Geant4
since the last SATIF meeting; they are minor updates of the Geant4 version 10 series
and include many new features and improvements both in physics and non-physics.
Multi-threading applications are now supported as of Geant4 version 10 and they show
highly scalable performance improvement on many-core platforms. We are enhancing
low-energy nuclear interaction models based on publically available data libraries such
as ENDF and TENDL. In addition to neutrons, gammas and light ions up to and
including alphas are now supported by the models. We continue to participate in the
inter-comparison project co-ordinated by SATIF and also participate in a comparison
proposed by individual SATIF attendees. Various benchmarks for shielding
calculations are regularly done during Geant4 development. Some of these are shown
in this paper and we hope to increase the number of such benchmarks in collaboration
with the user community of this field. The Shielding physics list which we recommend
for shielding calculations currently uses the Bertini-like cascade model, however the
INCL cascade shows better results in several benchmarks. We plan to switch the
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cascade model or provide an option for using the INCL cascade in the physics list.
Finally, we will continue to develop and support Geant4 for the foreseeable future.
Figure 22.1. Performance linearity of a multi-threading application
on Intel Xeon Phi

Figure 22.2. Solids implemented in USolids library
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Figure 22.3. Comparison among cascade models1 GeV proton hits thick Al target

Figure 22.4. Comparison among high energy models 100 GeV
proton hits thick Al target
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Figure 22.5. Validation of Shielding physics list using BLN AGS experiment

Figure 22.6. CHI2/N values and CPU performance among reference physics lists
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Figure 22.7. Depth distribution of residual activities in Cu target

Figure 22.8. Particle Energy Spectra in lead block for cascade models in Geant4
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23. Abstracting Fluka Line Builder Input as GUI Elements
for Linear Beamline Geometries
Andrea Cowley, George Kharashvili
Thomas Jefferson National Accelerator Facility, United States

Abstract
Thomas Jefferson National Accelerator Facility (Jefferson Lab) is a nuclear physics
research laboratory operating its 12 GeV Continuous Electron Beam Accelerator
Facility (CEBAF). Monte Carlo tools, such as FLUKA, are regularly used for
calculating prompt on- and off-site radiation levels expected during the operation of
the lab’s experimental halls, as well as for estimating radiation background and
radiation damage levels, activation and subsequent radiological conditions. Modelling
of the experimental setups is time consuming and requires significant efforts to
maintain the necessary levels of consistency and reproducibility. A new tool has been
developed to address these challenges. It uses FLUKA Line Builder to produce FLUKA
geometries based on modularised parts in a shared database. The Java Swing based
GUI presents the beam line as a literal line of elements that scroll across the screen,
displaying the three-dimensional linear geometry as a two dimensional, non-splitting
block diagram. The programme limits non-GUI interaction with the FLUKA Line
Builder configuration to a single console command, insulating the user from many of
the small errors that can occur when creating twiss files manually. The database of
FLUKA elements is shared with selected GitHub users and manages contributions
from multiple users without significant oversight. An overview of the new tool and its
applications is presented.

23.1. Rapid model production
Every experiment performed at the Thomas Jefferson National Accelerator Facility
must go through radiation control processes of radiation budgeting. For many
experiments, creating a three-dimensional model of the experimental environment is
vital to understanding the radiological risks that an experiment entails. When tasked
with determining the safety of multiple experiments in a compressed timescale,
creation of the geometries is a time sink that cannot be afforded. Shortening the time
required to produce a three-dimensional model of the experimental setup is a very
attractive method to decrease turnaround time for radiation control studies.
With focus on FLUKA [1], the current method for model creation at TJNAF is the
usage of Flair [2] to create a new model for every experiment. For every new
experiment that must be tested using FLUKA, a new model must be produced of the
entire beamline within the experimental hall. This section of beamline is quite ready to
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be simplified as the beamlines that run within the experimental halls are linear in
nature. Given their lack of curvature, it is unnecessary to provide many of the features
that are required of most geometry production software.

23.2. Utilisation of current software
This idea is not novel. A team lead by Alessio Mereghetti at CERN has developed
software capable of digesting accelerator planning files along with a folder collection
of pre-made FLUKA geometries. This tool, the Fluka Line Builder [3], assembles the
pre-made FLUKA geometries in accordance to the accelerator planning files, placing
them in order of their appearance with inputs that allow granular changes to position
and curvature. Given the simple nature of the experimental setups discussed
previously, it is possible to disregard many of the advanced features of the Fluka Line
Builder and instead focus only on the concatenation of the discrete geometries.
Fluka Line Builder’s collection of geometries is intended to contain geometries of
individual accelerator devices such as steering magnets or collimators. Each device
may be replicated multiple times in multiple places on the beamline. This makes Fluke
Line Builder quite adept at creating a beamline out of concatenated accelerator devices,
with very little additional input required for non-curvilinear geometries. Given the
linearity of the experimental hall beamlines and the ease of creating the concatenated
beamlines, utilising the Fluka Line Builder for a time-saving tool is an obvious choice.

23.3. Discrete structures as GUI elements
Given a linear beamline geometry, with no granular changes to geometry, a very
simple representation is implemented. A straight, uncurving, unbent line adequately
represents the beamline portion that must be modelled. Segmenting the line into blocks
allows for the representation of the discrete units that compose the beamline. The
current GUI design is a series of blocks, each representing an individual element,
arranged in a one-dimensional line. In programmatic terms, they are stored as an array
list of objects that contain all the information concerning a discrete element. Each
block allows the user to select the specific element they wish the block to represent,
and for the case of beampipes, the desired length of the beampipe.

23.4. Fluka Line Builder structures
The Fluka Line Builder requires certain information for the individual geometries that
it uses to build beamlines. This is typically rather simple: a name, a tag for
identification and the most external FLUKA body. This is, however, not entirely
sufficient for the placement of the discrete elements in a line. The position of each
element is given by an accelerator planning file ingested by the Fluka Line Builder. To
create the planning file without significant user interaction, the length of each discrete
element must be known. To accommodate this, lines that have been commented to be
hidden from the Fluka Line Builder contain the length of the external body of the
discrete element along with the element’s twiss type from an assortment of pre-defined
types.
Beampipes are a special case for the Fluka Line Builder. They have all their properties
defined before beamline creation. Their length, however, can differ over multiple
instances within a beamline. They are generated during the concatenation process and

NEA/NSC/R(2018)2

each individual instance is assigned a length. All the other properties, including:
diameter, composition, and shape are defined in a flat text file that is ingested along
with the accelerator planning file.

23.5. Automating FLUKA line builder preparations
Removing users from interacting with flat text files by hand prevents many of the
minor errors that were encountered during production of the TJNAF tool. Small
mathematical errors and changes have a ripple effect on all future elements. If any
element in the beamline changes, then all the elements that follow it will likely require
adjustment. When these accelerator planning files are edited by hand, the small errors
can happen and leave the user with a file that will not produce a usable geometry. The
primary focus of the new tool is the creation of Fluka Line Builder input files,
emphasising ease of use and reproducibility.

23.5.1. Accelerator planning files
The accelerator planning files contain all the elements that will be compiled into a
beamline. These files are rather simple for our case, but they do require distance from
the start of the beamline and the length of the element. Because both numbers can be
very precise, simple addition errors propagate all the way to the end of the file. The
new tool creates these files after the user has selected which elements they wish to
include in the line. These files are built using the element position within the beamline
array list, along with the information contained in each object regarding the length of
each element.

23.5.2. Beamline profiles
Beamlines are dynamic elements that all their properties defined in a flat text file
except for their final length. To streamline the process of creating these dynamic
elements, the tool allows for guided editing of the flat text file that contains the
beamline profiles. This takes the form of a GUI window that lists all the currently
defined beampipe elements. A highlighted element has all the information concerning
it displayed in editable text boxes. Interface buttons allow for saving changes and
creating new profiles.

23.5.3. Discrete elements
Each element is a FLUKA geometry with an external body. The Fluka Line Builder
requires the three main FLUKA geometry types to be separated into different files. The
material definitions, body definitions and region definitions must each be contained in
a file with only other material, body or region definitions. This yields, for every
element, three text files that must be stored in the folder of elements. Because FLUKA
geometries are simply text files, each element can be created in the Flair tool for
FLUKA then saved. A script was developed by the authors to separate the input file
into the three files required by the Fluka Line Builder. This decreases the time required
for the creation of new elements. After the elements have been created, separated and
placed in the folder of all elements, all that remains is to record its information in the
Fluka Line Builder protoypes file.
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23.6. Decreasing lead time with collaboration
With usage of the tool to produce inputs for Fluka Line Builder, the biggest time sink
is the creation of new elements. At CERN, Fluka Line Builder elements are shared
using an SVN repository, at TJNAF a GIT repository is used. Any generic version
control system can manage the flat text files that come together to form the beamline.
By sharing elements among all users, the need for the creation of new elements for
every model lessens. Ideally, most elements should already exist in the database when
a user needs them, and as more users and models are created, that becomes a reality.
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24. Inter-Comparison of Particle Production
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Nuclear Regulation Authority, Japan

Abstract
In accordance with the discussion at SATIF-11, we proposed the problems of neutron
production from thick targets of Al, Cu and Au as the new inter-comparison for SATIF12. There were large differences than our expectation in this inter-comparison. The
revised problems including 0 degree and angular integrated spectrum as quantities to
be calculated were prepared for SATIF-13 to understand the reason of the differences.
This paper presents a comparison of results provided by four groups.

24.1. Introduction
Based on the discussion at SATIF-11, the problem of neutron production from thick
targets of Al, Cu or Au for 1, 10 and 100 GeV protons induced reactions were prepared
as the new inter-comparison for SATIF-12. The results from six groups were compared
[1]. There were large differences between the results than our expectation in the simple
geometry calculations. At SATIF-12, the followings were summarised as the future
themes as the next step:
a.
b.
c.
d.

add angles of 0 and 180 degrees for spectral comparisons;
compare the total energy fluence at each angle;
compare the spectra with experimental results, particularly around 10 GeV;
present results using different models that can be used for each code;

Considering this summary, the revised problems were prepared by the organiser and
sent to all contributors at SATIF-12.

24.2. Revised problems for an inter-comparison at SATIF-13
24.2.1. Incident particle
Pencil beam of protons used with the following energies:
a. 1 GeV
b. 10 GeV
c. 100 GeV
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24.2.2. Target materials and their sizes
The target geometry was a cylinder.
Source protons were incident on the center of the cylinder bottom.
The target detector distance from the center of the cylinder was 500 cm.
a. Al: length = 40 cm, diameter = 4.0 cm and density = 2.7 g/cm3
b. Cu: length = 16 cm, diameter = 1.6 cm and density = 8.63 g/cm3
c. Au: length = 10 cm, diameter = 1.0 cm and density = 19.3 g/cm3

24.2.3. Quantities to be calculated
As the quantities to be calculated, 0 degree was added together with angular integral
neutron spectrum and energy integral neutron fluence above 20 MeV as follows:
Neutron spectrum above 20 MeV in n/MeV/sr/proton
at 0, 15, 30, 45, 60 ,90,120,150 degrees with angular width ±0.5 degrees
Angular integral neutron spectrum above 20 MeV in n/MeV/cm2 proton
Energy integral neutron fluence for (1) and (2)

24.3. Summary of contributors
Four groups sent their results to the organiser. Table 24.1 lists the participants, the
names of the computer codes and the database and physical model used.
Table 24.1. Summary of contributors
Name of participants
and organisations

Code

Data
base

Physical model

Norihiro MATSUDA
(JAEA) and PHITS
development team

PHITS [2]

Original
(PHITS)

INCL4.6
(<3GeV)+JAM(>3GeV)+GEM

Koi Tasumi (SLCA)

Geant4
v10.02.p02 (use
“Shielding”
physics list)
[3,4,5]

Pedro Vaéz, Yriy
Romanets ( INST)

MCNPX
version 2.7.0
[6,7,8,9]

Default

Toshiya Sanami (KEK)

MARS 1516
[10]

Original
MARS

Default
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24.4. Results and discussions
24.4.1. Comparison of neutron fluence above 20 MeV
Figures 24.1-24.3 show the comparison of neutron fluence above 20 MeV for Al, Cu
and Au, respectively. Differences of neutron fluence above 20 MeV emitted from the
target are within 96% for Al, 60% for Cu and 103% for Au, respectively.
Figure 24.1. Comparison of neutron fluence above 20 MeV from the Al target
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Figure 24.2. Comparison of neutron fluence above 20 MeV from the Cu target
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Figure 24.3. Comparison of neutron fluence above 20 MeV from the Au target
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24.4.2. Comparison of neutron energy fluence above 20 MeV
Figures 24.4-24.6 show the comparison of neutron energy fluence above 20 MeV for
Al, Cu and Au, respectively. Differences of neutron energy above 20 MeV emitted
from the target are within 46% for Al, 49% for Cu and 39% for Au, respectively.
Figure 24.4. Comparison of neutron energy and angular integral fluence
above 20 MeV from the Al targe
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Figure 24.5. Comparison of neutron energy and angular integral fluence above
20 MeV from the Cu target
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Figure 24.6. Comparison of neutron energy and angular integral fluence above
20 MeV from the Au target
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24.4.3. Comparison of neutron spectra above 20 MeV at 0 degree
Figures 24.7–24.9 show the comparison of neutron angular spectra at 0 degree for Al,
Cu and Au, respectively. There are large differences between codes especially for
GeV proton.
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Figure 24.7. Neutron spectra from the Al target at 0 degree
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Figure 24.8. Neutron spectra from the Cu target at 0 degree
Cu 1 GeV, 0 degree
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Figure 24.9. Neutron spectra from the Au target at 0 degree
Au 1 GeV 0, degree
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24.4.4. Comparison of angular neutron energy fluence above 20 MeV
Figures 24.10-24.12 show the comparison of neutron angular energy fluence above
20 MeV for Al, Cu and Au, respectively. Differences are relatively small except
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0 degree at 1 GeV protons and similar differences exist for all angles at 10 GeV
protons for all target materials. On the other hand, differences at 0 degree are smaller
than other angle at 100 GeV protons.

Neutron energy fluence (MeV/sr per proton)

Figure 24.10. Neutron energy fluence from the Al
Al 1 GeV proton
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Neutron energy fluence (MeV/sr per proton)

Figure 24.11. Neutron energy fluence from the Cu
Cu 1 GeV proton
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Neutron energy fluence (MeV/sr per proton)

Figure 24.12. Neutron energy fluence from the Au
Au 1 GeV proton

3

10

Geant-4
MCNPX
MCNPX
MARS

2

10

1

10

100

0

30

60

90

120

150

180

Neutron energy fluence (MeV/sr per proton)

Angle (degrees)

Au 10 GeV proton

105

Geant-4
PHITS
MCNPX
MARS

104

103

102

101

100

0

30

60

90

120

150

180

Neutron energy fluence (MeV/sr per proton)

Angle (degrees)
Au 100 GeV proton

107
106

Geant-4
PHITS
MCNPX
MARS

5

10

104
3

10

102
101

0

30

60

90
Angle (degrees)

120

150

180

NEA/NSC/R(2018)2

24.5. Summary
From the comparison of fluence, energy and angular spectra, we can summarise the
following results:
a. Differences between the codes are small for total neutron fluence and total neutron
energy emitted from the targets above 20 MeV.
b. Relatively large differences exist in the comparison of angular spectrum at
0 degree.

24.6. Future themes
It is necessary to continue this study with the following themes as the next step:
a. FLUKA and MCNP6 results are desired for this inter-comparison.
b. It is also necessary to compare energy spectrum below 20 MeV.
c. It is desired to check models especially for angular distributions by code
developers and reflect to this comparison.
d. Experimental results are necessary for 0 degree.

References
[1] Hirayama, H. and T, Sanami, “Inter-comparison of particle production”, Shielding
Aspects of Accelerators, Targets and Irradiation Facilities (SATIF-12), Batavia,
Illinois, USA, 28-30 April, 2014, OECD/NEA/NSA/R(2015)3, June 2015,
pp.242-251.
[2] Sato, T. et al. (2013), “Particle and Heavy Ion Transport code System, PHITS,
version 2.52”, J. Nuclear Sci. Technol. 50 (2013) pp. 913-923.
[3] Agostinelli, S. et al., “Geant4―a simulation toolkit”, Nuclear Instruments
Methods in Physics Research Section A, 506 (2003) pp. 250-303.

and

[4] Allison, J. et al., “Geant4 developments and applications”, IEEE Transactions on
Nuclear Science, vol. 53, no. 1 (2006) pp270-278.
[5] Allison, J. et al., “Recent developments in Geant4”, Nuclear Instruments and
Methods in Physics Research Section A, 835 (2016) pp.186-225.
[6] James, M.R. (2009), “MCNPX 2.7.x – New Features Being Developed”, Report
LA-UR-09-6788.
[7] Pelowitz, D.B. et al. (2011), “MCNPX 2.7.0 Extensions”, Report LA-UR-1102295.
[8] Pelowitz, D.B. et al. (2010), “MCNPX 2.7.D Extensions”, Report LA-UR-1007031.
[9] McKinney, G.W. (2008), “Tally Tagging Feature in MCNPX 2.7.A”, ANS Winter
Meeting, Reno, NV, November 9-13, 2008, Report LA-UR-08-6930.

[10] https://mars.fnal.gov.

│ 285

286 │ NEA/NSC/R(2018)2

25. Simulating Proton and Ion-Induced Particle Showers
in the Large Hadron Collider
E. Skordis1, 2, C. Bahamonde Castro1, F. Cerutti1, A. Ferrari1, P. Fessia1, A. Lechner1,
N. Mariani1, A. Tsinganis1, V. Vlachoudis1
1

CERN, Geneva, Switzerland
University of Liverpool, United Kingdom

2

Abstract
Particle shower simulations represent a powerful method for analysing the effects of
beam losses in new frontier machines like the large hadron collider (LHC). The FLUKA
code is regularly used at CERN for studying the shower-induced energy deposition,
radiation damage and radioactivity in LHC equipment. Such model calculations are
essential for analysing beam-induced quenches of superconducting magnets, for defining
operational parameters like beam abort thresholds, for quantifying the radiation to
electronics, and for designing new equipment such as shieldings, collimators, dumps and
other absorbers. In this paper, we present a selection of use cases and we describe
relevant benchmark studies against beam-loss monitor (BLM) measurements. A
comparison against macroscopic observables like BLM dose values is important for
assessing the accuracy of simulation predictions, and for validating both the assumed
source terms and the geometry models. We address different kinds of beam losses like
halo cleaning in the collimation insertions and inelastic proton-proton or Ion-Ion
collisions in the detectors. We demonstrate how shieldings and collimators can be used to
improve the lifetime of equipment and to mitigate the risk of magnet quenches for future
operation at higher intensities and luminosities. The simulation predictions are of
particular importance for the high luminosity (HL) upgrade of the LHC, which aims at a
tenfold increase of the integral luminosity delivered to the ATLAS and CMS experiments.

25.1. Introduction
The current design for the large-hadron collider (LHC) [1] assumes a stored energy of
about 362 MJ per beam which could potentially damage the machine. Moreover, the
small fraction that is inevitably lost can induce both quenches of the superconducting
(SC) magnets as well as material degradation and damage. As a result, the particle losses
have to be adequately handled by either a controlled intercepting mechanism (i.e.
collimation system) or by shielding the sensitive equipment from the effects of
unavoidable particle showers (e.g. collision debris).
The collimation system installed in the LHC [2, 3] is capable of sustaining up to 500kW
of impacting protons for 10 s [4, 5] and protecting the machine from damage and quench.
Three different kinds of collimators, primaries (TCP), secondaries (TCSG) and active
absorbers (TCLA), hierarchically extract the beam halo particles and absorb part of the
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shower. The rest of the energy is deposited in other LHC elements, equipment, tunnel
walls etc. especially in the betatron cleaning insertion region (IR) 7 [6].
Collisions at the interaction points (IPs) (e.g. ATLAS and CMS) produce secondary
particles which escape from the experimental caverns and threaten to quench SC magnets
(debris) [7] and either threaten the SC magnets with a quench or shorten their lifetime.
Most of these particles are intercepted by the detector and its forward region shielding,
releasing their energy within the experimental cavern. However, the most energetic
particles, emitted at small angles with respect to the beam direction, travel farther in the
vacuum and reach the accelerator elements, causing a significant impact on the magnets
along the insertion regions (IRs), in particular the final focusing quadrupoles, the
separation dipoles and even the dispersion suppressor dipoles.
It is essential to study how these particles are lost in order to implement the necessary
protections for sensitive parts of the LHC magnets and the machine. To this end, Monte
Carlo simulations of particle interactions with matter play an essential role, relying on a
detailed implementation of physics models and an accurate 3D description of the region
of interest. FLUKA [8-10] is utilised for the calculation of the secondary particle shower
development and its effects. Sixtrack [11, 12] (specialised for LHC collimation) and
MAD-X [13] are in some cases used for their tracking capabilities in order to provide the
source term for the shower simulations. Lastly, in order to be able to perform accurate
predictions of the machine behaviour in future running scenarios, a well-benchmarked
simulation procedure is required. To validate the predictions, beam-loss monitor (BLM)
signals are also simulated and compared against measurements for well-defined scenarios
such as magnet quench tests [2].

25.2. Simulation setup
Depending on the kind of losses under study (e.g. collimation and secondary ion losses)
there can be a need for a step before the particle shower simulations which involves
tracking of the initial particles through the machine optics and identification of the impact
position in the respective aperture restriction. Sixtrack, a six-dimensional phase space
multi-turn tracking code that uses thin-lens element-by-element tracking through the
magnetic lattice, and MADX, a general-purpose tool for charged-particle optics design
and studies in alternating-gradient accelerators and beam lines, are used for collimation
and ion collision losses respectively due to their particle tracking capabilities. For
collimation needs the final tracking is done using Sixtrack-FLUKA active coupling [14]
which combines the capabilities of Sixtrack while taking advantage of the specialised and
highly benchmarked interaction models of FLUKA as well as of the detailed geometrical
models of the collimator devices to describe the particle interactions with the collimators
in a consistent way, improving the simulation accuracy.

25.2.1. Particle shower simulations
FLUKA is the main tool used to make a plethora of calculations (e.g. long-term dose to
critical element components such as magnet coils, power density in the SC coils, BLM
signals etc.) induced by particle showers arriving at critical locations. All the relevant
elements of the accelerator, including dipole and quadrupole magnets, collimators,
BLMs, device supports, cables, tunnel walls, etc. are modelled in detail and then
accurately assembled by the LineBuilder [15] to create geometries that can span several
hundreds of metres. Figure 25.1 illustrates the FLUKA geometry of the IR7’s warm
section, beginning from the Beam 2 primary collimators (TCP) (on the right) and arriving
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to the beginning of the cold section (on the left, behind the shielding wall) covering more
than 500m of the machine.
Figure 25.1. FLUKA model of the IR7 warm section

25.3. IR7 warm section results
25.3.1. 4TeV collimation quench test
The 2013 collimation quench test provided an excellent study case taking into
consideration the relatively well-known initial beam conditions, whose full list of adopted
parameters can be found in Reference [4]. The showers from beam losses were measured
by a series of BLMs installed on magnets and collimators, which are used to benchmark
the simulation simulation results.
Figure 25.2. Absolute BLM signal comparison at the peak loss rate
of the 2013 collimation quench test, data vs simulation

The experimental BLM signals of the last 40 μs of the quench test are compared with the
simulation results in Figure 25.2. During that time, corresponding to the shortest BLM
integration time, the peak proton loss rate measured by the beam current transformers
(BCT) was considered steady at 1.05 MW which then, after converted to a proton loss
rate, is used to normalise the simulations. A remarkable agreement is observed both in
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terms of absolute signal and pattern spanning over several orders of magnitude with some
underestimation appearing after 200m downstream of the TCPs.
The same simulation procedure is used to report (Table 25.1 [16]) the calculated sharing
of the beam energy deposition. Roughly 10% of the deposited energy is absorbed by the
collimator jaws while 40% is distributed between the passive absorbers (TCAP), the
warm dipoles (MBW) and quadrupoles (MQW), and the beam vacuum chamber. Most of
the rest of the energy is deposited in the tunnel walls while the final leak to the cold
section corresponds to 0.1%.

25.3.2. 6.5 TeV cumulative collimation losses
Table 25.1. Sharing of beam energy deposition in IR7
Missing energy means energy converted to mass or carried away by neutrinos.
Absorbing material

Beam energy
deposition (%)

TCP+TCSG Jaws
TCAP
MBW
MQW
Beam 2 pipe
Air
Cables
Cold section Elements

10
13
8.5
9.5
8.6
0.5
0.9
0.1

Absorbing material

Beam energy
deposition (%)

Collimator support + tank

4

Beam pipe support

1

Tunnel wall

33

Other elements

4.4

Total
Missing energy

93.5
6.5

During the end of the year technical stop of 2014-15, 113 radio photo luminescence
dosimeters (RPLD) (Figure 25.3) were installed on critical equipment, such as MQW,
MBW warm magnets, present in the high dose locations of LHC IR1, IR3, IR5 and IR7.
This work aimed at collecting an exhaustive database of the dose received by the
equipment at these locations and allow for a more precise dose forecast for the concerned
magnets in the beginning of 2016. These dosimeters provided also an alternative set of
data for benchmarking the simulation chain.
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Figure 25.3. Picture (Left) and FLUKA simulated model (Right) of the RPLD

The yearly collimation losses in the LHC consist of both protons and ions whose energy
varies between injection (450 ZGeV) and top energy. However, the majority of lost
energy (and therefore dose deposited in machine elements), originates from top energy
proton losses (6.5 TeV for 2015). Figure 25.4 shows the comparison of the cumulative
BLM signal during 2015 and the FLUKA reproduction of the BLM signals corresponding
to 6.5 TeV proton equivalent (p*) losses for 2015. The FLUKA results are normalised to
the BLM data by a factor of 5.5e+14 6.5 TeV p*, taking into account some known points
of discrepancies (due to geometry mismatch) and the effect of losses originating from the
other beam (e.g. at around 110m from IP7). This factor can then be used to normalise the
simulation results of the RPLDs. Moreover, when compared to the cumulative luminosity
of 4.3 fb-1 achieved in the CMS and ATLAS experiments, although not strictly linked, it
can provide a reference ratio (e.g. 1.3e+14/fb-1) for extrapolation for the future operation
expecting to reach much higher cumulative luminosities (e.g. 4000 fb-1 for the HL-LHC
lifetime).
Figure 25.4. Cumulative BLM dose measured during the 2015 LHC Run (Red)
vs FLUKA results (Blue) normalised to 5.5e+14 6.5 TeV p* losses
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Figure 25.5 shows an excellent agreement between simulated and experimental data for
the RPLDs only showing a slight overestimation at some dosimeters. Nevertheless, since
the results on dose received by the actual machine elements (presented in the following
section), used to estimate their lifetime, are supposed to be on the conservative side, the
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observed overestimation is not alarming. This very good agreement of simulated
dosimeter responses with experimental data provides increased confidence in the
prediction capabilities of the dose to the machine elements and solidifies the reliability of
the previous estimates of the elements lifetime.
Figure 25.5. Experimental readings vs FLUKA simulated values normalised
to 5.5e+14 6.5 TeV p* losses
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25.3.3. 7 TeV nominal cleaning
With the beam energy increasing from 6.5 TeV to its design value of 7 TeV, the sharing
of the energy deposition is only marginally affected. However, the simulation predictions
suggest that, without intervention, some of the magnets could reach at the dose
accumulated in the MBW and MQW coils (whose insulation resin is a weak point), it was
found that, without intervention, some of the magnets could reach their lifetime before the
next shutdown [17]. Simulations were carried out for 7 TeV operation with nominal
collimator settings [1]. In Figure 25.6 [18] the dedicated tungsten shielding, which was
installed on the front face of the IR7 MBWs return coils, is shown together with its
simulated protection effect, decreasing by a factor of 3 the amount of dose absorbed by
the coils. A similar approach was adopted for the most impacted MQW magnets.
Figure 25.6. Peak dose profile (top) in the IR7 MBW and MQW coils for 1.15e+16
lost protons (~90 fb-1) with and without tungsten protection, and respective FLUKA
geometry model (bottom)
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25.4. Collision debris simulations
25.4.1. Proton-proton collisions
Proton–proton inelastic collisions taking place in the LHC inside its four detectors
generate a large number of secondary particles. Moving away from the interaction point
(IP), this multiform population evolves, even before touching the surrounding material,
because of the decay of unstable particles (in particular neutral pions decaying into
photon pairs). On each side of the high luminosity detectors, ATLAS in P1 and CMS in
P5, a target absorber secondaries (TAS) absorber, a protection element consisting of a 1.8
m long copper core located 20 m from the IP and representing the interface between the
detector and the accelerator, is installed. However their protection role is limited to the
first focusing quadrupole, even though they are not needed for luminosities up to 0.2 ×
1034 cm−2 s−1 [1].
Despite the fact that the number of particles per collision leaving the TAS aperture is
more than one order of magnitude lower than the total number of debris particles, they
carry about 80% of the total energy, implying that 40% of the released energy at the IP
exits on each side of the experiments. At the nominal HL-LHC luminosity (5 × 1034 cm−2
s−1), this represents about 3800 W per side that is inevitably impacting upon the LHC
elements and consequently dissipated in the machine and in the nearby equipment (e.g.
electronics, racks, etc.) and in the tunnels walls. A crucial aspect for the coil protection is
the longitudinal interruption of the beam screen and its absorbers between two
consecutive cryostats. With the elaboration of a realistic interconnect design, hosting a
BPM as reproduced in the FLUKA model shown in Figure 25.7, the gap exceeds
700 mm, leaving the IP end of the following magnet less protected.
Figure 25.7. FLUKA model of triplet interconnects, including a circular BPM with
its electrode strips (in brown)

The effect of this interruption is clearly visible on the IP ends and becomes especially
pronounced on the Q2B triplet quadrupole for horizontal crossing, with peak dose values
in the vicinity of 40 MGy, after 3000 fb-1 in 295 μrad half-angle horizontal crossing, at
the localised maximum on the Q2B IP end, as shown in Figure 25.8 (left). Figure 25.8
(right) suggests that a 15% reduction can be achieved by a 7 cm prolongation of the beam
screen absorbers inside the non-IP end of the interconnect. Such a reduction would be
doubled, dropping to a 25 MGy maximum, with the adoption of an octagonal BPM with
embedded similar absorbers.
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Figure 25.8. Peak dose profile in the magnet coils (radially averaged
over the innermost layer, ≤ 3mm)
Vertical (red) vs horizontal (blue) beam crossing. (Right) Reduction of the dose peak on Q2B in horizontal
crossing after implementation of the mitigation measures described in the text.

25.4.2. Ion-Ion collisions
Beam losses originating from ion-ion collisions are intrinsically different than from
proton-proton collisions. A part of them has its origin in several electromagnetic
interactions that take place in the IPs, Bound Free Pair Production (BFPP) being the most
significant among them. Secondary beams arising from these processes have a different
mass-to-charge ratio than the main beam and lead to energy deposition in the
superconducting magnet coils of the regions surrounding the IPs. Without any mitigation
measures, they could trigger a quench in several of these magnets at present and future
energy and luminosity conditions.
A controlled magnet quench test using ion-ion collision debris was carried out in
December 2015 [19] in order to estimate the steady-state quench level of superconducting
magnets at high luminosity conditions. FLUKA shower simulations were carried out to
evaluate the peak power density deposited in the magnet coils during the test. To verify
the predictive accuracy of the simulation model, simulated BLM signals were compared
to LHC BLM measurements at the time of the quench. The particle shower simulations
were based on BFPP loss distributions provided using MAD-X, assuming an orbit bump
of +0.5 mm was applied.

.
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Figure 25.9. (Left) BLM signals, experimental (blue) vs simulation (red)
for Linst instantaneous luminosity. The predicted position of losses are represented
with the light red histogram. (Right) Peak dose profile in the magnet coil
in current machine (left).

Beam 2

Figure 25.9 left shows the comparison of the measured BLM signals with the simulated
ones. For an assumed loss location of 414.8 m left of IP5, simulated and measured signals
show a very good agreement, implying that the experimental loss location during the
quench test can be well reconstructed by matching the BLM signal pattern of the FLUKA
studies and the experimental.
Figure 25.9 right presents the longitudinal distribution of the peak power density in the MB
coils for the simulation assuming the aforementioned loss location. Both the peak power
density at the inner edge of the cable and the radially averaged density over the cable are
shown. During steady-state losses, the heat has enough time to spread across the cables’
cross-section, therefore the radially averaged power density is normally used to quantify the
quench level for these losses. The maximum radially averaged power density is estimated to
be around 40 mW/cm3 for high luminosity conditions [20].
Figure 25.10. FLUKA model of the cryostat with the installed collimator (top)
Peak power density profile in the SC coils with implemented mitigation measures (bottom)
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Since at this estimated quench level the superconducting dipole is expected to quench, the
viability and effectiveness of different mitigation strategies was studied using FLUKA.
The implementation of orbit bumps to shift the BFPP losses further downstream and the
installation of a collimator (Figure 25.10 top) that would intercept the BFPP beam were
both proven as robust solutions in the different IPs, reducing the peak power density in
the
coils
of
the
most
exposed
magnets
by
at
least
a
factor 100 with respect to their estimated quench levels (Figure 25.10 bottom) [21].

25.5. Conclusion
Given the intricacies of the various simulations presented in this paper, the BLM pattern
and passive dosimeter reproductions inspire trust in the capabilities of the available
simulation tools. They provide a versatile tool for identifying and quantitatively assess the
weak points of the LHC from the radiation impact point of view, and decisively
contribute in the implementation of suitable measures to guarantee an unhindered
operation of the collider.
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Abstract
The secondary radiation fields produced by the interaction of high-energy electrons with
thick targets are commonly calculated using Monte Carlo codes, such as FLUKA.
Assessments of radiological conditions both inside and outside of the shielded accelerator
beam enclosures during operational and accidental beam-loss scenarios often fully rely
on the modelling methods. The Jefferson Lab Radiation Control Department took several
opportunities to experimentally validate FLUKA calculations. Photon and neutron dose
rates were measured throughout a beam enclosure penetration located 8 m downstream
of a shielded copper beam dump stopping 2.1 GeV electron beam. Dose rates above an
off-axis penetration were measured during 1.7 GeV electron beam termination on a 3 cm
long tungsten target. Angular dependence of photon and neutron dose rates were
measured with 18.5 MeV, 56 MeV and 2.1 GeV electron beam incident on thick targets.
Summary of the measurements and comparisons with FLUKA results are presented.

