
Slovak University of Technology in Bratislava
Faculty of Electrical Engineering and Information Technology

Department of Nuclear Physics and Technology

Assessment of radiological risks at
the ATLAS experiment

PhD Dissertation

Zuzana Zajacová
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Chapter 1

Introduction

1.1 CERN

CERN (Conseil Européen pour la Recherche Nucléaire) is an international research
laboratory. It was founded in reaction to the Second World War in the early 1950’s
in order to “provide for collaboration among European States in nuclear research of
a pure scientific and fundamental character” [1]. Over the years nuclear physicists
gave birth to particle physics and consequently the laboratory is now referred to as
the European Laboratory for Particle Physics.

The essential tools of particle physics are particle accelerators and the main role
of CERN, particularly at present, is to provide these tools. The particle physics uses
detectors at experimental areas where the accelerated particle beam is shot against
a target (fixed target experiment) or where two accelerated beams are brought to
collide (colliding beams experiment). Over the decades, the needs of particle physics
progressed towards ever higher energies1, pushing the development of accelerators
into new frontiers. In these days, CERN is completing years of effort and starting the
operation of the world’s most powerful accelerator yet, the Large Hadron Collider
(LHC).

1.2 CERN accelerator complex

CERN operates a number of accelerators for fundamental and applied physics as
shown in Figure 1.1. The individual accelerators usually serve two purposes. On
one hand, they have their own physics program, their beams being utilized for
fundamental research by some experiments. On the other hand, they serve as a
step in a particle acceleration chain, taking particles at the maximum energy of
their predecessor, accelerating them further and injecting the beam into the next
accelerator.

For example, the Proton Synchrotron Booster (PSB) (Figure 1.1) takes protons
from the Linac 2 at 50 MeV and accelerates them to the kinetic energy of 1.4 GeV.
Part of the accelerated beam is used for the ISOLDE experimental facility and part
is transfered for further acceleration into the Protons Synchrotron (PS). The PS
can accelerate the beam from the PSB up to a momentum of 26 GeV/c. The beam
can then be sent to the East Hall experimental areas, to the Antiproton Decelerator
(AD) and to the n TOF facility, or transfered into the Super Proton Synchrotron

1For this reason, Particle Physics is also referred to as High Energy Physics.
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Figure 1.1: Accelerator complex at CERN

(SPS). The SPS accelerates the beam up to the momentum of 400 GeV/c and sends
it either into the North Hall experimental area or the CNGS (CERN neutrinos to
Gran Sasso) facility or for the final acceleration step in the LHC.

1.3 LHC

The commissioning of the Large Hadron Collider (LHC) has just started after nearly
two decades of design and construction effort. The machine is designed to accelerate
two counter rotating beams of protons to the energy of 7 TeV or, alternatively, fully
stripped lead ions (Pb82+) to the energy of 2.76 TeV per nucleon.

The accelerator is housed in an underground tunnel built previously for its prede-
cessor, the LEP (Large Electron Positron Collider). For this reason its circumference
is limited to 27 km. To sufficiently bend the trajectory of a 7 TeV proton over this
distance requires a high magnetic field of 8.3 T, achieved by superconducting dipoles
operated at a temperature of 1.9 K. The cooling is provided by superfluid helium.
The dipoles use niobium-titanium cables, which carry a current of 11 700 A. The
beam travels through a beam pipe with ultra-high vacuum of 10−8 Pa. At full in-
tensity each beam will have 2 808 bunches and each bunch will contain 1011 protons.
Thus, LHC itself is at the frontier of accelerator physics and related technologies,
such as cryogenics, vacuum, material science, and others [2].

The two counter rotating LHC beams collide at four places around the circum-
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ference, giving rise to 14 TeV proton-proton collisions2. The particle physics of
such collisions is studied by detectors built around these collision points. These are
ATLAS (A Toroidal LHC Apparatus), CMS (Compact Muon Solenoid), ALICE (A
Large Ion Collider Experiment) and LHCb (The LHC beauty experiment). The
ATLAS and CMS are two general purpose experiments designed to study a wide
range of particle physics problems. ALICE specializes on ion collisions to study the
quark-gluon plasma and LHCb on measurements of rare decays and CP (charge-
parity) violation. There are two more experiments, LHCf and TOTEM, built in
greater distance from the collision points. LHCf (Large Hadron Collider forward)
is built symmetrically 140 m in both directions from the ATLAS collision point. It
is intended to measure the energy and number of neutral pions produced at LHC
collisions in order to explain the origin of ultra high energy cosmic rays. TOTEM
detectors are placed 147 and 220 meters in both directions from the CMS colli-
sion point. The experiment is designed to measure the total cross section, elastic
scattering and diffractive processes at the LHC.

1.4 Radiation at accelerators

An unavoidable byproduct of accelerator operation is radiation. There are several
production mechanisms. During the normal operation these include the interaction
of the beam with a target or with the counter rotating beam at an experimental area,
as well as the eventual dumping of the beam to a beam dump. Furthermore, the
acceleration process is never perfect and some particles get lost from the circulating
beam. These may hit accelerator structures such as the beam pipe wall, collimators,
absorbers, etc. Radiation is also produced due to the interactions of the beam
particles with the residual gas molecules inside the beam vacuum pipe. Finally,
acceleration of a charged particle leads to the production of synchrotron radiation.
For electron accelerators this tends to be the dominant radiation source.

Apart for normal conditions, accidental situations such as a magnet failure may
occur. In such circumstances the beam can be partially or completely lost on an
accelerator element.

As accelerated particles encounter matter, they undergo interactions generally
leading to the production of secondary particles. The primary radiation and its
secondaries form the prompt radiation field. Depending on its characteristics, the
prompt radiation may cause activation of the surrounding material, making it ra-
dioactive. Prompt radiation as well as activation present severe radiological issues.

1.4.1 Radiation at LHC

The radiation field around an accelerator depends primarily on four factors:

1. type of particles being accelerated;

2. maximum energy to which they are being accelerated;

3. beam intensity;

4. construction materials around the accelerator.

2The energy of the lead ion collisions is 1 150 TeV
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All particles that are suitable for use in a particle accelerator are either leptons or
hadrons. Leptons (electrons and positrons) are elementary particles without inner
structure. Hadrons (protons, antiprotons, ions) are particles composed of quarks.
In general, the radiation issues around a hadron accelerator will be more severe than
at a lepton accelerator of the same energy and intensity.

The complexity and intensity of the radiation field increase with the increasing
energy. The complexity increases with energy because the primary particles have
available a wider range of possible interactions, giving rise to a wider range of par-
ticles of a wider energy spectrum (mixed radiation field). The intensity increases
with energy because the average amount of secondary particles produced per one
beam particle also increases.

Finally, the intensity of the radiation field also increases proportionally with the
increasing intensity of the primary beam.

In the near future, the LHC will be the most powerful hadron accelerator in the
world. Particles in each beam will reach the energy of 7 TeV and the luminosity
will reach 1034 cm−2s−1. After reaching the top energy and design luminosity, the
total energy stored in the beam will be around 334 MJ. This enormous amount
of energy will partly be deposited at the beam dumps at the end of each physics
period, partly be dissipated in collimators and a certain fraction will convert into
secondary particles following collisions at the centre of the experimental apparatus.
Consequently, the radiation issues at LHC are significantly more severe than at any
accelerator so far.

1.5 Radiological aspects

The design, construction and operation of the LHC requires, among other things,
dealing with numerous specific problems due to radiation. Radiation may be harmful
to the equipment of the accelerator and the detectors. These have to be adequately
protected to ensure their optimal functioning.

More importantly, radiation is also harmful to biological tissue and may endanger
human health. An accelerator facility is obliged morally and by law to ensure
protection of the health of its personnel and the general public, at present and
in the future. The activities undertaken in relation to this domain are referred to
as radiological aspects of the accelerator operation.

In general, dealing with radiological aspects requires a characterization of the
radiation environment, identification of potential hazards and an implementation
of protective measures. The characterization of the prompt radiation environment
as well as induced radioactivity is a challenging scientific problem, particularly at
the LHC. The measure of a radiological hazard is judged against legislative limits
and recommendations. The protective measures often have to be studied on a case-
by-case basis and usually involve a wide range of solutions falling into two main
categories: implementation of shielding and restrictions of human behavior.

1.6 Main goals

This dissertation addresses three important radiological issues arising from the LHC
operation at the ATLAS experiment.
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1. A large-scale study of the detector activation within the framework of radioac-
tive waste management.

2. Activation of liquid argon from the ATLAS liquid argon calorimeter and its
radiological impact under various release scenarios.

3. Activation of air in the ATLAS cavern and the resulting radiological hazard
to personnel during fast-access maintenance interventions.
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Chapter 2

The ATLAS experiment

2.1 Physics goals

The so-called Standard Model successfully describes the elementary particles that
are the building blocks of all ordinary stable matter as well as the multitude of
unstable particles (pions, kaons, etc.) discovered at accelerators and in cosmic rays
over the past 60 years. All this is explained on the basis of a set of twelve elementary
particles and their interactions. The elementary particles are of two types: leptons
and quarks. The leptons are the electron, the muon and the tau, and their respective
neutrinos. The quarks are the up, down, charm, strange, top and bottom. The
interactions between them, such as attraction, repulsion, decay, and annihilation
happen via carrier particles: photons for the electromagnetic force, intermediate
vector bosons for the weak interactions, and gluons for the strong interactions.

One of the big open questions of the Standard Model is the origin of mass of the
elementary and the carrier particles. The answer to this question is believed to lie
in the so-called Higgs mechanism. According to the theory, the whole of space is
filled with a “Higgs field” and the interaction of a particle with this field determines
its mass. The Higgs field has at least one new particle associated with it, the Higgs
boson. The search for the Higgs boson is one of the main motivations for building
the LHC and the ATLAS detector is designed to be able to detect it.

There are other questions that physicists hope to address at the LHC. The Stan-
dard Model encompasses three of the four fundamental forces. The fourth, however,
is not included. It remains difficult to construct a theory of gravity similar to those
for the electromagnetic, the weak and the strong force. The unification of all funda-
mental forces seems achievable in a theoretical framework of Supersymmetry that
predicts new massive particles, some of which could be observed in the LHC col-
lisions. Supersymmetry might also help to explain the dark matter and the dark
energy, the existence of which is suggested by cosmological and astrophysical obser-
vations. Finally, there is the problem of the absence of antimatter in the universe
and an opportunity to study the quark gluon plasma (in ion collisions).

ATLAS is a general-purpose detector designed for probing the full physics po-
tential of the LHC, ranging from more precise measurements of Standard Model
parameters to the search for new physics phenomena.
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2.1.1 Physics requirements

The particle collisions give an opportunity for certain interesting processes, such as
a production of a desired particle, to occur. The interesting processes however are
rare. Therefore, large number of collisions is needed.

The proton-proton collision rate is directly proportional to the luminosity at the
interaction point. At ATLAS, the design LHC luminosity is 1034 cm−2s−1, which
should give about 109 inelastic p-p collisions per second. Most of these p-p collisions
do not result in the processes of interest but nevertheless lead to the production of
particles. On average, each p-p collision produces about 40 energetic, predominantly
hadronic particles. To distinguish the interesting collisions requires extremely fast
detector electronics. To cope with all the particles and their progenies the detector
has to be extremely radiation hard.

The interesting collision events may be identified by certain signature decays.
For example, the production and decay mechanism of the Higgs boson depends
on its mass that is unknown. If it exists and has a mass equivalent lower than
130 GeV then one of its various decay possibilities is into two photons, which can be
distinguished from the background. If the mass equivalent is between 130 and about
600 GeV the mechanism by which it might be best identified is its decay into two
vector bosons, each decaying into two oppositely charged leptons. Above 600 GeV,
the identification may proceed via hadronic jets, tau leptons, missing transverse
energy (carried away by weakly interacting lightest supersymmetric particles), etc.

In order to find Higgs bosons, the detector must have a very good electromag-
netic calorimeter for electron and photon identification and a “hermetic” hadronic
calorimeter, enabling it to account for any missing transverse energy. The inner
detector must provide good charged particle momentum resolution. Similarly, the
muon spectrometer must ensure good muon identification, momentum resolution
and charge determination over a wide range of momenta [2–6].

2.2 The detector

The ATLAS detector, shown in Figure 2.1, occupies a cylindrical envelope, roughly
44 meters long and 25 meters in diameter. The weight is approximately 7 000 tons.
The envelope is coaxial with the beam line and the detector is symmetrical with
respect to the interaction point.

The coordinate system used at ATLAS has the origin in the nominal interaction
point at the center of the detector. The z axis coincides with the beam orbit, the
x axis points to the center of the LHC ring and the y axis points upwards. The
azimuthal angle is measured around the beam axis and the polar angle is the angle
from the beam axis. Since the detector is nearly symmetrical in azimuth, it is often
sufficient to use only the R-Z (radial and z-axis) coordinates.

The basic functional subunits of the detector are the Inner tracker, the Calorime-
ters and the Muon spectrometer.

2.2.1 Inner tracker

The Inner tracker (Figure 2.2) is the most central subunit, closest to the interaction
point. Its role is to provide high resolution momentum and vertex measurements. It
consists of three sub-detectors: the Pixel detector, the SCT (Semiconductor Tracker)
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Figure 2.1: The ATLAS detector

detector and the TRT (Transition Radiation Tracker) detector. These are immersed
in a solenoidal magnetic field to allow for charge identification and momentum eval-
uation.

The Pixel detector consists of three coaxial layers (barrel geometry) and, at each
base, three disks perpendicular to the axis (end-cap geometry). The pixel sensors
are 250 µm thick and the pixel area is 50×400 µm2. Each sensor contains 47 232
pixels and the total number of sensors is 1 744. Practically all pixels are individually
read resulting in over 80 million readout channels.

The SCT detector consists of four coaxial layers and 9 disk layers on each side.
The sensors are 285 µm thick. Each barrel layer consists of a double layer of strips,
which are rectangular, 64 mm long and have a pitch of 80 µm. In the disk layers the
strips are arranged radially and have a trapezoidal shape to keep a constant azimuth.
The specific dimensions vary slightly between the disks and also with radius but the
mean pitch remains about 80 µm. The total amount of the SCT sensors is 15 912
giving over 6 millions readout channels.

The basic sensing elements of the TRT are thin, 4 mm in diameter drift tubes.
The tubes have a 35 µm thick polyimide walls and are filled with a gas mixture of
70% Xe, 27% CO2 and 3% O2. The anodes at the center of the tubes are made
of 31 µm in diameter tungsten wires coated with gold. The tubes in the coaxial
barrel structure are 144 cm long. They are arranged parallel to the beam pipe and
spaced 7 mm apart. The tubes are immersed in a polypropylene matrix that serves
to produce the transition radiation. In the end caps (the disk-shaped structure) the
tubes are 37 cm long, arranged radially, with a uniform azimuthal spacing. The
number of the TRT readout channels is approximately 350 thousand [4].
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Figure 2.2: The ATLAS Inner tracker.

2.2.2 Calorimeters

Calorimeters must have sufficient material to contain the electromagnetic and the
hadronic showers, not only to ensure good energy measurements but also to protect
the Muon spectrometer from punch-through radiation. Furthermore, to enable the
evaluation of the missing energy, it is essential that the coverage is nearly hermetic.

The overall layout is illustrated in Figure 2.3. The electromagnetic calorimeter
consists of a central Barrel and two coaxial wheels in each End Cap structure. It is
a sampling calorimeter having lead absorber plates immersed in liquid argon that
serves as the sensitive medium. The plates are arranged into an accordion geometry
and their thickness varies between individual modules.

In the End Caps the liquid argon technology is also used for the hadronic
calorimetry. The absorber plates are made of copper and have a simple parallel
arrangement. The barrel hadronic calorimeter uses steel as the absorber and scintil-
lating tiles as the active material. It is therefore referred to as the Tile calorimeter.
It consists of a central barrel accompanied on each side by an extended barrel.

The End Caps also house the Forward calorimeters. Each Forward calorimeter
consists of one electromagnetic and two hadronic modules. Copper is the absorber
in the electromagnetic module while the hadronic modules contain mainly tungsten.
Small channels with an orientation parallel to the beam pipe run through the main
absorber matrix. The channels are supported by hollow copper tubes and contain
rod-like electrodes. The gap between the inner wall of the copper tube and the
electrode is filled with liquid argon.

The liquid argon calorimeters are housed in cryostats. Each End Cap including
the Forward calorimeters is housed in one. The central barrel is divided in two
halves, each having a separate cryostat housing also the central solenoid [4].
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Figure 2.3: The ATLAS calorimeters.

2.2.3 Muon spectrometer

The role of the Muon spectrometer is to measure the momenta of charged particles
exiting the calorimeters. Similarly to the Inner tracker the particle momentum is
evaluated from its track inside a magnetic field.

The magnetic field is generated by three air-core toroids. The Barrel Toroid
consists of eight independent superconducting coils, arranged radially and symmet-
rically around the beam axis. It is 25.3 m long with inner and outer diameters of
9.4 and 20.1 m, respectively. The two End Cap Toroids are plugged inside each end
of the Barrel.

Three layers of sensing chambers are arranged coaxially around the beam pipe.
Two pass inside the barrel toroid coils and one is mounted on the toroid’s outer
envelope. The end cap geometry also consists of three layers of chambers. These
are arranged into wheels, which are oriented perpendicularly to the beam pipe. One
wheel is positioned in front of the End Cap Toroid and two behind it.

Different types of sensors are used in the Muon spectrometer. The MDTs (Mon-
itor Drift Tubes) give the best momentum resolution and are the predominant type
in the barrel chambers. However, they are not suitable for higher particle rates in
the end caps and thus CSCs (Cathode Strip Chambers) are used instead. CSCs are
a form of multiwire proportional chambers. Furthermore, the RPCs (Resistive Plate
Chambers) and TGCs (Thin Gap Chambers) are used in the barrel and end cap,
respectively. Their primary role is to identify a muon from the interaction point and
to trigger the recording of a potentially interesting collision event [4].
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2.2.4 Shielding

In order to protect the detector from the very high radiation levels that will accom-
pany the LHC beam collisions, it has to be shielded by an optimized arrangement
of nearly 3 000 tons of material. Conceptually, the shielding consists of three lay-
ers. The first layer uses mainly iron and copper in order to absorb the high energy
hadrons. The second layer of boron-doped polyethylene is used to moderate and
absorb the neutrons escaping from the first layer. The neutron capture by boron
generates photons, which should be stopped by the lead or steel of the third layer.

This three layer concept is best visible in the so-called Forward Shielding, the
massive arrangement of material around the beam pipe in the region behind the
End Cap Toroid and up to the end of the ATLAS experimental cavern. The inner
coaxial layer is made of ductile cast iron, followed by a layer of polyethylene and a
layer of steel. Each of the two forward shields contains 387 tons of cast iron, 5.5 tons
of polyethylene and 24 tons of steel.

Other shielding blocks are positioned throughout the detector. A doped polyethy-
lene structure is mounted on the front face of the End Cap calorimeters to protect
the Inner tracker from the backscattered neutrons. Three passive blocks of brass
are inserted into the cryostat of the End Cap calorimeter, behind the functional
calorimeter modules. A large disk is inserted between the End Cap calorimeter and
the first muon wheel. Another large assembly fills the space between the beam pipe
and the End Cap toroid [4, 7].

2.2.5 Radiation

The primary source of radiation at ATLAS are the LHC beam collisions at the in-
teraction point. At the design LHC performance, the detector will observe about
109 inelastic proton-proton collisions per second. On average, each collision will pro-
duce about 40 secondaries. With the collision energy of 14 TeV, the mean available
energy per secondary is 350 GeV. Most of the energy from the primary collisions
is carried away at a fairly small scattering angle hitting the beam pipe or the TAS
(Target Absorber Secondaries) collimator several meters away from the interaction
point. The beam pipe and the collimator then play the role of the major secondary
radiation source. The resulting radiation levels are unprecedented in high energy
physics experiments.

The adverse effects of radiation fall into three general categories. The radiation
background increases the detector occupancies, impairing the ability to identify the
interesting hits. It damages the detector components, such as electronics and the
silicon sensors hence shortening their lifetime. Finally, it leads to the production
of radionuclides (activation) that give rise to decay radiation. The decay radiation
may impact the detector itself, but more importantly, impacts the access scenarios,
detector maintenance, etc., hence representing serious radiological safety issues [4,6].

2.2.6 The scope of this dissertation

The present work deals with aspects falling into the third category. ATLAS will
get activated and will produce radioactive waste. Its amount and characteristics
have to be estimated on the basis of a scientific study. The calorimeter contains
large amount of liquid argon. The radioactivity levels have to be calculated in order
to evaluate the radiological consequences of an argon leak, and in order to develop
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a safe procedure for its eventual planned release into the environment. Finally, a
study is needed to assess the radiological consequences of inhaling the cavern air to
the personnel accessing the ATLAS cavern shortly after stopping the LHC operation
due to the so-called ultra-fast maintenance scenarios. All these questions have to
be addressed prior to the detector commissioning as an integrated part of its design
and development process.

More specifically, the work covers:

1. Overall detector activation and radioactive waste zoning:

• Monte Carlo simulations of activation in the ATLAS detector with the
aid of the FLUKA code;

• Assessment of induced radioactivity at various cooling times and following
various irradiation conditions;

• Verification of the results by comparison with a parallel independent
study that employed different methodology;

• Interpretation of the results in terms of the legal exemption limits and
delineation of the radioactive waste zone.

2. Liquid argon activation and consequent radiological considerations:

• Development of an appropriate methodology to evaluate the liquid ar-
gon activation in a situation where FLUKA Monte Carlo simulation of
residual nuclei production cannot be applied directly;

• Critical comparative study of liquid argon activation using various nuclear
data libraries;

• Modeling of the dispersion of radioactivity released into the atmosphere
in case of a liquid argon leak and calculation of the resulting effective dose
delivered to selected population groups from their external and internal
exposure;

• Devising a set of recommendations for an eventual planned release of
liquid argon into the atmosphere in order to optimize the radiological
protection of the general public.

3. Air activation and consequent radiological considerations:

• Development of an appropriate methodology and calculation of the acti-
vation of air in the ATLAS cavern;

• Calculation of the effective dose from inhaling the activated air delivered
to personnel accessing the ATLAS cavern immediately after stopping the
LHC operation.
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Chapter 3

Theoretical background

3.1 Production and characterization of prompt

radiation fields

3.1.1 Interaction of energetic particles with matter

Particle showers

Accelerated particles interact with the atoms of the surrounding medium. The pos-
sible interaction processes range from ionization and excitation of the surrounding
atoms to inelastic collisions with the target nuclei. Some of these processes give
rise to new energetic particles, the so-called secondaries. If enough initial energy is
available, production of the secondaries can continue for many generations, resulting
in a particle shower [8, 9].

Electron interactions

For electrons, the predominant interactions are ionization and excitation of the
atoms and emission of a Bremsstrahlung photon. Through excitation, ionization
and Bremsstrahlung the electron loses its energy. At critical electron energy Ec,
the energy loss per distance traveled due to Bremsstrahlung is equal to that due
to ionization. Bremsstrahlung loss dominates above this energy while ionization
dominates below. The critical energy is a function of the surrounding medium.

Photon interactions

For energetic photons, the typical interactions are: photoelectric effect, Compton
scattering, and positron-electron pair production. Photoelectric effect is a process
in which the photon is completely absorbed by an atomic electronic shell, which
subsequently expels one of its electrons. At increasing photon energies the more
likely process is an incoherent scattering on one of the atomic electrons, known as
the Compton effect. At still higher energies, pair production occurring in the vicinity
of atomic nuclei dominates.

Electromagnetic showers

An energetic electron gives rise to photons by Bremsstrahlung. These in turn pro-
duce electron-positron pairs. The new electrons produce again Bremsstrahlung pho-
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tons, hence the total number of secondary particles increases. Their energy progres-
sively decreases leading to the decrease of probability for Bremsstrahlung and pair
production until the process stops.

Hadronic interactions and showers

If the primary energetic particle is a hadron (for example proton, antiproton, pion,
etc.), other types of interactions take place. The interaction with target nuclei may
be inelastic and may lead to new particles, other than the initial hadron and the
original nucleus. Some of these particles are nucleons or nuclear fragments emitted
from the target nucleus. Also, completely new particles such as pions and kaons may
be created in the interaction if the energy of the primary hadron is high enough.
These particles, as well as some of the nucleons (neutrons and energetic protons) can
in turn interact inelastically with further target nuclei, producing new generation of
particles. In this way, the hadronic shower is generated and the energy of the initial
particle gets distributed among the produced secondaries.

The energy of the charged particles also decreases due to interaction with elec-
trons (the so-called electronic stopping) leading to ionization of the absorbing medium.
This is especially important for protons, which are gradually brought to rest in the
medium.

Hadronic interactions can produce also electrons and photons (for example, a
neutral pion decays into two high energy photons). These initiate electromagnetic
showers.

Particle fluence and flux

From the point of view of radiation physics, particle showers represent complex
radiation fields containing different particles of different energies. For quantitative
purposes the field is characterized in terms of particle fluence Φ or particle flux
φ. Particle fluence at a given point in space is defined as the number of particles
∆N crossing an infinitesimal sphere around the point divided by the cross-sectional
area ∆a of the sphere. Particle flux is the particle fluence per unit time. The unit
of particle fluence and flux is particles ·cm−2 and particles ·cm−2s−1, respectively.
A certain terminological difficulty may arise in case of a multidirectional radiation
field, where particle flux accounts for particles of all directions. For this reason, the
equivalent term particle fluence rate is sometimes preferred1 [10, 11].

3.1.2 Boltzmann formalism

The underlying problem of all radiation studies is the calculation of particle flux,
usually as a function of particle type and particle energy. Formally, the problem can
be described by Boltzmann formalism, taking into account all the processes that the
particles can undergo. These processes are:

• Uniform translation, where spatial coordinates change, but the energy-angle
coordinates remain unchanged.

• Collision, as a result of which the energy-angle coordinates change, but the
spatial coordinates remain unchanged, or the particle is absorbed and disap-
pears.

1Throughout this text the term particle flux will be used.
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• Continuous slowing down, in which uniform translation is combined with con-
tinuous energy loss.

• Decay, where the particle identity changes.

• Introduction, involving the direct emission of a particle from a source into
the volume of space of interest: electrons or photons from radioactive decays,
neutrons from (γ, n) reaction, the arrival of primary beam particles, or particles
emitted from a collision at high energy.

The solution of the Boltzmann equation is a distribution in energy and angle for
each particle type as a function of position and time. The particle flux, as defined
above, is the integral over solid angle per unit time. More specifically, in radiation
physics the goal is to obtain particle fluxes at a certain location of the particular
geometry due to some primary events (such as beam-particle losses, proton-proton
collisions, etc.) occurring elsewhere in the geometry.

Monte Carlo methods

In complex real systems it is impossible to solve the Boltzmann equation by a de-
terministic algorithm. Instead, the solution is typically obtained using the Monte
Carlo approach. In a Monte Carlo calculation the trajectories of individual parti-
cles are constructed. The “fate” of a particle at each calculation step is sampled
randomly from a pool of possible physical processes taking into account their prob-
abilities (cross-sections). Each particular Monte Carlo computer code uses certain
models and methods to obtain these probabilities ranging from crude approxima-
tions through calculated or measured tabulated cross-sections to detailed micro-
scopic physics models. Trajectories are constructed for a large number of identical
primary events and their secondaries. Each time a particle appears in the location
of interest its parameters are recorded. The result of the calculation is given by
the average number of such records per one primary event. That is why the Monte
Carlo results represent statistical average values.

3.2 Induced radioactivity

The accelerator components and the surrounding media may become radioactive
due to their exposure to the prompt radiation. In contrast to the prompt radiation,
the residual activity is present also after the accelerator is turned off. It represents
further radiological hazard that requires quantitative assessment.

In the activation process, the number of radionuclides increases due to their
production and decreases due to their decay. The increase of the number of ra-
dionuclides, n, per unit time, dn/dt, is given by:

dn

dt
= g(t)− λn (3.1)

where g(t) represents a production rate and λ is a decay-constant.

3.2.1 Radioactive decay and radioactivity

If no production is present, function g(t) is equal to 0 and Equation 3.1 becomes:
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dn

dt
= −λn (3.2)

This relationship describes the nature of radioactive decay, which is a probabilis-
tic process whose probability is constant in time. Integrating the Equation 3.2 gives
the relationship for the number of radionuclides at time t, n(t), with n(0) = n0:

n(t) = n0e
−λt (3.3)

Due to the probabilistic nature of radioactive decay, Equations 3.2 and 3.3 are
only valid for a sufficiently large number of radionuclides.

Radioactive decay is a process in which the original radionuclide undergoes spon-
taneous transformation and releases radiation that has radiological significance. The
decay rate (i.e. the number of decays per unit time) is referred to as activity, A,
and has a unit of Becquerel (Bq). Differentiating Equation 3.3 shows that A = λn.

Each radionuclide has a characteristic decay scheme. The typical decay modes
are α-decay, β-decay, γ-decay, electron capture, and spontaneous fission. α-decay
is an emission of a helium nucleus 4He (α particle). It is typically seen in heavy
radionuclides (A > 140). The α particles are emitted with characteristic energy.
β-decay refers to the emission of an electron or a positron. The decay βs follow a
characteristic energy spectrum. Alternatively to positron emission a decay can occur
through the capture of an electron from the atomic shell. γ-decay is an emission of
a quantum of electromagnetic radiation with energies from approximately 10 keV
to 7 MeV. It often accompanies other nuclear processes such as α-decay and β-
decay. Usually γ-decay follows a nuclear process immediately but sometimes with a
delay, in which case the nucleus is in a so-called metastable or isomeric state prior
to the γ emission. For each radionuclide, the decay γs have characteristic discrete
energies. Finally, very heavy radionuclides (A > 230) may decay by spontaneous
fission, breaking up into two or more fragments of approximately equal masses.

3.2.2 The activation formula

A situation when the radionuclide production rate can be approximated by g(t) = k
(k = constant) is typical to activation studies. In this situation, integration of
Equation 3.1 gives (with n0 = 0):

n(t) =
1

λ
k(1− e−λt) (3.4)

Based on the above, activity after time Tp of constant production rate k followed
by time Tc of cooling (zero production) equals:

A(Tp + Tc) = k(1− e−λTp)e−λTc (3.5)

The production rate around accelerators is not necessarily constant but can be
approximated as such for extensive periods of time.

Production rate is proportional to φρσ, where φ is the particle flux, as defined
in Section 3.1, ρ is the concentration of stable target nuclei and σ is a microscopic
cross-section. The cross-section is a measure of probability that a reaction of interest
(i.e., a nuclear reaction leading to the production of a given radionuclide) will take
place. It depends on many parameters, mainly on the target nuclide, the projectile
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and its energy. That is why particle flux as a function of projectile species and
energies is needed.

Mixed radiation fields contain hadrons and photons of a wide energy range and
therefore numerous types of nuclear reactions are encountered. For nucleons with
energy from a few MeV to about 100 MeV the typical reactions are of the types (p,
n), (n, p), (p, pn) (n, pn), (p, 2n), (n, 2p), (p, p2n), (n, n2p), (p, α), and so forth.
These reactions are described by a so-called compound-nucleus model. At higher
energies, the intra-nuclear cascade model is used to describe the reaction mechanism.
An impinging particle is thought to collide with a nucleon of a target nucleus,
giving it enough energy to travel through the nucleus and hit other nucleons in the
same manner. Pions may be created if impinging particles (or intra-nuclear cascade
nucleons) reach kinetic energies higher than 300 MeV. Above 1 GeV, also kaons are
produced, and above 4.5 GeV antinucleons (e.g. antiprotons) start forming. The
intra-nuclear cascade particles can escape the nucleus or transfer their energy to its
global excitation. The nucleus can then de-excite by evaporating groups of nucleons
as described by the compound-nucleus model (spallation) or by splitting into two
or three pieces (fission). Neutrons are capable of inducing nuclear reactions from
very low, thermal (≈ 0.025 eV) energies. A typical reaction induced by thermal
neutrons is a so-called radiative capture (n,γ). In case of heavy target elements,
thermal neutrons may induce fission. In general, neutrons dominate the activation
process in the energy region up to about 20 MeV.

3.2.3 Decay chains

A parent radionuclide may decay directly into a stable nuclide or a radioactive
daughter. A sequence of radionuclides from the parent to the stable nuclide is re-
ferred to as decay chain. Assuming that the parent radionuclide p is being produced
with a constant production rate, gp, its activity, Ap can be determined from the
Equation 3.4. The activity of the parent radionuclide becomes the production rate
of the daughter radionuclide, gd(t). The Equation 3.1 takes the following form:

dnd
dt

= gd − λdnd (3.6)

dnd
dt

= gp(1− eλpt)− λdnd (3.7)

where nd is the number of daughter radionuclides and λp and λd are the decay
constants of the parent and the daughter, respectively. Integrating this equation
gives (with np(0) = 0 and nd(0) = 0):

nd(t) = gp

(
1− e−λdt

λd
+
e−λpt − e−λdt

λp − λd

)
(3.8)

In general, the number of radionuclides of the n-th daughter can be obtained by
solving a set of differential equations. The general solution was first obtained by H.
Bateman and is therefore commonly referred to as the Bateman equation.
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3.3 Modeling the dispersion of radioactive sub-

stances in the atmosphere

Liquids and gases around an accelerator provide pathways for the dispersion of
radionuclides into the environment. An accelerator facility has to evaluate the ra-
diological impact of the released radioactivity and ensure the radiological safety of
the general public. Quantifying the radiological impact requires estimating the con-
centration of radionuclides in various environmental media (air, water, soil, plants,
animals). This section describes a modeling process allowing for such estimation in
typical cases of airborne releases [12, 13].