26.1. Introduction
The Monte Carlo tools commonly used in radiation protection at electron accelerator
facilities require benchmarking and validation. Both the production of the secondary
radiation and its transport through shielding and penetrations are of great importance. A
particular interest for validating FLUKA [1] and GEANT3/DINREG [2] codes for
modelling high-energy electron interaction with thick targets was prompted by the
application of these codes in radiation source term and shielding calculations related to
the upgrade of Jefferson Lab’s CEBAF accelerator from 6 to 12 GeV maximum beam
energy.
Two tests, 1.7 GeV and 2.1 GeV irradiations of thick targets, were dedicated to validating
FLUKA calculations of the secondary radiation transport through off-axis beam enclosure
penetrations. Three other tests focused on measuring radiation source terms produced by
the interaction of 18.5 MeV, 56 MeV and 2.1 GeV electron beams with thick targets.
Due to the opportunistic nature of the measurements, a limited suite of instruments was
available. The real-time measurements of photon and neutron dose rates in and above the
penetrations were conducted using ionisation chambers and Geiger-Müller counters, and
boron trifluoride (BF3) proportional counters in polyethylene moderators respectively.
Landauer InLight® dosimeters were deployed during the source term measurements.
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It is important to note that all these instruments are calibrated using radioactive standards,
such as 137Cs and AmBe, which produce particle spectra quite different from those that
were being measured. However, since these are the standard instruments used for
personal and environmental dosimetry at Jefferson Lab, and the fact that the dominant
portion of the ambient dose equivalent calculated by the Monte Carlo codes comes from
the low-energy parts of the spectra similar the calibration sources, the comparison is still
considered sufficient for the validation.

26.2. Methods and materials
26.2.1. Secondary radiation transport through off-axis penetrations
A specially fabricated 1.23 cm X 2 cm X 3 cm HD-17 tungsten alloy target (90% W, 6%
Ni, 4% Cu) was placed inside the accelerator beamline using a modified beam viewer
mechanism. Photon and neutron dose equivalent rates were measured directly above a 30
cm diameter open penetration using an ionisation chamber and a BF3 proportional counter
inside a moderator. The penetration is located at 90° angle from the target and connects
the beam tunnel to an above-ground service building 4.6 m above the tunnel ceiling.
A similar test was conducted using a 2.1 GeV electron beam incident on a 4.4 cm
diameter, 20 cm long, water-cooled, shielded copper beam dump. Photon and neutron
dose rates were measured throughout a 50.8 cm diameter off-axis open penetration
located 8.7 m downstream of the dump. An ionisation chamber, a Geiger-Müller counter,
and a BF3 proportional counter in moderator were suspended on a rope and dose rates
were measured in 0.5 to 1.5 m steps.
In both tests the electron beam current was varied between 0.5 and 4 µA peak current
value with 1.5 % duty factor, defined by the time structure of the tune mode beam in use.
Dose-rate readings at each current were plotted and regression analysis performed to
check for the linearity of the detector responses and to measure the slope of each curve.
The results were normalised per µA of average beam current.
Both experimental setups were modelled in detail using FLUKA. Photon and neutron
ambient dose equivalent rates were calculated and compared to the measurements.

26.2.2. Source term measurements
Thick targets composed of 1 mm of tungsten, 4 cm of hexagonal boron nitrade, 2 cm of
gallium, 2 cm of zinc and 1.3 cm of stainless steel were irradiated for an isotope
production purpose, unrelated to this study. Landauer InLight® dosimeters equipped with
optically stimulated luminescence (OSL) elements for photon and electron detection and
CR-39 neutron detectors were opportunistically placed at distances between 1 and 1.3 m
from the target and with angels between 60° and 135° with respect to the beam axis.
The first irradiation with 56 MeV electrons at 89 nA average current lasted for 5 minutes.
The exposed dosimeters were replaced with a second batch. The second irradiation with
18.5 MeV beam at 2.5 µA average current lasted for 1 hour. The dosimeters were
analysed by Landauer.
In the final source term measurement a 2.1 GeV, 50 nA average current beam was
incident on a 30.48 cm long, 5.08 cm diameter stainless steel (304 steel) target for
10 minutes. 12 InLight® dosimeters were place around the target at distances between
1.7 m and 4 m, covering angles between 0° and 180° as shown in Figure 26.1.
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Each of the source term measurement tests was modelled in detailed using FLUKA.
Photon and neutron source terms as a function of angle were also calculated using
GEANT3/DINREG model. Results were compared with the measured dose rates,
calculated at 1 m distance and normalised per kW of beam power.
Figure 26.1. Schematic representation of source term measurement at 2.1 GeV

26.3. Results and discussion
26.3.1. Comparison of radiation transport through off-axis penetrations
The calculated and measured photon and neutron equivalent dose rates above the off-axis
penetration in the tungsten target test are in good agreement as shown in Figure 26.2. For
photons, the calculated 48.3 ± 0.8 µSv/h/µA is only 15 % higher than the measured 42.2
± 0.8 µSv/h/µA. For neutrons, the agreement is remarkable: calculated 39.4 ±
2.6 µSv/h/µA compared to the measured 41.8 ± 2.0 µSv/h/µA.
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Figure 26.2. Comparison of photon and neutron dose rates
in an off-axis 90° penetration

The FLUKA to measurement comparison for photons and neutrons through a 50.8 cm
diameter penetration located 8.7 m downstream of a shielded copper dump irradiated with
2.1 GeV electrons are presented in Figures 26.3 and 26.4. While FLUKA underestimates
the Geiger-Müller (GM in Figure 26.3) and ionisation chamber (CARM IC in
Figure 26.3) responses by as much as a factor of 2, the neutron comparison is remarkable.
The differences in the photon dose-rate comparison may be attributed to the differences
between the measured and calibration photon spectra, as well as the distinctions between
the modelled and actual setups. Possible presence of scattering objects not included in the
FLUKA model being the most likely explanation.
Figure 26.3. Comparison of photon dose rates in an off-axis,
downstream penetration
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Figure 26.4. Comparison of neutron dose rates in an off-axis,
downstream penetration

26.3.2. Comparisons of source terms
The agreement between the combined photon and electron source term calculated using
FLUKA and the OSL measurements at 56 MeV are found to be better that
± 50%, as shown in Figure 26.5. The 18.5 MeV irradiation, which delivered much greater
integrated energy to the target, exceeded the 10 Sv upper limit of OSL application and is
not reported.
The neutron source term comparison is presented in Figure 26.6. FLUKA results at both
18.5 MeV and 56 MeV runs compare well with measurements. The differences are less
than ± 40 %.
The 2.1 GeV source term comparisons between FLUKA, GEANT3/DINREG, and the
measurements are presented in Figures 26.7 and 26.8. It must be noted that the
GEANT3/DINREG model did not take into account the radiation scatter of the
surrounding objects, which could explain the relative underestimation.
Due to the opportunistic (and often parasitic) nature of the source term measurements the
systematic errors were not properly evaluated. Some of the discrepancies between the
measured and calculated values may be attributed to the uncertainties associated with the
placement of the detectors and the alignment of the targets.
The limitations of the detectors require a separate discussion. The InLight® OSL
elements have a linear response in the dose equivalent range of 10 µSv to 10 Sv and
cover the energy range of 5 keV to 20 MeV, while Cr-39 neutron detectors present in the
same detectors are only applicable below 0.2 mSv. In addition to the limited energy
ranges of application, the differences between the measured radiation spectra and those
used to calibrate the instruments should be considered. The nuanced differences between
the measured personal dose equivalents and the ambient dose equivalents calculated using
the Monte Carlo codes are also worth noting. Despite these differences, ambient dose
equivalent was considered to be the most adequate quantity for the comparison with the
measured personal dose equivalents.
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In conclusion, the Monte Carlo tools used in the source term and radiation transport
calculations in the energy range from 10s of MeV to several GeV were successfully
validated.
Figure 26.5. Comparison of the combined photon and electron source term
at 56 MeV

Figure 26.6. Comparison of neutron source term at 18.5 MeV and 56 MeV
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Figure 26.7. Comparison of combined photon and electron source term at 2.1 GeV

Figure 26.8. Comparison of neutron source term at 2.1 GeV
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Abstract
In 1974, Nelson, Kase and Svensson published an experimental investigation on muon
shielding around SLAC high-energy electron accelerators [1]. They measured muon
fluence and absorbed dose induced by 14 and 18 GeV electron beams hitting a
copper/water beamdump and attenuated in a thick steel shielding. In their paper, they
compared the results with the theoretical models available at that time.
In order to compare their experimental results with present model calculations, we use
the modern transport Monte Carlo codes MARS15, FLUKA2011 and GEANT4 to model
the experimental setup and run simulations. The results are then compared between the
codes, and with the SLAC data.

27.1. Introduction
Since muons emit less bremsstrahlung radiation when passing through matter than
electrons due to their larger mass (and therefore lose less energy along their way),
adequate shielding design is required for future beamline facilities like ELI Beamlines,
LCLS at SLAC and the planned ILC in Japan. As an example, it has been demonstrated
that photoproduced muons at ELI Beamlines in Prague [2], with a 10 GeV electron beam
for acceleration experiments may affect neighbouring labs [3]. A good understanding of
photoproduction of muon pairs by high-energy, high-intensity electron or gamma beams
is therefore required. In order to estimate how well theoretical models for
photoproduction of muons in current radiation transport codes describe the reality, we
compare Monte Carlo calculations using the codes FLUKA2011, MARS15 and GEANT4
with data from an experiment done in 1974 at the Stanford Linear Accelerator Center in
California. In this way we can also compare the results of the different codes with each
other.
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While preliminary results have been already presented at the last SATIF workshop [4],
this document gives an update on the current status of the work.

27.2. The experiment
In 1974, Nelson, Kase and Svensson carried out an experimental investigation at SLAC to
study the muon fluence and absorbed dose induced by an 18 GeV electron beam hitting a
copper/water beamdump [1]. In the vicinity of a nucleus, the electrons produced
bremsstrahlung photons in the beamdump, which subsequently lead to muon pair
photoproduction. The muons were produced within 6 radiation lengths in the beamdump
(corresponding to 22.23 cm), and were subsequently attenuated by thick blocks of
shielding iron. The lateral distribution of the muon fluence and the absorbed dose were
measured by positioning detectors perpendicular to the incident electron beam axis in
four narrow gaps (gap A, gap B, gap C, gap D) between the iron shielding blocks. The
muon fluence was detected using 400μm thick nuclear track emulsion plates, which were
read out by microscopes after the exposure. Thermoluminescent dosimeters were used to
register the absorbed dose. In addition, two scintillation counters determined the exposure
and also cross-checked the muon fluence measurements. The geometry of the setup
allowed to perform measurements at vertical angles from 0 to 150 milliradians. Within
this range, it is ensured that the direct flight paths from the muon production point in the
beam dump to their detection are completely contained in the iron shielding. To protect
the detectors against background radiation, the gaps A, B and C were covered with lead
blocks on the side and on top. Gap D, which is the furthest away from the muon
production point, was left exposed.

27.3. Monte Carlo transport codes
A first comparison of results from the transport codes MARS [5-9] and FLUKA [10,11]
with the experimental results was done in 2007 [12]. Together with the observations
made in the shielding design for the ELI beamlines facility in Prague, the decision was
taken to redo the comparison with the newest versions of the two codes, and also include
the GEANT4 [13,14] toolkit as a third transport code into the comparison.

27.3.1. FLUKA2011
FLUKA is a fully integrated particle physics Monte Carlo simulation package containing
implementations of sound and modern physical models. A powerful graphical interface
(FLAIR [15]) facilitates the editing of FLUKA input, execution of the code and
visualisation of the output. Photomuon production in FLUKA is implemented as coherent
nuclear scattering according to the Bethe-Heitler mechanism using the formalism of
[16,17].

27.3.2. MARS15
The MARS code is a general-purpose, all-particle Monte Carlo simulation code. It
contains established theoretical models for strong, weak and electromagnetic interactions
of hadrons, heavy ions and leptons. Most processes can be treated exclusively
(analogously), inclusively (with corresponding statistical weights) or in a mixed mode.
There are several options for the geometry, with “extended” or ROOT-based [18] modes
as the most commonly used ones. Photoproduced muons are included in the MARS code
in two ways:
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•

An exclusive muon generator based on the Weizsäcker-Williams approximation
using algorithms based on the work of [19]. Only coherent photomuon production
is simulated. This generator is used as the default generator for muon production.

•

An inclusive muon generator based on the calculation of the lowest-order Born
approximation in [16,17] for targets of arbitrary mass, spin and form factor as
well as arbitrary final states.

Both models give practically identical results for photon energies larger than 10 GeV. At
lower energies, a precise description of the nuclear form factors becomes important.
MARS supports two options for the description of the nuclear density for the inclusive
muon generator: the original Tsai power-law mode and a symmetrised Fermi function.
Angular and momentum distributions of muons produced by bremsstrahlung photons of
18 GeV electrons in copper simulated with the inclusive and the exclusive generator are
in close agreement. The Weizsäcker-Williams approximation is therefore adequate for the
benchmark in question.

27.3.3. GEANT4.10
The GEANT4 toolkit is the successor of the series of GEANT programs for geometry and
tracking developed at CERN. It is based on object-oriented software technology.
GEANT4 represents a set of software tools from which the user needs to programme his
own application. The implementation of muon pair production is described in [19] and is
based on the work in [20].
The geometry of the experiment has been modelled with the three codes using
information from [1,21]. A consistent geometry was defined at the SATIF-12 workshop
for the three codes. Vertical views of the geometry are shown in Figure 27.1 (FLUKA),
Figure 27.2 (MARS15) and Figure 27.3 (GEANT4). Figure 27.1 also indicates the
location of the beamdump and the gaps in which the detectors were placed in the
experiment. The electron beam is coming from the left and hits the beamdump.
Figure 27.1. Geometrical model of the experimental setup using FLUKA2011
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Figure 27.2. Geometrical model of the experimental setup using MARS15

Figure 27.3. Geometrical model of the experimental setup using GEANT4.10

27.4. Scoring and simulation parameters
In order to score the results with the different transport codes and compare with the
experimental results, the following scorers were defined:
•

The muon fluence in the 4 gaps normalised to the integrated electron charge on
the beam dump (in muons/cm2/Coulomb).

•

The absorbed dose in the 4 gaps normalised to the integrated electron charge on
the beam dump (in rad/Coulomb). To simulate the dose deposition in the
thermoluminescent dosimeters, thin layers of LiF (500μm thickness) are placed in
each gap.

•

Several double-differential scorers in energy and angle for muons crossing the
copper-water intersections over approximately 6 radiation lengths in the
beamdump allow to cross check the implementation of muon photoproduction in
the different codes.
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For MARS, scoring distributions are obtained via post-processing using PAW [22].
FLUKA scoring distributions are obtained from the built-in scorers and post-processing is
done using FLAIR [15]. With GEANT4, a mixture of built-in scoring and ROOT
histograms [18] is used.
The following simulation parameters and configuration options were used in the
simulations:
1. MARS (used version: MARS15 (2016)):
•

Generation and transport thresholds for electrons, positrons and gammas are set at
2 GeV in the beamdump, and at the following values elsewhere: 1E-9 MeV for
neutrons, 1 MeV for muons and charged hadrons, 0.01 MeV for photons, and 0.1
MeV for electrons and positrons.

•

The default (exclusive) photo-muon generator is used.

FLUKA (used version: FLUKA2011.2c.3):
•

Defaults for precision simulations are used.

•

Production and transport thresholds for electrons and photons are set to 100 keV
and 10 keV, respectively.

•

Full simulation of muon nuclear interactions and production of secondary hadrons
switched on.

•

Production of secondaries for muons and charged hadrons switched on (100 keV
threshold).

GEANT4 (used version: GEANT4.10.2p02):
•

Basic physics list with quark gluon string and Bertini models is used, with
parameters for electromagnetic physics tuned for high precision.

•

Additional process for gamma conversion to muons switched on for photons.

•

Additional process for muon-nucleus interactions switched on for muons.

•

Range threshold for gamma, electron, positron, proton: 700μm.

27.5. Status at SATIF-12 and progress since then
At the last SATIF workshop, first results were presented from FLUKA simulations [4].
At that time, the composition of the shielding material was still unclear, and therefore two
simulations were performed for different types of steel with a density of ρ=7.0 g/cm3 and
ρ=7.6 g/cm3. In the meantime, some of the shielding blocks used in the experiment were
identified at SLAC, and measurements were performed to obtain the density and
elemental composition [23]. A density of ρ=7.6 g/cm3 was found. The elemental
composition of the steel is reported in Table 27.1 and Figure 27.4. In addition to the
material composition and density for the shielding steel, small updates in the geometry
were applied to the simulation:
•

A void for a second beamline was introduced into the shielding structures.

•

The shielding for gaps A, B and C with lead blocks was added.
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While these geometrical updates were partly already included in the simulations, they
were not yet used for the FLUKA results on fluence and dose presented in [4].
Table 27.1. Composition of the steel used for the simulation of the shielding
structures (density ρ=7.6g/cm3)
Elements
Mass fraction [%]
Elements
Mass fraction [%]
Elements
Mass fraction [%]
Elements
Mass fraction [%]

C
0.647
Pb
0.02859
Zn
2.98E-2
Ni
0.02

N
2.5E-3
Cd
1.86E-3
Zr
7.87E-3
Mo
0.0659

Si
0.1625
Cr
2.769E-2
Sn
9.976E-3
Nb
0.1238

S
0.023
Ti
0.3022
Mn
0.675
Fe
96.297317

O
1.3
Cu
0.0708
Co
0.2037

Figure 27.4. Composition of the steel used for the simulation of the shielding
structures (density ρ=7.6g/cm3)

.

27.6. Results
Figures 27.5-27.8 show the muon fluence registered in the four gaps for data (black
triangles) compared to the FLUKA simulation (red dots), the MARS15 simulation (blue
squares) and the GEANT4 simulation (green triangles). Only simulated data points with
statistical uncertainty < 30% were kept. All codes represent the experimental data
reasonably well, however there are small differences:
•

The MARS15 points reproduce the shape of the data points very well, but fall
systematically slightly lower.

•

FLUKA points have a less steep slope than the data, and are therefore lower at
smaller polar angles and higher at angles above 40 – 80 mrad.

•

GEANT4 points tend to fall between the MARS15 and the FLUKA results, with a
tendency to be closer to the FLUKA points at gaps C and D above 40 mrad.

It is interesting to note that the trends for MARS15 and FLUKA data are already hinted at
in the plots in [12]. While the systematic shift of the MARS15 data could possibly be
explained by air gaps in the shielding which are unaccounted for in the simulation
geometry and reduce the effective amount of shielding, the different slope of the FLUKA
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data could be caused by missing nuclear form factors in the treatment of multiple
scattering by muons.
Figure 27.5. Results for muon fluence in Gap A

Figure 27.6. Results for muon fluence in Gap B
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Figure 27.7. Results for muon fluence in Gap C

Figure 27.8. Results for muon fluence in Gap D

Figures 27.9-27.12 show the absorbed dose as function of the polar angle registered in the
four gaps for data (black triangles) compared to the FLUKA simulation (red dots), the
MARS15 simulation (blue squares) and the GEANT4 simulation (green triangles). Again,
only simulated data points with statistical uncertainty < 30% were kept. The codes are
reasonably close to the experimental data points, except for gap D, where especially at
angles larger than 40 mrad the data points are significantly larger than the simulations.
This is probably due to the missing lead shielding for this gap in the experiment, which
allows backscattered neutrons from walls, floor and ceiling (and even air) to contribute to
the dose. Since at the moment, the simulation geometry ends right after gap D, these
backscattering effects are not taken into account in the simulations. For gaps A-C, visible
agreement below 40 mrad is very good between simulations and experimental data, at
larger angles, the different slopes of MARS15 and FLUKA points lead to a situation in
which the FLUKA points are above and the MARS15 points are below the experimental
results.
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Figure 27.9. Results for absorbed dose in Gap A

Figure 27.10. Results for absorbed dose in Gap B

Figure 27.11. Results for absorbed dose in Gap C
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Figure 27.12. Results for absorbed dose in Gap D

27.7. Summary and conclusions
Based on the experimental results on muon production by an 18 GeV e- beam hitting a
copper-water target reported by Nelson, Kase and Svensson, the Monte Carlo transport
codes MARS15, FLUKA and GEANT4 have been used to model the experimental
conditions. First preliminary results on muon fluence and absorbed dose have been
produced with the three codes using updated material and geometry definitions in the
simulations. The agreement between the simulated results and the experimental values is
quite promising. Dedicated consistency checks using double-differential distributions of
muon fluence at several positions in the beamdump-target will allow to investigate more
carefully the production and transport of photo-produced muons in the different
simulation programmes.
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Abstract
Photo-nuclear interactions are relevant in many research fields of both fundamental and
applied physics. For this reason, Monte Carlo simulations of photo-nuclear interactions
can provide a valuable and indispensable support for many applications: design and
optimisation of photo-hadronic sources (i.e production of neutrons, special radionuclides
for pharmaceutical scopes, etc.), design of shields and particle dumps in high energy
particle accelerator complexes (mainly for issues related to the estimation of dose coming
from photo-neutrons), as well as for many other concerns. Unfortunately, few
experimental photo-nuclear data are available above 100 MeV, so that, in the high
energy range (from hundreds of MeV up to GeV scale), Monte Carlo code predictions are
based mainly on physical models. The aim of this work is to compare the predictions of
relevant observables involving photon-nuclear interaction modelling, obtained
respectively with GEANT4, FLUKA and MCNP codes, with respect to experimental data,
when available, in order to assess quantitatively the code prediction reliability over a
wide energy range (from few MeV up to several hundreds GeV. Since the work is still in
progress, only some relevant preliminary results will be presented in this paper. More in
detail, the comparison of the estimated photo-neutron yields and energy spectra, as
provided by GEANT4, FLUKA and MCNP, with the experimental data collected at the
Beam Test Facility of the DaΦne collider, in Frascati (Italy) is here reported and
discussed. The results of this experiment compared with the observable predictions of the
Monte Carlo codes show some important differences in the code prediction capability
that have motivated the interest and will of investigating more deeply the photonuclear
physics implemented in each code. In particular, the analysis will progress through
several steps, starting from the description and comparison of the photo-absorption
cross-sections used in GEANT4, FLUKA, MCNP with the “recommended evaluated”
photonuclear data provided by the IAEA. In such a way a preliminary assessment of the
reliability of the predictions for photonuclear physics is established by quantitative
validation tests, based on statistical data analysis methods. The results of statistical tests
on the total photo-absorption cross-sections of W, Pb, Zn are finally reported.
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28.1. Introduction
The interest in a reliable and accurate implementation of photonuclear physics in Monte
Carlo codes spans over a wide range of applications and is ever more increasing.
Photonuclear physics plays a relevant role in many fundamental research and applicative
fields: i.e, from the design and optimisation of targets for photo-hadronic sources
(i.e accelerator driven neutron and muon sources, radionuclide production for
pharmaceutical applications, etc.) to dosimetry and radioprotection concerns in high
energy physics (i.e high intensity and high brilliance gamma sources), from theoretical
astrophysics, where the photonuclear could have a fundamental role in stellar
nucleosynthetic, to the plasma physics of fusion reactors. In this frame, the goal of this
work is to investigate quantitatively the reliability of widely-used Monte Carlo codes to
simulate experimentally relevant observables involving photon-nuclear interaction
modelling.
We have started an assessment of the reliability of predictions of GEANT4 [1],
FLUKA [2] and MCNP [3], respectively, and some preliminary results of this work (still
in progress) are presented and discussed in this report. The comparison of measured
observables with simulated ones, in a high energy scenario for which experimental data
are available, is also presented. The comparison relies on suitable quantitative validation
tests, based on statistical data analysis methods.
The difference in prediction capabilities of different Monte Carlo codes can originate
mainly at two different levels that represent the sequential steps of the physics
implementation inside the codes:
•

first level: different used data library cross-sections;

•

second level: different reconstruction of the secondary final state (energy spectra,
angular distribution, etc.).

As first step, the investigative analysis (to find the reason of the possible differences)
foresees to compare the cross-sections used in the specified codes with the IAEA
recommended photonuclear cross-sections [4], mainly focusing on selected materials,
widely used in high energy accelerator context (lead, tungsten, copper, etc). The IAEA
cross-sections have been chosen as reference term for the comparison, since this data
collection has been obtained by an accurate selection of the worldwide experimental
measurements, in order to provide the scientific community with a “recommended” and
“selected” evaluated photo-nuclear data [4]. This collection contains a relatively complete
photo-nuclear data for 164 isotopes and has been made available in 2000 as ENDF-6
formatted files.
In case of lack of experimental data, the comparison among the results obtained with
independent codes, even if not appropriate to validate the simulation observables, could
highlight special needs of adopting conservative approach for those cases potentially
found not in agreement or, in addition, address experiments for benchmarking purposes in
the future high-energy neutron calibration fields or high brilliance and high intensity
gamma sources (i.e, ELI [5]).

28.2. Physics overview
Photonuclear interactions consist of absorption of a photon by a nucleus that is brought in
an excited state. The excited nucleus then undergoes the de-excitation process, emitting
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secondary particles (neutrons, protons, pions, etc.) and possibly undergoing fission,
depending on the photon energy and target nuclei.
The particle photo-production is a threshold reaction (a nucleon can be delivered from a
nucleus only if the energy transferred by the photon overcomes the average binding
energy of its nucleons). This energy threshold is lower for heavy nuclei for which photonuclear reactions are almost equivalent to photo-neutron ones, since the emission of
protons is strongly repressed by the larger Coulomb barrier (whose height is proportional
to the nucleus atomic number). The reverse happens below atomic number Z=20, for
which proton yield is, in general, larger than the neutron one.
The energy threshold for heavy nuclei goes from 5 to 7 MeV and for medium or light
nuclei it is around 15 -20 MeV.
Moreover, the photo-neutron cross-sections exhibit a
maximum at photon energy between 13-18 MeV for heavy nuclei and 20-23 MeV for
light nuclei (A < 40).
For modelisation purpose, five energy regions generally can be distinguished [6] [7]:
•

Nuclear resonance fluorescence (Eγ<2 MeV). In this process the photon induces
a magnetic dipole vibrational resonance of the nucleus. It is about a hundred times
weaker than the giant dipole resonance and is extremely narrow, on the order a
few keV. The key feature is that it produces characteristic, i.e. isotope dependent,
gamma-ray emission lines.

•

Giant dipole resonance (5<Eγ<30 MeV). The electric field of the photon
transfers its energy to the whole nucleus by inducing an oscillation (known as
giant resonance oscillation), which leads to a relative displacement of tightly
bound neutrons and protons inside the nucleus. Absorption of the incident
photons excites the nucleus to a higher discrete energy state and the extra energy
is emitted in the form of nucleons (neutron, proton, etc.).

•

Quasi-deuteron absorption (30<Eγ<140 MeV). When the photon energy is
greater than 35 MeV, the cross-section for the Giant Resonance neutron
production decreases rapidly. For 35 <Eγ<140MeV, the photo-neutron production
is due to quasi-deuteron effect. In this process, the incident photon interacts with
the dipole moment of a neutron-proton pair inside the nucleus rather than with the
nucleus as a whole.

•

Delta resonance (Eγ>140 MeV). Above 140 MeV photo-neutrons are produced
via photo-pion production.

•

Photo-meson region (Eγ>350 MeV).

28.3. The n@BTF experiment at the Da𝚽𝚽ne BTF: Experimental results
and Monte Carlo code benchmarking
High energy electrons can interact with targets made of high atomic number materials,
producing mainly bremsstrahlung radiation with a continuous energy spectrum, whose
end point is equal to the maximum primary electron energy. These secondary photons can
excite the nuclei, which decay back into the fundamental state by evaporating one or
more neutrons or expelling other charged or neutral hadrons (pions, protons, etc.),
depending on the primary electron energy and the target nucleus.
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A photo-neutron source by a high energy electron or positron pulsed beam has been
realised in the frame of the experiment “n@BTF” [8], in 2010, at the beam test facility
(BTF) [9] of the INFN National Laboratory of Frascati, near Rome (Italy). The BTF is a
transfer line, driven by a pulsed magnet that allows diverting electrons or positrons,
normally released to the DaΦne [10] damping ring, towards the BTF 100 m2 experimental
hall, where the n@BTF experiment has been carried out (Figure 28.1 shows the
experimental setup).
In the n@BTF experiment, neutrons are produced sending 510 MeV electrons to impinge
on an optimised tungsten target (7cm diameter, 6 cm height). The photons from the
electromagnetic cascade may excite the W nuclei, resulting mainly in neutron production
in the MeV region related to the Giant Resonance mechanisms, even if the energy
spectrum spans over more than 9 decades of energy (from few meV up to hundred of
MeV). Neutrons with maximum energy equal to that of the primary beam could be
generated.
Figure 28.1. n@BTF experimental setup

The intensity of the neutron beam and the fluence rate energy distribution at a wellestablished point of reference in the irradiation room were predicted by Monte Carlo
simulations and measured with a Bonner Sphere Spectrometer (BSS). Due to the large
photon contribution and the pulsed time structure of the beam, passive photon-insensitive
thermal neutron detectors were used as sensitive elements of the BSS. For this purpose, a
set of Dy (Dysprosium) activation foils was used.
In the performed Monte Carlo simulations with GEANT4, FLUKA and MCNP/X all the
characteristics of the available electron beam, as reported in Table 28.1 (primary beam
energy spread, spot size, energy distribution, etc.), have been taken properly into account.
Table 28.1. BTF main electron beam parameters
Parameter
Energy range
Transverse emittance @510 MeV (both planes)
Energy spread
Repetition rate
Number of particles per pulse
Macro bunch duration
Spot size (at the line exit)

Value
25-750 MeV
1 mm mrad
1%
1-50 Hz
1-1010
1 or 10 ns
2mm (single particle) 2cm (high multiplicity)

In Figure 28.2 the lethargic energy spectra (EdΦ/dE), normalised to the total neutron flux,
estimated by FLUKA (with version 2006.3 and confirmed recently with version
2011.2c.3), MCNPX (version 2.6) and GEANT4 (version 10.1.0) codes, respectively, are
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shown together with the normalised lethargic spectrum measured by the Bonner Spheres
spectrometer.
Figure 28.2. n@BTF fluence energy spectrum (normalised to the total flux)
at the reference point (1.49 from the target centre)

A good agreement between measurements and simulations is found for FLUKA and
MCNPX that provide an accurate reconstruction of the experimental resonance, both in
energy position and in amplitude, as assessed by 𝜒𝜒2 test. On the contrary, the GEANT4
simulation of the n@BTF experiment gives results that underestimate of more than 30%
the photo-neutron integrated yield.
The experimental and calculated neutron fluxes, collected over a sphere of 10 cm
diameter, whose centre is 1.49 m far away from the target along one of the two extraction
lines (red arrows in Figure 28.3), are reported in Table 28.2.
Table 28.2. MC predictions and estimations
Total neutron fluence per incident electron (cm-2)
Exp. measurement

FLUKA

MCNPX

GEANT4

8.04E-7 ± 3%

8.10E-7 ± 4%

8.02E-7± 0.2%

4.8E-7± 3%

In order to assess and check what could be the cause of the different GEANT4
predictions, more simplified geometry has been simulated in order to focus only on the
photonuclear physics (reducing the spurious dependencies on other non-relevant physics
and geometric aspects).
A “unit test” (identified as “n@BTF unit case”) has been built to compare the different
code estimations of photo-neutron escaping from a simpler geometry, made only of the
n@BTF target in the vacuum and neglecting the complete experimental apparatus (lead
beam dump, layered shielding box around the target itself, etc.) as detailed in Figure 28.3.
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Figure 28.3. Layered shield (polyethylene-lead) box around target,
beam dump and 2 extraction lines

In Figure 28.4 the energy spectra of the photo-neutrons produced in the target, estimated,
respectively, with GEANT4, MCNP and FLUKA for the unit case, are compared all
1
together . The results are reported in term of neutrons per unit primary electron,
integrated over all the solid angle and shown in lethargic representation. The estimations
of the source term with the n@BTF unit test case give a definitive confirmation that the
difference are due to the mechanism of production of neutrons in the target rather than to
the neutron transportation and interaction with other materials.
Figure 28.4. Source term: lethargic energy spectrum normalised
to the total counts of neutron produced in the target
The integrated area under each curve gives the total number of neutron produced per primary electron.