Radionuclides released into the atmosphere through a ventilation stack will be
carried away by wind and diluted by atmospheric turbulence. In general, modeling
the behavior of turbulence, wind speed and wind direction is a very complicated
issue. In typical cases of radiological impact assessment, such modeling cannot be
done with high accuracy for lack of suitable weather data. Instead, the methodology
that was developed for such tasks relies on a fundamental meteorological simplifi-
cation. The turbulence of the atmosphere is described by a single parameter called
atmospheric stability.

Turbulence of the atmosphere originates primarily in convection of air due to
thermal gradients. When a packet of air is moving upwards, its temperature de-
creases adiabatically about 1 ◦C per 100 m [12]. The resulting temperature of the
air packet may be equal to that of the surrounding air, in which case the packet’s
movement is neither suppressed nor enhanced. This is referred to as neutral condi-
tions. If the packet’s temperature is lower than that of the surroundings, the upward
movement is suppressed. Such conditions counteract the turbulent processes and are
therefore referred to as stable. If, on the other hand, the surrounding temperature
is lower, the vertical movement is enhanced and the atmospheric conditions are said
to be unstable.

An empirical method for categorization of atmospheric stability on the basis of
the wind speed at a height of 10 m and on the amount of incoming solar radiation
was developed by Pasquill [12]. The typical Pasquill scheme has six categories,
A–F, in which A represents the most unstable conditions, D neutral and F stable.
More modern schemes may use larger number of categories and may account for the
variation of stability with height.

Atmospheric stability is the central parameter of the modeling process. It deter-
mines the spread of the released substance around the plume centerline. The spread
is characterized by a Gaussian distribution and therefore this methodology is re-
ferred to as the Gaussian plume model. Gaussian plume models can be constructed
with various degrees of complexity to account for various phenomena such as plume
rise due to the vertical momentum of a released substance, plume reflection from the
ground, the air eddies formed around the buildings from which the release occurred,
the effects of the terrain’s roughness on the air flow, and so on.

The Gaussian plume model allows for calculation of a radionuclide concentration
at a given location in the atmosphere. From the atmosphere the radionuclides may
deposit on the ground by gravitational settling and by rain. They may be absorbed
by plants through leaves and roots. Livestock may consume the deposited and
absorbed radionuclides with fodder. These processes also have to be accounted
for in order to estimate the radiological impact. Thus the Gaussian plume model
has to be complemented by a deposition factor and by models for incorporation of

18



radionuclides into the food chain. A formal description of such modeling process
follows. This particular example is valid for releases of short duration and is a part
of an extensive modeling package used at CERN [14].

The dispersion factor χ(~r) (s · m3) relates the release rate Q̇ (Bq · s−1) to the
activity concentration (volume-averaged) Av(~r) (Bq · m−3) in air at a position ~r
during the release:

Av(~r) = Q̇χ(~r) (3.9)

The release rate is defined as the total amount of released radioactivity Q (Bq) over
the duration of the release trel (s):

Q̇ =
Q

trel
(3.10)

In a Cartesian coordinate system with the x-axis parallel to the wind direction,
the y-axis in the horizontal plane and the z-axis in the vertical plane, the dispersion
factor is expressed as follows:

χ(x, y, z) =
1

2πσyσzū
F (heff , σz, z) · e

− y2

2σ2
y · e−λ

x
ū (3.11)

F (heff , σz, z) = (1− E)
{
e
− (heff−z)

2

2σ2
z + e

− (heff+z)2

2σ2
z + 2E · e−

z2

2σ2
z

}
(3.12)

In the above expressions 3.11 and 3.12, x is the downwind distance, y is the lateral
distance from the plume centerline and z is the height measured in respect to the base
of the release stack. The plume dispersion is characterized by the standard deviation
in the horizontal and the vertical planes. These two parameters are referred to as
the horizontal dispersion coefficient, σy, and the vertical dispersion coefficients, σz.
They are derived by empirical formulae from the atmospheric stability category
determined according to the Pasquill characterization. σy and σz are functions of
the downwind distance, x. ū is the average wind speed during the release. E
is a factor that accounts for the entrainment of the plume by the buildings near
the release stack. It is evaluated according to a procedure recommended by the
IAEA [15] from the wind speed, the release velocity and the typical height of the
structures downwind from the release stack. Effective height heff is the vertical
distance between the plume centerline and the location of interest. It accounts for
the plume rise as well as the possibility that the receptor is at an elevated position
in respect to the stack base. The dispersion factor also accounts for the decay of
radionuclides in flight with the radioactive decay constant λ.

The fraction of radionuclides that deposits from air to ground is determined by
the deposition factor ξ(x, y, z):

ξ = χ · Vd + fd
Λ√

2πσyū
e
− y2

2σ2
y e−λ

x
ū (3.13)

The first term of this expression describes the deposition due to gravitational set-
tling of aerosols (fallout). It is determined by the dispersion factor χ, as given by
the Equation 3.11, and the deposition velocity Vd. The second term describes the
deposition by rain (washout). It contains the integration of the dispersion factor
with respect to the z-axis (the vertical direction) from ground to infinity to account
for the rain falling through the whole depth of the plume. The wet deposition is
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determined by the washout factor Λ that depends primarily on the precipitation
rate. A correction factor fd is applied in case of the wet deposition on leaves (as
opposed to ground) to account for the fact that rain washes much of the deposited
aerosols from the leaves. Values of Vd, Λ and fd are evaluated according to the
recommendations of the Swiss legislations [16].

The deposition factor ξ(x, y, z) (Equation 3.13) relates the total released activity
Q (Bq) to the activity concentration (area-averaged) Aa(~r) on the ground at a po-
sition ~r immediately after the release. From the ground the radionuclides can enter
the food chain. People can either consume plants directly or consume meat and
dairy products from the animals grazing the affected area. The plants contain ra-
dionuclides deposited on their leaves or absorbed from the ground through the roots.
To distinguish the direct and indirect pathway, the plants are divided into vegetables
(all plants for direct consumption) and fodder (plants for animal consumption). The
activity concentration on the ground immediately after the release Aa(~r) is related
to the mass concentration in vegetables and fodder, Am, at an approximate time of
consumption (e.g. harvest) by taking into account time of the release in respect to
the typical plant-growing season, the typical duration of the plant growing time, the
washout of radionuclides from the leaves, the radioactive decay, etc.

Thus, for a release occurring in winter, the mass-average activity concentration
in fodder is calculated according to the following expression:

Amfod =
Aa(~r)

Pfod
C(soil−fod)

1

T1

· e
−λe,r(Tp−T1/2) − e−λe,rTinc

λe,r
(3.14)

and for a release occurring during the plant-growing period the following term is
added to the right side of the above equation (3.14) to account for the contribution
from radionuclides deposited on leaves:

Aa(~r)

Bfod

1

T1

[
1

λe,l
+ e−λTp · 2

λlvT1

· 1− e−λ
T1
2

λ

]
(3.15)

In the above expressions 3.14 and 3.15, Pfod is a typical area density of soil within
the reach of roots for fodder (120 kg ·m−2) and Bfod is a typical biomass density
of fodder (0.85 kg ·m−2). C(soil−fod) is an element-specific factor for the uptake
of radionuclides from soil to fodder via roots. T1 is the time of one year, plant-
production time Tp is the time from the day of the release until the nearest harvest
and Tinc is a plant-incorporation time. λe,r is an effective decay constant in the root
zone, which is a sum of the radioactive decay constant λ and a non-radioactive decay
constant in the root zone. Similarly, λe,l is an effective decay constant on leaves.
The non-radioactive decay constants are introduced to account for the dilution of
radionuclides on the ground and in the ground due to mechanical processes such as
plowing. Equivalent expressions exist for vegetables.

Finally, the activity concentration in meat and milk is calculated from the ac-
tivity concentration in fodder as:

Ammeat = Amfodder · Vfodder · C(fodder−meat) (3.16)

and
Ammilk = Amfodder · Vfodder · C(fodder−milk) (3.17)

where Vfodder is the amount of fodder consumed by livestock per day and C(fodder−meat)
and C(fodder−milk) are transfer factors from fodder to meat and from fodder to milk.
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The element specific transfer factors are obtained from tabulated literature sources,
originally calculated by biokinetic modeling.

The calculated activity concentration in air and on the ground serves to calculate
radiological impact from external exposure and inhalation. The activity concentra-
tion in vegetables, meat, and milk is used to account for the ingestion pathway.

3.4 Radiological protection

A person exposed to a large amount of radiation will suffer serious acute health
problems, possibly leading to death. Below a certain amount of radiation the ex-
posure will not manifest itself with immediate health problems. It will, however,
increase the probability of cancer induction and the probability of adverse heritable
effects. The need to protect people from radiation is therefore globally recognized
and enforced by law.

Radiological protection is a complex discipline based on scientific knowledge and
expert judgement. The scientific knowledge comes from radiobiological research and
epidemiological studies. The judgement is necessary to extrapolate the incomplete
scientific knowledge and to weigh in economic and societal factors. International
organizations, ICRU [17], ICRP [18] and IAEA [19], take on the role of distilling
the current scientific knowledge and devising units and concepts for radiological
protection. Their recommendations form the basis of national and international
legislations.

The most recent ICRP recommendation on radiological protection were pub-
lished in 2007 [20], replacing the previous recommendations from 1990. From the
technical point of view, the changes between them are minor. The 2007 recommen-
dations mainly emphasize, clarify, and modify conceptual aspects of radiological
protection. The fundamental principles of protection are justification, optimization,
and application of limits. The principle of justification expresses that radiological
protection seeks balance between the benefits and hazards of activities that nec-
essarily lead to radiation exposure. The principle of optimization expresses the
obligation to strive to minimize the exposure. The application of limits introduces
certain thresholds, exceeding of which is deemed unacceptable and can result in a
legal action.

While the three principles should be kept in mind in all situation that lead to
exposure of people to radiation they are not sufficient to construct an applicable
legal system of radiological protection. For example, there are sources of radiation,
such as natural background and particularly the natural presence of 40K in the
body, that are simply unmanageable by human actions. They may and should be
excluded from the legal framework. There are other sources of exposure, the control
of which may be too costly in relation to their potential hazard. The legislative
framework may opt to exempt them from the regulatory control. In relation to
radiological protection, both Exclusion and Exemption are well-established legal
concepts. Also, the principles, particularly the third one, are not applied in relation
to medical exposures such as diagnostic examinations or radiotherapy.

In general, quantification of radiation exposure is based on measures of energy
imparted in the body. The fundamental physical quantity is the absorbed dose, D,
defined as:

D =
dε

dm
(3.18)

21



where dε is the average energy imparted in the volume dV of mass dm. The SI unit
of absorbed dose is J·kg−1 and its special name is Gray (Gy).

The absorbed dose, as defined above, is a local quantity. In most practical situa-
tions, however, only the average absorbed dose over a larger volume can be obtained
and used. In radiological protection, the said volume is normally a distinctive organ
or a tissue. This average quantity is referred to as tissue absorbed dose, DT .

The tissue absorbed dose is the basis of two quantities that are central to radi-
ological protection: equivalent dose, HT , and effective dose, E. Equivalent dose is
defined as:

HT =
∑
R

wRDT,R (3.19)

where DT,R is the tissue absorbed dose in tissue T imparted by radiation of type
R and wR is a weighting factor for the given type of radiation. It is referred to as
radiation weighting factor and is determined by the ICRP [20]. For example, the
wR is equal to 1 for photons and 20 for α particles. The radiation weighting factor
is introduced to account for the fact that different types of radiation don’t have the
same impact on biological tissue. The type of damage caused by α particles has
higher correlation with cancer induction than that caused by an equivalent amount
of photons. The quantity equivalent dose always refers to a particular organ or
tissue. Its unit is J·kg−1 and its special name is Sievert (Sv).

The effective dose is defined as:

E =
∑
T

wTHT (3.20)

where HT is the equivalent dose, as defined in Equation 3.19 and wT is a so-called
tissue weighting factor for the given tissue. The sum is performed over all tissues
and organs of the body. The tissue weighting factors are introduced to account for
the fact that different tissues are not equally sensitive to radiation. For example,
the overall increase in probability of cancer induction is lower if the same equivalent
dose is delivered to brain than to lung. The sum of tissue weighing factors over all
tissues and organs is equal to 1. The unit of effective dose is also called Sievert (Sv).

Equivalent and effective dose are so-called protection quantities. Their role is
reserved for use in radiological protection in the low-dose range. They provide means
to express dose limits and compliance with the dose limits in an unambiguous and
universally-applicable way.

Equivalent and effective dose do not refer to a specific person. They are calcu-
lated on the basis of reference organ sizes of a reference male and a reference female.
They are defined for a reference person as the average between the value calculated
for the reference male and the reference female.

Apart for equivalent and effective dose other quantities are routinely used in
radiological protection. For example, exposure due to internal irradiation from ra-
dionuclides incorporated in the body may continue for an extended period of time
depending on the half-lives and the retention of the radionuclides in the body. The
quantity committed effective dose, which is the total effective dose integrated over
a period of 50 years should be used for such internal exposures. Other examples are
the so-called operational quantities such as ambient dose equivalent and personal
dose equivalent. Operational quantities aim to provide a measured conservative esti-
mate of the unmeasurable protection quantities. There are instruments such as area
monitors and personal dosimeters, which are calibrated in terms of the operational
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quantities. In many circumstances their reading can be used as a sufficiently good
assessment of the equivalent or the effective dose.
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Chapter 4

Status of radiological studies at
ATLAS

4.1 Introduction

The history of accelerators as technological items and tools of research dates back
for about a century. The need for radiological protection became apparent during
the early days. Over time the community of accelerator and radiation experts have
gathered a wealth of knowledge and developed numerous techniques for assessing
various problems stemming from radiation [21]. This expertise is, however, rarely
directly applicable to a new research accelerator but forms a foundation for a new
original study.

There are basically two reasons for this. Firstly, every accelerator and detector
in High Energy Physics research is a prototype. The associated radiation environ-
ment is determined by the parameters of the particular accelerator and the unique
geometry and types of materials in its surroundings. Furthermore, the radiologi-
cal situation is judged in relation to people and is therefore dependent on human
activities around the installation. Consequently, dedicated radiological studies are
required on a case by case basis [22–29]. Secondly, the research accelerators are
designed with the goal to reach into an unexplored territory, either in terms of ever
higher energies and intensities or in terms of exotic beams, such as heavy or radioac-
tive ions. Consequently, the radiological aspects are also pushed into new frontier,
where theoretical and experimental data may be insufficient or non-existent. In both
respects, the situation at LHC and its experiments is a prime example.

There is, however, nowadays a common ground for solving complex radiation
problems. The field relies heavily on the usage of Monte Carlo radiation transport
codes. The whole problem solving process, however, is very much customized and
scientific. It requires that an appropriate code is selected for the particular task.
There is a number of radiation transport codes, such as EGS [30], FLUKA [31,32],
GEANT4 [33,34], MARS [35], MCNP [36], PENELOPE [37], PHITS [38], TRIPOLI
[39], etc. and as a general rule different codes are better at different aspects of
radiation transport. Furthermore, even an appropriate code will have limitations and
it is therefore essential that the user has good knowledge of the implemented physics
models, the level of their implementation, the simplifications and approximations
in the code, etc. The problem’s unique geometry has to be implemented in the
Monte Carlo simulations, which requires understanding of what geometrical and
material aspects are significant for a given issue. Changes to the codes are sometimes
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necessary to suit a particular task. Often, the results obtained from the simulations
are only intermediaries that require further processing by custom made tools. Lack
of available knowledge, e.g. lack of experimental data, has to be dealt with in an
appropriate manner. This process, applied to the ATLAS experiment, forms the
main topic of this dissertation.

4.2 Previous studies of radiological issues at the

ATLAS experiment

First radiation studies for the LHC and its experiments were carried out in early 90’s
in an effort to understand the major radiological properties of the future machine
[40,41]. It was evident that the radiation issues would be much more severe than at
any prior accelerator and in particular that significant amount of induced activity
has to be expected. The activation process will be dominated by hadrons. During
accelerator operation, after reaching the design parameters, the beam collisions will
present the dominant radiation source in the experimental areas.

As the plans for the future installation became more concrete in the mid 90’s, the
shielding of the experimental and service areas had to be determined [42–44]. First
considerations of the implications of the LHC on the environment were also carried
out during this period [45]. The first detector activation study was performed in
1994 as part of the design process of the Forward calorimeter [46].

Finally, in the years 2000–2004 the ATLAS collaboration undertook a major
effort to study radiation at the ATLAS experiment within the framework of the
Radiation Background Task Force (RTF). The main motivation of these studies
was the design and optimization of the ATLAS detector shielding (see Section 2.2)
in order to minimize radiation background and thus ensure adequate performance
of the detector. The findings of the studies are summarized in an extensive RTF
summary document [47]. As a by-product of the RTF studies, some assessments of
detector activation and residual dose rates were also carried out [48].

A variety of tools were employed in the above studies. The initial radiological
estimates [40–45] were performed with the early version of the FLUKA Monte Carlo
radiation transport code. The development of the code itself was strongly driven by
the plans for the LHC. The primary proton-proton collisions were simulated with
the DTUJET code [49]. At that time the detector design was not yet finalized and
that is why the FLUKA models of the ATLAS detector were very simple in these
early calculations.

The calculations of the activation of the Forward calorimeter [46] were performed
by a series of computer codes, each specializing in a different step of the activation
process. As in the early FLUKA calculations, the primary events were generated
with DTUJET. The detector was modeled within the MCNP code [36], which was
also used to transport neutrons below 20 MeV. The spallation product inventory
was calculated with the LAHET code [50]. Finally, the MCNP neutron fluxes and
the LAHET spallation products were used as input for the CINDER activation
code [51]. The CINDER output provided a radionuclide inventory, the corresponding
activities, decay spectra and heating power. The decay spectra were further used to
calculate the dose rates. The aim of this study was primarily to present a suitable
methodology for activation studies at ATLAS. It clearly demonstrated that a large
number of different tools had to be used and properly interconnected to address the

25



problem.
The Radiation Background Task Force was initiated in order to ensure that the

ability of ATLAS to detect the physics events of interest will not be diminished below
acceptable level. Numerous radiation quantities were calculated with the GCALOR
code [52], as well as FLUKA. The PHOJET generator [53] was used to simulate the
primary events. A detailed geometrical implementation of ATLAS was developed
for both codes. The shielding optimization studies were followed mainly on the
GCALOR side. Most of the radiation quantities extracted within this framework are
not directly relevant from the radiological point of view. However, the particle fluxes
generated with GCALOR were used as input for preliminary activation calculations
in relation to the detector access scenarios. These were performed by folding particle
fluxes with radionuclide production cross-sections. The results served to calculate
residual dose rates.

4.3 Pre-existing status of the three issues addressed

in this dissertation

The following section outlines, case by case, the pre-existing status of the three
issues addressed in this dissertation.

4.3.1 Overall detector activation and radioactive waste zon-
ing

In 2006 the LHC and its experiments had to delineate zones of radioactive waste
as a part of the commissioning process. According to the authorities, the zoning
has to be based on a thorough scientific study of induced radioactivity throughout
the installation. ATLAS had a possibility to benefit from two independent studies
including an inter-comparison of their results. It was possible to base the calculations
on the quantities generated with the GCALOR code during the Radiation Task Force
era and to perform independent calculations with the FLUKA code. A detailed
FLUKA model of the ATLAS detector was also available from the detector design
and radiation background studies. FLUKA, in contrast to GCALOR, provides direct
assessment of the production of residual nuclei. Chapter 5 discusses in detail the
two calculation methods, their inter-comparison, the results and the designation of
the zoning.

4.3.2 Activation of liquid argon and its radiological impact

Of the three issues that are addressed in this dissertation only the liquid argon
activation was previously studied. The first assessment was a part of the Forward
calorimeter activation calculations by Waters and Wilson [46]. They provided a
preliminary estimate of 41Ar production by low energy neutrons. Argon activation
was studied again in 2002 on the basis of particle fluxes generated with GCALOR
[54]. At this time the ATLAS calorimeter design had been finalized and calculations
could rely on its realistic description. One of the main goals was to extend the scope
beyond the low energy neutron activation to assess the spallation product inventory.
For this purpose, the cross sections were taken from the MENDL-2 library. The
relevance and accuracy of the cross section data remained an open question.

26



The initial task was to estimate the radiological impact in case of a potential
release of activated argon into the atmosphere. The existing activation data from
the 2002 study were used as source terms. The impact assessment was performed
with the EDAR code [14], which implements the models described in Section 3.3.
Accidental and planned release scenarios were studied. For an accidental release
scenario the goal was to demonstrate compliance with the legal limits. For the
planned release scenario the goal was to find out the release conditions resulting in
a minimal impact and to provide release recommendations. Topological data were
measured for the purpose of the assessment.

Later, new activation calculations were performed in order to verify the source
terms that were used for the impact study. The radiological impact assessments
followed by the cross-check of the activation data are described in Chapter 6.

4.3.3 Activation of air and its radiological impact

The air activation cannot be assessed directly by scoring the residual nuclei pro-
duction. The reason for this is statistical. Inelastic collisions are rare in the low
density medium and the results of the simulations converge very slowly, if at all.
So, the activation had to be calculated using the activation formula as described
in Section 3.2. The cross sections determined previously for air activation at LHC
were available for the calculations.

Radiological impact of inhaling the activated air during accesses to the cavern
was studied. The inhalation dose was assessed from the calculated activities using
the activity-to-dose conversion coefficient given by the legislation [55]. The study is
summarized in Chapter 7.
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Chapter 5

Radioactive waste zoning

5.1 Introduction

The material of the accelerator and the detectors will get activated during the LHC
operation. Localized and distributed beam losses present the major source of ac-
tivation for the accelerator components, while proton-proton and ion-ion collisions
present the major source of activation for the detectors. Some of the activated mate-
rial will eventually end up as radioactive waste. It is a duty of a facility to “deal with
radioactive waste in a manner that protects human health and the environment now
and in the future without imposing undue burdens on future generations” [56]. The
matter is of global interest and should therefore be managed within an appropriate
national legal framework [56].

In July 2000 CERN signed a convention with the government of the French
Republic, which obliged it to “to guarantee safety during LEP dismantling, as well
as to ensure the safety of the installations of the LHC and the SPS according to terms
based on the provisions of French legislation covering INB (Installation Nucléaire de
Base) facilities” [57]. In other words, the LHC and its experiments became subjects
of the French national legislation regarding nuclear facilities (INBs).

The French legislation requires that INB facilities carry out prior to commis-
sioning a study of radioactive waste. The general purpose of the study is to improve
the management of radioactive waste and to attempt to decrease its overall produc-
tion [58]. To achieve this, a thorough understanding of the production of radioactive
waste by the facility should be gained through a theoretical study. Based on the
study, the facility should be divided into radioactive waste zones and conventional
waste zones. As conventional waste zones one may designate areas in which only
insignificant amounts of radioactivity may be present. On the contrary, all areas in
which radioactive material may be produced (or introduced by contamination, etc.)
should be designated as radioactive waste zones.

Such zoning of a facility is, in effect, an implementation of the concept of exemp-
tion [59]. Exemption is relevant for human practices, such as an accelerator facility,
involving production or utilization of radioactive material. It means that certain
such practices or parts thereof can be freed from the regulatory control on the basis
of their meeting certain requirements. In this case, a waste item originating in a
conventional waste zone is exempt from the regulatory control of the French au-
thorities on the basis of a theoretical study that proves that in that particular area
material could not have become radioactive.

Another concept relevant to radioactive material is clearance. Clearance is de-
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fined as the removal of an object from any further regulatory control due to the fact
that its radioactivity is below specified clearance limits [59]. The French legislation,
however, does not employ the concept of clearance in relation to radioactive waste.

This approach is quite unusual and has its particular advantages and disadvan-
tages. An advantage is that it makes the management of radioactive waste simpler
and therefore less error-prone and safer. Fate of a waste item is determined simply
by its area of origin. In particular, any waste item originating in a radioactive waste
zone (whether it is radioactive or not) remains forever under the regulatory control
and cannot be released into the public domain.

A disadvantage is that the approach works well only under certain conditions. It
is well suited for facilities, in which material with similar radiological characteristics
is contained within well definable boundaries (such as nuclear power plants) or for
facilities that output fairly insignificant amount of waste (such as medical practices).
In the case of the LHC and its experiments this legislative framework presented
serious conceptual and technical difficulties.

In a high energy physics apparatus such as ATLAS, the radiation field respon-
sible for activating the material is very complex and the variety of materials of the
apparatus is extremely large. As a result, radiological characteristics of activated
material vary greatly. For example, the muon chambers of ATLAS are huge but
relatively light structures residing in a radiation field of low intensity and energy.
Therefore, the chambers, in bulk, should not get activated. However, the chambers
are screwed with stainless steel bolts and these cause some concern. Stainless steel
usually contains traces of cobalt and, depending primarily on the cobalt concentra-
tion, can get significantly activated in a low energy neutron field.

Therefore, to be completely on the safe side, one could declare the whole ATLAS
cavern as radioactive waste zone. However, this is unacceptable as it would condemn
7 000 tons of material under the regulatory control and thus prevent eventual release
of large amount of nonradioactive waste into the public domain.

To opt for the other extreme and to delineate an insufficient radioactive waste
zone carries its own risks. The complexity of radioactive waste management will
increase with the increase in probability of finding a radioactive item in the con-
ventional waste zone1. Furthermore, each incident of finding a radioactive item in a
conventional waste zone has to be documented and reported to the French authori-
ties, which reserve the right to intervene, e.g., to stop the operation of the facility,
if they find such cases too numerous or unjustified.

To minimize the extent of the radioactive waste zone and at the same time the
incidences of radioactive material in the conventional waste zone, the zoning has to
be selected with great care. This brings us back to the original requirement of a
thorough theoretical study. One has to make the best possible predictions of the
spatial distribution and time evolution of radioactivity throughout the facility.

5.2 Predicting induced radioactivity at ATLAS

In the case of ATLAS, predicting induced radioactivity is, by no means, a trivial
task. The difficulty lies in the fact that the apparatus is an immensely complex
structure immersed in a unique, intense, energetic and nonhomogeneous radiation

1Regardless of the zoning of the facility, other measures have to be taken to ensure that no
radioactive material will ever be thrown away with conventional waste.
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field. The following section illustrates the ATLAS situation in greater detail.

5.2.1 Factors that determine induced radioactivity

Target materials

Induced radioactivity is strongly dependent on target materials, so much so, that at
times it can be fully dominated by contributions from impurities or trace elements
having a high probability reaction channel. A classic example of such situation oc-
curs in iron and stainless steel. A small amount of cobalt (typically around 100 ppm)
is almost always present in bulk iron. Cobalt has a relatively high (compared to
natural iron) cross section for radiative capture of thermal neutrons. The reaction
produces 60Co, which has a half-life of 5.3 years and whose decay is accompanied by
the emission of 1.2 and 1.3 MeV gamma radiation. As a result, induced radioactiv-
ity and radiological hazard of bulk iron structures is often determined by its cobalt
content.

Therefore, in order to make accurate predictions of induced radioactivity the cal-
culations should be performed with detailed composition of target materials. This
is, however, extremely difficult for large-scale structures such as ATLAS, both be-
cause the material composition is rarely known with the required level of detail and
because of the practical difficulty of implementing such details into the calculations.

In different applications different systems in the cavern receive most attention.
For radioactive waste zoning however, all material in the cavern is important. To
give an idea of what this means, let us introduce several functional categories into
which nearly all of the material can be distributed:

• Accelerator components, such as beam pipe, vacuum pumps, collimators;

• detectors, made of some detecting medium and the front end read out elec-
tronics;

• detector services such as cables and cooling systems;

• support structures, such as support tubes, girders, pillars, bolts;

• magnet systems;

• passive shielding pieces introduced to reduce the radiation in the cavern.

With this in mind, it is clear, that neither the geometry nor the material com-
position of such a complex can be modeled in full detail for our purposes. A certain
degree of approximation is unavoidable.

As was explained in Chapter 4, Monte Carlo radiation transport codes are at
the basis of radiation studies. As will become clear throughout this chapter, the
Monte Carlo codes FLUKA and GCALOR were at the basis of the ATLAS zoning
studies. Fairly detailed models of the ATLAS detector were previously developed
for FLUKA (Figure 5.1) and GCALOR (Figure 5.2) during the extensive effort to
optimize the passive shielding in order to minimize the radiation background in the
muon spectrometer [47]. The two models are not fully identical due partly to the
different methods of geometry construction in FLUKA and in GCALOR and partly
due to small divergencies over the years of ATLAS design and models’ development.
These models include with varying degree of detail practically all structures in the
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cavern. They are fully suitable for particle flux predictions and form a good basis for
predictions of induced radioactivity. However, for induced radioactivity predictions
the possible presence of impurities, traces, minor elements and minor structures that
are not implemented in the FLUKA and the GCALOR models may cause significant
inaccuracies.
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Figure 5.1: The FLUKA geometry model of ATLAS.

Radiation environment

The most important primary source of radiation at ATLAS is the LHC collision
point. The LHC will be accelerating two counter-rotating beams of protons to the
energy of 7 TeV. At the nominal design luminosity of 1034 cm−2s−1 each proton
beam will consist of 2 808 bunches, each bunch containing 1.15×1011 protons. In
these conditions, about 109 proton-proton collisions per second at 14 TeV will occur
at the center of the apparatus [4]. The average number of particles arising from
such proton-proton collision is about 40 and their mean energy is around 350 GeV.
Showering of these particles in the material of the apparatus completes the formation
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of the radiation environment in the cavern.
The radiation environment will contain virtually all known particles. Signifi-

cant for different radiological aspects are mainly protons, pions, neutrons, photons,
electrons and muons. The activation process will be dominated by the hadronic
component (protons, charged pions and neutrons) since the photoproduction is mi-
nor in comparison. The energy spectrum spans from thermal neutrons into TeV
range.

For radiation field calculations, the primary source of radiation was obtained
from the PHOJET code [53]. The PHOJET Monte Carlo event generator calculates
particle production at hadron-hadron collisions using the Dual Parton Model for the
soft interactions (giving rise to low transverse momentum) and perturbative QCD
for the hard interactions. Sixty thousand minimum-bias p-p collisions at 14 TeV
were simulated. The particles produced at a p-p interaction were transported by
radiation transport codes through their geometry model of the ATLAS detector.
Transporting thousands of primary events through the detector allows to estimate
the average particle flux per primary collision at any point in the cavern. For
illustration, Figures 5.3 and 5.4 show the particle flux maps of low energy neutrons
and high energy hadrons throughout the cavern.

Figure 5.3: Flux of low energy neutrons [kHz·cm−2].

Production channels and residual nuclei inventory

With the large variety of target materials at ATLAS and the complexity of the radi-
ation field in which it is immersed, thousands of production channels exist, leading
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Figure 5.4: Flux of high energy hadrons [cm−2 ·year−1].
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to hundreds of radionuclides relevant for the zoning. Most likely reactions by low-
energy neutrons are radiative capture, (n,p), (n,α), (n,np) and (n,2n). Considering
stable radioisotopes of various target elements from beryllium to lead these reactions
alone produce over 100 important radionuclides.

At higher energies of the incident particles the most significant activation process
is spallation. Practically any nucleon composition smaller than the target can be
produced by spallation. Many of these have half-lives too short to be of direct
importance for radioactive waste. Nevertheless, depending on the size of the target
nucleus the number of possible products of interest increases. For example, only two
radionuclides can be produced from beryllium (tritium and 7Be) but 47 from iron.
Overall, more than 600 radionuclides with half-life longer than one hour and shorter
than 106 years can be expected at ATLAS.

Certain radionuclides, for example 60Co, 96Tc and 192Ir have one or more sig-
nificant metastable states. To predict the production of these states would require
to account for the spin dependence of the nuclear evaporation process and this is
beyond the possibilities of the present large-scale activation problem. Instead, the
production of isomers can be approximated simply by evenly dividing the predicted
ground-state yield.

Build-up and decay of radioactivity - from radionuclide production to
radioactivity

The number of nuclei of a given radionuclide is continually changing with time.
The nuclei are being produced as long as the activating radiation field is present,
that is, while the LHC is operating and the primary p-p collisions are happening
at the center of the apparatus. Mirror of the production process is the depletion of
stable target nuclei, which in turn alters the production rate. Simultaneously with
the production, some of the nuclei are disappearing as they decay. Furthermore, the
decay of a nucleus of one radionuclide species can result in the production of another
and act effectively as an additional production channel with a different production
rate. Which process is dominating varies from case to case.

Although, on its own, any of these processes can be quantified by a simple
differential equation, to quantify the whole interdependent system requires a system
of equations, referred to as Bateman equations2. However, a system of Bateman
equations that would describe the real ATLAS situation would be too complex to
design and impossible to solve. Certain approximations are therefore necessary.