1. In the n@BTF experiment, the direct measurement of the source term is not foreseen and
consequently is not available for benchmarking. Only the neutron flux along the horizontal
extraction line has been measured (as shown in figure 28.2)
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Furthermore, it has also been checked if the differences between the GEANT4 predictions
and those of the other codes could be attributed to the different efficiency in conversion
from high energy electrons to gamma showers. For this reason, several simulations have
been performed (with GEANT4 and FLUKA) to analyse the results obtained respectively
with 510 MeV monoenergetic gammas as primary beam and comparing the results with
the photo-neutrons estimated with 510 MeV primary electrons. The results of these
simulations allow to conclude that no significant difference is related to the
electromagnetic conversion from high energy electrons to photons, since, the photoneutron yield predicted by GEANT4 directly from electrons and photons respectively, are
consistent and in both cases GEANT4 underestimates of the same amount the value
predicted by FLUKA (see Table 28.3 and 28.4).
Three “reference” physics lists (including hadronic and photonuclear physics) for
GEANT4 have been alternatively used: QGS_BERT, QGS_BERT_HP and Shielding. The
results obtained from these simulations are in excellent agreement (within 1%).
Finally, in order to check that the obtained results are not dependent by the specific built
application, another independent application has been used: the “Hadr01” from the
extended examples provided in the Geant4 packages (simply specifying the geometry and
material of the target, the energy and type of the primary particles of the n@BTF
experiment). The differences in the results from the “n@BTF unit case” and the adapted
Hadr01 case, could come mainly from the different scoring solutions implemented
respectively in each application to estimate the neutron yield and energy spectrum. As
shown in Table 28.3 and 28.4, the estimations of the neutron yields obtained with the two
independent applications, in both cases of 510 MeV primary electrons and 510 MeV
primary gammas, agree within few percent difference (<8 %).
Table 28.3. GEANT4 and FLUKA photo-production yields
for 510 MeV electrons on W-bulk
510 MeV
Electrons

Physics

Neutron per
primary

Proton per
primary

GEANT4
‘n@BTF’
unit test

QGS_BERT/QGS_BERT_HP/Shielding

0.12 ±3%

1.74E-3 ±6%

GEANT4
Hadr01-Extended

QGS_BERT/QGS_BERT_HP/Shielding

0.13 ±3%

1.76E-3 ±6 %

FLUKA

Precisio/Photonuc/Evaporat
(+bias)

0.22 ±0.45%

1.44E-3 ±0.9%
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Table 28.4. GEANT4 and FLUKA photo-production yields
for 510 MeV gammas on W-bulk
510 MeV
gammas

Physics

Neutron per
primary

Proton
per primary

GEANT4
‘ n@BTF’

QGS_BERT/QGS_BERT_HP/Shielding

0.14 ±3%

3.53E-3 ±6%

GEANT4
Hadr01-Extended

QGS_BERT/QGS_BERT_HP/Shielding

0.15 ±3%

3.55E-3 ±6 %

FLUKA

Precisio/Photonuc/Evaporat
(+bias)

0.26 ±0.12%

2.77E-3 ±2%

At this stage of the analysis it is not really clear why the predictions of GEANT4 are
underestimating the experimental values, and the preliminary checks seem to demonstrate
that the underestimation is not depending on the failure of the specific application used,
even if further investigation in this sense can been pursued. More reasonably, differences
can originate from the implementation of the photo-nuclear physics at some (still not well
identified) stage.
One of the objectives of this work is to individuate and possibly address the solution of
some critical implementation in GEANT4 (if any, after careful investigation) or
eventually to promote an improvement of the photo-nuclear implementation inside the
code itself.
The first step of the analysis is the comparison of the photo-nuclear cross-sections used in
each code with the evaluated IAEA photonuclear data, starting from those cases in which
we are more directly interested.
Anyway, the complete analysis will foresee to compare, as exhaustively as possible, the
photo-nuclear cross-sections of all nuclei and finally to focus on the fitting procedure
characteristic of each code to extend the cross-sections in the energy range, when
experimental data are missing or to evaluate (according the different parameterisation
applied in each code) the cross-sections for those cases non included in the data library.
Successively, in a longest time scale, the models implemented to obtain the secondary
particles and their final states (particle typology, energy dependence, angular crosssections, etc.) will be also analysed and quantitatively compared.

28.3.1. Implementation of photonuclear physics in Geant4
Photo-nuclear interaction cross-sections in GEANT4 database are approximated for all
the nuclei and all the energies (from hadron production threshold to about 50 GeV). The
GEANT4 database is made of parameterised cross-sections of 51 nuclei
(see Table 28.5 and Table 28.6).
The cross-section parameterisation in the different energy range is expressed as function
of: the Atomic mass “A”, the energy “e” and several other parameters that are calculated
for a list of selected 14 nuclei and interpolated for all the other nuclei.
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•

The photonuclear cross-sections are parameterised in the G4PhotoNuclear
Cross-Section class over all the incident photon energies (from the hadron
production threshold upward). In the G4PhotoNuclearCrossSection class, the
evaluated data of the 51 nuclei are inserted as G4double arrays and the fit
algorithms for the parameterisation of all the rest of nuclei (not included in the
GEANT4 data base) are implemented according five energy regions, each
corresponding to the physical process that dominates.

•

The giant dipole resonance (GDR) region, depending on the nucleus, extends
from 10 MeV up to 30 MeV. It usually consists of one large peak, though for
some nuclei several peaks appear.

•

The ''quasi-deuteron'' region extends from around 30 MeV up to the pion
threshold and is characterised by small cross-sections and a broad, low peak.

•

The Δ region is characterised by the dominant peak in the cross-section which
extends from the pion threshold to 450 MeV.

•

The Roper resonance region extends from roughly 450 MeV to 1.2 GeV. The
cross-section in this region is not strictly identified with the real Roper resonance
because other processes also occur in this region.

•

The Reggeon-Pomeron region extends upward from 1.2 GeV.

Currently the following 14 nuclei, whose evaluated cross-section are available up to
2
50 GeV , are used in the parameterisation to extrapolate towards high energy:
Table 28.5. Evaluated photonuclear cross-sections available
in high energy range (up 50 GeV)
1H

2H

3He

4He

6Li

7Li

9Be

12C

16O

27Al

63.5Cu**

118.7Sn**

207.2Pb**

238U

Note: ** Natural element (mixture of isotopes as happen in nature).

The list of the the elements whose evaluated cross-sections is available in GEANT4 from
2 MeV up to 105 MeV is reported in Table 28.5.

2. Note that all these elements are used also in the fitting procedure to reconstruct the
GDR in the low energy region (together with the element of Table 28.5) for all those
cases not included in the data set, with the exception of 2H and 3He that are used only
for the high energy cross-section interpolation.
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Table 28.6. Evaluated photonuclear cross-sections available in low-energy range
(up to 105 MeV)
2H

4He

6Li

7Li

9Be

12C

14N

15N

16O

19F

23Na

24Mg

27Al

28Si

32S

34S

40Ca

54Fe

55Mn

56Fe

58Ni

58.9Co**

63.5Cu**

65.4Zn**

76Se

82Se

107.9Ag

112.4Cd**

118.7Sn**

126.9I**

154Sm

156Gd

159Tb

165Ho

168Er

174Yb

178Hf

180Hf

181Ta

184W

186W

197Au

204.4Tl

207.2Pb**

209Bi

232Th

235U

238U

239Pu

Note: ** Natural element (mixture of isotopes as happen in nature).

The photo-nuclear cross-sections cover incident photon energies from the hadron
production threshold upward. Final states in gamma-nuclear and electro-nuclear physics
are described using chiral invariant phase- space decay at low energies, and quark gluon
string model at high energies.
The photonuclear physics is activated by the “G4PhotoNuclearProcess” class (normally
included in the “GammaPhysics” list), through the method “GetCrossSectionDataStore”
that allows to instantiate the “G4PhotoNuclearCrossSection”.
In the gamma physics list both the photo-nuclear process and the hadronic model for
determining the final state of products (energy and angular distribution to be used for the
ensuing transport) are introduced.

28.3.2. Implementation of photonuclear physics in FLUKA
An important upgrade for the photonuclear physics in FLUKA was done in 2005, when
the data library was completed and extended in such a way that cross-section data for 190
nuclides were made available.
If experimental cross-sections were not available, then Lorentz fits of the existing data
could be used to derive them: for Z> 29 typically the parameters of the fit (as peak
energy, peak height and width) are taken from the Atlas of Dietrich and Berman [11]
except for Pr, Au and Pb for which the parameters used are those published by Berman et
al [12]. For Z< 29, “parameterised” Lorentz parameters are used, according general
formulas giving the Lorentz parameters (peak energy, peak height, width) as function of
A and Z (as reported in Berman and Fultz [13]).
All cross-sections are extrapolated to zero at threshold and forced to join smoothly the
quasi-deuteron cross-section curve at the upper end of the giant dipole resonance range.
FLUKA models photo-nuclear interactions over the energy range from MeV to TeV and
four regions are distinguished for modelling purpose [14]:
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1. Giant Dipole Resonance (GDR): 7 < E < 30 MeV
2. Quasi-Deuteron Resonance (QD): 30 < E < 140 MeV
3. Delta Resonance: E > 140 MeV
4. High energy region: E > 720 MeV
For each of these four models, two algorithms have been implemented to provide the
value of the total interaction cross-section as a function of photon energy and target
nucleus, and the initial energy and momentum transfer between the photon and one or
more particles inside the nucleus. Once the photon energy has been transferred, further
interactions of the particles involved are described by the normal intranuclear cascade,
pre-equilibrium and evaporation models implemented in FLUKA.

28.3.3. Implementation of photonuclear physics in MCNP
In MCNP, photonuclear data, including Nuclear Resonance Fluorescence (NRF), are
available for 157 specific isotopes from 1.0 to 150.0 MeV in tabular form. The photonuclear data files (used in our simulations), with the “.70u” designation are the ENDF/VII
issued libraries.
Above the respective energy for the above reactions and for all nuclides that have no data,
interactions are based on theoretical models with empirical corrections.
Photo-nuclear reactions are not active in calculations by default, and they have to be
activated when needed (this could be done, for example, adding in the material card of the
input file the option “pnlib=70u”).
The photo-nuclear physics implementation in MCNP had also an important upgrade in
2005, when new physics packages for photons with energies from 5 MeV to about 2 GeV
have been added.
The added models compliment the existing photo-nuclear data, on the base of the “mix
and match” capability (available with MCNPX2.5.b, November 2002), according to
which table data are used when available, otherwise physics models are applied [15].

28.4. Preliminary results: Comparison between the implemented cross-sections
in the codes and the IAEA recommended ones
For a long time photo-nuclear processes were neglected in Monte Carlo codes mainly due
to the lack of complete evaluated data for applications. The need for evaluation methods
for photonuclear data arises because it is difficult to develop a complete photonuclear
data file on the basis of measured cross-section alone. These data were often obtained
from different kind of photon sources, causing significant discrepancies and, still today,
there is a lack of data in a number of important cases.
The reasons of the difficulty to produce evaluated photonuclear data can be briefly
summarised in the following itemise:
•

Experimental photo-nuclear data from different laboratories (Lawrence Livermore
National Laboratory, Commissariat à l’Énergie Atomique, Saclay, Argonne
National Laboratory, Illinois, etc.) often show discrepancies that must be resolved
in the evaluation process.
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•

Most of the existing spectral measurements are for bremsstrahlung, while only the
measurements from monoenergetic sources give emission spectra directly useful
for cross-section evaluations.

•

Photo-nuclear data are isotopic in nature, the cross-sections showing irregular
dependence on atomic number (Z) and atomic mass (A). Thus while photo-atomic
data are readily tabulated by element, photo-nuclear data must be tabulated for
each isotope of an element.

This explains why a relatively complete photo-nuclear data file became available only in
2000 [4] in order to be promptly distributed to the whole scientific community.
The IAEA Compilation and Evaluation of Photonuclear Data for Applications released in
2000, in ENDF format for 164 isotopes, represents still today the internationally
recognised data file of evaluated photonuclear cross-sections for use in transport
simulation codes.
The term “evaluated” means that cross-sections or other data have been determined:
5. assessing the most probable value from a collection of experimental data;
6. performing theoretical calculations with models and parameters that have been
optimised to experimental data ; or 3) using a combination of experimental data
and theoretical calculations to ascertain best or recommended values.
Taking into account the previous considerations, the IAEA recommended evaluated
photonuclear data have been assumed, in this work, as reference respect to which evaluate
the conformity or eventual remarkable differences of the implemented photonuclear
cross-section of GEANT4, FLUKA and MCNP.
The photo-neutron cross-sections to which we refer in the tests are the “total photoabsorption” ones. For sake of clarity, the photo-neutron cross-section definition is
reported in the following formula [4]:
σ (γ,sn)= σ (γ,n)+ σ (γ,np)+ σ (γ,2n) +σ (γ,2np)+ σ (γ,n2p)+ σ (γ,3n)…+ σ (γ,F)
that expresses the photo-neutron cross-section as the sum of all cross-sections for neutron
production reactions, taking into account the photo-neutron multiplicity.
The sum of the photo-neutron cross-section as defined above with the photo-charged
reaction cross-section gives the “total photo-absorption” cross-section:
σ (γ,abs)= σ (γ,sn)+ σ (γ,p)+ σ (γ,2p) +…σ (γ,d)+ σ (γ,dp)+…. σ (γ,α)…
For heavy nuclei the photo-absorption cross-section can be approximated with the first
term of the above equation
σ (γ,abs)= σ (γ,sn)
In Figure 28.5 the typical behaviour of the total photoabsorption cross-section for,
respectively, light (Be), medium (Cu) and heavy (Pb) nuclei is shown [16]. The
absorption spectrum is labelled by the dominant absorption mechanism occurring for each
photon energy region: GD (giant resonance) QD (quasideuteron), Δ-resonance (isobar),
and the shadow region.
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Figure 28.5. Total photoabsorption cross-section per nucleon for various nuclei

Tungsten and lead are among the most important materials for which accurate
photonuclear data are needed, since they are extensively used as structural, shielding and
bremsstrahlung target materials (together with Be, Al, Si, Ti, V, Cr, Fe, Co, Ni, Cu, Zn,
Zr, Mo, Sn, Ta). For this reason and since these materials are used in the n@BTF
experiment (in the target and shied, respectively), they have taken priority in the analysis
hereafter presented. The comparisons of the total photo-absorption cross-sections for
natural tungsten, lead and zinc (up to 50 GeV) with the IAEA evaluated values are
reported, respectively in Figures 28.6, 28.7 and 28.8.

28.4.1. Natural tungsten photo-absorption cross-sections
GEANT4 cross-section library includes data for the following two tungsten isotopes:
184W and 186 W up to 105 MeV, while for higher energy the cross-section values are
obtained by fitting the data of 14 nuclides for which the cross-section is reported up to 50
GeV, by means of parameters that are obtained as a function of “A”,” Z” and “energy”,
according suitable models in different energy range.
In order to extract the cross-section for the natural tungsten, a proper application has been
developed, in which only the photonuclear physics is activated.
The Kolmogorov-Smirnov test with null hypothesis affirming that data vectors GEANT4
and IAEA are from populations with the same distribution, at the 1% significance level,
produced the rejection of the null hypothesis.
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Figure 28.6. Photo-neutron cross-sections for natural tungsten: GEANT4, FLUKA,
MCNP and IAEA

28.4.2. Natural lead photo-absorption cross-sections
The Kolmogorov-Smirnov test with null hypothesis « GEANT4 estimates the
recommended IAEA distribution », at 1% significance level, produced the rejection of the
null hypothesis (p=2.3E-3).
On the contrary, the null Hypothesis: IAEA (and FLUKA that complies) estimates the
experimental distribution (Ahrens 1985), with significance level α=0.01 is not rejected.
Figure 28.7. Photo-neutron cross-sections for natural lead: GEANT4, FLUKA,
MCNP and IAEA

28.4.3. Natural zinc photo-absorption cross-sections
In this preliminary analysis, the natural Zn total photo-absorption cross-sections – used in
the selected Monte Carlo codes – has been also compared to the corresponding IAEA
evaluated values. This choice has been done because in the GEANT4 documentation [17]
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showing the approximation of the photonuclear interaction cross-section for all the
elements whose nuclear data are tabulated in the “G4PhotoNuclearCrossSection” class,
the nat-Zn is the only missing case.
Finally, Kolmogorov-Smirnov Test with significance level alpha=0.01, and null
hypothesis affirming that GEANT4 estimates the recommended IAEA distribution is
rejected.
Figure 28.8. Photo-neutron cross-sections for natural zinc: GEANT4,
FLUKA and IAEA

28.4.4. Conclusion and future plan
Statistical analysis is used both to quantify the consistency of simulations based on
individual Monte Carlo codes with experimental data and to establish the significance of
differences.
At this stage of the analysis and for the specific case of measurements carried in high
energy range at DAΦNE BTF, FLUKA and MCNP predictions show a better agreement
with experimental data respect to GEANT4. Anyway in FLUKA the original crosssection database, contrarily to GEANT4 and MCNP, are not accessible directly by the
user.
In order to investigate the reason of why GEANT4 underestimates the neutron yield for
the n@BTF experiment, a rigorous analysis of comparison of the implemented
photonuclear physics among the concerned codes and the IAEA evaluated data has been
started. The test performed for W, Pb an Zn to check the compliance of the GEANT4
with the evaluated and recommended IAEA cross-sections, produced negative results
(contrarily to FLUKA and MCNPX).
However, the comparison of the photo-nuclear cross-sections, for all the cases in which
we are interested (mainly shielding material for high energy accelerator complex),
represents only the initial part of the work. Validation of predictions with accurate
statistical tests (when experimental values are available) also on the secondary particles
produced (energy spectra, angular distribution) are envisaged.
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The main goal of this work is to provide, at the end of the analysis still in progress, an
objective guidance to the scientific community regarding the use of Monte Carlo codes as
instruments for the design and optimisation of facilities involving photo-nuclear
interactions at high energies.
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Abstract
In order to validate the accuracy of the latest version of PHITS, benchmark calculations
are carried out for integral experiments with regard to neutron attenuation in iron and
concrete at several proton accelerator facilities: TIARA, RCNP and AGS. The calculated
results by PHITS2.88 are compared with the experimental data: neutron spectra behind
the shields for TIARA and RCNP experiments, and reaction rate distributions in the
shields for AGS experiment. The calculated results by the PHITS2.88 are in good
agreement with the measured ones on the whole, except for TIARA experiment. For
TIARA experiment, we recommend using the evaluated cross-section data extended the
neutron energy range from 20 MeV due to the limitation of application energy of
intranuclear cascade models. The calculated results by the PHITS2.88 with the test
version of JENDL-4.0/HE agreed with the experimental data very well.

29.1. Introduction
Particle and heavy-ion transport code system, PHITS [1] has been used in various fields
of research such as radiation shielding, radiological protection and medical physics. For
shielding designs and safety analyses of the Japan Proton Accelerator Research Complex,
J-PARC [2], accuracy of the PHITS was validated through benchmark calculations based
on shielding experiments [3]. Recently, the PHITS is revised with respect to its
intranuclear cascade models and the neutron cross-section library [4]. Liege Intranuclear
Cascade model, INCL4.6 [5], is employed into the PHITS as default of intranuclear
cascade simulations in the intermediate-energy region. The ACE file of the neutron crosssection up to 20 MeV is replaced by the latest version of Japanese Evaluated Nuclear
Data Library, JENDL-4.0 [6]. Therefore, another round of benchmark calculations,
especially for neutron attenuation, is required for the latest version of the PHITS. In order
to validate the accuracy of the PHITS2.88, benchmark calculations are carried out for the
integral experiments with regard to neutron attenuation in iron and concrete at several
proton accelerator facilities: Takasaki Ion Accelerator for Advanced Radiation Research
of Japan Atomic Energy Agency, Japan (TIARA), Research Center for Nuclear Physics
of Osaka University, Japan (RCNP), and Alternating Gradients Synchrotron of
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Brookheaven National Laboratory, US (AGS). The available version of the PHITS from
the Organisation for Economic Co-operation and Development/Nuclear Energy Agency
(NEA) databank [7] is 2.82 (February 2016); however the PHITS2.88 is expected to be
released soon.
In SATIF, attenuation length of neutrons above 20 MeV has been studied by Hirayama et
al. through inter-comparisons by various codes and their databases including the PHITS
[8-12]. The neutron attenuation length is very important for shielding calculations
involving high-energy accelerators. The simple problems proposed for inter-comparisons
are suitable for understanding the tendency of neutron attenuations in iron and concrete.
Thus, use of the problems makes it possible to compare the tendency easily. In order to
clarify the difference of tendency, neutron attenuation length with source neutron energy
up to 3 GeV are calculated by using the PHITS2.88 under the same conditions with intercomparison in SATIF8 [12]. The obtained results are compared with ones using a
modified version of Bertini model [13] in the PHITS, which gives the tendency of that
time.
In this study, we present the tendency for neutron attenuations in iron and concrete, and
the results for benchmark calculations on shielding experiments at proton accelerator
facilities using the PHITS2.88. Based on the benchmarking results, we will give some
tips on the use of the PHITS for accelerator shielding calculations.

29.2. Map of the models and data library in PHITS
The map of the models and data libraries recommended for use in PHITS2.88 is shown in
Figure 29.1. The major upgrades are summarised by Sato et al. [4]. For these benchmark
calculations, not only neutrons but also protons pions and light nucleus are generated by
intranuclear cascade and subsequent evaporation process, and transported in shielding
medium. Therefore, the accuracy of the PHITS in this study largely depends on that of the
INCL4.6 and the generalised evaporation and fission Model, GEM [14], which is adopted
as evaporation models in the PHITS.

Figure 29.1. Map of the models and data libraries recommended
for use in PHITS2.88

Calculations for attenuation length based on neutron dose above 20 MeV with the source
energy were conducted under the same conditions with inter-comparison in SATIF8 [12]
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using different intranuclear cascade model: the INCL4.6 and the modified version of
Bertini model. The obtained results by both models are shown in Figure 29.2.
Figure 29.2. Comparison of the neutron attenuation length of iron
and concrete using the PHITS2.88

In the figure, differences of the results between the INCL4.6 (default) and the Bertini
model (Bertini) are observed in source neutron energies from 100 keV to 1 GeV, and
above 1.5 GeV. The values of attenuation length by the INCL4.6 from 100 keV to 1 GeV
are smaller than those by the Bertini model, and the differences of those in concrete are
larger than ones in iron. On the other hand, the differences above 1.5 GeV increase with
source neutron energy. Hence, this figure indicates the attenuation length in iron and
concrete of the INCL4.6 tend to become larger with the energy above 1.5 GeV than those
of the Bertini model; result by the INCL4.6 needs some degree of thick shield than that
by the Bertini model.

29.3. Models for benchmark calculations
Main points for the shielding experiments of TIARA [15, 16] and AGS are summarised
as benchmark problems [3], such as experimental arrangement, method of measurement
and instrument, neutron sources, measured result, etc. For the RCNP experiment, we
referred to original reports of the shielding experiment [17, 18]. Experimental geometry
of TIARA and RCNP experiments are shown in Figure 29.3, and that of AGS experiment
is shown in Figure 29.4.
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Figure 29.3. Experimental geometry of TIARA (left)
and RCNP experiments (right)

Figure 29.4. Experimental geometry of AGS experiment (left) and spallation
neutron spectrum at the surface of lateral iron and concrete shielding assembly
calculated by the PHITS (right)

AGS experiment
CONCRETE
Detector

2.83-GeV protons 102 cm Mercury target
102 cm

Detector
IRON

Quasi-monoenergetic neutrons of 68 and 138 MeV are generated by 7Li (p, n)7Be reaction
in TIARA and RCNP experiments, respectively. In each experiment, the neutron energy
spectrum is measured behind the collimator (401 and 630 cm from the target,
respectively). Therefore, the benchmark calculations for TIARA and RCNP experiments
were started from neutrons having the measured energy spectrum which were generated
at positions of each target, and with solid angles (5.94×10−4, 3.13×10−4 sr) due to the
collimators. For AGS experiment, benchmark calculation was started from 2.83-GeV
protons with Gaussian distributions. The neutron energy spectrum produced by nuclear
spallation reaction with Mercury (Mercury target) is calculated by the PHITS (shown in
Figure 29.4), which is widely different from that in TIARA and RCNP experiments.
Densities and material compositions of shielding materials are very important for
shielding calculations as well as these benchmark calculations. In particular, the
compositions of concrete are different from each experiment (as well as countries and
regions). The densities and chemical compositions of concrete in TIARA, RCNP and
AGE experiments are summarised in Table 29.1. The percentage of Calcium in RCNP
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activation concrete may be made mostly from limestone aggregate. Thickness of iron and
concrete shield are up to 1.3, 1.0, 3.3 m, and 2.0, 2.0 and 5.0 m at TIARA, RCNP and
AGS experiments, respectively. Tally size in the benchmark calculations were reproduced
the detector size in TIARA and RCNP experiments. However large tally (40 cmφ) was
used in the benchmark calculation of AGS experiment, due to a statistical technicality.
Although activation detectors were not reproduced in the calculation model, reaction rates
were obtained by multiplying the calculated neutron spectrum by the PHITS2.88 with
activation cross-section data for a specific nuclide [3].
Table 29.1. Densities and chemical compositions of concrete
Chemical composition (weight %)
TIARA (2.31 g

cm−3)

[15]

RCNP (2.33 g cm−3) [17]

AGS (2.45 g cm−3) [3]

Hydrogen

1.1

1.1

0.9

Carbon

---

7.3

1.3

Oxygen

47.7

47.9

48.2

Sodium

2.0

0.3

0.3

Magnesium

1.1

0.5

1.1

Aluminum

6.0

1.4

1.7

Silicon

22.9

8.8

29.7

Sulfur

---

0.4

0.4

Potassium

1.1

0.1

0.2

Calcium

12.2

31.3

14.0

Titanium

---

---

0.2

Iron

5.9

0.8

2.0

Note: * Elements below 0.1% were omitted from this table.

29.4. Results and discussion
29.4.1. TIARA and RCNP experiments
Figuers 29.5 and 29.6 show experimental data obtained in TIARA and RCNP
experiments and the corresponding calculated results by the PHITS2.88, respectively. The
calculated neutron energy spectrum for iron and concrete shield are in good agreement
with the measured one within a factor of two on the whole, respectively. In Figure 29.5,
overestimations are observed at 100-cm thick iron, and 100- and 150-cm thick concrete.
The overestimation might well come from the limitation of application energy of neutrons
for intranuclear cascade models. Therefore, we recommend using evaluated cross-section
data extended the neutron energy range from 20 MeV, such as JENDL/HE-2007 [19],
ENDF/B-VII.1 [20], FENDL-3.0 [21], LA150 [22], etc. For TIARA experiment, the
accuracy with the evaluated cross-section data is reported by Konno et al. [23].
Calculation results by the PHITS2.88 with a test version of JANDL-4.0 up to 200 MeV,
JENDL-4.0/HE [24], in ACE-format are shown in Figure 29.7. The overestimations at
100-cm thick iron, and 100- and 150-cm thick concrete are improved by using the
JENDL-4.0/HE instead of intranuclear cascade models. The calculated results agreed
with the experimental data very well. The ACE-format cross-sections of the JENDL4.0/HE will be released in near future via its website [25].
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Figure 29.5. Neutron energy spectra for TIARA experiment at 20-, 40- and
100-cm thick iron, and 100-, 150- and 200-cm thick concrete and calculated results
by PHITS2.88

Figure 29.6. Neutron energy spectra for RCNP experiment at 20-, 40- and
100-cm thick iron, and 100-, 150- and 200-cm thick concrete and calculated results
by PHITS2.88
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Figure 29.7. Neutron energy spectra for TIARA experiment at 20-, 40- and 100-cm
thick iron, and 100-, 150- and 200-cm thick concrete and calculated results by
PHITS2.82 with JENDL-4.0/HE

29.4.2. AGS experiment
Figure 29.8 shows experimental results of neutron reaction rates in iron and concrete
obtained in AGS experiment and the corresponding calculated ones by the PHITS2.88.
Figure 29.8. Reaction rate of 209Bi (n, 4n) and 209Bi (n, 6n) reaction in iron
and concrete for AGS experiment and calculated results by PHITS2.88

.
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The calculated reaction rates of 209Bi (n,4n) and 209Bi (n,6n) reaction are in good
agreement with the measured one on the whole, respectively. In the benchmark
calculations for the J-PARC [3], some options of the Bertini models were tried to use in
the analyses for iron and concrete. From the comparisons in these figures, it is found that
the accuracy for AGS experiments is improved by using the latest version of the PHITS
with the default options.

29.5. Summary
The PHITS has been used in various fields of research such as radiation shielding,
radiological protection and medical physics. In order to validate the accuracy of
PHITS2.88, benchmark calculations were carried out for the shielding experiments at
TIARA, RCNP and AGS. In the PHITS2.88, the recommended models and data libraries
are the INCL4.6 with the JENDL-4.0 for neutron attenuations in the intermediate-energy
region. The experimental geometry, neutron sources, etc. were precisely modelled by
reference to the reports for benchmark analyses [3] and shielding experiment [17-18]. The
calculated results in and behind iron and concrete shield by the PHITS2.88 were in good
agreement with the measured ones on the whole, except for TIARA experiment. The
overestimations observed the calculated results for iron and concrete might well come
from the limitation of application energy of neutrons for intranuclear cascade models.
Therefore, we recommend using the evaluated cross-section data extended the neutron
energy range from 20 MeV instead of intranuclear cascade models for TIARA
experiment. The calculated results by the PHITS2.88 with the test version of JENDL4.0/HE agreed with the experimental data very well. On the other hand, the tendency for
neutron attenuations in iron and concrete of PHITS2.88 was clarified by the calculations
with the simple problem proposed for inter-comparisons in SATIF. The simple problem is
useful to understand the tendency easily by the comparison.
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Abstract
On the last SATIF a comparison between the measured activities of the polonium isotopes
Po-208, Po-209 and Po-210 and the simulated results using the particle transport Monte
Carlo code MCNPX2.7.0 was presented. The lead samples were cut from the SINQ
spallation target at the Paul Scherrer Institut (PSI) and irradiated in 2000/2001 by
575 MeV protons. The Po isotopes were separated from the samples using radiochemical
methods by the group of Dorothea Schumann at PSI and measured with an alpha
sensitive detector. Choosing the default model in MCNPX, Bertini-Dresner, the
prediction underestimated the measured activities by up to several orders of magnitude.
Therefore the Liège intranuclear-cascade model (named INCL4.6) coupled to the deexcitation model ABLA07 were implemented into MCNPX2.7.0 and very good agreement
was found to the measurement. The reason for the disagreement was traced back on one
hand side to a suppression of alpha reactions on the lead isotopes leading to Po and on
the other hand side neglecting the triton capture on Pb-208, which leads to Pb-210 and
decays into Po-210 with a much longer life time (22.3. years) than the decay of Po-210
itself (138 days).Therefore the activity of Po-210 was 10 years after the irradiation much
higher than without the reaction channel via Pb-210.
The prediction of the Po-isotope activities turns out to be a sensitive test for models and
codes as it requires the accurate treatment of reaction channels not only with neutrons,
protons and pions but also with alphas and tritons, which are not considered in
intranuclear cascade models of the first generation. Therefore it was decided to perform
a benchmark by comparing the results obtained with MCNPX2.7.0 using
INCL4.6/ABLA07 to the predictions of FLUKA and Geant4. Since the model of the SINQ
spallation source requires an elaborate geometry and due to the small size of the samples
statistical relevant results are very difficult to obtain, a toy model was setup. The toy
model has a simplified geometry preserving the main features of the original geometry.
The results for the activities of the three Po isotopes and Pb-210 as well as the energy
spectra for alphas and tritons obtained with the three particle transport Monte Carlo
codes will be presented.
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30.1. Motivation and introduction
When radioactive material has to be disposed, the authorities in Switzerland require a
complete nuclide inventory for long-lived isotopes (T1/2 > 60 d). These predictions have
to be validated as experimental data become available. The authorities are particularly
interested in α-emitters as these isotopes are more difficult to detect and therefore
classified as more risky. Furthermore, gases and volatile elements are also focused on.
The subject of the following work is on Polonium, which becomes volatile at elevated
temperatures.
The work presented serves primarily as a benchmark of codes which are used for
calculating the nuclide inventory of radioactive material to be disposed in a final
repository. These benchmarks help to estimate the reliability and uncertainties to be
applied on the calculated nuclide inventory. However, a benchmark can only be reliably
performed when experimental data can be used for comparison. This often requires
detailed and complicated geometry, which 1) necessitates effort to implement into the
code and 2) necessitates long running times to get enough statistics in a tiny region of an
extended geometrical model. Therefore, most experimentally valuable data are usually
compared to only one code. In this work, we use a simplified geometrical model for the
benchmark which preserves the main feature of the extended model. At the same time, it
averages the nuclide inventory in a much larger region compared to the samples used for
the experimental examination. This allows reliable statistics to be acquired without
stressing computer resources too hard. Finally, it will be shown that comparing the
activities obtained in the toy model to the experimental data taken in a tiny lead sample of
a complex geometry, can be justified.

30.2. Results presented at SATIF-12
In the SATIF-12 workshop [1], a comparison between experimentally determined
activities of several isotopes in lead samples [2,3] from the Target 4 of the SINQ neutron
spallation source [4] at the Paul Scherrer Institut (PSI) with results from the particle
transport Monte Carlo calculations MCNPX2.7.0 [5] using different cross-section models
was presented. While several γ- and β-emitters could be predicted satisfactorily with the
default model in MCNPX, the BERTINI-DRESNER-RAL model [6-9], discrepancies of
up to 5 orders of magnitude to the experimental data occurred in case of the three
polonium isotopes: Po-208, Po-209 and Po-210. In the case of Po-208 and Po-209, the
reason was traced back to a deficit in the production by alpha capture on the stable lead
isotopes. In the case of Po-210, the triton capture on Pb-208 forming Pb-210 decaying
into Bi-210 and subsequently Po-210 was significantly suppressed. The large discrepancy
in case of Po-210 only became obvious due to the measurement of the activities 10 years
after the last beam on target. With a 138 day half-life, the directly produced Po-210 was
mainly decayed, but the production due to the decay of Pb-210 with a half-life of 22 years
was still significant. In both cases, the main reason for the significant discrepancy was the
missing strength in the alpha and tritium production cross-sections. Therefore, the
corresponding alpha and tritium fluxes were smaller than obtained with
INCL4.6/ABLA07 [10,11]. The activities calculated using INCL4.6/ABLA07 lead to
very good agreement to the measured Po-activities.
The radioanalyses were performed at PSI [2,3] using five 1 mm slices of one of the
300 SINQ cannelloni (stainless steel tubes filled with lead). The cannellonis filled with
Pb are stacked in 36 rows and separated by a few millimetres of deuterated water. The
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cannelloni used for the measurement was located in row 2. The deuterated water is used
for removing the heat caused by the 575 MeV proton beam. To distribute the energy
deposit ion, the beam shape is a double Gaussian with a standard deviation of several
centimetres. This target, called Target4, was in operation from March 2000 until
December 2001 and collected a charge of 10 Ah.

30.3. The toy model
A toy model was used in the following calculations to the benchmark using
MCNPX2.7.0, GEANT4 and FLUKA. Its layout is shown in Figure 30.1. The model
consists of 5 equal blocks of pure lead which are cladded with 1 mm of stainless steel.
The blocks are surrounded by heavy water. The whole geometry, including the blocks,
has a rectangular shape. The proton beam hits the ensemble from below in the center of
the rectangle. The energy of the simulated proton beam is 575 MeV like it is in reality.
However, it is just a very narrow pencil beam. The energy is less than the full 590 MeV
from the accelerator since the protons passed through two meson production station and
lose some energy before hitting the SINQ target. Since the nuclide inventory is averaged
over each lead block and power density does not matter, the shape of the beam does not
matter. The size of the rectangular cross-section of the lead block is equal to the 12.4 cm
x 12.4 cm rectangular shape of Target 4. Its real height of 60 cm is also used in the toy
model. Each Pb block is 4.8 cm high. Further, the total amount of lead in Target 4 is
equally distributed to the 5 blocks. The water in between the cannellonis is represented by
the water between the blocks in the toy model. The 1 mm cladding resembles the
cannelloni tube and is present in the real target so the heavy water is not in direct contact
with lead, i.e. spallation products in the lead cannot react with the water. The inner
sandwiched part of the toy model represents the entire SINQ Target 4. Both contain
43% D2O and about 57 % Pb and steel.
Figure 30.1. Geometry and materials of the toy model

The advantage of the simplified SINQ model is that good statistics are much easier to
aquire in a 12.4 cm x 12.4 cm x 4.8 cm lead block than in a 1 mm slice of 10 mm
diameter – the size of one sample from the radioanalysis. The location of the samples
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experimentally analysed are from a region that corresponds to the center of Block 1.
Therefore most of the results presented concentrates on this region.
The irradiation history corresponds to the original SINQ Target No. 4, i.e. 2 years of
irradiation totalling 10 Ah and a shutdown period in between. Several cooling times were
chosen. However, the results presented correspond to a cooling time of 10.6 years after
end of beam. This is the time at which the lead samples were experimentally analysed and
the activities of the Po isotopes determined.

30.4. The particle transport codes
The benchmark was performed with three different particle transport Monte Carlo codes:
MCNPX2.7.0, GEANT4 and the newest, not yet published version of FLUKA, v2016.5.
In the following sections, the three codes are described.

30.4.1. MCNPX2.7.0
MCNPX2.7.0 can transport all kind of particles: protons, neutrons, pions up to heavy
nuclei. For their nuclear reactions, different physics models are used when no crosssection tables are available or selected. Many physics models for the intermediate-energy
range (hundreds of MeV to a few GeV) make use of a microscopic picture of an
intranuclear cascade (INC) followed by evaporation or fission. In the first step, the INC,
the energy transferred by the primary particle is dissipated in the nucleus to several
nucleons by nucleon-nucleon collisions. In the beginning of this phase, the so-called preequilibrium, particles which receive a large energy transfer by direct interaction can leave
the nucleus with large kinetic energy in forward direction (relative to the incoming
particle) due to momentum conservation. After the remaining energy is distributed, the
nucleus is in an excited state with often non-vanishing angular momentum. Both can be
released either by evaporation or fission. Evaporation means that light particles,
predominately neutrons and photons but also light ions, are isotropically emitted at low
energy. Heavier nuclei underlay often surface vibrations, which lead finally to fission.
In the following evaluation, three physics models were used in MCNPX2.7.0:
•

BERTINI-DRESNER-RAL [6-9];

•

ISABEL[12];

•

INCL4.6/ABLA07 [10-11].

For years, the INC model BERTINI [6,7] has been the default choice in MCNPX for
neutrons and protons of energy less than 3.5 GeV. The BERTINI model, which uses a
pre-equilibrium step by default, is coupled to the evaporation code of DRESNER [8]. The
DRESNER code is based on Weisskopf´s statistical model. Fission, if possible, is handled
by the RAL code [9]. Since BERTINI can handle only protons and neutrons, reactions
containing light ions up to 1 GeV are handed over to ISABEL [12].
ISABEL can handle neutrons and protons as well as light ions, and therefore ISABEL can
replace BERTINI completely. DRESNER and RAL still serve as evaporation and fission
code in this case.
MCNPX2.7.0 contains an outdated version of INCL/ABLA, the INCL4.2/ABLAV3p,
which has a couple of well-known shortcomings. Therefore, INCL was upgraded to
INCL4.6 [10] and ABLA to ABLA07 [11]. However, this model was only implemented
in MCNPX2.7.0 in a private version. The new INCL4.6 model, which is based on INC
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according to its name, handles neutrons, protons, pions, deuterons, tritons, 3He and αparticles, i.e. reaction with these particles is supported and these particles can also be
emitted in all phases of the physics model. In addition, light fragments up to a mass
number of 8 can be emitted during the intranuclear cascade phase. This is done by
forming these clusters by coalescence in phase space, which is an important mechanism.
ABLA07 itself is able to generate neutrons, protons, deuterons, tritons, 3He, α−particles
as well as intermediate mass fragments (IMF) by breakup, fission or evaporation.
Although not relevant for the present work regarding the Po isotopes, the newest
implementation of INCL4.6/ABLA07 in MCNPX2.7.0 also handles metastable isotopes
according to the PHTLIB file in MCNPX. At the time of SATIF12, this was yet an issue.
In the following simulations, the above-mentioned models are used for all-particle
interactions except for neutrons with energies less than 20 MeV. Here tabulated crosssections from the ENDF/B-VII [13] dataset are applied. In the cells selected for
calculating the nuclide inventory, the neutron flux spectra up to 20 MeV are written to a
text file. For all other interactions controlled by the physics models, a lot of information
about each reaction (including the production rates for the residual nuclei) is usually
written into a binary file called histp. This file can become several GB in size. Since the
calculation of the nuclide inventory requires only the production rates, this information is
stored in a text file and the histp file can be dismissed. This is possible using the rnucs
card, which was developed by F. Gallmeier and M. Wohlmuther [14]. With the help of a
PERL script (“activation script” [15]) all information including the irradiation history and
cooling times is passed to build-up and decay codes like CINDER1.05 [16] or
FISPACT10 [17] using the cross-section library EAF-2010 [17]. In the following
evaluation, the results using FISPACT10/EAF-2010 are presented. However, a check
with CINDER1.05, which comes with its own library, did not lead to significant
difference in results.
For each MCNPX2.7.0 run using the three different physics model options, more than 109
primary protons (= beam protons) hit the toy model. Details can be found in Table 30.1.
The calculations were performed on a medium-performance cluster at PSI, which might
be a factor 2 slower than high-performance clusters. The number of cores used was
between 24 and 72. The core-hours per primary particle depend on the physics model
chosen. The default model in MCNPX2.7.0, BERTINI-DRESNER-RAL, is the fastest
one. The ISABEL model runs 6 % slower, INCL4.6/ABLA07 20% slower. These
numbers might differ a bit for another geometry used in the simulation.
Table 30.1. Statistics and run time for MCNPX2.7.0 using the three
different physics models
MCNPX + physics model

No of primary
protons

Cores *hours

Cores *hours/ nps

BERTINI-DRESNER-RAL

1.2 109

3658

3.05 10-6

ISABEL-DRESNER-RAL

2.0 109

6912

3.46 10-6

INCL4.6/ABLA07

2.4 109

6912

2.88 10-6
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30.4.2. GEANT4
Geant4 [18-20] is a toolkit for the simulation of the passage of particles through matter. It
includes a complete set of functionality including tracking, geometry, physics models for
creating an application to perform a Monte Carlo particle transport calculation. The latest
public version of 10.02.p02 has been used for the application in this comparison. Geant4
results in this paper have been calculated with a reference physics list of
QGSP_INCLXX_HP. INCL++, aka INCLXX is the C++ version of the Liège
Intranuclear Cascade model. It generates final states for inelastic scattering of nucleons,
pions and light nuclei (A<18) on nuclei in the physics list. De-excitation is handled by
G4ExcitationHandler by default. The handler invokes evaporation, generalized
evaporation model, multi-fragmentation, Fermi breakup and the fission model of Geant4.
Quark Gluon String Model is used for high-energy interactions (>15GeV).
Because of the energy of the primary proton, the high-energy model was never activated
in the calculation. The ENDF data library based high precision package is used for lowenergy (<20MeV) neutron transport. The RadioactiveDecay module is added to the
physics list by physics constructor. This module decays unstable nuclide, including
isomers, down to a stable isotope.
The calculation for this evaluation is performed in two steps: First, the energy spectra of
tritons and alphas in the lead blocks of the toy model are calculated. Second, the
production rates in the lead blocks are derived from the convolution of the particle spectra
with the production cross-sections. The production rates are then fed into Cinder07 [16]
taking into account the irradiation profile.
Geant4 also provides other intranuclear cascade models. Results from them are provided
in [21].

30.4.3. FLUKA2016.5
FLUKA [22] version 2016.5 [23-24] has been used for this comparison. The nuclear
models of relevance for elementary hadron nuclear interactions and for alpha and triton
nuclear interactions are, respectively, the PEANUT [25] hadron-nucleus and the BME
[26] nucleus-nucleus reaction models.
PEANUT is a generalised intranuclear cascade model able to simulate hadron-nucleus,
photo-nuclear, electro-nuclear, and neutrino-nucleus interactions from threshold, from
20 MeV on for neutrons, until several TeV laboratory energy. It includes a preequilibrium step and a coalescence algorithm, which is obviously of great relevance for
the results presented in this paper. Both models share the standard FLUKA
evaporation/fragmentation/fission model.
The most recent developments for both models can be found in [23-24]. BME in
particular has been extensively improved and now includes the interfacing with the
PEANUT pre-equilibrium for all reaction channels not included in the original BME
approach.

30.5. Comparison of the alpha spectra and cross-sections
Since alphas play a major role in the production of Po-208 and Po-209, the alpha flux in
block 1 was compared for the different codes/models as a function of energy up to about
150 MeV. The results are seen in Figure 30.2. For the comparison, the same bin sizes and
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a comparable statistics were used. In addition, the fluxes were normalised to the energy
bin size.
Figure 30.2. Alpha flux spectrum for the different models
in block 1 of the toy model

The upper part of Figure 30.2 shows the results in linear scale to make differences in the
dominant peak more visible. MCNPX using BERTINI or ISABEL alone leads to almost
identical results. This is not surprising since in case of BERTINI, the ISABEL code also
handles the alpha particles. GEANT using INCL leads to an almost identical result in the
peak compared to BERTINI/ISABEL, whereas the high energy tail of the alpha flux
cannot be distinguished from the result using MCNPX INCL4.6/ABLA07. FLUKA is the
only code whose alpha spectrum has two peaks. One peak is at the same location as the
other codes/models, and the second peak is very broad and at higher energies where the
other results using INCL have just a tail. The tail can be compared well in the lower part
of Figure 30.2 in a logarithmic scale. Due to the second peak, FLUKA has the largest
strength in the high energy tail. This tail is almost completely missing in the
BERTINI/ISABEL code, i.e. the high energetic alpha emission in forward direction is
suppressed. In the modern codes like INCL4.6 and PEANUT in FLUKA, high energy
light ions are emitted via the mechanism of coalescence. This allows forming light ions
out of their ingredients, i.e. neutrons and protons that are “glued” together.
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Figure 30.3. Comparison of the cross-sections obtained with different codes and
physics models for the production of Po-208 by alpha captures from Pb-206

Since the production of the Po isotopes depends on both the presence of the alphas,
i.e. the alpha flux spectrum, and the production cross-section, the cross-section for the
production of Po-208 by alpha capture on the stable lead isotope Pb-206 is shown in
Figure 30.3. The cross-section for INCL4.6 is compared to the cross-sections extracted
from MCNPX BERTINI/ISABEL, FLUKA and GEANT using INCL. Except for
BERTINI-DRESNER, the other cross-section models lead to very similar results, which
also agree with the experimental database [27-28]. In case of BERTINI-DRESNER about
6 orders of magnitude is missing. The situation for the production of Po-209 and Po-210
by alphas from stable lead isotopes is very similar to the presented case.

30.6. Comparison of the triton spectra and cross-sections
As for alphas, the triton flux spectrum in block on of the toy model is shown for the
different codes and physics models in Figure 30.4. The upper plot of the figure is in linear
energy scale and the lower is in logarithmic energy scale. The triton flux obtained with
MCNPX BERTINI/ISABEL contains almost only low-energy particles. The high energy
tail is missing. Compared to the results from the other models, even the low-energy
tritons are significantly suppressed. The results from MCNPX and GEANT both with
INCL are very similar in shape and magnitude in the low as well as the high energy part.
From around 50 MeV on, the spectra from MCNPX INCL, GEANT INCL and FLUKA
are almost identical.
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Figure 30.4. Triton flux spectrum for the different models
in block 1 of the toy model

Figure 30.5. Comparison of the cross-sections obtained with different codes and
physics models for the production of Pb-210 by triton capture from Pb-208

The triton flux is relevant for the production of Po-210 via the triton capture on the stable
lead isotope Pb-208, which leads to Pb-210. This lead isotope decays with a half-life of
22 year into Bi-210 and finally into Po-210. Therefore, the production cross-section Pb208(t,X)Pb-210 is compared in Figure 30.5 for the different codes and physics models.
The upper plot contains the results in linear energy scale and the lower plot is in
logarithmic energy scale. The PEANUT model and INCL4.6 agree very well to each
other. The INCL model in GEANT4 agrees well with MCNPX/INCL4.6 up to the peak.
For higher energy tritons, the cross-section extracted from GEANT4/INCL4.6 is about a
factor 2 larger than MCNXP/INCL4.6 and FLUKA. The production cross-section
produced by MCNPX/BERTINI is about 4 orders of magnitude lower.
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30.7. Comparison of the Po-activities
In the 5 blocks of the toy model, the specific activities of the Po isotopes have compared
for the different codes /models after 10.6 years of cooling time after irradiation. The
results are shown for Po-208 in Figure 30.6. As expected, the Po activity decreases with
the block number, i.e. with the energy of the proton beam. The results obtained for
FLUKA, MCNPX-INCL4.6/ABLA07 and GEANT4-INCL agree very well, particularly
for the blocks 1-4. The deviations are larger in the last block. A likely reason is the poorer
statistics at the upper end of the target. The results from MCNPX-BERTINI/ISABEL are
suffering from statistics as the activities are 2 to 3 orders of magnitude smaller.
Figure 30.6. Comparison of the Po-208 activities in the 5 blocks of the toy model
using different codes and physics models

The comparison of the results for the Po-209 activities in Figure 30.7 leads to the same
conclusions made for the Po-208 activities.
Figure 30.7. Comparison of the Po-209 activities in the 5 blocks of the toy model
using different codes and physics models
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Figure 30.8. Comparison of the Po-210 activities in the 5 blocks
of the toy model using different codes and physics models

In Figure 30.8, the results for the Po-210 specific activities from the different
codes/models are compared for the five blocks. With respect to the activities for the two
Po isotopes compared in Figures 30.6 and 30.7, the spread of the results are largest for the
Po-210 activities. Neglecting the much too small result of MCNPX-BERTINI/ISABEL,
the FLUKA result seems to represent a kind of average for GEANT4-INCL and
MCNPX-INCL4.6/ABLA07. Contrary to the activities of the other two Po isotopes, the
deviation of the results from the three different codes seems to be almost constant (about
a factor 2). However, the production channel via triton capture is the more difficult and
exotic reaction.
Figure 30.9. Ratio of the Po activities from block 1 of the toy model
to the result from MCNPX-INCL4.6/ABLA07

For a better comparison, the ratios of the activities for the three Po isotopes calculated
with FLUKA and GEANT4-INCL to the results from MCNXP-INCL4.6/ABLA07 are
shown for block 1 and 10.6 years of cooling time. The deviation between FLUKA and
MCNPX model is between 1.2 and 2, whereas the difference between GEANT4 and
MCNPX model is between 1.2 and 4. GEANT4 leads to the more conservative results.

30.8. Comparison with experimental data
The aim of the benchmark is not only to compare the results obtained in different particle
transport Monte codes and physics models, but also to compare them experimental data.
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However, the experimental data were taken in a complex geometry, whereas the toy
model is a very simplified version of it. Since the alpha and triton spectra play a decisive
role (production cross-sections do not depend on the geometrical model) these spectra are
compared for both models. In Figure 30.10, the alpha and triton flux spectra in Rod 3 of
the complex SINQ model are compared with the corresponding flux spectra in block 1 of
the toy model. The samples for the experimental investigations were taken from Rod 3.
Rod 3 corresponds to the center of block 1 in the toy model. The spectra in Figure 30.10
are scaled to each other as the lead volume is quite different. Besides this, the alpha
spectra (Figure 30.10 left) as well as the triton spectra (Figure 30.10 right) are almost
identical in both geometrical regions of the models.
Figure 30.10. Comparison of the alpha and triton spectra in block 1
of the toy model and Rod 3 of the detailed SINQ model

The good agreement of the alpha and triton spectra justifies comparing the calculated Po
activities in the toy model with the measured Po activities.
Figure 30.11. Comparison of the calculated activities in the toy model to the
experimental data

For ease of comparison, the ratio from the evaluation presented at SATIF12 is shown in
Figure 30.11 again (red line). In this ratio, the specific activities calculated with
MCNPX2.7.0-INCL4.6/ABLA07 in the most realistic SINQ model at the position of the
samples is divided by the experimental result in these samples. Then the ratios shown in
Figure 30.9, i.e. FLUKA as well as GEANT divided by the MCNPX toy model results, is
multiplied by the values of the red line in Figure 30.11, i.e. the ratio of the MCNPX SINQ
model to the experimental data. These two lines are also shown in Figure 30.11. They
represent the comparison of the results from FLUKA and GEANT using the toy model to
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the experimental data. Comparing the ratio with FLUKA and GEANT to the one from
MCNPX, the results with FLUKA and GEANT are larger for all three Po isotopes, i.e.
more conservative than the MCNPX results. The best agreement for Po-210 is achieved
with FLUKA. The deviation from the experimental results is maximum a factor of 2.
GEANT shows an almost constant factor of 2 deviations for roughly all three Po isotopes.

30.9. Summary and conclusion
The focus of the present evaluation is to compare different codes and physics models in
the primary reaction of 575 MeV protons on bulk lead. The codes in this benchmark are
MCNPX2.7.0, GEANT4 and FLUKA2016.5, the newest version not yet available for the
public. The benchmark compares the specific activities of Po-208, Po-209 and Po-210
calculated from the simulation results. The dominant reaction mechanism are alpha and
triton capture on stable lead isotopes. The triton capture is important for Po-210 after a
cooling time of several years. Then the directly produced Po-210 with a half-life of
138 days is already decayed, whereas Pb-210, which was produced by triton capture on
Pb-208, feeds Po-210 via the decay of Bi-210 and has an effective half-life of 22 years.
Therefore, the alpha and triton flux spectra, as well as the alpha and triton production
cross-sections, were compared as well.
Good agreement between the codes using modern physics models like PEANUT in
FLUKA and INCL4.6/ABLA07 in MCNPX2.7.0 and GEANT4 was achieved. However,
physics models like BERTINI-DRESNER-RAL and ISABEL lead to deviations of up to
4 orders of magnitude. This could be traced back to the alpha and triton production crosssections, which are negligible in magnitude compared to PEANUT and INCL4.6, as well
as to the alpha and triton spectra. In the spectra, the long tail of high-energy particles is
missing in both spectra. The reason for this discrepancy is the missing coalescence
mechanism in the BERTINI and ISABEL models.
Finally, the results obtained in a simplified toy model of the SINQ facility at PSI were
compared to the experimentally determined activities of Po-208, Po-209 and Po-210
measured in samples taken in SINQ Target 4. Since the alpha and triton spectra of block 1
of the toy model and of the location of the samples are almost identically, when scaled to
each other, the comparison is anticipated as justified. The three codes using modern
physics models deviate at maximum a factor of 2 from the experimental data. This good
agreement is really astonishing as the production mechanisms of all three Po isotopes are
non-trivial.
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Abstract
The European Organisation for Nuclear Research (CERN) high energy accelerator
mixed field (CHARM) facility is situated in the CERN proton synchrotron (PS) east
experimental area. The facility receives a pulsed proton beam from the CERN PS with a
beam momentum of 24 GeV/c with 5x1011 protons per pulse with a pulse length of 350ms
and with a maximum average beam intensity of 6.6x1010 protons per second.
The shielding of the CHARM facility also includes the CERN Shielding Benchmark
Facility (CSBF) situated laterally above the target that allows deep shielding penetration
benchmark studies of various shielding materials. During the 2015 operation period, this
facility consisted of 80cm of cast iron and 360 cm of concrete with barite concrete in
some places.
Activation samples of bismuth and aluminium were placed in the CSBF and in the
CHARM access corridor in July 2015 for a first characterisation of the CSBF. Monte
Carlo simulations with the FLUKA code have been performed to estimate the specific
production yields of bismuth isotopes (206Bi, 205Bi, 204Bi, 203Bi, 202Bi) from 209Bi
and 24Na from 27Al for these samples.
The production yields estimated by FLUKA Monte Carlo simulations are compared to the
production yields obtained from γ-spectroscopy measurements of the samples taking the
beam intensity profile into account.

31.1. Introduction
The European Organisation for Nuclear Research (CERN) High Energy AcceleRator
Mixed field facility (denoted CHARM) has been constructed in the CERN PS east
experimental area in 2014. The facility receives a pulsed proton beam from the CERN PS
with a beam momentum of 24 GeV/c with 5×1011 protons per pulse with a pulse length of
350ms and with a maximum average beam intensity of 6.6×1010 p/s [1].
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The extracted proton beam from the PS impacts on a cylindrical copper or aluminium
target and the created secondary radiation field is used to test electronics equipment
installed at predefined test positions.
The shielding of the CHARM facility [2] also includes the CERN Shielding Benchmark
Facility (CSBF) situated laterally above the target [3]. This facility allows deeppenetration benchmark studies of various shielding materials [4].
Activation samples of bismuth and aluminium are well suited for high-energy neutron
measurements [5], and these samples were placed in the CSBF and in the CHARM access
corridor in July 2015. Monte Carlo simulations with the FLUKA code [6,7] have been
performed to estimate the specific production yields for these samples. This paper
describes the comparison between the estimated values from FLUKA and the activation
measurements performed in July 2015 with bismuth and aluminium disc samples of
different sizes in the CSBF and in the CHARM access corridor.

31.2. Beam parameters and configurations
This section presents the beam parameters and the facility configurations that were used
during the activation experiments. The beam intensity was measured with a secondary
emission chamber, denoted SEC1, whose measurement values are logged in a
measurement database. An intensity calibration factor of 1.87×107 p/count has been
applied to the counts per pulse to obtain the number of protons per pulse. This calibration
factor had been obtained with aluminium foil activation using sodium isotopes with a
statistical uncertainty of 7% from the γ-spectrometry measurement.
A Gaussian beam with a size of 1.2 cm x 1.2 cm full width at half maximum (FWHM)
was used for the FLUKA simulations as specified in the layout of the beam line and
confirmed with online beam profile measurements.
The average beam intensity of CHARM, binned in 10 minutes long intervals, from
9 July to 15 July 2015 when the experiments were conducted, is shown in the
Figure 31.1. The 4 different irradiation periods used during the activation measurements
are also indicated in Figure 31.1.
Figure 31.1. Average beam intensity of the CHARM facility during the activation
experiments binned into 10 minutes long intervals
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The beam passes through the upstream IRRAD facility before impacting on the CHARM
target. During the period of the experiment, Silicon samples with a total thickness of 0.2
cm, with respect to the beam axis, were placed in IRRAD and this was also properly
taken into account in the FLUKA simulations.
The shielding layout is shown in Figure 31.2. The chemical composition of the concrete
and the cast iron for the shielding with their respective densities of 2.4 g/cm3 and
7.2 g/cm3 [8] are listed in Table 31.1 and in Table 31.2. The composition of barite
concrete selected, with density 3.35 g/cm3 has been taken from the ActiWiz catalogue of
materials [9] and is listed in Table 31.3. These chemical compositions have been used for
the FLUKA simulations.
Figure 31.2. Position of the samples (ID of the samples as shown
in Table 31.4) at different concrete heights in the CSBF
Barite concrete is indicated in blue

During the activation experiment, the copper target of 8cm diameter and 50 cm length has
been used inside CHARM. Moreover, two configurations of the four movable shielding
walls were used during the different irradiation periods, i.e. all movable shielding walls
retracted from the facility or all movable shielding walls inside the facility, as explained
in the next session. Also these configurations have been properly taken into account in the
FLUKA simulations.
Table 31.1. Chemical composition and density of concrete [8]
Concrete

Density 2.4 (g/cm3)

Element
Hydrogen
Carbon
Oxygen
Sodium
Magnesium
Aluminium

Mass fraction (%)
0.561
4.377
48.204
0.446
1.512
2.113

Element
Silicon
Sulfur
Potassium
Calcium
Titanium
Iron

Mass fraction (%)
16.175
0.414
0.833
23.929
0.173
1.263
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Table 31.2. Chemical composition and density of cast iron [8]
Cast Iron
Element
Iron
Carbon
Manganese
Silicon
Phosphorus
Sulfur
Cobalt

Density 7.2 (g/cm3)
Mass fraction (%)
92.3
3.85
0.3
3.4
0.08
0.02
0.05

31.3. Samples and locations
Eleven disc samples in total, six bismuth samples and five aluminium samples, have been
irradiated. Of these samples, five bismuth samples and four aluminium samples were
placed in the CSBF at different heights and one bismuth sample and one aluminium
sample inside the CHARM facility access corridor. All the details of the samples
including their location, irradiation time, dimensions and mass are presented in Table
31.4.
The irradiation of the samples in the CSBF has been performed with the four movable
shielding walls retracted from the facility. On the other hand, when the samples were
placed inside the CHARM facility access corridor, the four movable shielding walls were
inside the facility.
The irradiation positions of the samples in the CSBF and also in the CHARM facility
access corridor are illustrated in Figure 31.2 and Figure 31.3, respectively.
Table 31.3. Chemical composition and density of barite concrete [9]
Barite Concrete
Element
Aluminium
Barium
Calcium
Iron
Hydrogen
Magnesium
Oxygen
Sulfur
Silicon

Density 3.35 (g/cm3)
Mass fraction (%)
0.418
46.34
5.019
4.751
0.358
0.12
31.162
10.786
1.046
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Table 31.4. Description of the irradiated samples and details of the γ-spectrometry
measurements in the CERN γ-spectrometry laboratory
Sample ID
Bi-402
Bi-408
Bi-813
Bi-820
Bi-823
Bi-406
Al-401
Al-404
Al-801
Al-802
Al-403

Irradiation
Location

Duration of
irradiation (h)

80cm iron +
0cm concrete
80cm iron + 80cm concrete
80cm iron + 160cm concrete
80cm iron + 240cm concrete
80cm iron + 240cm concrete
Access corridor location
80cm iron +
0cm concrete
80cm iron + 80cm concrete
80cm iron + 160cm concrete
80cm iron + 240cm concrete
Access corridor location

19.3

Start of
Irradiation
(date & time)
13/07/2015, 13:40 PM

Dimensions
(mm)

Mass
(g)

40(diam.)x4

49.5

?-spectrometry
measurement time
(h)
3 & 20

19.3
19.3
22.16
94.16
14.6
19.3

13/07/2015, 13:40 PM
13/07/2015, 13:40 PM
09/07/2015, 11:10 AM
09/07/2015, 11:10 AM
14/07/2015, 17:40 PM
13/07/2015, 13:40 PM

40(diam.)x4
80(diam.)x10
80(diam.)x10
80(diam.)x10
40(diam.)x4
40(diam.)x4

49.52
523.5
543.18
540.34
49.49
13.32

3 & 20
3 & 20
3 & 48
3
3 & 3 & 20
3

19.3
19.3
19.3
14.6

13/07/2015, 13:40 PM
13/07/2015, 13:40 PM
13/07/2015, 13:40 PM
14/07/2015, 17:40 PM

40(diam.)x4
80(diam.)x10
80(diam.)x10
40(diam.)x4

13.3
135.4
135.55
13.31

15
3
15
3 & 20

Figure 31.3. Position of the samples in the CHARM facility access corridor
at beam line level indicated with the red square

31.4. Simulations and measurements results
The simulation results were obtained by first scoring the neutron fluence spectra inside
the activity disc volumes with FLUKA. Then the neutron fluence was weighted with
cross-section data for the bismuth isotopes and sodium-24 [10], shown in Figure 31.4, to
obtain the predicted production yields per atom per primary proton on the target.
The activities of the bismuth isotopes and sodium-24 have been measured for all samples
using γ-spectrometry, sometimes even at different cool-down times. The activities have
been converted to the production yields by taking into account the corresponding
irradiation profiles with a 10 minutes long binning and the corresponding cool-down
times.
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The production yields predicted by FLUKA and measured by γ-spectrometry are
presented in Figure 31.6 and in Table 31.5. The agreement between FLUKA predictions
and γ-spectrometry measurements for the production yields is at a level of a factor of 1.5.
The contributions that have been taken into account for the uncertainty propagation are
shown in Table 31.6. The uncertainty of the beam size has negligible impact on the
results as has been verified by FLUKA simulations. The materials placed in IRRAD
during the period of the experiment were taken into account in the simulations. A
difference of 20% for the production yields was observed from the nominal IRRAD
material scenario that was used for the design study. However, due to the accurate
description in the FLUKA simulations, the uncertainty of the production yields coming
from the uncertainty of the materials placed in IRRAD is far below 1%. The change in
concrete density provokes a change on the slope of the dependence of the yields in the
plots in Figure 31.6 and increases with increased shielding thickness.
The cumulative distribution to the production yields as function of the neutron energy is
presented in Figure 31.5 for the sample placed at a shielding thickness of 240cm in the
CSBF. From this figure it can be seen that for sodium-24, the energy range contributing
to the production yield is quite large whereas for the bismuth isotopes the energy ranges
are narrower and located around the respective cross-section peaks.
Figure 31.4. Cross-sections for the production of bismuth isotopes and sodium-24
as a function of the neutron energy
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Figure 31.5. Cumulative contribution to the production yields at shielding thickness
of 240cm as a function of the neutron energy

Figure 31.6. Predicted and measured production yields for bismuth and sodium
radionuclides as a function of the shielding thickness. The corridor location is shown
at -80 cm shielding thickness
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Table 31.5. Production yields predicted by FLUKA

and measured by γ- spectrometry

Radionuclide
Bi-206

Bi-205

Bi-204

Bi-203

Bi-202

Na-24

Location
(cm)
Corridor
0
80
160
240
Corridor
0
80
160
240
Corridor
0
80
160
240
Corridor
0
80
160
240
Corridor
0
80
160
240
Corridor
0
80
160
240

Predicted
production
yield by FLUKA
(number/atoms/p)
1.35E-032
3.22E-032
3.61E-033
5.37E-034
9.31E-035
1.27E-032
2.95E-032
3.44E-033
5.50E-034
8.37E-035
1.06E-032
2.11E-032
2.42E-033
4.09E-034
6.05E-035
8.22E-033
1.78E-032
1.88E-033
3.16E-034
4.99E-035
5.42E-033
1.27E-032
1.24E-033
2.28E-034
3.63E-035
1.63E-033
4.80E-033
4.87E-034
7.42E-035
1.14E-035

Uncertainties
FLUKA
(%)

Measured
production yield
(number/atoms/p)

Uncertainties
measurement
(%)

Ratio
prediction/
measurement

Uncertainties
ratio(%)

±14.8
±6.2
±7.8
±9.4
±14.7
±13.7
±5.3
±6.8
±9.6
±13.0
±13.0
±4.4
±6.6
±9.9
±12.7
±12.3
±4.2
±6.0
±9.7
±12.6
±12.9
±4.5
±6.1
±10.6
±12.8
±11.5
±3.9
±6.2
±10.2
±12.8

1.77E-032
3.03E-032
4.19E-033
4.70E-034
9.93E-035
1.80E-032
2.45E-032
5.01E-034

±8.2
±8.1
±14.7
±8.6
±11.3
±11.9
±10.6
±14.8

0.76
1.06
0.86
1.14
0.94
0.71
1.20
1.10

±16.9
±10.2
±16.6
±12.7
±18.6
±18.2
±11.8
±17.6

1.28E-032
1.67E-032
2.37E-033
2.69E-034
4.93E-035
9.57E-033
1.34E-032
1.86E-033
2.35E-034
5.97E-035
6.07E-033
7.76E-033
9.64E-034
1.91E-034
4.62E-035
2.11E-033
4.74E-033
5.93E-034
7.03E-035
1.31E-035

±8.9
±8.2
±9.5
±9.8
±11.8
±9.0
±8.3
±9.8
±9.6
±13.9
±11.0
±13.1
±19.1
±10.0
±17.0
±9.3
±10.2
±11.4
±12.5
±15.5

0.83
1.27
1.02
1.52
1.23
0.86
1.33
1.01
1.34
0.83
0.89
1.64
1.29
1.19
0.79
0.77
1.01
0.82
1.05
0.88

±15.8
±9.3
±11.6
±13.9
±17.4
±15.2
±9.3
±11.5
±13.7
±18.8
±16.9
±13.8
±20.0
±14.6
±21.3
±14.8
±11.0
±12.9
±16.1
±20.0

Table 31.6. Uncertainties taken into account for the total uncertainty propagation

Simulations
Measurements

Type of uncertainty
Statistical
Concrete density
γ-spectrometry
sample weights
beam intensity

Uncertainty
4-11 %
0-12 %*
7-19 %
1%
7%

Note: *Depending on the concrete shielding thickness.