Solving a system which accounts for the depletion of stable target nuclei is nearly
impossible. Fortunately, particularly at accelerator environments, the issue can
be ignored with generally minimal cost on accuracy. For this reason, this is an
approximation so widespread, that it is rarely mentioned.

Another approximation is necessary not only to facilitate the calculations but
also due to their predictive nature. The production rate, which scales linearly with
the p-p collision rate or, equivalently, the beam luminosity, will change in time as the
accelerators will experience interruptions, luminosity changes, scheduled shutdowns,
etc. The real operational profile will only unfold in the course of the LHC lifespan.

Taking into account the plans for short maintenance shutdowns and long winter
shutdowns two annual operational profiles were suggested and explored: a simple
conservative profile and a complex, more realistic one. The simple profile assumes

2Named after Henry Bateman who first found a solution to such a system.
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120 days per year of continuous LHC operation followed by 245 days of shutdown.
The complex profile assumes 60 days of operation followed by a short 10 day shut-
down, repeated for three times, and followed by a 155-day long shutdown. A con-
servative assumption is to base the predictions on the nominal design luminosity of
1034 cm−2s−1, but to account for the fact that it will take some time to achieve the
nominal values, some calculations were also performed for a gradual increase over
the first years of operation from 0.5×1033 cm−2s−1 in the first year, 1.7×1033 cm−2s−1

in the second, 3.3×1033 cm−2s−1 in the third and reaching 5×1033 cm−2s−1 in the
fourth year.

Assumptions also have to be made regarding the question of when will the
ATLAS material become waste. In other words, how many years of operation will it
experience and how much time will be available before the final disposal. Certainly,
some pieces, particularly electronics modules, will require replacement before the fi-
nal decommissioning, but bulk of the material is expected to last until the final LHC
days. At the moment, the LHC is expected to operate for approximately 10 years.
The calculations were done for either 10 years or, when gradual increase of luminos-
ity was taken into account, for 13 years of operation. The induced radioactivity was
calculated after 10 days, 100 days and 2 years of further cooling.

From induced radioactivity to radioactive waste zoning

The French legislation does not specify what is an insignificant level of radioactiv-
ity. For the zoning of the LHC and its experiments, CERN had decided that the
radioactive waste zones should be delineated in such a way so as to enclose all ma-
terial activated above 1

10
of the exemption limits LE (Limite d’exemption) given

by the directive of the European Union [60]. For a mixture of radionuclides this
criterion is expressed by the following formula:

∑
i

Ai
LEi

≤ 0.1

(equivalent to
∑

i
Ai

1
10
LEi
≤ 1), where Ai is the specific activity of radionuclide i and

LEi is its respective exemption limit.

The value of the exemption limit reflects on the radiological hazard of the given
radionuclide, which depends primarily on the characteristics of its decay radiation.
The most frequent value in the EU directive is 10 Bq·g−1.

Of the hundreds of radionuclides that will be produced at ATLAS there are cases
for which no limit is provided by the EU directive. In these instances the limits were
taken from the Swiss legislation [55]. Because the Swiss exemption limits for many
important radionuclides, such as 22Na or 60Co, are comparable to 1

10
of the EU limits,

the Swiss limits were taken as such. For illustration, Table 5.1 lists the exemption
limits of a few radionuclides in the EU directive, the Swiss legislation, and the value
selected for the zoning.

To translate the results of the activation calculations into the zoning classifica-
tion, the induced radioactivity of the specific radionuclides had to be divided by
the respective limits and summed over all present radionuclides. Dedicated routines
were developed to carry out this task.
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Table 5.1: Several examples of the exemption limits of the EU directive and the
Swiss legislation are listed. The value selected for the zoning calculations is given
in the third column.

Radionuclide
EU Swiss Zoning

[Bq g−1] [Bq g−1] [Bq g−1]

3H 1×106 2×102 1×105

7Be 1×103 4×102 1×102

22Na 10 3 1
39Cl NA 1×102 1×102

51Cr 1×103 3×102 1×102

54Mn 10 10 1
55Fe 1×105 30 1×104

60Co 10 1 1
65Ni 10 60 1
72Zn NA 7 7

5.2.2 The uncertainties of the study

An activation study of this scale has numerous sources of uncertainties. In the above
text we outlined the difficulty in achieving a highly accurate description of the target
materials and their geometrical distribution. Characterization of the radiation field
in terms of particle fluxes is only possible by Monte Carlo simulations. The results of
Monte Carlo simulations have a certain statistical as well as systematic uncertainty.
It is usually impossible to know the systematic uncertainty. Similarly, the cross sec-
tions of the individual production channels are not known with high accuracy. The
existing experimental data do not cover the range needed for this application. Other
than that, the cross sections can be estimated either by approximate empirical for-
mulas or by a combination of various theoretical and empirical models implemented
in a Monte Carlo code. A fully exhaustive theoretical framework does not exist.

Some of these sources of uncertainty can be controlled; others can not. Indeed,
to a certain extent we were able to study some factors such as the effect of various
irradiation conditions and various cooling times on the results. Overall, however, full
account of the uncertainties is impossible for either fundamental or technical reasons.
As means of cross-check two independent calculations were carried out; one with the
FLUKA code (Section 5.3) and the other by folding particle fluxes generated with
the GCALOR code with radionuclide production cross sections (Section 5.4). The
two methods were compared in detail (Section 5.5).

5.3 FLUKA calculations

5.3.1 Introduction

Together with the processes necessary for particle transport calculations, processes
involved in residual nuclei production are also implemented in FLUKA [31, 32].
Activation calculations are thus directly enabled by the code.

The processes most relevant for activation predictions in the predominantly
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hadronic radiation environment of ATLAS are described by the following physics
models. Interactions of hadrons below 3–5 GeV/c with target nuclei are described
with a detailed Generalized Intra-Nuclear Cascade model and a preequilibrium stage.
For hadrons of higher momenta, the interactions are treated by the Gribov-Glauber
multiple collision mechanism included in a less detailed Generalized Intra-Nuclear
Cascade. Following an interaction, the equilibrium processes (evaporation, fission,
Fermi break-up and gamma deexcitation) account for the radionuclide production.
The production of isomeric states is approximated by evenly dividing the yield
among its ground and isomeric states, as it would otherwise require implementation
of spin/parity dependence in the evaporation process.

For the zoning of ATLAS extensive simulations were performed with FLUKA
using a detailed model of the ATLAS detector consisting of over 800 regions (Fig-
ure 5.1). As the primary radiation source, 14 TeV proton-proton collisions generated
by PHOJET were used.

Benchmarking induced radioactivity predictions by FLUKA

In view of the need of predicting induced activity in the LHC environment, a special
effort was undertaken to improve the physics models and technical aspects of ra-
dionuclide production calculations by FLUKA and to validate the code performance.
For this purpose, a number of benchmark experiments [61–65] were carried out at
CERF (CERN-EU High Energy Reference Field Facility) [66]. Small samples of
LHC materials such as steel, copper, titanium, concrete, marble, carbon compos-
ites and boron nitride were irradiated at high energy radiation field obtained by
impinging 120 GeV/c mixed hadron beam on 50 cm long copper target. The activ-
ities induced in the samples were measured with a high-purity germanium gamma
spectrometer. The experiment was simulated in detail with FLUKA; measured and
calculated results were compared. In general, a good agreement (within 50%) was
found between the two. Similar studies have been recently performed for FAIR at
GSI [67].

FLUKA development and validation is an ongoing effort. In particular, since
the last published benchmark experiments, models accounting for heavy fragment
evaporation and for coalescence were implemented, improving further the accuracy of
radionuclide production, affecting particularly the production of the low-Z elements.

Physics settings for the zoning simulations

For the ATLAS zoning study the electromagnetic component of the radiation field
was disregarded as its contribution to induced radioactivity is minor compared to
that caused by the hadronic component. Low energy neutrons (all the way down to
thermal energies) were accounted for. Residual nuclei production was treated using
a new evaporation model of FLUKA, heavy fragment evaporation and coalescence.

5.3.2 Region-based technique

Until 2006, FLUKA only enabled scoring of residual nuclei per primary particle in
a selected region of the geometry model. This type of scoring is activated with the
input card ‘RESNUCLE’. A simple normalization factor such as region volume or
mass can be provided by the user with the RESNUCLE input parameters.
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The initial investigation relied on this older approach. Essentially, the result of
the FLUKA simulations was the mean number of nuclei of type AiX produced in a
selected region per one p-p event. As normalization factor the mass of the region
was provided to FLUKA within the input to obtain results conveniently prepared
for evaluating specific activity (unit: Bq·g−1).

In one round of simulations (up to 60 000 primary p-p events) the number of
regions that could be subjected to investigation was limited to about 70. This
limitation arose due to our data analysis setup that required a dedicated output file
per region. The maximum number of output files is 99 but a number of them are
used by the code for other purposes.

Two rounds of simulations were performed. The selection of regions to be inves-
tigated was governed by the need to estimate rapidly which detector structures are
likely to meet the exemption criteria and which will be, on the contrary, activated
above the limits. Since it was expected that the boundary of the radioactive waste
zoning would lie within the calorimeters, many regions were selected from this area.
Three regions of the muon chamber most exposed to radiation and several regions
in the Endcap Toroid and its surroundings were also subjected to investigation.
Finally, the forward shielding and the TAS collimator, which is one of the hottest
elements of the LHC, were chosen for scoring.

To obtain induced radioactivity, the FLUKA results were subsequently treated
for buildup and decay during irradiation and cooling with the post-processing routine
‘usrsuwev’ distributed with the code. The routine, which implements the Bateman
equations, accepts only a simple irradiation profile consisting of one irradiation
period at a constant intensity followed by an arbitrary number of cooling periods.
Ten years of irradiation at intensity 3.29×108 p-p collisions per second followed by
100 days and by 2 years of cooling were used. This intensity is the annual average for
an irradiation profile consisting of 120 days of operation at luminosity of 1034cm−2s−1

followed by 245 days of shutdown.

Folding with the limits

The ‘usrsuwev’ routine produces several output files. The most relevant for our
purposes were two files in ASCII format. The more complete of these two files
contains for each decay time an A-Z (mass number versus atomic number) table
of results and their corresponding statistical error. The other file contains for each
decay time a selected list of radionuclides with their activity and statistical error.
Only radionuclides that contribute more than 1% of the total activity are listed.

Folding of the results with their respective exemption limits was performed with
a python routine written for this purpose. Line by line the results were read from the
list and divided by the respective limit, which was selected from an associated file.
The contributions from all listed radionuclides were summed up giving the

∑
i
Ai
LEi

in that region.

Determination of region masses

As mentioned above, the masses of the selected regions were provided to FLUKA
within the input file. The masses were calculated from region volumes and the
densities of the respective materials. While the material density is again an input
parameter, the volumes had to be calculated.
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FLUKA geometry package allows for construction of region of complicated shapes
and as a result most region volumes cannot be easily calculated by analytical means.
Instead a special Monte Carlo technique was adopted for this purpose. The volumes
were obtained by scoring track-length (with the FLUKA ‘USRTRACK’ estimator) of
neutrons originating from a virtual isotropic source as they traverse a vacuum-filled
geometry. In this way, the volume of any region can be found simply by comparing
the track-length in that region to the track-length in an encompassing region of
known volume.

Visualization of the results

The result of these calculations was basically a list of selected region numbers and
their corresponding

∑
i
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LEi

. As such this was a very inconvenient format for under-
standing the implications on the zoning, the evolution with cooling time and most
importantly for communicating the findings. We decided to color code the results
and overlay them over a geometry plot.

FLUKA geometry package comes with a ‘PLOTGEOM’ function that allows the
user to select an arbitrary plane cutting through the three-dimensional geometry
and plot the geometry cross section along that plane. The output plot of the de-
fault PLOTGEOM distribution shows simply the boundaries between the regions.
However, with a set of ‘flukatools’ [68] it is possible to color code the regions of the
PLOTGEOM output according to the assigned materials.

For visualization of our results we modified material assignments in the geometry
input file in such a way that:

• Material 1 was assigned to all regions, in which
∑

i
Ai
LEi

was between 0 and 0.1;

• material 2 was assigned to all regions, in which
∑

i
Ai
LEi

was between 0.1 and
0.3;

• material 3 was assigned to all regions, in which
∑

i
Ai
LEi

was between 0.3 and
1.0;

• material 4 was assigned to all regions, in which
∑

i
Ai
LEi

was higher than 1.0;

• and material 5 was assigned to all remaining regions of the geometry, in which
‘RESNUCLE’ scoring was not performed.

Finally, utilizing the ‘flukatools’ scripts we prepared plots of such modified ge-
ometry input files. Figure 5.5 shows the result after 100 days and Figure 5.6 after
2 years of cooling.

5.3.3 Mesh-based technique

In 2006 a new FLUKA version (FLUKA2006.3) was released enabling to score spe-
cific activity on a regular mesh, independent of geometry regions. This type of
scoring can be requested with the USRBIN card. A thorough examination of the
detector activation was carried out using this second approach. Scoring was done
on a 5 by 5 cm longitudinal-radial mesh covering the whole detector.

To produce results in terms of specific activity FLUKA has to account for buildup
and decay and also for the mass of the target volume. As of 2006, the exact analytical
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Figure 5.5:
∑
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LEi

in the selected regions calculated with FLUKA. The results
correspond to ten years of irradiation followed by 100 days of cooling
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Figure 5.6:
∑
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LEi

in the selected regions calculated with FLUKA. The results
correspond to ten years of irradiation followed by 2 years of cooling
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solution of the Bateman equations is implemented in the code 3. This treatment
provides an accurate approach to the production and time evolution of residual
nuclei because it considers all possible successive decays down to the last stable
decay product.

The irradiation profile is supplied by the user via the ‘IRRPROFI’ input card.
The activity can be calculated at different times during or following irradiation. The
times of interest are specified via the ‘DCYTIMES’ card. To associate a specific
result-producing estimator such as the USRBIN card with a specific time of interest
defined by the DCYTIMES card, the ‘DCYSCORE’ card is used.

For simplicity and consistency with the region-based approach, the same irradi-
ation profile and cooling times were used (see Section 5.3.2).

The activity per mass of a cell of the mesh is calculated by FLUKA by taking
into account the density of the material in which the interaction took place together
with the volume of the cell, which can be easily calculated by analytical means.

Folding with the limits

Normalization of the results with the exemption limits was performed at scoring time
with a user-written weighting routine ‘LEv10.f ’ based on the FLUKA ‘COMSCW.f’
template. In this way, the results for individual radioisotopes (specific activity, mass
and atomic number) are not retained from the simulation process and the quantity
obtained from FLUKA is directly the

∑
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(see Section 5.2.2).

The analysis of these results is easier but the information on the production of
individual radionuclides is lost.

Visualization of the results

To display the USRBIN results of FLUKA as color plots we used the preprz.f script
to prepare the input file for PAW (Physics Analysis Workstation). We modified
the script slightly to reduce the binning of the results. Figures 5.7 and 5.8 show the
plots after 100 days and after 2 years of cooling.

5.4 GCALOR folding calculations

GCALOR [52] is another radiation transport code but unlike FLUKA it can not
be used directly to obtain information on residual nuclei production. However, it is
particularly well suited for the design studies of high energy physics detectors and
was extensively used in ATLAS design and characterization of radiation environ-
ment [47]. As a result, particle flux spectra from previous GCALOR simulations
were available and could be exploited for parallel independent activation studies to
provide a cross-check on the ATLAS zoning.

3The implementation of the Bateman equations is a part of a greater development allowing
FLUKA to simulate radioactive decay and to score decay radiation. The decay of radioactive
nuclei can be treated either in a Monte Carlo way or analytically. Different biasing of prompt and
decay radiation allows the user to customize the simulation according to his needs. The radioactive
decay and biasing options are set with the ‘RADDECAY’ card.
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Figure 5.7:
∑
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per cells of the 5 by 5 cm longitudinal radial mesh encompass-
ing the detector as calculated with FLUKA. The results correspond to 10 years of
irradiation followed by 100 days of cooling.

Figure 5.8:
∑

i
Ai
LEi

per cells of the 5 by 5 cm longitudinal-radial mesh encompass-
ing the detector as calculated with FLUKA. The results correspond to 10 years of
irradiation followed by 2 years of cooling.
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5.4.1 Calculation method

The activation calculations were based on the activation formula, which gives the
specific activity Ai (unit: Bq · g−1) of a radionuclide i at a location ~r:

Ai(~r) = n(~r)

∫
E

ϕ(E,~r)σi(E)dE × Buildup(T jk , tl) (5.1)

In this formula, n(~r) is the number of target atoms per unit mass, E is energy,
ϕ(E,~r) is the particle flux, σi(E) is the cross section for the production of the
radionuclide i and Buildup(T jk , tl) represents the Bateman equations accounting for
radioactivity buildup and decay, which depend on irradiation periods of intensity4

j and duration Tk and cooling periods of duration tl.
For the general discussion about the activation formula, refer to Section 3.2.