31.5. Conclusions
The CERN High Energy AcceleRator Mixed field facility (CHARM) has been
constructed in the CERN PS East Experimental Area. The facility receives a pulsed
proton beam from the CERN PS with a beam momentum of 24 GeV/c with 5×1011
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protons per pulse with a pulse length of 350ms. The maximum average beam intensity is
6.6×1010 p/s [1].
The shielding of the CHARM facility also includes the CERN Shielding Benchmark
Facility (CSBF) situated laterally above the target. This facility allows deep-penetration
benchmark studies of various shielding materials.
An activation disc experiment has been conducted from 9 July to 15 July 2015 in the
CHARM facility. Bismuth and aluminium disc samples were placed in different locations
in the CSBF and inside the CHARM facility access corridor. The production rates
computed from the activities of the irradiated samples measured from γ-spectrometry
have been compared to the estimated values from FLUKA Monte Carlo simulations. The
agreement is at a level of a factor of 1.5.
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Abstract
The air within the tunnel of the European Spallation Source (ESS) accelerator gets
activated during operation, due to the proton beam loss. The level of the activation of the
air depends additionally by the characteristics of the heating, ventilation and air
conditioning (HVAC) system of the accelerator. The main goals of this work are: i) to
assess the issues associated to the activated air released from the tunnel through the
HVAC, such the source term to the environment and the radiation dose arising from
accumulation of the air aerosols on the hepa filters; ii) to estimate the impact of the
release of radioactivity to the environment; iii) to assess the exposure of intervening
personal after shutdown of the beam and iv) to classify the HVAC of the accelerator
according to the standard ISO-17873. The results of this work provide valuable
information for: i) the ESS environment impact assessment of the routine emissions and
related mitigation options; ii) the operational exploitation of the accelerator under the
given parameters of the HVAC system and iii) the design of the HVAC system, that
includes the dynamic confinement requirements and the configuration of the hepa filters.

Introduction
The air within the tunnel of the European Spallation Source (ESS) accelerator gets
activated during operation, due to the proton beam loss. The level of the activation of this
air depends additionally by the characteristics of the heating, ventilation and air
conditioning (HVAC) system of the accelerator. The activated air released outside the
tunnel to the environment via HVAC results in the exposure of the public. While the
remaining activated air inside the tunnel leads to the exposure of personnel intervening in
the accelerator area. Calculations were performed using the radionuclide production
yields estimated based on a constant power loss of 1 W/m, along entire accelerator.
Production of the radionuclides in the air has been further compensated by the extraction
from the tunnel via the HVAC system. The radionuclide concentrations in the air inside
the tunnel and the release rate at the stack have been calculated taking a continuous time
evolution of 6000 hours, which corresponds to one year of operation.

Source term of air release and the effective dose to the public
Air activation during routine operation
Radionuclide production rates used in this work are estimated [1] for entire accelerator
(about 600 m length) and are based on a steady-state beam-loss rate of 1 W/m. The results
of estimations for entire accelerator tunnel are provided in Figure 1.
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Figure 1: Radionuclide production yields in the air of the tunnel of accelerator

Source term to the environment
The radioactivity inside the accelerator area at a time t after switching on the beam is [2]:
𝑨(𝒕) =

𝑨𝝀

(𝑨+𝝀)

�𝟏 − 𝒆(−𝝀+𝒓)𝒕 �

(1)

where: A = the total equilibrium activity [Bq]; r = HVAC air changes per hour; λ = decay
constant.
While the activity outside the area is:
𝑨𝒐𝒖𝒕 = 𝒓𝑨(𝒕) (2)

This activity will be build up with time until equilibrium is reached, which inside the area
will be:

And that outside the area is:

𝑨𝒊𝒏 =

𝑨𝝀

𝝀+𝒓

𝑨𝒐𝒖𝒕 =

𝑨𝒓

𝝀+𝒓

(3)
(4)

Eq. 1 is the solution of the differential equations governing the release of the activated air
from the HVAC of an accelerator derived assuming complete mixing and homogeneity of
the air.
The above equations were applied to the ESS conditions to calculate the releases to the
environment. The radionuclide concentrations in the tunnel have been calculated from the
radionuclide production yields, taking the time evolution and baseline extraction rate of
one air exchange per hour [h-1] from the characteristics of the ventilation circuit.
The results of the calculations integrating over 6000 h of continuous operations, show
that the HVAC will extract about 23 TBq of air radioactivity per year. The prevalent
contribution to that release is given by the short-lived gases such 13N, 11C, 14,15O and 41Ar.
The second column of Table 1 provides the source term to the stack taking into
consideration the filter effect (underlined figures). The effectiveness of the hepa filters on
aerosols was taken from [3]. Due to the low contribution of the aerosols to the release to
the environment the filter effect upon the total source term is almost negligible.
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Effective dose to the public
A graded approach was applied for the environment impact assessment of the entire ESS
facility, consisting of two subsequent steps. In the first step, “screening” conservative
dose calculations were carried out to obtain a selection of radionuclides with a potential
significant contribution to the annual doses. In this step, the radionuclides with
insignificant dose contributions were screened out. The relative importance of the dose
contributions was assessed by comparing calculated doses against a pre-defined limiting
dose value. Thus, doses below 0.1 µSv/year were considered being insignificant. In
addition, it was required that the sum of the doses of screened-out radionuclides (i.e.
radionuclides not included in the more realistic study) were below 1 µSv/year. In the
second step, for radiologically significant radionuclides, detailed calculations were further
performed using realistic wind dispersion and realistic radioecological models, as stated
in PREDO method [4], to estimate the annual effective dose to the ESS representative
person. The total annual dose was finally obtained by summing all the dose rates from the
realistically treated radionuclides and from the radionuclides which were screened out in
the first step.
The screening models recommended in the IAEA SRS 19 [5] were used for the
conservative dose calculations. Screening calculations were performed assuming habits
for a generic average individual located at 350 m from the release point of ESS facility.
The results of screening calculations for release of the activated air of the tunnel are given
in Table 1. Both the screening dose factors (Sv/y per Bq/y) and effective dose are
reported. The obtained value of the annual dose is about 12 μSv y-1. As the dominant
contribution to the released radioactivity comes from the short-lived gases, the filter
effect upon the total effective dose is small (about 10 %), see Table 1.
The ranking process over the whole facility [6] concluded that the radionuclides of
activated air, whose screening doses are above the criterion and consequently need to be
included in the realistic models are: 3H, 7Be, 11C, 13N, 15O, 32P, 35S, 38, 39Cl, 41Ar. Results
of realistic calculations are substantially lesser than screening doses giving in total an
annual value of 0.261 µSv/y, see Table 1. The summation of the annual doses of the
screened-out radionuclides equals 0.059 µSv/y. Adding this value to the realistic total
dose value the total annual dose obtained is 0.275 µSv/y. The obtained results are in
compliance with the ESS objective annual dose of 50 μSv y-1. Note that the total effective
dose value shall include other contribution to environmental radiation such as skyshine,
radwaste water discharge, soil activation and groundwater migration, etc.
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Table 1: Source term and annual effective dose for both screening and realistic approach

Radionuclide

Activity to
stack*
(Bq/y)

Screening approach

Realistic approach

(IAEA SRS19 method)

(PREDO method)

Dose factors
(Sv/y per Bq/y)

Annual effective dose
(Sv/y)

Dose factors

Annual effective dose
(Sv/y)

(Sv/y per Bq/y)

H-3

6.21E+07

1.73E-18

1.07E-10

8.98E-21

5.58E-13

Be-7

6.33E+05

2.09E-16

1.32E-10

9.12E-20

5.77E-14

Be-10

3.48E-02

6.29E-14

2.19E-15

C-11

4.09E+12

5.27E-19

2.16E-06

1.44E-20

5.89E-08

C-14

1.06E+07

1.24E-16

1.32E-09

N-13

7.70E+12

6.02E-19

4.63E-06

1.24E-20

9.55E-08

O-14

7.88E+11

1.86E-21

1.47E-09

O-15

8.29E+12

2.27E-19

1.88E-06

3.07E-21

2.55E-08

O-19

1.45E+09

1.32E-17

1.91E-08

F-18

8.53E+09

2.09E-18

1.79E-08

Ne-23

3.50E+09

9.36E-20

3.27E-10

Ne-24

7.12E+08

2.01E-23

1.43E-14

Na-22

9.21E+01

8.20E-14

7.56E-12

Na-24

2.11E+05

8.19E-17

1.73E-11

Na-25

1.85E+06

3.18E-19

5.87E-13

N-13

7.70E+12

6.02E-19

4.63E-06

Mg-27

2.27E+06

3.81E-19

8.66E-13

Mg-28

3.00E+04

4.97E-16

1.49E-11

Al-26

4.56E-04

6.60E-12

3.01E-15

Al-28

9.93E+06

4.78E-19

4.74E-12

Al-29

4.62E+06

2.03E-18

9.38E-12

Si-31

1.25E+06

4.24E-19

5.29E-13

Si-32

6.09E-01

9.47E-13

5.77E-13

P-30

2.87E+06

2.84E-19

8.15E-13

P-32

9.30E+04

1.65E-15

1.53E-10

2.26E-18

2.10E-13

P-33

3.78E+04

2.61E-16

9.87E-12

P-35

3.63E+06

1.92E-19

6.95E-13

S-35

1.46E+04

2.28E-15

3.32E-11

2.73E-18

3.99E-14

S-37

1.14E+07

1.72E-20

1.97E-13

S-38

1.55E+06

4.00E-18

6.18E-12
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Cl-34

3.73E+09

1.78E-18

6.64E-09

Cl-36

9.90E+01

7.32E-15

7.25E-13

Cl-38

1.30E+11

1.68E-18

2.19E-07

2.94E-20

3.82E-09

Cl-39

1.87E+11

1.94E-18

3.63E-07

2.83E-20

5.29E-09

Cl-40

4.64E+10

2.08E-21

9.67E-11

Ar-39

4.48E+05

1.45E-21

6.49E-16

Ar-41

1.24E+12

7.59E-19

9.42E-07

2.16E-20

2.68E-08

K-38

6.89E+09

1.75E-18

1.21E-08

K-40

2.05E-03

2.13E-13

4.37E-16

Total

2.25E+13

1.03E-05

2.16E-07

Note: *in italic-underlined, the effectiveness of the hepa filter (99.97%) is applied
for aerosols.
Finally, if the baseline parameters of the HVAC will be changed in the future, Figure 2
shows the variation of the screening annual effective dose as a function of the air release
rate from the accelerator tunnel.
Figure 2: Annual effective screening dose to the generic reference person
as a function of the air release rate from the accelerator tunnel

Handling of hepa filters
The radioactivity attached to aerosol will accumulate on the hepa filters of the stack. To
estimate the maximum inventory of the radionuclides accumulated on the aerosol filters,
the following conservative assumptions were taken:
1. The aerosol filters have almost 100 % efficiency for radionuclides attaching to
aerosol and 0% efficiency for radionuclides in gaseous form. As a conservative
approach, it was further assumed that they would only be exchanged every 5 years
of operation, although they could be exchanged more frequently in reality;
2. Each year the machine will be operated continuously during 250 days. The
maximum activity on the filters from the given year will be reached at the end of
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250 days of operation. The maximum activity after 5 years of the operation will
be reached after 250 days of operations in the 5th year, after which the filters will
be replaced;
3. The hazard of handling filters consists in accumulating the produced radioactivity
on the filters. The activity retained on the filters at the end of the annual run is
given by the build-up of the yearly aerosol release. The next long-term build-up
will be finished at the end of the operation period of the next year. In between, the
activity from the previous year will continue to decay (an annual operation cycle
of 250 days beam on, followed by remaining 115 days of cool-down);
4. The radionuclide 32Si (T1/2 = 650 years) will accumulate on the filters during the 5
years of operation being in radioactive equilibrium with its daughter, the
radionuclide 32P. At the end of the operation period, the additional 32P activity due
to 32Si will be however negligible compared with the 32P activity produced
directly from argon;
5. The activated dust was not taken into consideration. Experience shows that
besides the radioactivity produced directly from air there will be dust produced
via erosion process.
The activity of a radionuclide with a decay constant λ (d-1) released with a rate Q (Bq/d)
at the end of the first operation year is given as:

A1 y =

Q

λ

[1 − exp(− λT )]

(5)

where T is the operation time of 250 days.
At the end of the 5th annual run, the accumulated activity will be:
𝟓

𝑨𝟓𝒚 = 𝑨𝟏𝒚 �𝒊=𝟎[𝒆𝒙𝒑(−𝝀𝑻𝟏 )]𝒊−𝟏

where T1 is the operation time per year.
The resulting radionuclide inventory on the hepa filters is listed in Table 2.

(6)
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Table 2: Radionuclide inventory in the hepa filters
Nuclide

T1/2

Accumulated activity (Bq)

(d)

A1y

A5y

Be-7

5.34E+01

6.25E+08

6.31E+08

Be-10

5.84E+08

1.16E+02

5.80E+02

Na-22

9.50E+02

2.81E+05

8.83E+05

Na-24

6.25E-01

2.54E+06

2.54E+06

Na-25

6.94E-04

2.46E+04

2.46E+04

Mg-27

6.60E-03

2.88E+05

2.88E+05

Mg-28

8.72E-01

5.03E+05

5.03E+05

Al 26

2.62E+08

1.52E+00

7.60E+00

Al-28

1.55E-03

2.96E+05

2.96E+05

Al-29

4.58E-03

4.07E+05

4.07E+05

Si-31

1.09E-01

2.62E+06

2.62E+06

Si-32

1.64E+05

2.03E+03

1.01E+04

P-30

1.74E-03

9.61E+04

9.61E+04

P-32

1.42E+01

2.54E+07

2.54E+07

P-33

2.53E+01

1.84E+07

1.84E+07

P-35

5.49E-04

3.83E+04

3.83E+04

S-35

8.74E+01

2.11E+07

2.23E+07

S-37

3.52E-03

7.74E+05

7.74E+05

S-38

1.19E-01

3.54E+06

3.54E+06

K-38

5.30E-03

2.11E+05

2.11E+05

K-40

4.68E+11

2.05E-03

1.03E-02

7.01E+08

7.09E+08

TOTAL

It is obvious from the table that the activity accumulated on the filters is given by the
aerosols accumulated after the 5th year of operation. The radiation levels near the aerosol
filters, immediately after the 5th year of the operation, were further estimated by using the
MicroShield computer code [7]. Calculation gives an effective dose rate of 6 µSv h-1 at 1
m distance from the filters while at a distance of 40 cm the dose is about 29 µSv h-1. The
main contribution of 60% is due to 7Be, while the remaining contributions are due to
24
Na, 22Na, 28Mg, etc. Note that the source on the hepa filters was assumed uniform
distributed on a rectangular area of 0.36 m2 (0.6 m * 0.6 m), while the detector was
placed on the middle axis of the surface. Inserting 20 cm of ordinary concrete (ρ = 2 g
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cm-3) between the source and detector, placed close to the source, drops the dose at 1 m to
1.5 µSv h-1 (about 6 µSv h-1 at 40 cm distance).

Exposure of workers due to activated air inside the tunnel
Exposure of workers due to the activated air inside the tunnel at various cool-down time
periods after shutdown was also calculated and the results are presented and discussed
below. In the following considerations no flush after the beam shutdown was accounted.

Internal exposure
The committed effective dose due to inhalation, hint,i for the radionuclide i is given by the
following formula:

𝒉𝒊𝒏𝒕 = 𝒆𝒊𝒏𝒉,𝒊 𝑨𝒊 𝑩𝑹

(7)

where: einh,i is the inhalation dose conversion coefficient [8] in [Sv Bq-1]; Ai the activity
concentration in [Bq m-3], and BR the breathing rate in [m3h-1].
The breathing rate in normal conditions is defined as 1.2 m3 h-1 [9].
The committed effective dose for a time period exposure, Hint is obtained by integration
over this period, taking into account the decrease of the activity concentration due to the
radioactive decay. The committed effective dose due to inhalation was calculated together
with the committed effective dose integrated for one hour exposure, at various cool-down
periods after shutdown. This integration time was selected here, because for new CERN
facilities, a design constraint of maximum 1 µSv committed effective dose due to
inhalation for a one hour intervention is imposed. Even though this constraint is not yet
valid for ESS it was considered important to get results and make comparison with the
CERN limit.

External exposure
The external effective dose rate hext,i for radionuclide i can be approximated by the
following formula:

𝒉𝒆𝒙𝒕 = 𝒉𝟏𝟎,𝒊

𝑨𝒊

𝒅𝟐

(8)

where: h10,i is the external ambient dose equivalent exposure coefficient of the
radionuclide i in [Sv h-1]/[Bq m-3] given at a distance of 1 m [8]; Ai the activity
concentration in [Bq m-3], and d the distance source-detector in meter.
The above formula is valid only for a point-source. In the accelerator case, the external
effective dose comes from the activated air in the tunnel. The point-source method is
therefore not effective and the point-kernel integration has to be considered instead, see
details of the method used in [10]. The external effective dose for a one hour exposure
Hext is obtained by integration over the one hour period taking into account the decrease
of the activity concentration due to radioactive decay.
The external effective dose rate for ESS accelerator tunnel was calculated by point-kernel
integration over accelerator tunnel air volume (w=6 m, h=3.5 m, l= 600 m) for 1 Bq m-3.
The results are provided in Table 3. Note the differences from the effective external dose
conversion coefficient values taken from the literature calculated for a semi-infinite plan
source, given in the table.

│ 375

376 │ NEA/NSC/R(2018)2
Table 3: External effective dose rate and the inhalation committed
effective dose for ESS accelerator tunnel geometry
Values from literature
Radionuclide

ESS calculated effective dose rate
per unit of radioactivity

DCCexternal

DCCinhalation

External

Inhalation

Ratio

(Sv hr-1)/(Bq m-3)

(Sv Bq-1)

(Sv hr-1)/(Bq m-3)

(Sv Bq-1)

Inh/Ext

4.10E-11

5.20E-14

4.92E-11

9.47E+02

H3 organic
Be-7

7.88E-12

5.20E-11

4.16E-13

5.52E-11

1.33E+02

Be-10

4.97E-13

3.20E-08

5.20E-14

2.28E-08

4.39E+05

C-11 organic

1.64E-10

3.20E-12

8.32E-12

3.84E-12

4.62E-01

C-14 organic

9.36E-15

5.80E-10

5.20E-14

6.96E-10

1.34E+04

N-13

1.65E-10

9.48E-12

8.32E-12

3.84E-12

4.62E-01

O-14

5.40E-10

3.03E-12

2.34E-11

3.84E-12

1.64E-01

O-15

1.65E-10

2.26E-12

8.37E-12

3.84E-12

4.59E-01

Na-25

3.60E-10

1.24E-13

1.72E-11

2.40E-09

1.40E+02

Mg-27

7.56E-10

1.80E-11

2.63E-11

6.36E-10

2.42E+01

Al-28

5.40E-10

6.00E-12

2.75E-11

2.04E-09

7.42E+01

Al-29

4.68E-10

1.50E-11

1.99E-11

1.68E-08

8.46E+02

Si-31

3.20E-10

1.10E-10

2.75E-11

2.04E-09

7.42E+01

P-30

1.73E-12

6.40E-12

5.20E-14

1.32E-10

2.54E+03

P-32

3.13E-14

3.20E-09

5.20E-14

6.60E-08

1.27E+06

P-35

1.94E-12

6.43E-12

5.20E-14

3.48E-09

6.70E+04

S-35

5.40E-14

1.30E-09

5.20E-14

1.56E-09

3.00E+04

S-38

1.12E-14

2.90E-10

5.20E-14

1.32E-09

2.54E+04

Cl-39

6.12E-13

7.60E-11

5.20E-14

6.12E-09

1.18E+05

Cl-40

2.74E-10

4.80E-12

8.06E-11

8.76E-11

1.09E+00

K-38

2.48E-10

1.80E-11

1.25E-11

9.12E-11

7.28E+00

The table reveals that for the most important radionuclides in the air (11C, 13N, 14,15O) the
ratio external exposure over internal exposure is about a factor 2. Since the internal
exposure is not directly monitored whereas the external exposure of intervening personnel
is directly monitored it might be concluded that the not directly monitored internal
exposure is not exceeding the monitored external exposure.
At shutdown, the resulted total air activity in tunnel is about 3.6E+05 Bq m-3, while the
exposure of the workers due to the activated air inside the tunnel is quantified by the
internal (inhalation) dose rate of 2.6 µSv h-1 and the external dose rate of about 3.4 µSv h
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. The committed effective dose inside the tunnel received by the worker during one hour
intervention is about 1.7 µSv (0.82 µSv from air exposure).
The results obtained for various cool-down time periods after shutdown reveal that the
limited intervention inside the tunnel is possible even without flush of the air prior to the
access. However, the intervention shall not be allowed shortly after shutdown because the
total external exposure is dominated by other contributions than the activated air, namely
from the activated components. In this respect the present analysis shall be correlated
with the analysis of the residual dose inside the tunnel at several cooling times after
shutdown.

Classification of HVAC according to ISO-17873
Classification of HVAC of accelerator tunnel is based on the calculation of the
radiological contamination hazard (the ratio between activity level and the equivalent
Derived Air Concentration, DAC [11] of the air) as is recommended by the ISO-17873
standard [12]. Surface contamination for accelerator tunnel is negligible and thus not
considered in the calculations. The above-mentioned standard specifies that:
“classification of containment area is done according to the expected permanent airborne
contamination levels being expressed in fractions of DAC over a working year period”.
The interpretation of the ISO 17873 standard for ESS accelerator tunnel is based on the
following assumptions:
•

The equilibrium activity of the air during facility operation is considered the
permanent airborne contamination level in the tunnel.

•

A duration of 2000 hours is considered as the working year period inside the
tunnel. It means that the DAC values were calculated assuming that the worker is
breathing for 2000 hours per year the activated air from the tunnel.

Note that the above assumptions are in line with the standard request to use the most
stringent conditions when carry out the classification.
The outcome of the analysis shows that the HVAC of the accelerator tunnel falls into the
ISO class #2 (risk = Atotal/DACequivalent = 26%). It should be emphasis again, that above
DAC calculations are based on the assumption that the worker stays continuously inside
the accelerator tunnel for 2000 hours. It means that HVAC is classified for off-normal
operation (accidental situation), which is very conservative. Despite the high level of
conservatism employed here the result leads to a low HVAC class. However, the ISO
standard for HVAC classification is not mandatory to be used but regarded only like an
indication guide.

Conclusion
The time evolution of the activation of air within ESS accelerator tunnel has been
calculated based on a constant power loss of 1 W/m along entire accelerator, and
considering an extraction rate of one air exchange per hour, the baseline parameter of the
ventilation circuit. The radionuclide concentrations in the air inside the tunnel and the
release rate at the stack have been calculated integrating over a continuous time evolution
of 6000 hours, which corresponds to one year of operation. The obtained results have
been further used to quantify the exposure of personnel intervening in the accelerator area
and of the public around ESS facility.
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The environment impact assessment concluded that the prevalent contributions to the
release air radioactivity per year comes from the short-lived gases such 13N, 11C, 14,15O
and 41Ar. Thus the hepa filter effect upon the consequences of the air release to the
environment is small. The total annual effective dose to a generic reference person
calculated using a conservative screening approach is about 12 µSv y-1. Realistic
calculations based on PREDO method lead to substantially lesser results, giving in total
an annual value of 0.275 µSv y-1. The obtained results are in compliance with the ESS
objective annual dose of 50 μSv y-1.
The resulting radioactive inventory accumulated on the hepa filters of the HVAC system
during 5 years of operations is about 0.7 GBq. Further calculation lead to an effective
dose equivalent rate of 29 µSv h-1 at 40 cm distance from the filters. The obtain results
show that inserting a 20 cm concrete shielding layer allows to handle the hepa filters.
Analysis of the results of the exposure of the workers due to the activated air inside the
tunnel showed that dose rate at shutdown is 6 µSv h-1, from which 57 % comes from air
exposure. The committed effective dose inside the tunnel received by the worker during
one hour intervention is about 1.7 µSv. The results obtained for various cool-down time
periods after shutdown reveal that the limited intervention inside the tunnel is possible
even without flush of the air prior to the access. However, the intervention shall not be
allowed shortly after shutdown because the total external exposure is dominated by other
contributions than the activated air, namely from the activated components. In this respect
the present analysis shall be correlated with the analysis of the residual dose inside the
tunnel at several cooling times after shutdown.
It was also concluded that the not directly monitored internal exposure is not exceeding
the monitored external exposure for the most important radionuclides in the air (11C, 13N,
14,15
O) as the ratio external exposure over internal exposure is about a factor 2.
Finally, the risk was calculated and it was found that HVAC of the accelerator area falls
into the ISO-17873 class #2 (risk = Atot/DACequiv = 26%). However, the above ISO
standard for HVAC classification is not mandatory to be used but regarded only like an
indication guide.
The results of this study can be easily reproduced for updates of the input data such
production yields and/or HVAC parameters.
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Abstract
The study of stable stellar burning reactions in nuclear astrophysics requires the use of
ion accelerators in a low-background setting underground. Currently, there is only one
such laboratory, the LUNA 0.4 MV accelerator deep underground in Gran Sasso/Italy.
Several higher energy underground accelerators are under development worldwide,
including a 5 MV Pelletron to be placed in the Felsenkeller underground laboratory in
Dresden/Germany. The shielding requirements for underground accelerators, where the
paramount concern is the background in neighbouring rare-event searches are reviewed.
Detailed FLUKA simulations have been carried out to study several different operating
scenarios of the new 5 MV Felsenkeller accelerator, with a focus on the side effects on an
existing γ-counting facility in the same tunnel system. The results of the simulations and
practical implications will be discussed.

Introduction
In the recent years the LUNA (Laboratory for Underground Astrophysics) [1] underground
ion accelerator has provided very benefitting data for nuclear astrophysics in the field of
solar fusion. Its success is granted by the very low no-beam background, which is provided
by the 1400 m rock overburden. The 0.4 MV accelerator has a limited energy range though,
other relevant reactions such as helium or carbon-burning as well as reactions for the sprocess require higher energies.
A 5 MV ion-accelerator type pelletron 15SDH-2 (Electrostatics Corporation, Middleton,
Wisconsin, USA) will be installed as a co-operation project of the Helmholtz-Centre
Dresden-Rossendorf and the Technische Universität Dresden in the Felsenkeller tunnels in
Dresden, Germany.
The goal of the facility is to further improve data on astrophysical relevant reactions at low
energy [2]. The tunnels are overburdened by 45 m of rock to ensure a radiation background
lowered by two to three orders of magnitude compared to surface level [3, 4].

Felsenkeller site and background studies
Within the city limits of Dresden lies a system of nine tunnels shielded from cosmic
radiation by 45 m of hornblende monzonite rock. The tunnels were built in the 1850s for
the Felsenkeller brewery for storage purposes and have since been mostly unaltered.
Tunnel IV hosts an underground laboratory for low-radioactivity measurements [5, 6],
which has recently been used for activation studies on 44Ti for nuclear astrophysics.
Studies have shown, that using an escape-suppressed high-purity germanium (HPGe)
detector system, the γ-background at 6-8 MeV is only a factor 2-4 higher than at LUNA
[3]. A low γ-background in the 4-10 MeV region is especially important for radiativecapture experiments.
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Based on muon flux measurements the rock overburden is equivalent to 130 m of water
[7]. A neutron background measurement has been done and preliminary data shows an
overall neutron flux about three times higher than in the deep underground laboratory
Canfranc, Spain [8].
The accessibility of the Felsenkeller site is its big advantage. This shallow-underground
site goes horizontally in the rock and can be accessed by foot. The accelerator will be put
into tunnels VIII and IX (see Figure 1).
The site will be divided into two areas. Area A will be controlled radiation protection area
and is separated by an additional door within the tunnels VIII and IX. Area B is a no
radiation protection area and separated from the outside by a safety door against
trespassing. In tunnel IX this door is inside the tunnel itself. The irradiation room for the
accelerator as well as the activation-room for the HPGe-detector are shielded by 40 cm
thick low-radioactive concrete. Furthermore a 40 cm wall of the same concrete separates
the two tunnels from the rest of the tunnel system.

Figure 1: Tunnel layout of Felsenkeller

Accelerator characteristics
The ion-accelerator type 15SDH-2 has a maximum terminal voltage of 5 MV. The high
voltage will be created via two pellet chains, the maximum charging current is 300 µA at
60 Hz supply of the pellet chain engine.
The system includes an internal and external ion source. For the external source, a Cs
sputter ion-source type MC-SNICS134 (NEC, 1999) will be used. This source allows for
ion beams of high intensity, typically 100 µA, for all negative possible ions and
molecules and accelerates them to 60 kV. The internal ion source will be a
radiofrequency source (NEC), which will be able to create up to 500 µA of H+ and
250 µA He+ as well as 100 µA Ne+ ions.
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Radiation safety
Reducing the natural radiation background is the main purpose of the underground
setting. Therefore experiments not taking advantage of this will be redirected to a surface
setting, which can be done for instance at the Ion Beam Centre at HZDR.
Furthermore two radiation safety goals are to be met. The experiment must not violate the
German Radiation Protection Ordinance [9] and must not induce an additional
measurable background to the existing laboratory in tunnel IV.

G1

Accelerator induced ambient dose rate outside tunnels VIII and IX is
less than 0.5 µSv/h to ensure 1 mSv/year at 2000 working hours per
year.

G2

Constrain the accelerator induced neutron flux in tunnel IV to be
significantly less than the pre-existing natural neutron flux.

At the energy of a few MeV, the main contribution for the radiation background will be
coming from neutrons. Activation of air, the facility building or the rock can only happen
through neutrons. Bremsstrahlung will be prevented by secondary electron suppressor
rings at the beamline pipe before their creation. The γ-radiation is typically lower than the
neutron radiation, but is going to be looked at as well.
This limits the ion-beam usage and the following rules will be set inside the operation
instructions. All the planned ion beam types are listed in table 1.
1. The ion-current will be limited to 100 µA, to not overstrain the 300 µA capacity of
the pellet chains.
2.

2

H and 3H will be forbidden, because of the high radiation background induced and
its therefore non-existing underground advantage.

3. Usage of 1H will be limited by the control software to a maximum of 3 MV.
Table 1: Planned ion beam types at Felsenkeller laboratory
Source

Ion

Intensity [µA]

Energy [MeV]

internal, external

1 H+

50

0.4 – 3.0

internal

4He+

50

0.4 – 5.0

external

12C+

50

1.0 – 10.0

external

13C+

10

1.0 – 10.0

external

14N2+

20

1.5 – 15.0

external

15N2+

20

1.5 – 15.0

internal

20-22Ne+

20

0.4 – 5.0

external

X2+

20

1.5 – 15.0
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FLUKA simulations for intended usage
Whether or not the intended radiation safety goals G1 and G2 will be met has been
investigated on using Monte-Carlo-simulations with FLUKA [10, 11]. In order to not
underestimate the radiation, conservative assumptions have been made.
The concrete walls are simulated with a density of 2.3 g/cm3 and only with a thickness of
32 cm (40 cm in reality). A few worst-case scenarios have been selected to represent the
entire scientific programme. While scenarios S1 and S2 will not happen in that way, S3 is
an experiment that happened under similar conditions at the HZDR in 2012 with a
slightly lower intensity.
S1

S2

5 MeV, 50 µA 4He+-beam on Carbon target (natural composition).
Outage of the high energy bending magnet and therefore resulting beam
on the wall of the beam pipe consisting of stainless steel with a 3 MeV, 50
µA proton beam.

Source file for every scenario
The source terms for the reactions have been calculated using data from the EXFOR [12]
database and results of the TALYS-code [13]. For the relevant scenarios, both are
consistent within a factor of 2. Always the higher cross-section has been used.
FLUKA has been run with the γ- and neutron-radiation source term in order to simulate
the particle propagation throughout the tunnels. For each scenario two visualising maps
have been created in that way, one for the local dose rate and one for the induced neutron
flux.

S1 – 5 MeV 4He-ions on carbon
The interesting reaction is the 12C(α, γ)16O, which will be invisible due to the high
neutron background induced by the 13C(α, n)16O reaction. In this scenario, instead of
assuming a 13C depleted target, natural composition of the carbon target is assumed.
While depletion can reach a 13C/C ratio of around 10-6, the natural composition is four
orders of magnitude worse with a 13C/C ratio of 10-2.
A 50 µA 4He-beam hits a graphite grid with a density of 1019 cm2 atoms (200 nm target
thickness) consisting of natural carbon. In an experimental case, the neutron background
induced would make the relevant 12C(α, γ)16O reaction unmeasurable. The target reaction
creates 6 MeV neutrons which scatter multiple times at the bunker concrete and the
tunnel walls. The dose rate however does not exceed 0.1 µSv/h outside the control area.
For tunnels VIII and IX it even drops below 5.6×10-3 µSv/h and 6.5×10-7 µSv/h
respectively.
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Figure 2: S1 – Map of the induced dose rate by γ- and neutron radiation given in µSv/h
Circled areas are listed in table 2 as well

S2 – 3 MeV protons on stainless steel in the magnet
This scenario is proceeding after an outage of the high energy bending magnet. As shown
in Figure 3, the source of the radiation is much closer to the separation wall between
tunnels VIII and VII. An interlock system is in place, which shuts down acceleration
voltage if the magnet isn’t working properly again within 6 minutes. Within these 6
minutes a maximum dose rate of 5300 µSv/h is reached within the vacuum chamber of
the magnet, inaccessible for human intervention. This high dose is mainly caused by (p,
n)-reactions on the 53Cr and 57Fe inside the stainless steel. On the touchable surface, the
dose rate already goes down to 410 µSv/h.
Even though this is the highest value of all the simulated scenarios, it does not exceed the
threshold for employing an exclusion area of 3 mSv/h. In tunnels VII and IV the dose rate
goes down to 0.76 µSv/h and 7.2×10-5 µSv/h.
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Figure 3: S2 – Map of the induced dose rate by γ- and neutron radiation given in
µSv/h. Circled areas are listed in table 2 as well

S3 – 1.84 MeV protons on Ca(OH)2 target
This scenario has been measured at the HZDR 3 MV tandetron at the Ion Beam Centre in
March 2012. For a beam intensity of 10 µA on the target and 10 µA on the copper
aperture, a dose of 6 µSv/h was measured in a distance of 17 cm from the target.
Furthermore the neutron dosimeters that have been used showed that the dose is
completely caused by γ-radiation.
For the simulation, instead of 10 + 10 µA on target and aperture, 25 + 25 µA has been
used. The simulated dose does agree with the measured data from 2012 taking the higher
beam intensity into consideration as well. In the view of radiation protection, the dose
does not reach any considerable amount.
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Figure 4: S3 – Map of the induced dose rate by γ- and neutron radiation given in µSv/h
Circled areas are listed in table 2 as well

Neutron flux for S1
Simultaneous to the dose-rate simulation, the neutron flux has been simulated as well. For
this matter, only S1 is relevant as S2 is only applicable for 6 minutes and S3 does not
even show any increased dose.
The neutron flux mitigates very fast with distance and reaches a value one to two orders
of magnitude lower than the pre-existing natural neutron flux in tunnel IV (10-4 cm-2 s-1
[8]). Taking into consideration that S1 is performed with a non-depleted target, the
additional flux is negligible.

Figure 5: S1 – Map for the additionally created neutron flux in cm-2 s-1.
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Summarisation of the simulation results
A summarisation of the results is shown in Table 2. The very last column puts the
simulated values into perspective with measured data which was taken in August 2015
with Szintomat 6150 AD-b devices throughout different points in tunnels VIII and IX.
D1, D2 and D3 refer to the circled areas in tunnels VIII and IX with D1 being near the
entrance of the concrete housing in tunnel VIII, D2 before the wall to tunnel VII and D3
inside tunnel IX.
With exception to S2, the dose rate is always lower than 0.5 µSv/h. Besides from the
6 minutes window of magnet failure, an additional interlock condition will be
implemented to shut down the acceleration voltage once the dose rate exceeds 10 µSv/h
for 6 or more minutes.
Considering the neutron flux for all the cases, S1 and S3 are dominated by the natural
background. For S2, the induced neutron flux reaches the same order of magnitude as the
natural neutron flux. But since the laboratory in tunnel IV specialises on long-term
measurements with typical durations of 1 day, a slight increase for 6 minutes is of no
consequences.

Table 2: Recap of the simulation results given in µSv/h
Scenario

S1

S2

S3

Background

Max. dose near target

180

410

0.36

0.5

Dose at D1

0.049

0.014

2.0×10-4

0.5

Dose at D2

0.46

40

4.7×10-4

0.5

Dose at D3

0.027

0.80

4.3×10-6

0.5

Dose in tunnel VII

5.6×10-3

0.76

3.0×10-6

0.5

Dose in tunnel IV

6.5×10-7

7.2×10-5

1.5×10-11

0.5

Neutron flux in tunnel IV

4.2×10-6

3.8×10-4

9.5×10-11

2×10-4
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Abstract
In this document results for source term and shielding calculations for the installation of
a new cyclotron at the Helmholtz-Zentrum Dresden-Rossendorf are given. This cyclotron
will be used to produce radioisotopes for medical applications. The source terms for a
proton beam hitting an 18O-enriched water target were calculated with MCNP6 [1] and
FLUKA [2], and compared to source terms used in the literature for exclusive
18O(p,n)18F production. It was found that the additional channels which are present
during the cyclotron operation may not be neglected. In addition, a significant
contribution from gamma radiation produced by the proton beam in the water target was
taken into account. Based on the results from the Monte Carlo simulations, the estimated
dose rates in public areas around the cyclotron building are significantly below the
allowed limits provided by the legal authorities [3].
To validate the radiation fields obtained in the simulations, an experimental programme
has been started using activation samples originally used in reactor dosimetry. These
samples are placed at well-defined positions in the radiation field, and after irradiation
are analysed for residual activation. The results can then be compared to the simulated
results. We will present the status of this programme

Introduction
Positron emission tomography (PET) has established as an imaging method for medical
applications in the last years. The majority of the needed radionuclides are produced at
cyclotrons. The proton bombardments on selected targets induce nuclear reactions with
the productions of neutrons and photons. These are the main source of radioactive dose
rate outside of the building and dictate the shielding design. Both the neutron and gamma
radiation imposes particularly high requirements for radiation protection, because these,
being uncharged, are deeply penetrating. Particular neutrons can produce highly ionising
secondary radiation. In many publications [4-7] shielding calculations in radionuclide
production are described. In most cases a transfer of results to new facilities is practically
impossible, because the building structures and proton energies are different or don’t
meet the specific requirements. Here, ongoing work is presented, which is based on
studies that were published in [8].
A TR-FLEX cyclotron from the company “ADVANCED CYCLOTRON SYSTEMS
INC.” (ACSI, Richmond, BC, Canada) is currently being installed at the Center of
Radiopharmaceutical Cancer Research in the Helmholtz-Zentrum Dresden-Rossendorf
(HZDR). The cyclotron bunker is built from reinforced concrete (density 2.35 g/cm³) with
a wall thickness of 270 cm and is located in a basement which partially extends aboveground level. A public road passes the wall to the building. The proton energy of the
cyclotron TR-FLEX at HZDR will be up to 28 MeV with a maximum current of 300 μA.
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It must be guaranteed that under these conditions the reference dose rate limit of
0.5 µSv/h is not exceeded outside the cyclotron bunker (on the public road).
Figure 1 shows a vertical section view of the cyclotron bunker including key point B for
radiation protection and the additional points A and D. The target (point T) is located
about 100 cm from the inner building wall at beam height (150 cm). The distance of all
points from the outer surface of the wall is 20 cm. Point A is located in the soil at beam
height and serves only as a comparative value. Point B is located 20 cm above the road
level and point D, positioned vertically above the target, is the most exposed point above
the ceiling. Dose rates were calculated for all points at maximum beam power.
Figure 1: Vertical schematic view of the cyclotron room, indicating the position of the target (T)
and the key points for the calculations (A, B, D). All dimensions are in cm.

The shielding calculations were carried out using radiation that is formed during the
production of the radioactive nuclide 18F. 18F is used for marking fluorodeoxyglucose
(FDG) [9], one of the most commonly used radio-pharmaceuticals. The production of 18F
was therefore selected because this generates the largest amount of neutron radiation
compared to other nuclide processes and this is the most important subject in shielding
calculations. The neutron radiation is created by proton bombardment of a 18O-enriched
water target via the 18O(p,n)18F reaction. Hence, the presented results are based on
neutron emission by this reaction. The basis for correct shielding calculations is the
determination of the exact neutron source terms. Therefore, the neutron production by
18
O(p,n)18F reaction was determined by three independent models and programmes. The
neutron source terms were either provided by the manufacturer, or calculated using
MCNP6 and FLUKA Monte Carlo programs (see detailed discussion below). The results
were validated on first experiments that were conducted at a cyclotron, which accelerates
protons with energy of 18 MeV.
Fluence Ф to ambient dose equivalent H*(10) conversion coefficients H*(10)/Ф-ICRU57
[10] for neutrons and photons were used to calculate dose rates from particle fluence
rates. These conversion coefficients are the conversion factors of the ICRP Publication 74
[11]. In order to increase the efficiency of the calculations, a two-step process was used in
which pre-calculated neutron/gamma source term distributions were supplied to the actual
shielding calculations. These were performed using the MCNP6 program.

The neutron source term
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For the neutron source term from the manufacturer only data for a proton energy of
24 MeV was available. Therefore in a first step source terms were calculated at 24 MeV
proton beam. Thus, three ways to evaluate the neutron source term are compared in this
work:
•
•
•

a manufacturer-supplied normalised neutron spectrum together with a scale factor
for the 18F yield calculated from the cross-sections for 18O(p,n)18F reaction [12]
was taken;
a source term calculation using the recently released MCNP6 code was used;
the source term was calculated using the FLUKA code.

The first neutron spectrum was calculated with the program ALICE-91 [13] and was
extracted from a report provided by the manufacturer of the cyclotron. The ALICE-91
code calculates nuclear reaction on the basis of the Weisskopf-Ewing evaporation model
[14]. Not much information is available about the calculations itself. Based on the 18F
yield, the total number of emitted neutrons per 1 μA·h primary protons for the 18O(p,n)18F
reaction is reported to be 3.8·1013 [12] and consequently for a proton current of 300 μA
the neutron source strength is 3.17·1012 neutrons/s.
The second neutron source term was calculated with the MCNP6 code and was used to
crosscheck the manufacturer-supplied data. A simple calculation model was used. It
consists of a cylinder with a radius of 0.55 cm and a length of 4 cm. The volume is filled
with water enriched with 97 % 18O. The dimensions correspond to the future irradiation
target. The emitted neutron spectrum is determined on the surface of a surrounding sphere
with a radius of 10 m. This allows geometrical effects due to the target shape to be
minimised. In the MCNP6 calculations, evaluated nuclear data were used for the
characterisation of the (p,n) reaction, that are not included in the standard library of
MCNP6. Therefore, the 18O-data were generated using the program NJOY [15] based on
the nuclear data library TENDL. The TENDL data were calculated with the nuclear
model code TALYS [16].
Additionally, the neutron source terms were also determined with FLUKA. This code
calculates the neutron source term using the pre-equilibrium cascade model PEANUT
[17] for the nuclear interactions, except the interactions of neutrons with energy below
20 MeV, which are evaluated using data libraries ENDF/BVI.8 [18]. Since these neutron
cross-section libraries do not contain 18O data, 16O data was used instead. Geometry and
beam parameters were chosen identically to the MCNP6 calculations.
Table 1: Emitted neutrons per incident proton of the calculations with
the different simulation codes, beam conditions and reaction data
or reaction models
Code

Eprot in MeV

Manufacturer

24

MCNP6

FLUKA

24
28
24
28

Reaction model

Neutrons/proton
0.0017

TENDL

PEANUT

0.0088
0.0130
0.0104
0.0144
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Table 1 shows the number of emitted neutrons per incident proton of the calculations with
the different simulations, for the comparison values of 24 MeV proton beam and the
values of 28 MeV from the MCNP6 and FLUKA calculation for the cyclotron. The
FLUKA results agree with the ones of MCNP6 within approximately 18% at 24 MeV and
up to 11% at 28 MeV. The neutron yield increases up to 48 % (MCNP6) if the proton
energy increases from 24 MeV to 28 MeV. In contrast, the neutron source term is about a
factor 5 smaller when using the information provided by the manufacturer. This is
consistent with observations in [19], where a significant difference for neutron yields
between evaluations with tabulated yield values for the 18O(p,n)18F reaction from [20] and
more complex calculations was found at 17 MeV proton energies. It is assumed that the
differences result from the omission of additional neutron reaction channels. Different
reaction channels are determined with neutron production in [16]. For example, in this
cross-section library the (p,np) cross-section is approximately 20 times larger than the
(p,n) cross-section.
Figure 2 shows the different neutron spectra for a proton current of 300 μA and energy of
24 MeV. The FLUKA/MCNP6 differences in the neutron yield come mainly from
energies below 1 MeV. The discrepancy to the results from the manufacturer is clearly
visible. While at about 12 MeV the results of the three codes agree, at lower energies the
values of the manufacturer source are up to one order of magnitude smaller respect to the
MCNP6 and FLUKA calculations.
Because the neutron spectra calculated with MCNP6 and FLUKA are substantially equal
in the important energy region for the shielding above 1 MeV, the following shielding
calculations were carried out using the results of the MCNP6 calculations. At the
designated energy of 28 MeV and a current of 300 μA, the neutron source strength is
2.43·1013 n/s.
Figure 2: Spectra of neutron rate per 1 MeV of different calculations
for the proton energy of 24 MeV and a current of 300 μA
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Neutron source term experiments
In order to ensure that dose values with the neutron source term from either MCNP6 or
FLUKA are not giving values which are too much overestimated, experiments were
carried out on the cyclotron currently in operation at the HZDR. This cyclotron
(CYCLONE 18/9, IBA) generates an 18 MeV proton beam with a current of max. 30 μA
to produce 18F. Figure 3 shows the MCNP6 model of the irradiation chamber, which is
closely matches the real design. The irradiation chamber is located directly on the beam
tube of the cyclotron. The different activation samples could be placed on a surface above
the chamber. The samples were exposed to the resulting neutron flux for 50 minutes,
which corresponds to the standard beam time for 18F production. Subsequently, the
samples were gamma-spectroscopically analysed. This preliminary analysis was carried
out by the department of environmental monitoring of the VKTA [22]. In the MCNP6
calculation, a neutron spectrum with 260 energy groups was calculated at the position of
the samples. Afterward, the activity values at the end of the irradiation were determined
based on this spectrum and by means of the beam parameters, of reaction cross-sections
and half-life times. The decay of activities during the radiation was taken into account. In
contrast, FLUKA allows to determine activities directly, including the presence of
possible decay chains. Table 2 shows first preliminary results of the comparison between
measured and calculated activities of selected reactions at the end of the irradiation. Good
to very good consistency of the activities were achieved except for indium. Larger
differences are found in the FLUKA results only with the 98Mo (n, g) 99Mo, 64Zn (n, g)
65
Zn and 197Au (n, g) 198Au reactions. The cause of the differences in the case of the
FLUKA values and of indium is still under investigation. Therefore, additional
experiments are carried out in the near future in order to obtain additional results for a
comparison. Regardless of the open points, these results confirm our assumption that the
calculation of the neutron source term using only the yield of 18F results in an incorrect
neutron output.
Figure 3: The MCNP6 model of the irradiation chamber for H218O target
on the cyclotron Cyclone 18/9 at the HZDR and the position of the activation samples

│ 393

394 │ NEA/NSC/R(2018)2
Table 2: Measured3 and calculated activities of different reactions at the end of the irradiation with
18 MeV proton beam, current of 30 μA and an irradiation time of 50 min
Reaction

Threshold

58Ni(n,p)58Co
98Mo(n,g)99Mo
186W(n,g)187W
197Au(n,g)198Au

Activities [Bq]

Ratio

Exp.

MCNP6

FLUKA

CMCNP6/Exp.

CFLUKA/Exp.

CMCNP6/CFLUKA

0.4 MeV

280

294

320

1.05

1.14

0.92

no

86

117

197

1.36

2.29

0.59

no

180

195

288

1.08

1.60

0.68

no (4 eV)

55

53.7

156

0.98

2.84

0.34

124Sn(n,g)125Sn

no

0.67

0.61

0.6

0.91

0.90

1.02

115In(n,2n)114mIn

9.0 MeV

30

9.97

15.14

0.33

0.50

0.66

115In(n,n’)115mIn

0.3 MeV

20000

52515

57971

2.63

2.90

0.91

64Zn(n,g)65Zn

no

1.6

2.59

3.5

1.62

2.19

0.74

68Zn(n,g)69mZn

no

31

32.95

27.25

1.06

0.88

1.21

The model for the shielding calculation and the material parameters
Figures 4 and 5 show the geometry model used in the MCNP6 simulation. To optimise
the calculation of the dose rate during proton beam time on the TR-FLEX cyclotron
outside the building, only the wall with the outer surface towards the street was modelled
with the corresponding thickness of 270 cm. All other walls were modelled only with a
thickness of 25 cm, to take into account the scattered neutron radiation from the walls,
since pre-calculations show that the tenth value thickness of concrete is approximately
25 cm. The part of the neglected neutrons from scattering deep in the walls is therefore on
the order of 1%. For the calculation of the fluences below the above ceiling (point D)
separate calculations with the full thicknesses were done. Because the neutron and
gamma fluence rates decrease by several orders of magnitude along the wall thickness,
the use of variance reducing techniques is essential. Geometry splitting/Russian roulette
is one of the oldest, most widely used and effective techniques in Monte Carlo
simulations. For these reasons, the 270 cm wall was divided into 14 equally thick layers
to allow for the introduction of zone weights.
To simulate possible scattering of neutrons by the TR-FLEX cyclotron, the cyclotron was
modelled as a rectangular block of pure iron. All other installations have been neglected.
The concrete density was 2.35 g/cm³ and the material composition was taken from [22].
Table 3 shows the elemental composition of the concrete. The reinforcing steel in the
concrete was not simulated and therefore results are slightly overestimated due to the
absence of neutron and gamma absorption by steel. The calculations with MCNP6 were
performed using the included standard data libraries based on the evaluated nuclear data
file ENDF/ B-VII.1 [23].

3.

Stig Bartel, Abteilung Strahlenschutz Anlagen (KSS), VK TA – Strahlenschutz, Analytik &
Entsorgung Rossendorf e. V.
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Figure 4: Horizontal schematic view the MCNP6 calculation model for point A and B

Figure 5: Vertical schematic view the MCNP6 calculation model for point A and B

Table 3: Element mix of the concrete from ref. 19
Element
O
Ca
Si
C

Weight percent
51.02 %
25.05 %
14.83 %
5.83 %

Element
Al
Fe
H
S

Weight percent
1.43 %
0.92 %
0.82 %
0.10 %

Estimate of the dose rate
The neutron and gamma fluence rates are calculated with the MCNP6 code for a neutron
source strength of 2.43·1013 n/s according to a proton beam with energy of 28 MeV based
on the described geometrical model (Figures 4 and 5). The dose rates in the points A and
B (see Figure 1) behind the 270 cm thick shielding wall were determined on the basis of
particle spectra and the energy-dependent conversion factors. Table 4 shows the resulting
total fluence and dose rates from the neutron source term. The gamma fluence rates result
mainly from neutron reactions in the concrete. The calculated total dose rate at the point
B (at the public road) was estimated to be 0.023 μSv/h, at the point A 0.049 μSv/h and at
the point D 0.024 μSv/h. The result in the point D (vertical direction directly above the
target) might come as a surprise, but the greater distance of the source from the wall in
the comparison of the point A acts here.
It can be noted that the gammas produced by neutron reactions inside the concrete walls
produce a much larger dose rate compared to the ones of the neutrons. This is due to the
fact that the gammas are constantly replenished by neutron reactions and these are less
shielded than the neutrons in the concrete.
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Table 4: Total fluence and dose rates and the corresponding uncertainties
at points A, B and D (see Figure 1) due to the neutrons emitted from the target
hit by a 28 MeV proton beam
Particle

Value

Neutrons
Gammas

0.057
6.252

Neutrons
Gammas
Sum

0.004
0.045
0.049

Point A

Point B
Error
Value
Error
Total fluence rate in particle/s/cm²
0.6%
0.020
0.9%
0.4%
3.057
0.5%
Dose rate in µSv/h
1.0%
0.001
1.5%
0.5%
0.022
0.6%
0.5%
0.023
0.6%

Value

Point D

Error

0.027
3.061

0.9%
0.5%

0.002
0.022
0.024

0.5%
0.6%
0.6%

The emitted number of gammas and their spectrum were calculated with MCNP6. The
beam parameters correspond to those of the neutron calculations. The emitted gamma
source term was calculated with 8.15·1012 gammas/s at a current of 300 μA. Table 5
shows the results. A maximum dose rate 0.012 µSv/h was estimated in point B. This is
50% of the gamma dose rate value in Table 5 from neutron-induced reactions in the wall.
The estimated dose-rate contribution in point A from the gamma source is 0.03 µSv/h and
in point D 0.019 µSv/h. These estimates show that the gamma source term can’t be
neglected in the estimation of the dose rate.

Table 5: Total fluence and dose rates and the corresponding uncertainties
at points A, B and D (see Figure 1) due to the gammas emitted from the target
hit by a 28 MeV proton beam
Particle

Value

Gammas

3.325

Gammas

0.030

Point A

Point B
Error
Value
Error
Total fluence rate in particle/s/cm²
1.4%
1.375
1.2%
Dose rate in µSv/h
1.9%
0.012
1.6%

Value

Point D

Error

2.077

1.8%

0.019

1.5%

The total calculated dose rate in the region of the public road is 0.035 μSv/h (point B),
and thus far below the limit of 0.5 μSv/h, corresponding to the effective dose reference
figure for the general public (1 mSv per calendar year according to the German Radiation
Protection Ordinance). Above the building (point D), the dose rate amounts to
0.043 µSv/h and thus also complies with the regulations.

Conclusions
Based on the neutron and gamma radiation generated by the production of 18F, dose rates
were calculated behind a 270 cm thick wall of normal concrete at relevant points outside
the cyclotron building. It has to be secured that the permitted dose rate of 0.5 µSv/h is not
exceeded on the public road also under maximal beam conditions of the new HZDR
cyclotron TR-FLEX. The dose rates were estimated with the Monte Carlo method using
the radiation transport code MCNP6.
The neutron source term was provided by the manufacturer. This source term is obtained
on the basis of tabulated values from the 18F yield and using differential cross-sections
calculated with ALICE-91. A comparison with a calculated neutron source term with
MCNP6 showed that this was about 5 times larger than the one provided by the
manufacturer. Therefore, the results were cross-checked with FLUKA calculations and
validated with the experiments based on the different activation foils.
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The comparison of the MCNP6 and FLUKA results shows a good agreement with
maximal differences of 18%. The differences are primarily in the energy region less
1.0 MeV. Also the “calculation /experiment” ratios are good to very good with a few
exceptions. The results show, that an incorrect neutron output from the water target is
generated via tabulated values from the 18F yield. The reason is that a calculation based
on the 18F activity only doesn't include all neutron-producing reactions, and can lead to an
underestimation of the actual shielding requirements.
For the shielding calculations the source terms of neutron and gamma emission for the
18
O(p,n)18F reaction from a MCNP6 calculation were used. The emitted particle rate at the
target was 2.43·1013 neutrons/s and 8.15·1012 gammas/s with a proton energy of 28 MeV
and a current of 300 μA. The calculations show that the maximum dose rates outside the
building are far below the legal limit. At a distance of 20 cm from the building wall, at
the point B in Figure 1 (public road), the neutron source term from the target gives a total
dose rate of 0.023 μSv/h. The dose rate of gammas originating from the 18O target
amounts to 0.012 µSv/h. The calculations show that these gammas from nuclear reactions
in the target can contribute in a non-negligible way to the total dose rate. The total dose
rate outside the building amounts to 0.035 μSv/h and thus far below the limit of
0.5 μSv/h.
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Abstract
The Canadian Nuclear Safety Commission (CNSC) regulates many different types of
accelerator facilities across Canada. To fulfil its mandate, the CNSC evaluates the
shielding design of proposed facilities prior to issuing a licence to construct each facility.
For complex facilities, Monte Carlo simulations are used to validate the applicant’s
shielding design. Once facilities become operational, inspections are performed to verify
compliance with applicable CNSC regulatory safety requirements. These inspections
include verification of both photon and neutron dose rates in the facility.
The neutron spectrum has a major impact on the shielding design and resulting dose
rates, but often this information is not available in any of the literature for a particular
type of accelerator, so on-site measurements of the spectrum may be required.
Traditionally, Bonner Spheres Spectrometer (BSS) with activated foils and TLDs are used
for this type of measurement. Recently, the CNSC has tested and used a new instrument
called the nested neutron spectrometer (NNS). It operates under the same principle as
Bonner Sphere Spectrometer that is the spectral information is based on the neutron
energy response of a thermal neutron detector at the centre of moderating bodies.
However, the NNS has modular cylindrical shells which makes it lighter than the BSS and
easier to use in the field. The NSS can also be operated in ion chamber mode in order to
measure high intensity neutron fluence rates, such as those found inside the vaults of
accelerators. Finally, the NNS is accompanied by a user-friendly WindowsTM-based
unfolding software. The results show that the NNS is a useful tool in the assessment of
shielding.

Introduction
The Canadian Nuclear Safety Commission (CNSC) regulates many different types of
accelerator facilities and calibration facilities across Canada. To fulfil its mandate, the
CNSC evaluates the shielding design of proposed facilities prior to issuing a licence to
construct each facility. For complex facilities, Monte Carlo simulations are used to
validate the applicant’s shielding design. Once facilities become operational, inspections
are performed to verify compliance with applicable CNSC regulatory safety requirements.
These inspections include verification of both photon and neutron dose rates in the
facility.
The neutron spectrum has a major impact on the shielding design and resulting dose rates,
but often this information is not available in any of the literature for a particular type of
accelerator or nuclear reaction, so on-site measurements of the spectrum may be required.
Traditionally, Bonner Spheres Spectrometer (BSS) with activated foils and TLDs are
used for this type of measurement.

400 │ NEA/NSC/R(2018)2
As an example, in a cyclotron operating at 24 MeV, 300 µA, the neutron flux can be as
high as 108 n cm-2 s-1 at 1 m from a 100Mo target due to the 100Mo(p,2n)99mTc reaction.
No neutron spectrum has been published.
In other cases, as in a medical linac accelerator operating at 15 MV, 600 MU, the flux can
be as high as 7.85 x 105 n cm-2 s-1 at 1.41 m from the target and 1 m from the isocentre
on the patient plan. No neutron spectrum has been published

The nested neutron spectrometer
The nested neutron spectrometer (NNS) is a recent invention by a Canadian company
(DETEC, Gatineau, QC, Canada) [1].
Figure 1: NNS fully disassembled (left) and ready for use on a tripod (right)
The small cylindrical 3He counter is shown attached to a red LEMO cable

The NNS consists of a 3He counter and a set of nested high density polyethylene (HDPE)
cylinders, as shown in Figure 1. The 3He counter detects thermal neutrons through the
3
He(n,p)3H reaction. The nested HPDE cylinders provide a simple means of changing the
amount of moderator around the 3He counter.
Because of the design of the NNS, it is much less cumbersome to manipulate than a
typical BSS.

NNS measurement principles
The neutron energy spectrum is obtained by performing 8 neutron detection rate
measurements for the 8 configurations of the HDPE (bare 3He counter to full assembly of
7 cylinders). The neutron detection rate can be obtained by counting pulses.
The pulse counting method is used for incident neutron flux below 104 cm-2s-1. The
measurement is performed using nuclear counting electronics.
In addition, the NNS can operate in current mode, which solves the problem of pulse pileup in pulsed detectors, since the current is measured in a manner analogous to that used in
an ionisation chamber.
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The current method is used for incident neutron flux > 104 cm-2 s-1 such as those found
near medical accelerators. The current is measured using an electrometer.
Figure 2: The 3He counter is operated at unity gain as an ion chamber. A neutron-insensitive
4
He ion chamber may also be used for the subtraction of the gamma-ray
contribution to the current

NNS Response functions
As in the BSS, the ability of the NNS to produce a neutron energy distribution is the
results of a changing energy-dependent neutron efficiency as a function of the amount of
moderating HDPE mass around the 3He counter. These efficiency curves, otherwise
known as response functions, are shown in Figure 3 for the bare detector and for
increasing amounts of HDPE from 200 g to more than 8 kg. The mean energy of the
response function increases with the HDPE cylinder mass.
Figure 3. The shapes of the response functions (or energy-dependent neutron
counting efficiencies) are similar in appearance to those of the BSS
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NNS measurement and data unfolding processes
In a given neutron fields, 8 measurements are taken, with the bare 3He counter and the
same counter surrounded with the 7 combinations of cylindrical HDPE moderator. The
observed variation of the counting rate, as a function of the amount of moderator, is then
a direct consequence of the response functions of Figure 3 and the energy spectrum of the
incident neutrons. Figure 4 shows two examples of the change in counting rate versus
moderator amount for two very different neutron fields.
The data unfolding is the process by which one arrives to the neutron energy distribution
that led to the measured rates, such as those shown in Figure 4, while considering the
response functions of the spectrometer (Figure 3). This process is typically laborious and
requires much insight from an expert user. The NNS is provided with a WindowsTM
interphase software (Figure 5) which greatly facilitates this task. It provides for two
unfolding algorithm. The first is a least square algorithm by Perey that was originally
intended for the unfolding of foil activation data [2]. The second algorithm is called the
Maximum Likelihood Expectation Maximisation (MLEM), and although it is borrowed
from the field of CT iterative image reconstruction, it has found applications in BSS and
NNS unfolding [3] [4].
Figure 4. Counting rate dependence on the number of moderating cylinders
for a “hard” neutron spectrum (Am-Be) and a softer one
(heavy-water-moderated 252Cf)
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Figure 5: In a given field, 8 measurements are performed with the 8 configurations
of the NNS. The unfolding process creates an energy distribution over 52 energy bins.
This requires a dedicated unfolding code. To this aim, a Graphical User Interface
was created over the Least Square Minimisation and MLEM algorithm

CNSC neutron spectrum measurements
Neutron spectrum from the reaction 100Mo(p,2n)99mTc in a TR-24 cyclotron
A 423 µm thick 100Mo target, on an Aluminium holder, was mounted at the solid-target
port of an ACSI (Advanced Cyclotron Systems, Richmond, BC, Canada) TR24 cyclotron
at the Centre Hospitalier Universitaire de Sherbrooke and bombarded with 24 MeV
protons. The distance between the NNS and the solid target was about 1.3 m. The
resulting neutron spectrum consisted of the neutrons from the 100Mo(p,2n)99mTc reaction
and 17.8 MeV residual energy, with the Al target holder.
Figure 6: Solid-target station and NNS location at 1.3 m (left) and Al target holder (right)
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A second measurement was performed with 17.8 MeV protons directly on Al target
holder in order determine the net neutron spectra from the 100Mo(p,2n)99mTc reaction. The
beam current was always 2.5 µA, which is ~1/120 of its normal operating current during
99mTc production.
Figure 7: Neutron energy spectrum measured at 1.3 m from the target of the TR24 cyclotron.
Separate measurements were performed for 24 MeV protons incident on 100Mo and 17.8
MeV protons incident on the Al target holder

Table 1: Characteristics of the neutron fields produced in a 100Mo target
and the aluminium target holder
Quantity

Targets
Mo on Al – 24 MeV

Al – 17.8 MeV

Net -100Mo(p,2n)99mTc

Fluence rate [cm-2 s-1]

9.31 x 105

1.65 x 105

7.66 x 105

H*(10) rate [mSv h-1]

662.4

141.8

520.6

Average energy [MeV]

0.93

1.27

0.86

The results in Table 1 are for the low operating current of 2.5 µA and they include lowenergy neutrons due to room scatter.

Neutron spectrum in a medical linac facility operated at 15 MV
The NNS was operated in current mode to measure the neutron spectrum from the Varian
TrueBeamTM medical linac (Figure. 8 and Figure. 9), at the new McGill University Health
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Centre (MUHC) facility (Glen site). The distance was 1.41 m from the target and 1 metre
from the isocentre on the patient plan for different modes of operation (flattening filter
free [FFF], flattening filter [FF] and electrons) and energies.
Figure 8: Linac room depicting walls and
borated polyethylene lined on the maze walls
of the doorless facility

Figure 9: NNS on the couch at 1.41 from the
target and 1 m from the isocentre in the
patient plan

1.41 m

Figure 10: Photon energies 10 and 15 MV, mode FFF and FF
4.0x104

10 MV mode FFF 600 MU - 10.545 mSv/h
10 MV mode FF 600 MU - 15.603 mSv/h
10 MV mode FFF 2400 MU - 42.183 mSv/h
15 MV mode FF 600 MU - 209.955 mSv/h
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Figure 11: Electron energies 20, 16 & 12 MeV, 1000 MU/min
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Neutron spectrum measurements in pulse mode at a neutron generator facility
In a neutron generator research facility at Bubble Technology Inc. (Chalk River, ON,
Canada), NNS measurements were performed at 1 m from an Adelphi D-D neutron
generator operated at 7.5 E+08 neutrons per second. The NNS operated this time in pulse
mode.
Figure 12: Adelphi neutron generator

Figure 13: D-D reaction 7.5 E+08

7.5 E+08 neutrons per second - Ho(10) 12.5 mSv/h at 1 meter
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The epithermal region depicted in the neutron spectrum figures is due to the contribution
of materials, accessories and object present in the bunkers during the measurements
(wood, plastic, solid water, foam, etc).
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Conclusion
The CNSC used the NNS to measure neutron energy spectra in the high flux
environments near accelerators, the NNS was mainly operating in current mode. The
instrument provided good characterisation of the output (neutron source term) of these
types of accelerators and the data obtained was used by the CNSC for its independent
shielding assessment of the applicants. Measurements obtained in pulse mode showed
similar proved to be similar of value.
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Abstract
Hadrontherapy offers an improved dose conformation to the target volume as compared
to photon radiotherapy, with better sparing of normal tissue structures close to the target.
In addition, carbon ions beams exhibit an increase of the radio biological efficacy, RBE,
in the Bragg peak as compared to the entrance region. The CNAO (National Center for
Oncological Hadrontherapy) is the first Italian center for deep hadrontherapy. The main
accelerator is a synchrotron capable to accelerate carbon ions up to 400 MeV/u and
protons up to 250 MeV.
Three treatment rooms are available and are equipped with horizontal beam lines; one of
the treatment rooms also features a vertical treatment line to allow additional treatment
ports. A fifth line, leading the beam to an experimental room, is being deployed and is
foreseen to allow external users access by 2017.
The CNAO facility has been designed for a completely active beam delivery system: a
pencil beam is scanned transversely, and the extracted beam energy can be changed on a
spill to spill basis to obtain the best possible 3D dose conformation to the tumour. The
commissioning of the synchrotron started in August 2010, and patient treatment started in
September 2011 with protons and in November 2012 with carbon ions.
Since then the clinical activities have been carried out on a regular basis and require
regular availability of the beam in the treatment rooms. The CNAO intends to treat,
under outpatient treatment, more and more patients expanding the clinical indications
and bringing forward clinical, radiobiological and translational research.