Particle fluxes

As mentioned above, these activation calculations utilized the fluxes of neutrons, pro-
tons and charged pions obtained from simulations with the GCALOR [52] package.
GCALOR uses the GEANT3 [69] environment from which routines from various
codes such as CALOR [70] are called to handle particle interactions. The trans-
port of neutrons below 20 MeV is handled by the MICAP (Monte Carlo Ionization
Chamber Analysis Program) code [71]. With the exception of low energy neutrons,
hadronic interactions below a few GeV are handled with the NMTC (Nucleon Meson
Transport Code) code [72] and above a few GeV FLUKA routines are called [73].

The GCALOR simulations were performed with the GEANT model of the ATLAS
detector (Figure 5.2). As in the FLUKA simulations, the primary radiation source
were the 14 TeV proton-proton collisions generated with PHOJET.

The results of the simulations available for the present calculations were neutron
fluxes in 61 energy bins (one bin below 0.414 eV, and 60 log-uniform bins from
0.414 eV to 139 GeV) and fluxes of protons and pions in 20 log-uniform bins from
12.9 MeV to 89.3 GeV. Their spatial structure was a regular longitudinal-radial
mesh (10 by 10 cm) subdividing the cylindrical ATLAS geometry.

Formula 5.1 was adapted to the discrete structure (in energy and spatial inter-
vals) of particle fluxes. To this end the average cross section σj per energy bin j
was calculated assuming a model energy spectrum φj(E) inside the bin:

σj =

∫ Ej+1

Ej
σ(E)φj(E)dE∫ Ej+1

Ej
φj(E)dE

(5.2)

As φj(E), Maxwellian energy spectrum was used in the thermal energy region,
Fermian spectrum above the thermal boundary (0.414 eV) and below 20 MeV and
flat spectrum above 20 MeV.

Cross sections

While in FLUKA calculations the residual nuclei production following high energy
hadron interactions was determined by microscopic physics models, in these calcu-
lations macroscopic cross sections had to be provided for folding with the GCALOR

4By intensity we mean the number of p-p collisions per second, which is directly proportional
to luminosity.
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particle fluxes. A detailed survey of available cross section data preceded the present
study.

For neutrons from thermal energies up to about 20 MeV, radionuclide production
cross sections are well studied and available from evaluated nuclear data files. In this
energy region neutrons fully dominate the activation. Therefore, the present calcu-
lations were performed separately in the energy regions below and above 20 MeV
and in the region below 20 MeV only the neutrons were accounted for. Low-energy
neutron cross sections were taken from the ENDF/B-6.8 [74] and the JEFF-3.0A [75]
libraries.

Above 20 MeV neutrons, protons and pions are all important for activation. In
this energy region, evaluated libraries, covering all investigated materials, particles
and energies, do not exist. The available data are either scattered experimental
results or values calculated with various nuclear model codes or semi-empirical for-
mulas. A thorough review of the available options preceded the present study.

The ENDF/B [74] library contains calculated neutron and proton data up to
150 MeV, but the list of target materials is rather short. The MENDL-2 [76] library
contains neutron data up to 100 MeV and proton data up to 200 MeV for a large list
of target materials. The JENDL HE [77] library contains proton and neutron data
up to 3 GeV for 40 targets. The Medical isotope production library [78] is probably
the only charged particle activation cross-section library, which is based on rigorous
evaluation of experimental data, but the list of targets and the energy range do not
satisfy the needs of the present study. Sobolevsky et al [79] compiled proton data
for common targets such as Al, Fe, Ni and Cu up to 10 GeV from the NUCLEX
database [80] of experimental results. Another large collection of experimental values
is EXFOR [81]. The two collections together provide a rather thorough selection of
all published experimental results but nonetheless do not exhaust the needs of this
study. Practically without limitations in terms of energy and target material, proton
cross sections can also be obtained with the semi-empirical models of Rudstam [82]
and Silberberg and Tsao [83, 84]. The Rudstam formula is simple but not very
accurate, especially for deep spallation processes and for products within 3–4 mass
units from the target. The Silberberg-Tsao formula is rather complex and its results
should be more accurate.

For the present study, the semi-empirical models were the only realistic choice
and so the zoning was based on calculations with the Silberberg-Tsao cross sections.
However, to cross-check these results, calculations were also performed with the
Rudstam cross sections and with a dedicated compilation prepared for this study
from the above sources [85]. With increasing Z of the target nucleus the number
of possible production channels increases and with it greatly increases the time and
effort needed to perform the compilation. Therefore, the compilation was only done
for Be, C, Al, Si, Cr, Mn, Fe, Ni and Cu.

Because the Silberberg-Tsao and the Rudstam formulas apply only to protons
and the available neutron and pion cross sections do not cover the extent of this
study, proton cross sections had to be used for all particle types. In the energy
region between 40 and 400 MeV the pion inelastic cross sections tend to be several
times higher than those of protons. However, with the exception of the innermost
region of the ATLAS detector, the pion fluxes in this energy region form a small
fraction of the total particle flux and thus the introduced underestimation should be
negligible. Above 400 MeV, the difference between pion and proton inelastic cross
sections diminishes to some 30%. The difference between the neutron and proton
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inelastic cross sections at any energy above 20 MeV does not exceed 10%.

Target materials

The great importance of accurate and detailed material description on activation
predictions was illustrated in Section 5.2. However, the FLUKA and GEANT ge-
ometry models of ATLAS generally do no include traces, impurities and many other
minor elements. Considering that it is unattainable to implement such level of pre-
cision in the Monte Carlo geometries, it is easy to imagine how difficult it would
be to prepare accurate spatial material distribution for the folding of particle fluxes
with cross sections.

Instead, in order to simplify the calculations, the present study was performed
assuming that the whole ATLAS detector is made of a single homogeneous material
and repeated for 21 materials5. These included the major constituents of the detector
(Be, C, Al, Fe, Ni, Cu, W, Pb, stainless steel6), frequently used minor constituents
(Si, Ti, Cr, Mn, Zn, Nb, Sn, Sb, Re, Au) and trace elements of known radiological
significance (Co, Ag).

Subsequently, to make conclusions in terms of the zoning, the results for the 21
individual materials had to be interpreted taking into account a realistic material
composition of the detector (see 5.4.2 below).

Radionuclide inventory and radioactivity buildup and decay

The list of activation products consisted of all radionuclides that can be produced
from the given target materials having half-life between one hour and 106 years.
The contribution by their short-lived precursors was accounted for by appropriately
increasing the production cross sections (i.e., use was made of the cumulative cross
sections). The metastable nuclides, such as 52mMn, were approximated by evenly
dividing the yield between ground and isomeric state. The radionuclide decay char-
acteristics were taken from the NuDat 2.1 [86] database.

The folding calculations were more flexible than the FLUKA calculations for
testing different input parameters, which was exploited for testing a wider variety
of different buildup conditions. The annual structure of the LHC operation was
approximated by two profiles; a simple and a more complex one. The simple profile
consisted of 120 days per year of continuous LHC operation followed by 245 days of
shutdown. The complex profile consisted of 60 days of operation followed by a short
10 day shutdown, repeated for three times, followed by a 155-day long shutdown.
The induced radioactivity was calculated for:

1. 13 complex-profile years of LHC operation followed by further 10 days of cool-
ing, the luminosity being 0.5×1033 cm−2s−1 in the first year, 1.7×1033 cm−2s−1in
the second year, 3.3×1033 cm−2s−1 in the third year and 0.5×1034 cm−2s−1 in
the remaining 10 years.

2. 13 complex-profile years of LHC operation followed by further 100 days of cool-
ing, the luminosity being 0.5×1033 cm−2s−1 in the first year, 1.7×1033 cm−2s−1in
the second year, 3.3×1033 cm−2s−1 in the third year and 0.5×1034 cm−2s−1 in
the remaining 10 years.

5Recall that the particle fluxes were, however, calculated using the GEANT model of the ATLAS
detector with a much more realistic material composition.

6The assumed stainless steel composition was 69% Fe, 18% Cr, 11% Ni, 1.8% Mn and 0.2% Co.
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3. 13 complex-profile years of LHC operation followed by further 2 years of cool-
ing, the luminosity being 0.5×1033 cm−2s−1 in the first year, 1.7×1033 cm−2s−1in
the second year, 3.3×1033 cm−2s−1 in the third year and 0.5×1034 cm−2s−1 in
the remaining 10 years.

4. Ten simple-profile years of LHC operation at luminosity 1034 cm−2s−1 followed
by further 100 days of cooling.

5. Ten simple-profile years of LHC operation at luminosity 1034 cm−2s−1 followed
by further 2 years of cooling

6. Two simple-profile years of LHC operation at luminosity 1034 cm−2s−1 followed
by further 100 days of cooling.

7. Two simple-profile years of LHC operation at luminosity 0.5 × 1034 cm−2s−1

followed by further 10 days of cooling.

8. Two simple-profile years of LHC operation at luminosity 0.5×1034 cm−2s−1

followed by further 100 days of cooling.

The activity was calculated for the parent, daughter and granddaughter radionu-
clides by approximative analytical functions derived from Bateman equations. The
few cases, for which it is insufficient to consider only three generations, were dealt
with on a case by case basis.

5.4.2 Visualization and interpretation of the results

For the purpose of the radioactive waste zoning the calculated specific activities were
weighted with the respective exemption limits and summed over all radionuclides.
The results were plotted as isolines of

∑
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in R-Z (longitudinal-radial) space.
The isolines were subsequently over-layed on the GEANT geometry plots with the
Adobe Illustrator software. For better understanding of the shape of the isolines the
particle flux maps were added as background to these plots.

The total amount of output information in the form of the basic isoline plots
was enormous considering that such a plot was produced for each of the 21 target
materials, for 8 different buildup and decay scenarios and for 3 sets of cross sections.
To illustrate further processing of this information several examples are shown below.

Comparing the three sets of cross sections

For comparison, calculations were performed for a given material and a given irra-
diation profile with three sets of cross sections:

1. Cross sections compiled from various, predominantly experimental, sources;

2. cross sections calculated with the Rudstam formula;

3. cross sections calculated the Silberberg-Tsao formula.

Of the 21 materials, this comparative study was performed for the following nine:
Be, C, Al, Si, Cr, Mn, Fe, Ni and Cu. As an example, Figure 5.9 shows the results
for iron.
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Figure 5.9: The
∑
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= 0.1 isolines calculated with the three sets of cross sections.
The target material is iron. The results correspond to 13 years of irradiation (the
complex irradiation profile) followed by 100 days of cooling. The background shows
the flux pattern of high-energy hadrons.
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In case of C, Al, Si, Ni and Cu the isolines based on the Silberberg-Tsao cross
sections compare better to the compilation than Rudstam. In particular, for C, Si
and Ni they are practically identical. For Be, Cr and Mn the results of the two
formulas are the same. The only case when Silberberg-Tsao is worse than Rudstam
is for iron. In iron the worst produced radioisotope is 54Mn whose production is
overestimated by the Silberberg-Tsao formula.

Generally, the results produced with the Rudstam formula tend to give lower
values than the other two data sets. For beryllium, aluminum and manganese the
results based on the compilation are underestimated by both formulas. Overall, in
terms of induced radioactivity the three cross-section sets agree within a factor of 3
for all nine materials.

The comparison between the three calculations provides a degree of assurance
in the Silberberg-Tsao cross sections. For energies above 50 MeV, these were found
to agree with the compiled data within a factor of 3 for all radionuclides. As ex-
pected, Rudstam cross sections were generally less accurate than Silberberg-Tsaos,
but nevertheless they provided relatively good results for spallation above 100 MeV
if the difference between the target and the product was from 3 to 30 mass units.
Both formulas tend to overestimate, particularly below 100 MeV.

Testing the effect of various irradiation conditions and cooling times

For the radioactive waste zoning only those irradiation scenarios that assume 10 or
13 years of LHC operation were taken into account (refer to Section 5.4.1 above).

First we tested the effect exerted on the zoning by the assumed LHC operation
by comparing the isoline plots for a given cooling time of either 10 simple-structure
years or 13 complex-structure years. In the case of the 10 simple-structure years,
the detector would be exposed in total to about 3×1017 p-p collisions over ten years,
while in the case of the 13 complex-structure years it would be about 2×1017 p-p
collisions over 13 years. For a given cooling time (100 days) and a given material
(iron) the comparison is shown in Figure 5.10.

Then we tested the effect exerted on the zoning by different final cooling times.
For 13 complex-structure years and iron target, the difference between 10 days,
100 days and 2 years of cooling is shown in Figure 5.11.

We concluded that the
∑
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isolines are influenced more by the final cooling
than by the assumed LHC operation (for reasonable assumptions). Consequently,
either of the two profiles can be used for the zoning.

Isoline plots of individual target material and their interpretation in
terms of the zoning

The calculations were performed assuming a single homogeneous material through-
out the detector and repeated for 21 materials. The results were ordered depending
on how far in radius the

∑
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= 0.1 isoline extends. The shape of the isoline varies
depending on the contribution of the low energy neutrons to the total activation of
the particular material. In cases when the isolines of two materials intercept each
other, the order was determined based on the behavior of the isoline in the space
occupied by the calorimeters.

After 10 days of cooling the order (from the innermost to the outermost isoline)
is: Be, C, Al, Si, Nb, Pb, W, Sn, Cr, Ti, Cu, Zn, Fe, Mn, SS, Re, Ni, Ag, Au, Sb
and Co. After 100 days the order is: Be, C, Au, Cr, Al, Si, Nb, W, Re, Ti, Cu, Fe,
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Figure 5.10: The
∑
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= 0.1 isolines corresponding to the two irradiation profiles.
The target material is iron. The results corresponding to two years of cooling are
displayed. The background shows the flux pattern of high-energy hadrons.
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Figure 5.11: The
∑
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= 0.1 isolines corresponding to cooling times of 10 days,
100 days and 2 years. The target material is iron. The results correspond to 13 years
of irradiation (the complex irradiation profile). The background shows the flux
pattern of high-energy hadrons.
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Ni, Mn, SS, Zn, Sb, Ag and Co. After 2 years of cooling the order is: Be, C, Cr, Ti,
Re, W, Nb, Au, Pb, Al, Si, Sb, Ni, Cu, Sn, Fe, Mn, Sn, SS, Zn, Ag, Co.

Iron is the worst case among the most common materials (due to the high pro-
duction of 54Mn). After two years of cooling, only the isolines of manganese, tin,
stainless steel, zinc, silver and cobalt are larger than that of iron. The isoline of iron
would be larger than the isolines of alloys containing less than 50% manganese, 50%
tin, 50% zinc, 1% silver or 0.1% cobalt. The cobalt content in stainless steel used for
the calculations is 0.2% and in agreement with the previous conclusion its isoline is
slightly larger than that of iron. Cobalt is consistently the worst material, about an
order of magnitude worse than silver. This is due to the production of 60Co by low
energy neutrons. Figure 5.12 shows the results for aluminum, iron, stainless steel,
silver and 0.1 % cobalt (isoline

∑
i
Ai
LEi

= 100).

Figure 5.12: The
∑

i
Ai
LEi

= 0.1 isolines calculated for five target materials: Al, Fe,
SS, Ag and a material containing 0.1% Cobalt. The results correspond to 13 years
of irradiation (the complex irradiation profile) followed by 2 years of cooling. The
background shows the flux pattern of neutrons.

5.5 Comparison between the predictions of FLUKA

and GCALOR

5.5.1 Introduction

The FLUKA-based calculations and the GCALOR-based calculations were carried
out independently of each other with the common goal of providing a basis for des-
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ignating the ATLAS zoning. Due to the respective properties and limitations of
the methods and because they were applied independently, their parameters (i.e.,
geometry, target materials, irradiation profiles, etc.), albeit similar, were not iden-
tical. Because the aim was the radioactive waste zoning, the results were given in
terms of the

∑
Ai
LEi

, masking the details of induced radioactivity predictions. For
these reasons a quantitative comparison was not straightforward but required further
dedicated calculations.

An extensive cross-check between the predictions with FLUKA and with the
GCALOR-based method was carried out. The Endcap Liquid Argon calorimeter
was chosen for this task. It has five functionally and geometrically distinct substruc-
tures: FCAL 1, FCAL 2&3 (Forward calorimeters), EMEC (Endcap electromagnetic
calorimeter) and HEC1 and HEC2 (Hadronic endcap calorimeters). In FLUKA it is
represented by 28 cone-shaped regions (Figure 5.13) and five material mixtures, one
for each substructure (5.2). In GCALOR, the geometric representation and material
mixtures are slightly different.

Table 5.2: Partial density of elements [gcm−3] in the materials of FCAL1, FCAL2&3,
EMEC, HEC1 and HEC2, as implemented in FLUKA.

Element FCAL1 FCAL2&3 EMEC HEC1 HEC2

H 0.004
O 0.137
Si 0.068
Ar 0.024 0.215 0.419 0.385 0.23
Ca 0.049
Fe 0.072 0.845
Ni 0.144
Cu 7.846 1.105 0.114 6.495 7.44
W 12.815
Pb 2.169

Sum 7.87 14.35 3.805 6.88 7.67

The difference between FLUKA and GCALOR particle fluxes due to the
differences in geometry and materials

Differences in geometry and materials give rise to different particle fluxes and thus
contribute to discrepancies between the FLUKA and GCALOR-based predictions.
It is impossible to directly quantify this contribution but it is essential, in order for
the comparison to have a physical meaning, that it is relatively small. The initial
confidence that this is indeed the case, comes from the fact that the FLUKA and the
GCALOR models of ATLAS were developed and used for the studies of radiation
background and within this framework their hadron background predictions were
found to agree well with each other [47].

An exhaustive account of the differences between the Endcap calorimeter imple-
mentation in the FLUKA and the GCALOR geometries would be a large undertak-
ing and it would not be sufficient as particle fluxes there are influenced also by the
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Figure 5.13: The representation of the Endcap calorimeter in FLUKA. Regions 1 to
6 form the FCAL1, 7 to 18 FCAL2&3, 19 and 20 EMEC, 21 to 24 HEC1 and 25 to
28 HEC2.
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geometry differences elsewhere. So, instead, a sufficient similarity of the fluxes was
assumed, a priori, and tested later in an indirect manner (see Section 5.5.3 below).

5.5.2 Comparison calculations

Firstly, the radionuclide inventory and the respective radioactivities were obtained
with the region-based scoring of FLUKA (refer to Section 5.3.2) in the 28 regions.
The geometry of these FLUKA regions was then, as closely as possible, superim-
posed over the geometry of the GCALOR fluxes. Material composition was taken
from FLUKA and the activities were calculated with the activation formula using
the Silberberg-Tsao cross sections. In both cases, activities were calculated corre-
sponding to ten years of irradiation at 3.29×108 p-p collisions per second followed
by 100 days of cooling. The statistical uncertainty of the results was within a few
percent.

5.5.3 Results

The specific activities of radionuclides calculated by folding the GCALOR fluxes
with the Silberberg-Tsao cross sections were divided by the specific activities calcu-
lated with FLUKA. The ratios are shown in Tables 5.3 to 5.7, each corresponding
to one target material. Note that the Silberberg-Tsao cross sections do not ac-
count for tritium production and therefore this radionuclide was not included in the
comparison.

Table 5.3: Ratios of specific activities predicted by folding GCALOR fluxes with
Silberberg-Tsao cross-sections to the FLUKA predictions. Regions 1 to 6 belong to
the FCAL1.

Region 1 2 3 4 5 6

7Be 0.69 0.46 0.47 0.73 0.43 0.44
22Na 1.91 1.51 1.96 2.44 2.00
35S 1.39 1.04 1.21 1.57 1.16 1.18
37Ar 1.08 0.86 0.91 1.25 0.91
45Ca 0.89 0.74 0.93 1.02 0.89 1.00
46Sc 1.32 1.07 1.25 1.51 1.26 1.35
49V 1.52 1.32 1.60 1.81 1.59 1.75
51Cr 1.39 1.24 1.46 1.66 1.49 1.66
54Mn 1.35 1.23 1.46 1.61 1.50 1.60
55Fe 1.14 1.07 1.29 1.39 1.32 1.43
56Co 1.22 1.18 1.41 1.49 1.53 1.66
57Co 1.44 1.36 1.62 1.74 1.70 1.82
58Co 2.09 1.96 2.24 2.53 2.40 2.51
59Fe 2.86 2.89 3.27 3.55 3.49 3.75
60Co 2.16 1.97 2.25 2.52 2.37 2.39
63Ni 1.10 1.00 1.06 1.23 1.12 1.08
65Zn 8.78 10.20 14.03 10.54 15.45 19.38

Total 1.59 1.50 1.77 1.92 1.85 1.98
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Table 5.4: Ratios of specific activities predicted by folding GCALOR fluxes with
Silberberg-Tsao cross-sections to the FLUKA predictions. Regions 7 to 18 belong
to FCAL2&3.

Region 7 8 9 10 11 12 13 14 15 16 17 18

49V 1.75 1.88 1.63 1.56
54Mn 1.73 1.55 1.63 1.82 1.74 1.72 1.63 1.56 1.72 1.65 1.64 1.68
55Fe 1.53 1.44 1.48 1.61 1.48 1.51 1.45 1.47 1.48 1.48 1.49 1.47
56Co 1.54 1.65 1.44 1.52
57Co 1.28 1.20 1.24 1.40 1.22 1.29 1.24 1.27 1.28 1.24 1.17 1.22
58Co 1.68 1.56 1.61 1.81 1.64 1.73 1.63 1.59 1.63 1.67 1.58 1.60
60Co 2.31 2.08 2.17 2.50 2.34 2.39 2.20 2.19 2.41 2.20 2.21 2.36
63Ni 1.11 1.04 1.20 1.07 1.08
143Pm 1.32
145Sm 0.92 1.03 0.83 0.85
149Eu 0.75
151Gd 0.62 0.71 0.60 0.59
153Gd 1.11 1.30 1.08 1.03
159Dy 0.91 0.74 0.97 0.87 0.88
169Yb 0.43 0.37 0.46 0.41 0.40
172Lu 0.52 0.46 0.50 0.55 0.49 0.50 0.49 0.47 0.50 0.50 0.48 0.55
172Hf 0.52 0.46 0.50 0.55 0.49 0.51 0.49 0.47 0.50 0.50 0.48 0.55
173Lu 0.60 0.54 0.56 0.63 0.57 0.63 0.56 0.56 0.61 0.57 0.56 0.60
174Lu 0.24
175Hf 0.69 0.63 0.66 0.73 0.66 0.70 0.67 0.66 0.69 0.66 0.64 0.66
178Ta 0.96 0.86 0.87 1.02 0.88 0.89 0.93 0.85 0.84 0.92 0.81 0.84
178W 0.96 0.85 0.87 1.01 0.87 0.89 0.93 0.85 0.84 0.93 0.81 0.84
179Ta 1.08 0.99 1.02 1.16 1.03 1.07 1.05 1.00 1.03 1.07 0.97 1.01
181W 1.44 1.36 1.47 1.56 1.45 1.56 1.40 1.41 1.56 1.40 1.39 1.57
182Ta 1.27 1.18 1.26 1.36 1.28 1.30 1.23 1.20 1.32 1.23 1.24 1.27
183Re 20.55
185W 0.82 1.05 1.10 0.79 0.89 0.95 0.72 0.91 1.02 0.71 0.83 0.91

Total 1.05 1.12 1.16 1.06 1.03 1.06 0.95 1.02 1.09 0.96 0.95 0.99

The total activities (the total activity refers to specific activity from all individual
radionuclides calculated simply as sum of the individual contributions) agree within
25% in FCAL2&3 (Table 5.4) and in EMEC (Table 5.5). In regions mostly composed
of copper (FCAL1 (Table 5.3), HEC1 (Table 5.6) and HEC2 (Table 5.7)) the folding
method gives predictions up to a factor of 3 higher than FLUKA.

In these copper-rich regions approximately 50% of the total activity comes from
cobalt isotopes. These (and the neighboring 59Fe) are systematically overestimated
by the folding method by a factor of 2 to 5. Substituting the Silberberg-Tsao cross
sections for Cu with the compiled set (see Section 5.4.1) significantly improves the
agreement with the FLUKA predictions in terms of the total activity (Table 5.8) as
well as the activity of individual radionuclides (Table 5.9).

In most cases, the discrepancies in the predictions of individual radionuclides are
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Table 5.5: Ratios of specific activities predicted by folding GCALOR fluxes with
Silberberg-Tsao cross-sections to the FLUKA predictions. Regions 19 and 20 belong
to EMEC.

Region 19 20

7Be 0.78 0.89
22Na 0.85 0.96
35S 0.58 0.62
37Ar 0.86 1.05
39Ar 0.86 0.92
45Ca 1.05 1.34
46Sc 1.28 1.28
49V 0.87 0.98
51Cr 1.14 1.28
54Mn 1.17 1.30
55Fe 1.02 1.28
56Co 5.79 7.02
57Co 1.38 1.53
58Co 1.96 2.23
59Fe 0.93 1.13
60Co 1.84 2.16
172Lu 0.74 0.87
172Hf 0.74 0.87
173Lu 0.80 0.88
175Hf 0.79
179Ta 0.82 0.94
181W 0.80 0.90
183Re 0.82 0.94
185Os 0.79 0.91
193Pt 0.21 0.22
195Au 0.15 0.16
204Tl 1.09 1.24

Total 1.04 1.26
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Table 5.6: Ratios of specific activities predicted by folding GCALOR fluxes with
Silberberg-Tsao cross-sections to the FLUKA predictions. Regions 21 to 24 belong
to HEC1.

Region 21 22 23 24

7Be 0.59 0.60 0.56 0.87
22Na 2.83 1.90
33P 0.75
35S 0.84 0.74 0.80 0.71
37Ar 0.68 0.54 0.36 0.31
39Ar 1.25 1.04 1.17 0.97
45Ca 1.40 1.19 1.34 1.65
46Sc 2.03 1.64 1.99 2.17
49V 2.41 1.92 2.74 2.49
51Cr 2.29 1.76 2.38 2.27
54Mn 2.20 1.66 2.22 1.93
55Fe 1.88 1.44 1.99 1.65
56Co 2.22 1.68 2.40 1.96
57Co 2.29 1.78 2.40 1.96
58Co 3.15 2.47 3.19 2.60
59Fe 4.55 3.51 5.14 3.75
60Co 3.04 2.36 3.05 2.46
63Ni 1.38 1.24 1.53 1.69
65Zn 22.96 16.93 32.29 27.67

Total 2.47 1.93 2.59 2.16
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Table 5.7: Ratios of specific activities predicted by folding GCALOR fluxes with
Silberberg-Tsao cross-sections to the FLUKA predictions. Regions 25 to 28 belong
to HEC2.

Region 25 26 27 28

35S 0.69 0.76 0.59 0.71
37Ar 0.24 0.28 0.27 0.26
39Ar 1.04 0.97 0.87 0.94
46Sc 1.73 2.66 2.39
49V 2.98 2.90 2.69 3.74
51Cr 2.35 2.53 2.78 2.82
54Mn 2.04 2.03 1.63 2.20
55Fe 1.86 1.77 1.62 1.81
56Co 2.26 2.11 2.22 2.24
57Co 2.48 2.11 1.94 2.16
58Co 3.16 2.77 2.72 2.81
59Fe 5.50 4.35 3.69 4.21
60Co 2.98 2.55 2.75 2.52
63Ni 1.17 1.77 0.96 1.70
65Zn 38.12 27.27 52.70 38.92

Total 2.56 2.33 2.18 2.38

Table 5.8: Ratios of total activities per region calculated by folding the GCALOR
fluxes with the Silberberg-Tsao cross-sections or with the compiled set of cross-
sections to the FLUKA predictions.

FCAL1 regions 1 2 3 4 5 6

Silberbeg-Tsao 1.59 1.50 1.77 1.92 1.85 1.98
Compilation 1.14 0.97 1.09 1.30 1.12 1.14

HEC1 regions 21 22 23 24

Silberberg-Tsao 2.47 1.93 2.59 2.16
Compilation 1.47 1.21 1.47 1.29

HEC2 regions 25 26 27 28

Silberberg-Tsao 2.56 2.33 2.18 2.38
Compilation 1.35 1.34 1.13 1.36
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within a factor of 2 and with very few exceptions do not exceed 5. The largest sys-
tematic discrepancies can be seen for 65Zn in copper (Tables 5.3, 5.6 and 5.7), 183Re
in tungsten (FCAL2&3, Table 5.4) and 56Co in iron (EMEC, Table 5.5), which are
overestimated by more than a factor of 5 for 56Co and more than a factor of 20 for the
others. Taking into account the available target materials, these radionuclides are
produced almost exclusively by protons through 65Cu(p, n)65Zn, 56Fe(p, n)56Co and
183W(p, n)183Re reactions. The folding method relies on the Silberberg-Tsao cross
sections and consequently all hadrons are effectively treated as protons. However,
in the end-cap calorimeter protons account for less than 20% of the total hadron
flux (not counting neutrons below 20 MeV) and thus the overestimation is quite
understandable. In any case, the contribution of these radionuclides to the total
radioactivity is less than 1% in all regions.

The issue of particle fluxes revisited

Finally, in order to be able to compare the GCALOR and the FLUKA fluxes and
consequently to determine what fraction of the overall discrepancy comes from this
source, the particle fluxes were extracted from FLUKA and used for folding with
the production cross sections. The results obtained with the different fluxes are
compared in Table 5.10. In all regions the difference stays within 25%.

5.6 Designation of the zoning

Based on the results of the calculations, the radioactive waste zone was designated
to include all areas activated to

∑
i
Ai
LEi
≥ 0.1. It was decided to base the zoning

upon results corresponding to 2 years of final cooling. This is reasonable, considering
that most structures will only become waste after the LHC decommissioning and it
is obvious that the final dismantling itself will require considerable time.

The folding method provided results that can be regarded as giving a safe con-
servative limit of the radioactive waste zoning for any given material. Considering
the results for individual materials, a highly conservative zoning could be designated
by the

∑
i
Ai
LEi

= 0.1 isoline of iron, the most active of the bulk materials. With the
exception of alloys containing more than either 50% manganese, 50% tin, 50% zinc,
1% silver or 0.1% cobalt all other materials activate less and are therefore safely con-
tained by such zoning. The zoning thus designated would include the Inner detector,
most of the Liquid Argon calorimeter, the central shielding in the end-cap toroid
as well as the inner layers of the forward shielding. The zoning would extend into
the innermost layers of the Tile calorimeter and the end-cap toroid. Neither of the
two structures can be easily disassembled along the radial direction and thus such
zoning might imply that the whole Tile calorimeter and the end-cap toroid would
have to be treated as radioactive waste. Considering that this zoning is inherently
conservative (ATLAS is not made of pure iron), the refined FLUKA results were
consulted in these two cases.

As one can see in Figure 5.8, the whole Tile calorimeter and the end-cap toroid
would qualify for exemption. The bulk material of the toroid is aluminum, and
thus it is not surprising that in this area FLUKA predicts lower activation than
the iron isoline. However, the Tile calorimeter is made predominantly of iron. The
corresponding material mixture implemented in FLUKA contains (mass fraction)
96.8% of iron, 3% of carbon and 0.2% of hydrogen.
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Table 5.9: Ratios of specific activities of cobalt radioisotopes and 59Fe predicted in
the copper-rich region HEC1 by folding the GCALOR fluxes with the compiled set
of cross sections to the FLUKA predictions.

Region 21 22 23 24

56Co 1.55 1.20 1.63 1.36
57Co 1.45 1.15 1.50 1.24
58Co 1.31 1.05 1.29 1.08
59Fe 0.49 0.44 0.50 0.40
60Co 0.92 0.76 0.85 0.72

Table 5.10: Ratios of total activity per region obtained by folding the GCALOR
fluxes with the Silberberg-Tsao cross sections to the corresponding values obtained
with the FLUKA fluxes and the Silberberg-Tsao cross sections.

Region 1 2 3 4 5 6 7 8 9 10

GCALOR/FLUKA 0.86 0.74 0.80 0.98 0.85 0.84 0.89 0.96 1.01 0.90

Region 11 12 13 14 15 16 17 18 19 20

GCALOR/FLUKA 0.89 0.93 0.82 0.88 0.96 0.82 0.83 0.88 1.02 1.23

Region 21 22 23 24 25 26 27 28

GCALOR/FLUKA 1.05 0.87 1.02 0.86 0.92 0.88 0.77 0.86
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Figure 5.14: Radioactive waste zoning of the ATLAS detector.

Finally, the zoning of ATLAS was designated primarily on the
∑

i
Ai
LEi

= 0.1
isoline for iron as calculated with the activation formula using the Silberberg-Tsao
cross sections. As exceptions, the Tile calorimeter and the end-cap toroid were not
included in the radioactive waste zone based on the FLUKA results. Following the
isoline, the zoning cuts through the end-cap Liquid Argon calorimeter and it shall be
decided at the time of its dismantling whether the whole structure will be considered
as radioactive waste on the basis of it being partly in a radioactive waste zone or
whether it shall be cut accordingly. The designated zoning is shown in Figure 5.14.