The CNAO synchrotron
Hadron therapy is an advanced radiotherapy technique that employs charged particle
beams. Several particles (pions, oxygen, neon and helium ions) have been investigated in
the past, but at present only protons and carbon ions are used in clinical practice. Hadron
therapy has been used for more than 50 years, more than 137 000 patients (at the end of
2014) have been treated worldwide.
At the beginning of 1996, the design of an optimised synchrotron for light ion (and
proton) therapy was started at CERN under the leadership of P. Bryant with the acronym
PIMMS (Proton-Ion Medical Machine Study) [31]. PIMMS was a collaboration of
CERN, Med-AUSTRON (Austria), Oncology 2000 (Czech Republic) and TERA (Italy).
GSI contributed and gave expert advice.
The TERA Foundation, with the collaboration of many institutions, (INFN, CERN, GSI
and a few Italian universities), based on the PIMMS design engineered a new version of
the PIMMS synchrotron, with an innovative compact design of the extraction and
injection lines. The resulting project was the basis of the CNAO (Centro Nazionale di
Adroterapia Oncologica) design carried out by the CNAO Foundation that acquired the
design group from TERA.
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The CNAO (National Center for Oncological Hadrontherapy) in Pavia (Italy) is one of
the five centres worldwide in which hadrontherapy is administered with both protons and
carbon ions. The main accelerator is a 25 m diameter synchrotron designed to accelerate
carbon ions up to an energy of 400 MeV/u and protons up to an energy of 250 MeV. Its
layout is shown in figure 1, and its main parameters are presented in table 1 (further
details can be found in [1)].
Figure 1: Layout of the CNAO synchrotron and transport lines

The center is equipped with three treatment rooms for patients and an experimental room
in which it will be possible to carry out research activities without interfering with
medical activities.
The commissioning of the synchrotron started in August 2010 and patient treatment
started in September 2011 with protons and in November 2012 with carbon ions, with
particular focus to radioresistant and critically located tumours.
Since then, more than one thousand patients have been treated, and the goal of CNAO is
to progressively increase the number of patients per year, relying mainly in the hypofractionation of carbon ions treatments.
Table 1: Main characteristics of the CNAO synchrotron
Particle species
Circumference
Beam energy
Beam intensity (particles per spill)
Spill length
Beam spot size
Treatment rooms
Beam delivery
Treatment field
Field homogeneity

Protons, He, C, O (currently available: p ,C)
78m
60–400MeV/u
p: 2E10 C: 4E8
0.25–10 s (plus 2 s acceleration cycle)
4–10mm FWHM
2H – 1H + V
Intensity-controlled raster scan
20 × 20 cm2
± 2.5%
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Beam delivery
The beam is delivered through an active scanning system. A pencil beam can be deflected
by a couple of magnets and can be used to “paint” an image, via two x-y scanning magnet
that moves the beam from point to point. The target volume is subdivided longitudinally
into isoenergetic “slices”: the first (usually the most proximal one) is painted, then the
beam energy is varied, the second-most- proximal slice is painted, and so on. Active
scanning, irradiating layer by layer, can provide a better conformation of the dose, when
compared to passive scanning systems. With active scanning the dose is distributed in
small volumes, often called voxels (volume pixels) or spots, which are treated
individually. This means that each voxel of a slice receives a different dose, depending on
the amount of dose the voxel has already received by particles directed to deeper layers.
So, this system permits intensity-modulated particle therapy and allows the treatment of
basically arbitrary tumour shapes. This capability, anyway, requires a complex Dose
Delivery system and a high beam positioning precision.
The dose delivery system receives the treatment plan and is able to deliver the beam in
accordance to the required space/dose distribution. The system is based on two (x-y)
scanning magnets and receives the feedback of two stripline chambers in the nozzle.
Since summer 2014 the treatment of moving targets (e.g. liver and pancreatic cancers) has
started with carbon ions by means of a new treatment technique, consisting of an active
delivery of the dose, synchronied with patient’s breathing and repeated five times on the
same tumour slice to complete the dose delivery (repainting). This treatment modality
minimises the effect of moving organs and allows for a uniform delivery of the dose to
the tumour volume.

Shielding design and radiation safety
The shielding design was based on carbon/proton activity, and was carried out on the
basis of the ALARA principle, thus assuming dose objectives to be no more than
2-3 mSv/y for radiation workers and no more than 0.25 mSv/y for non-exposed workers
and the general public.
The shielding was mainly calculated based on the secondary radiation (i.e. high energy
neutrons) generated by 400 MeV/u carbon ions impinging on various materials (ICRU
tissue equivalent, copper, carbon). The dose contributions due to protons was considered
when significant (e.g. at very large angles with respect to the beam direction). A firstiteration calculation was mainly based on the attenuation data by Agosteo et al. [2] for
ordinary concrete. Further fine-tuning of the shielding, and evaluation of mazes and ducts
were carried out using FLUKA [3,4] and MCNPX 2.4 [5]. For the experimental
verification of the shielding both commercial (Thermo Electon Wendi II, [6]) and
custom-made rem counters, [7]) were used. Further details can be found in [8].

Experimental line
The CNAO was conceived to be equipped with an experimental beamline in addition to
the treatment ones and the experimental room (XPR) was constructed since the
beginning.
The functional specifications for the XPR have been defined also by means of an online
survey directed to the community of possible users.
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The experimental line is under construction, and is foreseen to be available (with
250 MeV protons and 400 MeV/u carbon beam) by the end of 2017.
An additional ion source will be added in future in order to produce and accelerate more
species for physical, biological and medical research. The final beam requirements, that
are currently under study for feasibility, are described in Table 2.
Table 2: Beam requirements for the CNAO XPR
Z
I (1E8 p/s)
E (MeV/u)

H
1
100
330

He
2
25
400

Li
3
11
400

Be
4
6.3
400

B
5
4
400

C
6
2.8
400

N
7
2
400

O
8
1.6
400
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Abstract
The safety system for a 40TW laser system and two 500TW laser systems at SPring-8SACLA experimental inter-availability building are discribed. The ultra high intense
laser hitting materials produces plasma and high energy electrons. The radiation
shielding and the safety systems must be considered for laser-plasma induced X-rays and
associated photo-neutrons. The radiation doses have been estimated using the Monte
Carlo code FLUKA for laser-induced radiation on the several assumptions such as the
electron energy spectrum and the energy conversion efficiency from the laser to
radiation. On the basis of the estimations, the radiation safety system has been
constructed by using the local shields, radiation monitors with the interlock system and
the limitation of the laser operation.

Introduction
Recently, TW (tera watt) and PW (peta watt) class laser systems are available to
investigate material science, extreme conditions as a pumping up probe and laser–plasma
acceleration techniques so on. These experiments in combination with high power lasers
and X-ray free electron lasers (XFEL) have been planned and performed at the X-ray
facilities such as LCLS [1] at SLAC, European XFEL [2] at DESY, and SACLA [3] at
SPring-8. According to these conditions, laser-plasma induced X-rays and associated
photo-neutrons that are produced by the extremely high intense laser hitting materials
have been growing up to be one of the crucial issues for radiation shielding and radiation
protection. It is well known that the injection of high power laser into materials produces
plasma and induces radiation. Especially, high power density laser produces high energy
radiation so that the estimation and the protection of laser-plasma induced radiation are
very important. At the SPring-8 site, in which an 8 GeV class synchrotron radiation (SR)
facility, SPring-8, and an X-ray free electron laser (XFEL) facility, SACLA, are now
under operation, a 40TW laser system was installed into the experimental hutch (EH5) at
the SPring-8-SACLA experimental inter-availability building. Two 500TW laser systems
have been installed into the experimental hutch (EH6) at the same building and the
commissioning has been started in this year. The radiation shielding and the safety
systems of the EH5 and the EH6 must be considered for laser-plasma induced X-rays and
associated photo-neutrons in addition to the SPring-8 synchrotron radiation and SACLA
X-ray free electron laser beams so that the shielding design and the safety systems are
complicated rather than another beamlines such as SR beamlines and XFEL beamlines.
These radiation doses have been estimated using the Monte Carlo code FLUKA [4,5] for
laser-induced radiation and the beamline shielding design code STAC8 [6]. However the
space of the facility is insufficient to install sufficient shields and there are some high
uncertainties due to insufficient experimental data such as energy conversion factors from
the laser to radiation and the energy spectrum so that the limitation of the laser operation
must be estimated and radiation safety system must be constructed by using the local
shields and radiation monitors with the safety interlock system.
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SPring-8-SACLA experimental inter-availability facility
Since 1997, SPring-8 has been operated without troubles, and the X-ray free electron
laser facility, SACLA is under operation since 2011 successfully. The synchrotron
radiation beam from the undulator beamline of BL-32XU and XFEL of BL3 can be used
simultaneously at the SPring-8-SACLA experimental inter-availability facility. In
addition to these synchrotron radiation beam systems, extreme high power laser systems
have been installed. The illustration of the inter-availability facility is shown in Figure 1.
The initial designs of EH5 and EH6 hutches were considered only for the monochromatic
undulator beam of SPring-8 and the XFEL of SACLA. The energy spectra of these total
photon beams are shown in Figure 2, and the maximum photon energies are up to about
3MeV. Besides, the photons from the undulator of BL32XU are the out of a double
crystal monochromator so that the maximum photon energy is no more about 100keV.
The EH5 hutch is made of iron with the 2 cm thick in the lateral direction of the beam and
3 cm thick in the perpendicular direction. The EH6 hutch is made of iron with the 3 cm in
thickness. The inside of the inter-availability facility building is radiation controlled area
and the hutches are under access control during the operation of SR, XFEL and laser
beams.
Figure 1: Illustration of SPring-8 SR-SACLA XFEL inter-availability facility
and laser irradiation chambers
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Laser-plasma induced radiation
It is difficult to estimate the radiation induced by laser plasma with accuracy because of
strongly depending on the experimental conditions. The conservative estimations,
therefore, must be performed for the safety. The high power laser produces plasma and
associated radiation such as high energy electrons. These radiations are well known that
depend strongly on the laser power, the laser focus size and the laser pulse duration.
Target materials are not so much influence to the radiation [7] unless performing the laser
acceleration experiments. The experiments of the laser acceleration are not included at the
facility so that only the accelerated electrons produced by the laser plasma are considered
for this facility. The laser systems which have been installed into the inter-availability
facility are listed in Table 1 as the initial stage of the experiments, and the parameters
such as focus sizes have possibilities to be improved. One of the key parameters of the
accelerated electron produced by laser plasma is the hot spot electron temperature, Te as
indicated in formula (1) and (2).
When 𝑰𝝀𝟐 < 𝟏. 𝟔 × 𝟏𝟎𝟏𝟕 𝑾 ∙ 𝒄𝒎−𝟐 ∙ 𝝁𝒎𝟐 ,
𝟏

𝑻𝒆(𝐌𝐞𝐕) = 𝟔 × 𝟏𝟎−𝟖 × (𝑰𝝀𝟐 )𝟑

[8] ,

(1)

where 𝑰 𝐢𝐬 𝐭𝐡𝐞 Laser power P divided by the laser focus size S, and λis laser wave length,
and
when 𝑰𝝀𝟐 > 𝟏. 𝟔 × 𝟏𝟎𝟏𝟕 𝑾 ∙ 𝒄𝒎−𝟐 ∙ 𝝁𝒎𝟐

𝑻𝒆(𝐌𝐞𝐕) = 𝟎. 𝟓𝟏𝟏 × (−𝟏 + �𝟏 + 𝑰𝝀𝟐 /𝟏. 𝟑𝟕 × 𝟏𝟎𝟏𝟖 [9]

(2)

Using the electron temperatures, we assumed Maxwellian and relativistic Maxwellian
distributions for the energy spectrum of accelerated electron by references to SLAC data
[10] as follows,
𝟏

−𝟑

𝒇(𝑬) ≈ 𝑬𝟐 ∙ 𝑻𝒆 𝟐 ∙ 𝐞𝐱𝐩 �−

𝑬

𝑻𝒆

𝒇(𝑬) ≈ 𝑬𝟐 ∙ 𝑻𝒆−𝟑 ∙ 𝐞𝐱𝐩 �−

� , 𝒇𝒐𝒓 𝑰 ≤ 𝟏𝟎𝟏𝟖 𝐖 ∙ 𝒄𝒎−𝟐

𝑬

𝑻𝒆

� , 𝒇𝒐𝒓 𝑰 > 𝟏𝟎𝟏𝟖 𝐖 ∙ 𝒄𝒎−𝟐

(3)
(4)
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In addition to the assumption of these electron source spectra, the conversion efficiency
from the laser power to the electron energy must be employed to determine the intensity
of the electron. Some information about the conversion efficiencies has been reported.
For example, about 1.5 % of the conversion efficiency for the gas phase target was
reported by SLAC experiments [11], and the 16% for solid target by NZDR DRACO
experiments [12]. However, the data of the conversion efficiency are quite insufficient
and vary widely so that we employed the conversion efficiency of 30% for less than 1018
W.cm-2 laser intensity, and 50% for more than 1018 W.cm-2 in the initial stage of the safety
analyses to be conservative.
Table 1: Key parameters for the laser systems of the SPring-8-SACLA
inter-availability facility
Laser spec

EH5

EH6

Laser (wave length λ)

Ti S laser (800nm)

Ti S laser
(800nm)

Laser power P

40TW

500TW x2

Laser energy

1J

12.5 J
2.78x10-3Hz

Reputation rate(max.)

0.5 Hz

Pulse duration

25 fs

25 fs

20 μm x 20μm

20 μm x 20μm

Peak intensity*

1x1019 W/cm2

1.25 x1020 W/cm2

Electron tempereture*

0.76 MeV

3.4 MeV

Laser focus size
(initial stage)

(1shot / 6min)

(*: these parameters depend on the laser focus size)

Leakage dose estimation
On the assumption of the electron energy spectra and the conversion efficiencies, the
shielding design and the leakage dose estimation were performed by using the Monte
Carlo code, FLUKA. For the shielding designs, the information of the attenuation lengths
is convenient. Hayashi et al [13] suggested that the Compton minimum is not so bad
approximation for the attenuation length under the conditions of Te>Compton minimum
energy. To adapt to our cases, the attenuation lengths were calculated as shown in Figures
3, 4, and 5 for shield materials of lead, iron, and ordinary concrete, respectively. The
Compton minima and corresponding to the lengths of lead, iron and ordinary concrete are
3.6MeV (2.1cm), 9.0MeV (4.5cm), and 25 MeV (21.7cm), respectively. As shown in
Figs.3 and 4, the attenuation lengths of lead and iron are about 2.1 cm and 4.3cm,
therefore the Compton minima of lead and iron are good approximation for attenuation
lengths. In the case of ordinary concrete, the attenuation lengths are from 13.6 cm to 20.4
cm for the electron temperature of from 0.76 MeV to 5.0 MeV, and less than the
Compton minima as shown in Figure 5. These data are useful to design the local shield.
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Figure 3: Effectve attenuation as a function of lead thickness. Open circles, full circles, double
circles and open squares are 0.76MeV (40TW laser power, and the focus size is 20μm x20μm),
1.76MeV (40TW, 10μm x10μm ), 3.4MeV(500TW, 20μm x20μm), and 5.0MeV(1PW, 20μm x20μm)
electron temperatures, Te
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For the 40TW laser (EH5 hutch) case, the direction of the laser beam to the target is fixed
downward to 45 degrees inclination against the floor. Figure 6 shows the effective dose
distribution due to laser-plasma induced radiation at EH5 with the electron temperature of
Te=0.76 MeV (left side) and Te=1.76 MeV (right side) with the local shield outside the
hutch at the north direction (upside in the figure) and without the local shield inside the
hutch. Figure 7 shows the case of installing the local shield of 40cm ordinary concrete
into inside the EH5 hutch to reduce the leakage dose outside the hutch.
Figure 4: Effective dose attenuation as a function of iron thickness. The symbols are same as
Figure 3, and open diamonds are 0.17MeV electron temperature
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Figure 5: Effective Dose attenuation as a function of ordinary concrete thickness
The symbols are same as Figure 3
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For the 500TW laser (EH6 hutch) case, the laser beam to the target has been considered
two directions. One is 0 degrees from the upside (north side) and the other is 45 degrees
from the upside as shown in Figure 8. Both laser directions to the targets are on the
horizontal plane. The wall of EH6 hutch is made of 32 mm thick iron with partially added
26 mm thick lead, and ordinary concrete with 40 cm in thickness is installed into the
outside of the EH6 upside ( north side) hutch wall.
Figure 6: Effective gamma dose distribution due to 40TW laser system((μSv/ pulse)
Left side: Focusing 20 μm x 20 μm (Te=0.76MeV
Right side:10 μm x 10 μm (Te=1.76MeV), conversion efficiency 0.3 )
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Figure 7: Effective gamma dose distribution due to 40TW laser system with
focusing 20 μm x 20 μm (Te=0.76MeV) ((μSv/ pulse)
(Left side: horizontal plane; right side: vertical plane)

Figure 8 Effective gamma dose distribution due to 500TW laser system with focusing
20 μm x 20 μm (Te=3.4MeV, conversion efficiency 0.5) ((μSv/ pulse)
(Left side: 45 degrees laser irradiation; right side: 0 degrees irradiation).
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Figure 9 Effective neutron dose distribution due to 500TW laser system
with focusing 20 μm x 20 μm (Te=3.4MeV) ((μSv/ pulse)
(Left side: 45 degrees laser irradiation; right side: 0 degrees irradiation)

Neutron dose due to laser-plasma radiation is less than about 0.1 times of the gamma dose
as shown in Figure 9, however it is not negligible small in this case of Te=3.4MeV.
Based on these simulations and the dose limitations, the number of maximum permissible
laser shot is estimated. In our case, the radiation controlled area is inside the SPring-8SACLA inter-availability building for using synchrotron radiation and X–ray free
electron laser so that the boundary of the radiation controlled area is the wall of the
building and the radiation workers can access the outside area of the hutch during the
laser operation. Maximum leakage doses and the corresponding number of permissible
laser shot are summarised in Table 2. The design criteria of the SPring-8 site is the 1/3 of
the maximum permissible dose so that the permissible number of laser shot is normally
limited to the 1/3 of the maximum number of the laser shot for the operation. Therefore,
as indicated in Table 2, about 1pulse/3min for 40TW laser and 1pulse/20min for 500TW
laser operations are allowed in the initial stage.

Safety systems for high power laser
SPring-8 SR and SACLA XFEL inter-availability facility was initially designed without
considering using high power laser therefore there are insufficient spaces to install the
sufficient shield materials. To keep safety under this condition, we must make full use of
local shields on the basis of precise and high accurate simulations. However, the
simulations must be employed on several conservative assumptions such as electron
energy spectrum and the conversion efficiency at this point. In addition to these
assumptions, the radiation depends strongly on the experimental conditions, especially
laser focus conditions and sometimes the radiation level changes over the range of several
orders. At the inter-availability facility, radiation safety systems have been configured
under these conditions as follows, (1) maximum permissible number of laser shots is
limited based on the data of the simulations with proper placement of local shields. (2)
Area monitors were installed into inside and outside the hutches. (3) The signals of area
monitors link to the safety interlock system to control the laser operation. (4) And
integrated dosimeters are located around the laser irradiation chambers to reconfirm the
radiation safety. For the limitation of the laser shot numbers, it needs improvement step
by step with the accumulation of the experimental data and new knowledge. Ion
chambers are employed for area monitors. The laser and associated radiation are ultrashort pulse in ranging less than 100 femto seconds so that ion chambers seem to be one of
the most suitable devices to measure the radiation. However it seems to be difficult to
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measure the accurate dose rate and its calibration. Generally, the adjustment of the laser
system is performed before the experiments with the full power. In this case, the power of
amplifiers and the monitor installed into inside the hutch have been linked to the laser
safety interlock system. In addition to these gamma monitors, neutron dose are monitored
by using helium-3 counters with polyethylene moderators.
Table 2: Maximum leakage dose due to high power laser and the corresponding
(* without local shield)
Laser

40TW focus size
(20μmx20μm)
Te=0.76MeV

500TW focus
size
(20μmx20μm)
Te=3.4MeV

location

Maximum leakage dose(μSv/h)

Outside the hutch (EH5)

Downside
(south)
0.20 *
0.0019(O.C.40cm)
0.32 *

Upside
(north)
0.013 (O.C.40cm)

0.011 *
2.2x10-4
(O.C.40cm)
0.49
1.9

6.6x10-4
40cm)
2.6

9.6
13

0.09(left side)

0.042(right side)

27

Roof(EH5)
Off-limit area
Boundary of controlled area
Outside the hutch(EH6)
Roof(EH6)
Off-limit area
Boundary of controlled area

(O.C.

Maximum permissible number of laser
shot (pulse/h)
125 *
1.3x104
78 (1.3pulse/min)
220 *
1.1x104

Summary
Safety systems for PW (peta watt) class high power laser using the experiments such as
pumping up probes have been described at SPring-8 SR and SACLA XFEL interavailability facility. Through the discussions of the safety systems, it is recognised there
are many problems to solve. One of the most important issuers is to describe the source
term precisely. There are high uncertainties for the conversion efficiency from the laser
power to the radiation, and the energy spectrum of the radiation. These parameters seem
to depend strongly on the experimental conditions. The accurate and precise information
is more needed to construct the local shield effectively. Radiation produced by laserplasma is to be ultra-short pulse such as a few tens femto seconds. It is desired to
establish the techniques of the monitoring for such as ultra-short pulse radiation. These
high power laser facilities will be increased continuously as increasing X-ray free
electron laser facilities and laser acceleration facilities. It is strongly desired to exchange
the information and the collaborations to develop the radiation engineering and the safety
engineering.
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Abstract
The ELI Beamlines facility, which is expected to have the first beam operational within
2017, will be the high-energy, high repetition-rate laser pillar of the Extreme Light
Infrastructure (ELI). The goal of ELI Beamlines is to deliver ultra-short, high-energy
laser pulses for the generation and applications of high-brightness X-ray sources and
accelerated particles. Particle beams are expected to operate in an unprecedented energy
range for laser-driven accelerators, going up to 10 GeV for electrons and 250 MeV for
protons, with envisaged upgrade to higher energies (up to 50 GeV for electrons and to 3
GeV for protons). Depending on the experimental setup, the number of particles per laser
shot is expected to be 109 -1011. The high energy and the large current per shot of the
produced beams, together with the possibility to operate at 10 Hz laser repetition rate,
require an adequate evaluation of activation in structural materials. Several radiation
protection problems, such as minimisation of residual dose rates and management of
activated materials (short and long-term storage and eventual decommissioning), must be
assessed.
A comprehensive database covering all the energies and materials of interest is being
developed using FLUKA, a Monte Carlo transport code successfully benchmarked for the
production of radioactive nuclides. Results for electrons and protons at different energies
are presented. These results, although focused on the needs of laser-driven accelerators,
are likely to be useful also when designing more conventional facilities.

Introduction
With the dawn of laser technology in the recent years, there has been significant interest
in the scientific community towards laser-plasma acceleration. The ELI Beamlines
project [1] is paving a path in the realisation of this interest. At ELI Beamlines, laserplasma acceleration is used to produce secondary sources of radiation which can be
further used in several applications like in the field of medicine, material science and
fundamental physics. ELI stands for “Extreme Light Infrastructure” which exploits lasers
with ultra-short pulses in the range of few femtoseconds. ELI Beamlines is situated in
Dolni Brezany near Prague, Czech Republic. The civil structure of the facility is
constructed and the installation of lasers will follow soon. It is expected to become
mainly a user facility with access to one of the most powerful laser in the world.
Peak power in the range of hundreds of terawatts can be conceived with ultra-short laser
pulses. Intense radiation fields with high repetition rates can be created when combined
with focused intensities up to 1024 W/cm2, and activate materials.
Within the same facility there exist beamlines for x-rays, electrons, protons and ions.
Particle acceleration energies range from a few hundreds of MeV up to 10 GeV for
electrons, and from a few tens of MeV up to 250 MeV for protons. The particle spectra
could be monoenergetic, flat or exponential and can have varying intensities. The diverse
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source terms present a complicated situation for material activation whose estimation is
important for radiation protection, commissioning of the facility and radioactive waste
disposal. Therefore a comprehensive material activation database is being compiled in
order to prepare ourselves for activated material handling.
This paper presents the dose decay curves for electrons and protons at their maximum
expected energies for 1 year of irradiation on aluminium alloys and stainless steels.
Further, the sensitivity of dose to the change in concentration of impurities in the
materials is also discussed.

Simulation set up
The FLUKA [2,3] Monte Carlo code was used to estimate ambient dose equivalent
(H*(10), hereafter shortly referred to as dose) at a distance of 30 cm from the target
material whose thickness is fixed at 3 cm (see Figure 1).
Figure 1: Illustration of radiation field created by a beam on a 3 cm thick material

H*(10) @ 30 cm

Beams of electrons and protons respectively at 10 GeV and 250 MeV are considered at
common intensities of 1010 particles per second. The composition of materials used for
irradiation is shown in Tables 1 and 2. European standard of material designation based
on material composition has been chosen over American standard, which classifies
materials based on thermo-mechanical properties. This way one can maintain a unique
correspondence between material designation and material composition, which is suited
for the purpose of creating a disambiguate activation database.
One year of irradiation is divided into 12 intervals based on months. Irradiation takes
place for the first 20 days of a month followed by 10 days of cooling. On any day when
the beam is on, irradiation occurs for the first 12 hours followed by 12 hours of cooling.
Dose rates are sampled immediately after the end of irradiation, and after 1 day, 1 week,
4 weeks and 26 weeks after the end of irradiation. Statistical uncertainty on dose rates is
less than 5%.

│ 423

424 │ NEA/NSC/R(2018)2
Table 1: Elemental composition (in percentage of mass) of aluminium alloys [4]
Si

Fe

Cu

Mn

Mg

Cr

Zn

Ti

EN5082

0.2

0.35

0.15

0.15

5

0.15

0.25

0.15

EN5083

0.4

0.4

0.1

1

4.9

0.25

0.25

0.15

EN6061

0.8

0.7

0.4

0.15

1.2

0.35

0.25

0.15

EN6082

1.3

0.5

0.1

1

1.2

0.25

0.2

0.1

Table 2: Elemental composition (in percentage of mass) of stainless steels [5]
C

Si

Mn

P

S

N

Cr

Mo

Ni

EN14306

0.03

1

2

0.045

0.015

0.11

20

-

12

EN14307

0.03

1

2

0.045

0.015

0.11

19.5

-

10.5

EN14404

0.03

1

2

0.045

0.015

0.11

18.5

2.5

13

EN14432

0.03

1

2

0.045

0.015

0.11

18.5

3

13

EN14435

0.03

1

2

0.045

0.015

0.11

19

3

15

Results
Aluminium alloys
Dose-rate decay curve for 10 GeV electron irradiation and 250 MeV proton irradiation on
aluminium alloys is shown in Figures 2 and 3, respectively. Maximum dose rates which
are immediately after the end of irradiation are about 20 μSv/hour and 500 μSv/hour
respectively for electron and proton irradiation. As expected, dose rates decay
exponentially with time.
Figure 2: H*(10) decay curve for 10 GeV electron irradiationon aluminium alloys

NEA/NSC/R(2018)2

Dose rate due to electron irradiation immediately after the end of irradiation is lower than
dose rate due to proton irradiation by about an order of magnitude. After 26 weeks, dose
rate due to electron irradiation is lower by about 2 orders of magnitude, which hints that
short-lived radionuclides are created during electron irradiation. However, for both
electrons and protons, the decay curves drop down smoothly until about 1 week, after
which there seems to be build up of radionuclides. A detailed study is under progress to
identify the radionuclides responsible for the build up, and to characterise their
radiological hazards.
Even though the statistical uncertainties on dose rates are less than 5%, the change in
concentration of additive materials among the alloys is so little that the dose rates can
hardly be resolved. Additionally, the density of alloys is comparatively lower (2.7 g/cm3)
in comparison to high density materials which delays the convergence of statistics.
Figure 3: H*(10) decay curve for 250 MeV proton irradiation on aluminium alloys

Stainless steels
Figures 4 and 5 show the dose-rate decay curve for 10 GeV electron irradiation and
250 MeV proton irradiation on different types of stainless steels. Maximum dose rates are
about 100 μSv/hour and 1000 μSv/hour, respectively for electron and proton irradiation.
Dose rate due to electrons immediately after the end of irradiation is lower than dose rate
due to protons by about an order of magnitude. Of the 5 stainless steel types EN14432
and EN14435 show slightly higher dose. This is attributed to the presence of
molybdenum as an additive material. Sensitivity of dose to change in molybdenum
concentration is discussed in the next subsection. The decay curve drops smoothly but it
does not rule out the build up of radionuclides. Nuclides will be identified and their
radiological implications will be investigated in a separate study.
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Figure 4: H*(10) decay curve for 10 GeV electron irradiation
on stainless steel alloys

Figure 5: H*(10) decay curve for 250 MeV proton irradiation
on stainless steel alloys

Sensitivity studies
While the concentration of additive materials in an alloy type is specified by the
manufacturer, the sample to sample concentration may vary. Dose rates can be highly
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sensitive to additive materials, for example cobalt impurity in stainless steel is responsible
for most of the residual dose around steel [6] under certain irradiation conditions. Hence
it is important to understand the sensitivity of dose values to additive materials (like
molybdenum) as well as unintentionally present impurities (like cobalt).
Molybdenum has atomic number 42 and is added as an alloying element in stainless steel
to improve resistance to pitting and crevice corrosion [7]. It is the element in stainless
steel type EN14435 which has the highest atomic number, and accounts for 2.75 % of
mass in the steel. The mass fraction was halved (to 1.375 %), and doubled (to 5.5 %) to
study sensitivity under proton irradiation, as can be seen in Figure 6.
Figure 6: H*(10) decay curve for sensitivity studies
with molybdenum concentration

It has been found that the change in dose is linearly proportional to the change in
molybdenum concentration. At the assumed maximum concentration of molybdenum, the
dose rate increases by about 2%, setting an upper limit for the systematic uncertainty on
dose-rate estimation for proton irradiation. Dose rates due to different molybdenum
concentrations remained unresolvable for electron irradiation even after decreasing the
statistical uncertainty of calculation to less than 1%. So it is concluded that the maximum
systematic uncertainty due to change in concentration of additive materials can be
estimated as 2%.
Stainless steels contain nickel in large amounts (~ 8 %) to improve its corrosion and heat
resistance. Traces of cobalt are present in nickel [7], which is hard to separate because of
its chemical similarity. Therefore, cobalt content in steel is restricted to 2 parts per mille
for applications in nuclear industry as natural cobalt (composed of 100 % Co-59)
transmutes into highly radioactive Co-60 by absorbing a thermal neutron. Co-60 has a
rather long half-life of 5.3 years decaying to stable Ni-60 by emitting 2 gammas of 1.17
MeV and 1.33 MeV during the process. These hard gammas will be mostly responsible
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for the dose rates seen in the next few tens of years. Therefore, it is important to consider
the activation of cobalt in steel and estimate the dose contributed by it.
Figure 7 shows the dose-rate decay curve for EN14435 under proton irradiation compared
with EN14435 with 2 parts per mille of cobalt. Dose values hardly differ making one to
conclude that cobalt is not significantly activated in the radiation field produced by 250
MeV protons on steel. Even though neutrons might be produced, they may not be
moderated down to thermal energies where the transmutation is most likely. Hence a
detailed study will ensue by placing a reasonable moderator in the geometry, and/or by
irradiating with 10 GeV electrons.

Figure 7: H*(10) decay curve for sensitivity studies
with cobalt concentration

Conclusions
Intense radiation fields are expected in ELI Beamlines. A comprehensive database of
material activation is being compiled to assist activated material handling. Though the
database is being built with high-intensity laser in mind, the information is equally
applicable in any other facility with similar radiation fields.
Sensitivity studies are also performed in order to extend the usability of the database. A
set of new study areas are identified and will be pursued in the near future. Activation
database is a long-term project which will be augmented with newer information as the
need and experience increases.
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Abstract
Ultra-intense laser-matter interaction physics is of growing interest worldwide, because
of its ability to create new extreme states of matter and to explore technologically
interesting processes such as new concepts for particle acceleration, material science
and fusion energy. At the X-ray free electron laser in Hamburg (EuXFEL) matter under
extreme conditions will be generated and studied with the high energy density (HED)
instrument at the Helmholtz International Beamline for Extreme Fields (HIBEF). For
such experiments a wide variety of novel detectors will be needed.
A critical component in laser-solid interaction is the acceleration of relativistic electrons
and their transport in the material of the solid target, generating ultra-intense
bremsstrahlung. This is difficult to measure directly, so new techniques to characterise in
situ the electron distribution functions by bremsstrahlung spectroscopy have to be
developed.
To characterise the bremsstrahlung radiation, which is emitted in a sub-ps time scale and
with a high intensity (~1010 photons), usual spectrometry techniques using pulse height
analysis cannot be used. A possible new approach is to measure the energy deposited by
photons in a detector with a layered structure, to obtain information about the
longitudinal development of the electromagnetic shower. With this data the photon
spectrum can be then reconstructed by using an unfolding technique. To perform a
successful unfolding, detector materials and thicknesses have to be optimised to be able
to resolve the photon spectrum in the dynamic range between 50 keV and 20 MeV.
By means of FLUKA Monte Carlo simulations the development of the electromagnetic
shower and the distribution of the energy deposited by the incident radiation were studied
for different detector models. The model that showed the most promising set of response
functions to perform the spectrum unfolding was chosen to realise the first prototype.
In this work the first results of this novel technique are presented.

Motivation
Via interactions of both high power and intensity lasers with solid matter it is possible to
study new physical phenomena like new ion/electron-acceleration mechanisms, and
matter under extreme conditions via pump-probe experiments. Nowadays high power
lasers reach peak intensities > 1021 W/cm2 [1] on a target in sub-ps scales. This leads to
acceleration of electrons and ions up to the GeV range. These accelerated, so-called
“hot”, electrons also generate a bremsstrahlung pulse in the target in the same time scale
as the laser pulse, the so-called gamma flash.
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One of the challenges at new facilities like HIBEF at the European XFEL, where matter
under extreme conditions will be studied, will be the gamma flash detection. This
radiation is always produced in ultra-intense laser-matter interactions by hot electrons
with an energy spectrum which follows a Maxwell-Boltzmann distribution [2], and has a
temperature strongly coupled to the laser intensity 𝐼 [3]. The knowledge about the
coupling of the laser intensity to the target electrons and therefore their resulting energy
distribution is essential for the understanding of laser-plasma experiments. Eqs. (1) and
(2) (see also [4]) show the relation between the ponderomotive electron temperature and
the laser strength parameter, 𝑎0 , without ([5], Eq. (1)) and with ([3], Eq. (2)) taking into
account the relativistic effects inside the plasma:

𝑻𝐡𝐨𝐭
𝒆

𝑻𝐡𝐨𝐭,𝐩𝐨𝐧𝐝

𝟐𝝅

= �𝟏 +

= 𝟐𝝅 �� �𝟏 +
𝟎

−𝟏

𝒂𝟎 = �

𝒂𝟐𝟎
−𝟏
𝟐

𝟏
−
𝒂𝟐𝟎 𝐬𝐢𝐧𝟐 𝒕� 𝟐

𝟐𝑰
𝒏𝑪 𝒎𝒆 𝒄𝟑

(1)

𝐝𝒕�

−𝟏

(2)

(3)

𝒏𝑪 = critical density of the dense
plasma.

The measurement of the gamma flash spectrum produced when the electrons interact with
the target material provides therefore information about the original electron energy
distribution and, eventually, on the characteristics of the plasma.
To characterise the gamma flash, active spectrometry techniques based on pulse-height
analysis cannot be used, because of the narrow arrival time combined with the high
intensity of the flash. Until now only passive techniques have been used, which measure
single shot spectra at low repetition rate [6-9]. Our goal is to develop an active technique,
being able to measure the gamma spectrum shot by shot at high repetition rate (10 Hz).
With such a technique, acceleration mechanisms in the plasma can be investigated.
Moreover, this detector is expected to turn into a useful monitoring technique for the laser
operation at facilities like DRACO at HZDR, HIBEF at the European XFEL or the MEC
Instrument at SLAC.

Detector concept and unfolding technique
Due to the very high intensity of the gamma flash with up to 1010 photons, and its very
short pulse width down to the sub-ps scale, photon-by-photon detection is not possible.
The energy distribution of the photons cannot therefore be determined by single photon
counting techniques using pulse height analysis. To overcome this problem, we have
followed a different approach to determine the photon energy. Since the energy
distribution of the photons is dependent on their penetration depth in matter, we design a
multi-layered detector, where each layer is a scintillating material and serves both for
detection and absorption of the radiation. From the measurement of the longitudinal
distribution of the energy deposited in the detector layers, the photon energy distribution
can be evaluated using an unfolding technique, which will be illustrated in the following.
To obtain information from the measured data it is necessary to know how radiation of a
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given energy interacts with the detector material and how much energy is deposited in
each detector layer. We define therefore a response function, 𝑹:

𝑹𝒊 (𝑬) =

𝑬𝐝𝐞𝐩 (𝒊)
𝑬

(4)

where 𝑬𝐝𝐞𝐩 (𝒊) is the energy deposited in the layer 𝒊 due to an incoming monoenergetic
photon beam of energy 𝑬. For an incoming photon beam with an energy density 𝒇(𝑬), the
total energy deposited in the layer 𝒊 can be expressed as:

𝑬𝐭𝐨𝐭
𝐝𝐞𝐩 (𝒊) = � 𝑹𝒊 (𝑬) 𝒇(𝑬) 𝑬 𝐝𝑬

(5)

The solution of this integral would require analytical response functions, as well as the
energy spectrum function. To overcome the first problem, the integral can be converted
into a sum with 𝑵 discrete energy intervals:

𝑬𝐭𝐨𝐭
𝐝𝐞𝐩 (𝒊)
𝑵

=�

𝒋=𝟏

(6)

� 𝒋 ) ���
𝑹𝒊𝒋 𝒇(𝑬
𝑬𝒋 𝚫𝑬𝒋

� 𝒋 is the mean energy corresponding to the energy interval 𝚫𝑬𝒋 and 𝑹𝒊𝒋 becomes a
where 𝑬
response matrix. 𝑹𝒊𝒋 can be calculated via Monte Carlo for a suitable set of energy bins.

To solve the set of equations (6), a guess analytical spectrum is used as input and random
� 𝒋 ) to find those values that fit the measured data 𝑬𝐝𝐞𝐩 (𝒊) the
predictions are made for 𝒇(𝑬
most. In our case, we use as input spectrum a Maxwellian energy distribution [10]:

𝒇(𝑬) =

𝑬𝟏/𝟐 𝒆−𝑬/𝑻
𝑻 𝟑⁄ 𝟐

(7)

where we vary randomly the parameter 𝑻 in a reasonable interval.

For each temperature 𝑻 the energy deposition 𝑬𝐭𝐨𝐭,𝐞𝐯𝐚𝐥
(𝒊) is then evaluated in every layer,
𝐝𝐞𝐩
𝐭𝐨𝐭
and compared with the corresponding quantity 𝑬𝐝𝐞𝐩 (𝒊), minimising the 𝝌𝟐 :

𝜒𝜒 2 (𝑖): =

tot,eval
tot
�𝐸dep
(𝑖) − 𝐸dep
(𝑖)�
tot
𝐸dep
(𝑖)

2

(8)

This method has been tested with simulated results of 𝑬𝐭𝐨𝐭
𝐝𝐞𝐩 (𝒊) to optimise the detector
and check the unfolding algorithm, while in real experiments the input values will be the
measured deposited energies in each layer of the detector.
During the measurement campaign it has to be taken into account that the real photon
distribution does not perfectly match with a one-temperature Maxwellian spectrum, and
in addition the response of the readout must be folded with the simulated response
functions. For this reason further improvements in the unfolding technique are foreseen.
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Detector design
The first prototype of the detector (Figure 1) was chosen after an optimisation study that
took into consideration different scintillator materials, light response, layer numbers and
thicknesses. The design consists of three different materials with increasing densities to
resolve the energy spectrum in the low, medium and high energy range. Plastic
scintillators were chosen to build the front part of the detector. Besides their low
attenuation of the gamma flash, which allows to resolve the low-energy part, they also
inhibit the production of additional bremsstrahlung due to their low density and Znumber. For the central and the rear part pure CsI and PbWO4 (PWO) respectively have
been selected, due to their higher density and Z-number, which results in a higher energy
deposition. Since this would lead to an increased light output, these materials were also
chosen because of their very low light yield, to avoid an oversaturation of the light
detectors.

Figure 1: Design of first detector prototype (scintillator arrangement)

Figure 2a shows the photon fluence in the detector from a gamma flash with a
Maxwellian distribution in energy and a temperature of 2 MeV. The surrounding medium
is chosen to be vacuum, since the detector is planned to be placed inside the target
chamber in a laser-plasma experiment. The photon source term originates 20 cm far from
the detector, with a beam axis that is perpendicular to the detector surface and an opening
angle of 3 degrees to illuminate the complete detector surface. The chosen distance is
quite realistic considering future applications in experiments.
The design of the detector will directly influence the performance of the deconvolution
algorithm, because it defines the response functions by means of layer thickness and
material. To get reasonable results in a wide dynamic range it is necessary to have
response functions with different shape in each energy interval. In order to determine the
best setup for a given energy range, Monte Carlo simulations are needed.
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Figure 2a: Photon fluence inside the detector
from a Maxwellian photon spectrum

Figure 2b: Energy deposition inside the
detector by a Maxwellian photon spectrum

Figure 3: Response functions for every layer of detector prototype with plastic layers (1-5),
CsI layers (6-9) and PbWO4 layers (10-16)

For this reason an extensive simulation study was done with the FLUKA code, version
2011.2c.4, taking into account different scintillator materials, layer numbers and
thicknesses. For each simulated setup, the corresponding response matrix 𝑹𝒊𝒋 has been
calculated. Simulations were performed with different sets of monoenergetic beams, with
24 down to 16 layers and a corresponding number of energy intervals. Figure 3 shows the
most promising set of response functions, where the matrix values are calculated with a
statistical uncertainty within 0.2%. The plastic layers, although they form a narrow band
below 1 MeV, contribute well to the detector resolution, since they are not parallel,
exhibit a crossing point and are fanned out at higher energies. Moreover, due to the
rapidly increasing energy deposition, the first layer of a denser material always exhibits a
remarkable change in the shape of the response function. Narrow bands of response
functions with the same shape are minimised, thus inhibiting ambiguous unfolding. The
use of different scintillator materials turns to be therefore an advantage.
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Radiation measurement and spectrum unfolding
The stack of scintillators will detect the amount of energy deposited by all photons
produced in one laser-shot. In Figure 4 the detector response to a 2 MeV Maxwellian
distributed gamma flash is shown, with a statistical uncertainty at the percent level. The
peaks in the depth-dose curve are due to the change of material (layer 6, 10) and layer
volume (layer 14) respectively.

Figure 4: Simulation of deposited energy inside the detector
by a Maxwell-Boltzmann photon spectrum with a temperature of 2 MeV

The unfolding algorithm illustrated in the second chapter provides the photon spectrum
shown in Figure 5, obtained by varying 𝑇 in the interval [0.1 MeV, 10 MeV] and with an
iterative procedure that stops when 𝜒𝜒 2 < 10-5. The spectrum of the initial beam is
compared with the unfolded energy distribution. The determined temperature is 1.93
MeV, which is just slightly lower than the temperature of the initial beam of 2 MeV.
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Figure 5: Reconstructed spectrum (red) from an input spectrum (blue)
with simulated energy deposition (Figure 4) per layer

To check if the algorithm determines reasonable results in a range of electron
temperatures of interest for laser-plasma experiments, the performance was tested
between 1 MeV and 5 MeV. Figure 6 shows the different simulated curves for the energy
deposited from Maxwellian photon source terms, each one normalised to the total
deposited energy. The different behaviour of the distributions is a key point to resolve the
spectra: the different paths in the plastic layer, for example, contribute extremely well to
resolve the low-energy part, while the well distinguishable path of the curves in the rear
layers is contributing to the resolution of the high energy region. As consequence the
peak region is constrained, and the narrower values in the central layers do not worsen the
resolution of the peak value.

Figure 6: Simulation of deposited energy inside the detector
by a Maxwell-Boltzmann photon spectrum with a temperature
from 1 MeV to 5 MeV
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Figure 7 shows the residual:

𝑟(𝑗) = 𝑓unf �𝐸�𝑗 � − 𝑓inp �𝐸�𝑗 �

(9)

which, for every energy point 𝐸�𝑗 , characterises the difference between the input function
values 𝑓inp �𝐸𝑗 �, and the reconstructed ones 𝑓unf �𝐸𝑗 �.

Figure 7: Residual r of the reconstructed spectra from an input spectrum
for temperatures between 1 MeV and 5 MeV

Table 1: Maxwell-Boltzmann temperatures of the input
and the unfolded photon spectra
Input Temperature 𝑻𝐢𝐧𝐩

Unfolded Temperature 𝑻𝐮𝐧𝐟
[MeV]

3

2.96

0.04 (1%)

4

4.00

0.00 (0%)

5

5.08

0.08 (2%)

[MeV]
1
2

0.96
1.93

𝚫𝐓 = |𝑻𝐢𝐧𝐩 − 𝑻𝐮𝐧𝐟 |
[MeV]
0.04 (4%)
0.07 (4%)

Conclusion and outlook
The concept of a novel active bremsstrahlung detector, able for the first time to work with
an online read out in the ultra-intense gamma fields, has been presented. The goal is to
fully characterise the gamma source term that is present in high power, ultra-intense
laser-plasma experiments.
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An extensive simulation study proved the principle of operation and is driving the
optimisation of the multi-layered, scintillating detector.
The first prototype is currently under construction: it will be calibrated and tested with a
known gamma beam, and finally used in a laser-plasma experiment.
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Abstract
Interaction with plasma of high-power, high-intensity lasers of multi-TW and PW class
always produces ‘hot’ electrons with a quasi-Maxwellian energy spectrum, with
temperatures between about 10 keV and several MeV for intensities ranging from 1016
W/cm2 up to about 1022 W/cm2. Those electrons interact in turn with the target and the
surrounding materials, producing Bremsstrahlung and possibly photo-neutrons. The
resulting radiation field is present in all laser-plasma experiments, and drives the
shielding design of every facility dedicated to high energy density research.
The proper definition of the radiation source term is a challenging aspect, and the
shielding cannot therefore be designed with the conventional tools used in nuclear and
accelerator physics. Different, complementary approaches are possible: relying only on
analytical formulas, combining those predictions with experimental results to
characterise source terms in input to established Monte Carlo codes, and/or interfacing
those codes with specialised particle in cell programs. At the Helmholtz-Beamline of the
European XFEL, the shielding design of the high energy density (HED) physics
instrument has been evaluated by using analytical calculations, cross-checked with
measurements done at the DRACO laser of the Helmholtz-Zentrum Dresden-Rossendorf.
In this work the characterisation of the radiation fields and the resulting shielding
solutions are summarised.

Introduction
Physics of high power, ultra-intense lasers interacting with plasma is a rapidly evolving
field, with a growing number of dedicated facilities around the world. The possibility to
achieve dramatic technological improvements in fields as particle acceleration
techniques, material science or fusion energy is coupled with the ability to create new
extreme states of matter.
At the European XFEL in Hamburg matter under extreme conditions will be generated
and studied in pump-probe experiments with the high energy density (HED) Instrument at
the Helmholtz International Beamline for Extreme Fields (HIBEF). Extreme conditions of
temperature, pressure, electric and/or magnetic field strength will be investigated in
dynamic, often irreversible processes as condensed matter at extremes, near solid-density
plasmas (warm dense matter and hot dense matter), and quantum states of matter (highfield QED).
Interaction with matter of such ultra-intense lasers of multi-TW and PW class always
produces ‘hot’ electrons with a quasi-Maxwellian energy spectrum [1]. Temperatures
vary between about 10 keV and several MeV for intensities ranging from 1016 W/cm2 up
to > 1021 W/cm2 [2]. These accelerated, so-called ‘hot’ electrons also generate a
bremsstrahlung pulse in the target material in the same sub-ps time scale as the laser pulse
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(gamma flash). Without laser-induced ion or electron accelerated beams, as it is the case
of the HED Instrument, this source term drives the shielding design.
It is worth mentioning here that direct measurements of these bremsstrahlung spectra are
a crucial need in this field. New compact, active detectors with online readout, based on
calorimetric techniques, are under development at HZDR [3].
To characterise the bremsstrahlung radiation source term, two fundamental quantities are
needed: the electron temperature of the quasi-Maxwellian distribution, and the conversion
efficiency of the laser power into bremsstrahlung electrons. These quantities can be
evaluated through different, complementary approaches: analytical formulas and/or
specialised particle in cell (PIC) codes, which describe the generation and transport of
particles in plasma.
The first problem to be addressed is how to infer the hot electron temperature from a
given laser intensity I. Ponderomotive scaling [4] was suggested for the first time by
Wilks et al. [5]:

Thot = 1 + a02 / 2 − 1

(1)

and expresses the electron temperature at a flat solid as a function of the laser strength
parameter, 𝑎0 = �2𝐼 ⁄𝑛𝑐 𝑚𝑒 𝑐 3 , where nC is the critical density of the cold plasma (the
density beyond which the incident laser beam is reflected and cannot further penetrate).
Formula (1), together with scaling laws, tends however to overestimate the hot electron
temperature when compared with experiments and simulations. A better experimental
agreement is obtained (Kluge et al. [6]) taking into account the relativistic effects inside
the plasma:

Tehot = 2π  ∫ (1 + a 02 sin 2 t )
 0
2π

−1 / 2

−1

dt  − 1


(2)

at high laser intensities, i.e. a0 >> 1 (see Figure 1 in [6]).
In absence of direct source term measurements, the second problem (as well the first) can
be addressed with the help of PIC codes. In plasma physics applications, the PIC method
aims to follow the trajectories of charged particles in self-consistent electromagnetic
fields computed by iteration and interpolation on a fixed mesh. Systems of different
species can be investigated (electrons, ions, neutrals). The phase space distribution
function for a given species of electrons or ions is defined through the number density per
unit element of the phase space, and is governed by the Lorentz force as momentum
equation and the Maxwell equations. Moreover, the distribution function of each species
is given by the superimposition of several computational particles (called macroparticles
or superparticles), which represent a large number of real particles that are near each
other in the phase space. PIC codes, coupled with a state-of-the-art Monte Carlo code
(FLUKA) describing transport and secondary interactions of the ionising radiation
produced in the target, have been used by the SLAC RP group to characterise the dose
yields around the MEC Instrument at LCLS [7].
As it will be shown in the next chapter, at the HED Instrument at HIBEF the used
approach to define the source term was the use of analytical formulas, benchmarked with
the dose measurements done at the DRACO laser facility at HZDR.
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Source term characterisation
The HED instrument will start the operation in 2018, with an ultra-high-intensity
100 TW-class laser. Upgrade up to 1 PW is foreseen only in a later stage. For this reason
the optimisation study and the shielding assessment that drove the construction has been
done for the 100 TW operation mode: a comparison with the 1 PW operation has been
studied and will be mentioned later in this work.

H*(10) [uSv/ X nC]

Figure 1: Longitudinal behaviour of the ambient dose equivalent in the forward
direction at DRACO (FLUKA simulation), assuming different electron temperatures
and a 16% conversion efficiency in “hot” electrons

The electron source term has been assessed using the formulas reported in the previous
chapter, cross-checked with the dose data collected at the DResden laser ACcelaration
sOurce (DRACO), in operation since 2008 with a 150 TW Ti:Sapphire laser. Dose
measurements have been analysed, coming from TLD dosimeters positioned vertically at
the laser beam height, and longitudinally both at the exit of the aluminium chamber
hosting the target area, and 3 m downstream, on the room wall. Suitable set of data,
homogeneous with respect to the laser beam intensity, irradiation geometry (only forward
irradiations have been included) and possibly target conditions have been considered. The
analysed data correspond to an operation with 5 J laser power. Maxwellian-like electron
source terms have been then characterised in a full Monte Carlo simulation with the
FLUKA code, including the Al chamber containing the interaction area, a proper high-Z
target and the walls of the experimental room. Different electron temperatures – from
kT = 1 MeV up to a few MeV- have been used in a row of simulations, and the best
agreement with the data (see Figure 1) has been obtained with a temperature of 2 MeV
and a 16% conversion efficiency in hot electrons. These two values have been therefore
used to fully describe the electron source term at the HED: a Maxwell-Boltzmann
electron distribution with kT= 2 MeV has been assumed, coupled with a 160 nC charge
per laser shot (this last value has been obtained rescaling the previous result from 150 to
100 TW operation). In addition, dose measurements suggested assuming an opening
angle of ∼45° in forward direction for the electron radiation. The electron source term has
been simulated coupled with a few-µm thick gold target, to conservatively maximise the
bremsstrahlung photon radiation. The Al/Steel chamber foreseen at the HED (Figure
2 right) has been not described at this stage, to avoid the introduction of additional
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shielding and evaluate the worst dose rate outside the hutch. The source term described
above has been then integrated in a full FLUKA simulation of the experimental room,
where the material and the thickness of the walls have been optimised through an iterative
procedure.
Figure 2: (left) irradiation configurations that will be operated at the HED instrument:
laser direction perpendicular, parallel or at 45° with respect to the XFEL, in red; (right)
interaction chamber

Figure 2 left shows, together with the final wall geometry, the three irradiation
configurations that will be operated: the laser direction can be perpendicular, parallel or at
45° with respect to the XFEL direction (in red). The shielding analysis has been
performed for the perpendicular and the parallel configurations, which are the worst cases
for the radiation protection of the areas beyond the north wall and the west wall,
respectively. The main simulation results, together with the final solutions for the
shielding, are illustrated in the next chapter.

Results and shielding solutions
The optimisation of the wall material and thicknesses has been driven by the request to
possibly limit the space occupied by the walls (especially along the south wall, which
hosts a sliding shielding door), off course maintaining very high shielding performances.
Shielding simulations immediately indicated as necessary, in these conditions, the use of
heavy concrete. A heavy, iron-based, concrete with a density of 3.6 g/cm3 has been then
used for all the lateral walls, which show a non-identical thickness due to the asymmetry
in the irradiation. Figure 4 shows that the ambient dose equivalent highest values behind
the shielding, along the laser beam direction, are down to ∼10-4 µSv/shot in the parallel
geometry, and to ∼10-5 µSv/shot in the perpendicular one. This means that in the latter a
continuous operation at 10 Hz still guarantees the required dose level < 0.5 µSv/h in the
public areas, while in the first one a limited access close to the west wall could be
regulated. Shielding evaluation above the ceiling (Figure 4, bottom) show that the use of
a normal concrete (density = 2.6 g/cm3) is sufficient, in this case, to guarantee an optimal
protection.
As last step, in view of a future upgrade, a comparison with the 1 PW operation mode has
been studied in the most conservative case of the parallel geometry. As representative
source term, a surely conservative Maxwell-Boltzmann electron distribution with a
temperature of 5 MeV has been selected. Figure 5 shows that the dose-rate increases of a
factor ∼200 in this case. A reduced shot rate, coupled with customised local shielding, is
the natural solution in this new scenario.
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Figure 3: (left) casting techniques during the heavy concrete walls construction;
(right) the HED hutch shielding completed

Figure 4: (top, center) Ambient dose equivalent distributions (in µSv/shot) at the beam height level
for different irradiation geometry, evaluated in the whole hutch (left) and along the laser -and then
the bremsstrahlung- direction; (bottom) dose distribution evaluated above the roof, in the worst
case of the parallel geometry
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Figure 5: Comparison of the dose profiles for the 100 TW and 1 PW cases,
in the parallel geometry

Conclusions
Experimental enclosures dedicated to high energy density physics require specific
shielding considerations. For the 100 TW operation of the HED Instruments at the
European XFEL, a shielding assessment has been done: the use of heavy concrete,
associated with an optimised wall design based on specific irradiation geometries,
appears to be satisfactory for a full operation at 100 TW and 10 Hz. In view of the
experimental activity, it must be stressed that specific experiments will exhibit additional,
peculiar radiation fields, requiring shielding solutions for specific setups. Verifying and
validating new radiation source terms will be a unique challenge.

References
[1] Nakatsutsumi, M., et al. (2007) “Reentrant cone angle dependence of the energetic
electron slope temperature in high-intensity laser-plasma interactions”, Physics of
Plasmas, 14, 050701
[2] Yanovsky, V. et al. (2008), “Ultra-high intensity- 300-TW laser at 0.1 Hz repetition
rate”, Opt. Express, 16(3), p. 2109–2114
[3] Molodtsova, M., Ferrari, A., Cowan T.E. (2017), “Development of a novel active
technique for bremsstrahlung source term determination in laser-plasma
experiments”, these proceedings
[4] Kruer, W.L. and K. Estabrook (1984), Phys. Fluids, 28, p. 430
[5] S. C. Wilks et al. (2001), Phys. Plasmas, 8, p. 542
[6] Kluge, T. et al. (2011) “Electron temperature scaling in laser interaction with solids”
Phys. Rev. Letter, 107, 205003
[7] Bauer, J., Liu, J., Rokni, S. et Liang, T. (2017), “Ionizing radiation hazards at SLAC
from Optical Laser Light interacting with Matter ”, these proceedings

NEA/NSC/R(2018)2

│ 445

Benchmarking Study for Shielding Analysis using FLUKA, PHITS,
MCNPX and MARS
Hee-Seock Lee1*, Joo-Hee Oh1, Leila Mokhtari Oranj2, Donghyun Kim1, Arim Lee1, Nam-Suk Jung1
1

Pohang Accelerator Laboratory, POSTECH, Korea
Division of Advanced Nuclear Engineering, POSTECH, Korea

2

Abstract
The radiation fields at high energy particle accelerators are complicated and the safety
analysis of the shielding design or the radioactivity estimation has been performed using
semi-empirical formula or computational methods like Monte Carlo codes. The
benchmarking study using the experimental data is a standard way to prove the accuracy
of each Monte Carlo codes. Through the benchmarking study, the safety margin can be
proposed to compensate the discrepancy between the experimental data and the
calculated one. In this study, the well-known experimental data like the SINBAD were
benchmarked using the widely used and the latest Monte Carlo codes: FLUKA, MCNPX,
PHITS and MARS. The production yields of secondary particles, especially, neutrons,
which are the most important for shielding design, were observed and the penetration
effects of a thick shield with iron and ordinary concrete were also benchmarked. Proton,
electron, and heavy ion were tested as a projectile for a wide energy range above a few
tens MeV. The attenuation of 400 MeV/n carbon-induced neutrons from Cu was
compared for studying shielding effects of high energy neutron. A part of all
benchmarking results in this study is given at this paper and the methods to apply the
results to the shielding design of high energy accelerator like the safety margin are
discussed.

Introduction
This shielding analysis is one of indispensable subjects to construct large accelerator
facility. Several methods, such as the Monte Carlo, discrete ordinate and simplified
calculation, have been used for this purpose. Recently the Monte Carlo methods are
widely used because of the great stride of computing technology even though they treat
highly complicated three-dimensional configuration and every particles are traced and
counted at the estimation regions. The calculation precision is overcome by increasing the
trial (history) numbers. However, its accuracy is still a big issue in the shielding analysis
[1,2].
In this paper, only the Monte Carlo method is discussed. At present, a few major codes,
such as MCNP6(MCNPX)[3], FLUKA[4], PHITS[5], MARS [6], GEANT4[7], EGS5[8],
and PENELOPE[9], are used for the shielding analysis of large accelerator facility.
According to properties of each code, large discrepancy exists in shielding analysis using
such codes. This is also important in determining the suitable calculation method of
shielding analysis with above accuracy issues.
To secure the accuracy in the Monte Carlo calculation, the benchmarking study using
experimental data and the code comparison are adopted fundamentally. In this study, the
benchmarking for electrons, protons, and heavy ions were performed and a part of those
results are presented and the methods to apply the results to the shielding design of high
energy accelerator like the safety margin are discussed.
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Benchmarking calculations and results
Benchmarking
As mentioned above, several Monte Carlo codes are available, but the codes which can
simulate multi-particles, were tested in this study. Those are MCNPX, FLUKA, PHITS
and MARS. The experimental data based on the SINBAD (Shielding Integral Benchmark
Archive and Databases) [10], OECD/ NEA database were used for these benchmarking
calculations. Other experimental data were also included to consider uranium beam and
others.
The secondary particle production (source term) and transport property (attenuation
length) are basic requirements in shielding analysis. Neutron is the major particle to
determine the shield thickness and the degree of radioactivity. Therefore, the neutron
production yields from thick targets irradiated by heavy ions, proton and electron were
calculated and compared with experimental data. The attenuation properties of secondary
neutrons during its transport in an ordinary concrete wall or an iron wall were estimated.
We have also carried out the benchmarking calculation to prove the estimation accuracy
of residual activities induced by high energy particles. However, only part of results is
presented in this paper.

Proton accelerators
Proton-induced reactions start from the intranuclear cascade and its several models have
been introduced. The difference of neutron production yields depending on the models
are figured out clearly in the benchmarking results. The benchmarking results using
experimental data of Tohoku university[13] and LANL[14,15] are shown in Figure 1 and
using the data of PSI [16] are shown in Figure 2. The differential neutron production
yields from several elements by irradiations of 52 MeV, 113 MeV and 256 MeV protons
shows that there is no large discrepancy between each Monte Carlo codes. Even the
calculated neutron spectrum agree with experimental data except of several conditions.
Depending on the production angle, the agreements of each code are different. Because of
relatively short reaction process in target, used physics models determine final production
yields rather than the data library which contribute for lower energy range. In case of PSI
experiment, the discrepancy trend between the experimental data and the calculated
yields is the same to one presented at the original paper. It is difficult to say which MC
calculations reproduce the experimental data well.
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Figure 1: Differential neutron yields from thick iron targets irradiated by protons
of 52 MeV (upper), 113 MeV (middle), and 256 MeV (lower)
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Figure 2: Differential neutron yields from thick lead targets irradiated
by protons of 590 MeV

Heavy-ion accelerators
In the benchmarking for heavy ions, the experimental data at HIMAC (carbon, xenon,
etc) and GSI (uranium) were used. The differential neutron yields are shown in Figure 3
in conditions, that 100 MeV/n, 180 MeV/n and 400 MeV/n carbon beam strike on thick
carbon target. Because the target thickness was determined by considering the particle
range of each energy, the neutrons at different targets are assumed to be produced fully.
In spite of different conditions, MCNPX calculations show the results with large
discrepancy to the experimental data and results of other MC calculation, especially at
forward angles. This is the distinguished result comparing to the calculation of protoninduced neutron. However, such discrepancy decreased dramatically at higher energy
region.
In case of very high energy particle like 1 GeV/n 238U, the experimental data for
benchmarking study are limited. When using the neutron production data from thick iron
obtained at GSI [17,18], the benchmarking results showed large discrepancy for each
forward angles in Figure 4. All three MC codes, PHITS, FLUKA and MCNPX, could not
regenerate the experimental data well at near-zero degree. The PHITS and FLUKA
showed similar calculation results but the PHITS underestimate seriously at wider angle.
In this PHITS benchmarking, the effect of applying different values for important
parameter, nqtmax (transition time), were also understood clearly. It says how much it is
important to choose physical parameter at each MC code, if available.

Neutron attenuation through ordinary concrete and iron
The second subject required in shielding analysis is the attenuation property of secondary
particles in a thick shield, which is expressed as an attenuation length. In large accelerator
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facility using high energy particle beam, high energy neutron is major term to determine a
shield thickness and effective dose level on outer surface of the shield. Therefore, only
neutrons above 20 MeV produced from targets are considered in this shielding analysis.
The benchmarking results using HIMAC experimental data [19] are shown in Figure 5.
The variations of neutron spectra were presented depending on the thickness of concrete
shield panel. Two detectors were located at the outer surface of shield and at a few meter
distances from the shield as shown in Figure 6. The large discrepancy at comparison of
neutron spectra produced directly from Cu target decrease dramatically at one of neutron
spectra after thick concrete shield. Even it was certain at the comparison of calculation
results of the PHITS, FLUKA and MCNPX code. This may result from the effect of the
same data library. The dependency of data libraries, LA150 and JENDL-HE were also
tested. The contributions of floor-scattered neutrons appeared at lower energy tails of all
calculated spectra, especially, at thicker shield condition, which don’t agree with the
experimental data well. It is understood at precise study of the scattered effect that the
treatment of removing the scattered term from the measured neutron spectra was done
roughly. It reveals that it is very important in benchmarking study understanding the
experiment well.

Figure 3: Variation of differential neutron yields depending on energies
of carbon beam incident on thick carbon targets
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Figure 4: Differential neutron yields from thick iron target irradiated
by 1 GeV/u 238U beam

Figure 5: Neutron spectra behind of each panel of thick concrete shield when neutrons
are produced from 5 cm thick target irradiated by 400 MeV/n carbon beam

Figure 6: Experimental arrangements at HIMAC [19]
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Estimation of radioactivity production
Recently the Monte Carlo codes estimate radioactivity production by high energy particle
directly or with the inventory codes like FISPACT[20] and DCHAIN-SP[21], etc.
However, the experimental data for benchmarking study are very limited in cases of very
high-energy heavy-ion accelerator. We simulated two GSI experimental data using
500 MeV/n and 950 MeV/n 238U beam. The depth profile of Mn-54 and Co-59 isotopes
produced in thick Cu target were calculated as shown in Figure 7. In the figure, SPFISPACT means that the SP-FISPACT code[22] was used with MCNPX calculations and
DCHAIN-SP means that the DCHAIN-SP code was used with PHITS calculations,
respectively. The acceptable agreement of each MC calculation was confirmed even for
very high energy and heavy-ion beam.

Figure 7: Depth profiles of Mn-54 and Co-58 activities when 500 MeV/n and 950 MeV/n
238
Uranium beam are irradiated to thick Cu and stainless steel, respectively
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Application of benchmarking results
Recently, the Monte Carlo codes have been improved so much, but the accuracy at the
specific energy region and particle type has large uncertainty until now. That was
reported several times in last SATIF workshops. In most cases, it was the limitation
acceptable in shielding analysis that the agreement between the experimental data and the
calculated results is within a factor of two. However, as reported at last SATIF meetings,
the discrepancy is not small. Even one order difference was found at the specific case.
Therefore, the degree of discrepancy between the experimental data and the calculated
results should be considered in the shielding analysis for large accelerator facility
together with the selection process of proper Monte Carlo code, physics model and data
library. The discrepancy can be used to determine the safety margin of shielding design.
In shielding analysis, the spectra itself of secondary particles like neutrons is very
important factor but the results or the decision standard of shielding analysis may be
determined by the level of effective doses on the shield surface or in man-accessible
region. The benchmarking results should be also reviewed in the view of effective dose.
In this study, it was found that the large discrepancy of neutron spectra between the
experimental data and the calculated results can become smaller behind thick shield. The
attenuation length which is used popularly at simple equation method of shielding
analysis was found to have the smaller discrepancy rather than source neutron spectra
have. The discrepancy issues of each Monte Carlo codes at the deep-penetration condition
has not been solved certainly until now and improved continuously at the revised version
of codes.

Conclusion
The benchmarking calculations, which are indispensable in the shielding analysis, were
performed for different particles: proton, heavy ion and electron. Four different multiparticle Monte Carlo codes, MCNPX, FLUKA, PHITS and MARS, were tested for higher
energy range equivalent to large accelerator facility. The benchmarking calculation for
estimating residual activities at very high energy and heavy-ion accelerator was also
carried out. The degree of agreement between the experimental data including the
SINBAD database and the calculated results were estimated in the terms of secondary
neutron production and attenuation through the concrete and iron shield. The degree of
discrepancy and the features of Monte Carlo codes were investigated and the application
way of the benchmarking results are discussed in the view of safety margin and selecting
the code for the shielding analysis. In most cases, the tested Monte Carlo codes give
proper credible results except of a few limitations of each code.
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