5.7 Discussion and conclusions

The radioactive waste zoning of ATLAS was determined from two studies of induced
radioactivity in the material of the detector. In one case, calculations were performed
by folding various sets of radionuclide production cross sections with the particle
flux spectra obtained from simulations with the GCALOR code. In the second, the
FLUKA code was used to calculate the production of the residual nuclei due to the
interaction of high-energy radiation in the detector.

The first method dissociates the simulations of particle fluxes from activation
calculations into a two-step process, which is a potential advantage. The low con-
centration materials (traces, impurities, etc.) generally do not disturb the particle
fluxes but they may be significant for induced radioactivity predictions. They are
unlikely to be implemented in the material mixture of a Monte Carlo geometry
model and even if they are present, their low concentration makes it difficult to
obtain enough inelastic interactions for sufficient statistical precision. This method
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offers a possibility to implement low concentration materials later with an arbi-
trary precision depending on the knowledge of the situation and the purpose of the
calculations.

Also, the folding calculations are fast and can be repeated in a short time for
different target materials, irradiation profiles, etc. Thus the method is well suited
for studying the sensitivity of the results to different input parameters. The disad-
vantage of this method is the lack of evaluated cross-section libraries for all particles,
materials and energies of importance. Missing data have to be obtained by extrap-
olation of the existing data without a possibility of experimental verification.

FLUKA is widely used for activation studies and is consequently well adapted
for this purpose. Several new features that improve, both from the physical and the
technical point of view, induced radioactivity calculations were recently implemented
into the code. Its performance regarding residual nuclei production had been tested
against experimental data [61–65]. These benchmark studies included all gamma
emitting isotopes with atomic number up to zinc in a variety of target materials:
aluminum titanium, iron, copper, concrete, carbon composite, boron nitride and
resin. For most radionuclides the agreement was within 20–30%. Thus FLUKA
can be regarded as a validated code for predictions of induced radioactivity in a
high-energy experiment.

The ATLAS study provided an opportunity to compare the two methods and to
answer, fully or partially, some interesting questions. Particle fluxes contribute less
than 25% to the discrepancies. On one hand, this is important for the interpretation
of the differences, which can thus be largely attributed to the cross sections. On the
other hand, this confirms that the binning (in space and energy) of the GCALOR
particle fluxes was adequate for the calculations.

The predictions of total radioactivity were higher by the folding method by a
factor of 2–3 in the copper-rich regions and agreed within 25% in regions with tung-
sten and lead. The greater discrepancy in copper is largely due to cobalt isotopes,
which are overestimated by the Silberberg-Tsao formula. Similarly, Silberberg-Tsao
formula overestimates the 54Mn production in iron.

The discrepancy for individual radionuclides is within a factor of 5, but more
often within a factor of 2. Among the very few exceptions are cases such as 65Zn
in copper, which are greatly overestimated by the GCALOR folding method. All
such cases are radionuclides that can be produced primarily by protons and the
discrepancy is due to the use of proton cross sections for neutrons and pions. None
of these cases are significant for the total activity or for the zoning.

To conclude, the two parallel studies agree well with each other and thus increase
the confidence in the defined zoning.
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Chapter 6

Liquid argon issue

6.1 Introduction

The Liquid Argon Calorimeter (LAr Cal) of ATLAS was introduced in Chapter 2
and can be seen on Figure 2.3. It includes the electromagnetic barrel calorimeter,
the electromagnetic end-cap calorimeter (EMEC), the hadronic end-cap calorimeter
(HEC) and the forward calorimeter (FCAL). The barrel calorimeter consists of two
halves in separate cryostats. The EMEC, HEC and FCAL have a common cryostat.
Each barrel cryostat houses about 28 tons of liquid argon at a temperature of about
87 K. The end-cap cryostats also contain nearly 27 tons of liquid argon. In total,
the calorimeter contains about 110 tons of liquid argon.

As any other medium, argon will get activated during the LHC operation. How-
ever, unlike most other materials inside the cavern, which are solid, the liquid sub-
stance has a higher potential for entering the environment. A damage to a cryostat
could result in an argon leak. Outside of the cryostat, argon would evaporate into
gas and enter the atmosphere. Our first goal was to estimate the radiological im-
pact of such a potential accident. Later on we also studied what conditions could
minimize the radiological impact of a future planned release.

The methodology to address both problems is similar and consists of two steps.
First, the amount of radioactivity that could enter the environment has to be deter-
mined and then one has to estimate the resulting effective dose to the most affected
population groups. The first step consists of the assessment of activation and the
second step involves modeling of the dispersion of radioactivity in the environment.

However, the goals and concepts are different for an accidental and a planned
release. The primary purpose of an assessment in case of an accidental release is to
demonstrate compliance with the limits. In the case of a planned release we wanted
to find out what measures should be taken in order to minimize the dose.

6.2 Radioactivity in liquid argon

The radiological impact of a release of argon from the calorimeter depends upon the
type and amount of radionuclides present in the medium. There are two sources of
radionuclides in the argon: activation and contamination.
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Table 6.1: The spallation reactions induced by high-energy hadrons on 40Ar, the
resulting isotopes and their daughters. The activities of radionuclides in bold were
reported by Morev [54].

Spallation reactions
Resulting isotopes
and their daughters

40Ar(x, Spal)24Na 24Na
40Ar(x, Spal)22Na 22Na
40Ar(x, Spal)37K 37K→ 37Ar
40Ar(x, Spal)37Ar 37Ar
40Ar(x, Spal)39Cl 39Cl→39Ar
40Ar(x, Spal)38S 38S→38Cl
40Ar(x, Spal)35S 35S
40Ar(x, Spal)35P 35P→35S
40Ar(x, Spal)33P 33P
40Ar(x, Spal)32P 32P
40Ar(x, Spal)31Si 31Si
40Ar(x, Spal)28Mg 28Mg→28Al
40Ar(x, Spal)32Si 32Si→32P
40Ar(x, Spal)33Si 33Si→33P
40Ar(x, Spal)32Al 32Al→32Si→32P
40Ar(x, Spal)31Al 31Al→31Si

6.2.1 Activation of liquid argon

The study of the radiological impact was based on argon activation data calculated
previously by M. Morev [54] from particle fluxes obtained from GCALOR simula-
tions performed by M. Shupe [47]. This activation study assessed the production of
37Ar, 39Ar and 41Ar by low energy neutrons as well as the production of spallation
products by high energy hadrons on 40Ar. The production channels leading the
spallation products are listed in Table 6.1. Cross-sections for these spallation reac-
tions were taken from the MENDL-2 library [76], which contains data for reactions
induced by nucleons up to about 200 MeV. The production of 3H and 7Be from
40Ar was estimated from other similar reactions because the respective production
cross-sections were not available.

The activities were calculated for two irradiation profiles: 100 days and 10 years
of LHC operation at design luminosity. The 10-year profile consisted of 120 days
per year of continuous irradiation, followed by a 245-day shutdown period. The
activities were reported separately for half a barrel and for a single endcap of the
calorimeter. The reason for this is that each half-barrel and each endcap is housed
in a separate cryostat and one may assume that an accident leading to an argon leak
may involve an individual cryostat rather than the whole system. The source terms
for the radiological impact assessment are based on the activation data but depend
on the given release scenario. They will, therefore, be reported in later sections
(Section 6.3 and Section 6.4).

The MENDL-2 library does not cover the full energy spectrum and types of
hadrons encountered in the ATLAS Liquid Argon Calorimeter. Therefore, we later
subjected the original activation data to an intensive cross-check, reported in Sec-
tion 6.5.
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Table 6.2: The activities of different radionuclides in liquid argon of one end-cap.

Nuclide Activity [Bq]

241Am 5×103

41Ar 1.41×1011

39Ar 5.40×106

37Ar 5.87×109

24Na 1.51×108

22Na 1.56×107

39Cl 5.29×108

38S 4.07×105

35S 2.76×108

Nuclide Activity [Bq]

207Bi 166.5×103

33P 5.04×108

32P 1.14×109

32Si 2.17×105

31Si 1.12×108

28Al 1.38×106

28Mg 1.38×106

7Be 1.22×108

3H 2.92×108

6.2.2 Contamination of liquid argon from radioactive sources

Liquid argon calorimeter is equipped with monitors to measure the levels of elec-
tronegative impurities1 in the sensitive medium [87]. The monitoring is done by
measuring the current of particles emitted from a radioactive source. The monitors
therefore contain 241Am and 207Bi sources.

The radionuclides are implanted onto the surface of a stainless steel disk. Not to
disturb the mono-energetic spectrum of the decay particles, the disks do not have
a cover. These are therefore unsealed sources and over the long-term operation of
the calorimeter (months to years), the leakage of radionuclides into the liquid argon
cannot be excluded. For radiological studies, it is customary to consider the worst-
case scenario. We therefore performed the radiological impact assessment under the
assumption that all of the Americium and Bismuth would leak from the disks into
the liquid argon.

Given the nominal activities of these sources and their placement inside the
Calorimeter, we obtained the possible activities of 241Am and 207Bi in liquid argon
per cryostat. They will be reported in later sections (Section 6.3 and Section 6.4).

6.3 Accidental release of argon

6.3.1 Source terms

To assess the radiological impact of an accidental release we assumed a full and
immediate release of liquid argon from one of the end-caps. This is a conservative
choice because the total amount of activity is significantly higher in the end-cap
than in the barrel. It is due to the fact that the radiation field is more intense
and more energetic in the end-caps. For activation products, we used the activities
corresponding to 10 years of LHC operation and zero cooling time. For Americium
and Bismuth we summed the activities of all the sources placed in the endcap.
Table 6.2 lists the resulting source terms.

1Such impurities reduce the calorimeter performance.

67



6.3.2 Radiological impact assessment

The assessment of the radiological impact was performed with the EDAR code [14]
that implements the models for the dispersion of radioactivity in the environment
described in Section 3.3. The EDAR code fulfills the requirements of the Swiss
directive for assessing the environmental impact of radioactive releases [16].

The directive also provides recommendations for the parameters of the modeling
process such as adverse whether conditions, the fraction of the diet from the local
farming land, etc. We followed these recommendations wherever applicable. It
is important to appreciate that there are numerous uncertainties in the modeling
process. In order to minimize the possibility that the estimated effective dose would
be significantly underestimated with respect to a real dose, conservative parameters
are used. To demonstrate compliance with the limits, calculations can be done in an
iterative way, gradually decreasing the conservatism of the parameters by making
them more realistic. An example of this approach will be demonstrated below. We
will also discuss the conservative assumptions behind this study.

The CERN Safety Code [88] defines the guideline values of effective dose that
must not be exceeded in case of an accident. The probability of the accident is taken
into account. For example, if the probability of the accident is 10−1 per year, the
dose to the general public due to the accident together with the dose due to the
normal operation must not exceed 300 µSv. If the probability is between 10−1 and
10−2 per year, the dose due to the accident, but excluding the dose from the normal
operation, must not exceed 300 µSv. For accidents with even lower probabilities the
dose must not exceed 1 mSv. For CERN personnel, the limit of 1 mSv applies in all
above circumstances.

The ATLAS collaboration had performed argon accident simulations [89]. As
a result, the probability of an accident that would result in a major argon leak
is believed to be small. However, a proper quantification of this belief requires
resources beyond those available.

Release point

The ATLAS ventilation system consists of four subsystems, each terminating with
its own release stack. Two of them are devoted to ventilating the air from the main
cavern, one is extracting the air from the trench under the cavern, and the last one
is supplying and extracting the air for the detector gas mixing systems. All four are
equipped with filters.

The trench ventilation system is the most relevant for this work. Argon, being
heavier than air, should fall into the trench after an accident. The present work
therefore assumed that all activated argon would be released into the atmosphere
through the trench ventilation release stack. The system is capable of extracting
0 to 32 000 m3h−1. Considering that the amount of argon in an end-cap corresponds
to about 15 900 m3 of gas, the duration of the release could take as little as half an
hour.

Determination of the topological data

Topological parameters of the receptors were determined in relation to the release
point. The predicted effective dose depends upon the distance between the release
point and the receptor. The vertical distance between the plume centerline and
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Table 6.3: Topological characteristics of the population groups selected for the dose
assessment calculations.

Distance Azimuth Altitude
[m] [◦] [m]

Office building 40 127 447.4
Farm A 165 50 440
Farm B 625 70 432

Closest field 97 25 445

the receptor also plays a role, mainly for the external exposure. In reality, the
azimuth of the receptor in respect to the azimuth of the plume (which is along the
wind direction) is also an important factor. In this case, however, the calculations
were done for the worst-case situation with the wind blowing directly towards the
receptor. The azimuth was, however, determined along with the information on
altitude and distance. To obtain the topological information, measurements were
made with a GPS and combined with the information obtained from maps, the
CERN geodetic database and the technical drawings.

Selected population groups and their topology

The following population groups were selected for the study:

1. The staff working in the office building on the ATLAS site.

2. The residents living on the closest farm, which we will refer to as Farm A.

3. The residents living on the farm located approximately 600 m northeast from
the release point, which we will refer to as Farm B.

The staff working in the office building is the closest group of people to the
release point.

The dwellers of Farm A are the closest members of the general public. More
importantly, unlike the staff in the office building, these people possibly consume
food produced on the surrounding farming land. Agricultural fields lie just outside
of the ATLAS site.

We added the Farm B to the study after we found out that the highest contri-
bution to the effective dose comes from 32P through the ingestion of milk produced
by cows grazing on the contaminated farming land. In reality, Farm B is the closest
farm in the area that is known to have cows.

The detailed topological parameters of these receptor locations are summarized
in Table 6.3.

6.3.3 Results and Discussion

Effective dose received by the staff in the SCX building

The CERN staff working in the ATLAS site office building are the closest group of
people from the release point. The building has 3 floors. People on the top floor
are closest to the plume centerline and are therefore at risk of receiving the highest
dose. The top floor is 7.4 m above the ground. The release stack is 18 m high.
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Assuming the same altitude throughout the ATLAS site, and that a center of a
person is at 1 m height, the vertical distance between a person on the third floor
and the exhaust point is 9.6 m. The horizontal distance from the argon ventilation
stack to the center of the office building is 40 m.

The staff in this building is subject to external exposure and to exposure from
inhalation2. However, it is unlikely that a significant fraction of their diet would
come from the nearby area. Therefore, we didn’t account for the ingestion pathway.
Since we expect the accidental release to last only about 30 minutes, we assumed
that the staff would remain inside the building during the whole release duration
and would thus benefit from a certain shielding factor.

Only adults are assumed to occupy the building. This is relevant, since different
dose conversion coefficients apply for adults than for infants. Generally, the effective
dose to infants is higher.

We performed the calculation for unfavorable weather conditions. Slow wind,
1 m·s−1, was assumed to blow in the direction from the release point towards the
offices. It was accompanied by heavy, 2 mm·h−1, rain. We first found out that the
neutral atmospheric stability class, D, generally leads to the highest effective dose
and then used it for all the predictive calculations (refer to Section 3.3).

With all the above assumptions, the effective dose predicted to this group is
1.48 µSv. The critical radionuclide, responsible for most of the dose is 22Na. The
predicted effective dose is far lower than the CERN guideline value of 1 mSv.

Effective dose received by the people living on the Farm A

Farm A is the closest dwelling to the ATLAS surface buildings. It is located 165 m
northeast from the argon release stack. The predicted effective dose due to external
exposure and inhalation is therefore expected to be significantly lower than that of
the office building. However, it is possible that a significant fraction of the dwellers
diet would come from the food produced on the surrounding farming land. The
effective dose due to the ingestion of the contaminated food will add to the effective
dose from external exposure and inhalation.

The two exposure scenarios were investigated separately. Firstly, the effective
dose due to the external exposure and inhalation was calculated for the same adverse
weather conditions as described above for the CERN staff. The wind was set to
blow from the release point towards the farm. Under these conditions the predicted
effective dose to an infant is 0.74 µSv. The effective dose to an adult is 0.68 µSv.

Then the committed effective dose to this population group from the ingestion
of the contaminated food was studied. The farming land behind the north fence of
the ATLAS site was selected for the calculation. The shortest distance between the
release stack and the field is 97 m. The average altitude of the field is 445 m, so
the release point is approximately 15 m above the field. The wind was set to blow
towards the nearest field point. The calculation was based upon the assumption
that all of the vegetables and milk consumed by the people will be produced in this
area, and that 10% of their meat will come from this area, too.

Normally, the calculation assumes that the deposition of radioactivity (which is
directly proportional to the committed effective dose) is homogeneous throughout

2The calculation model takes into account the immediate exposure from the plume as well as the
subsequent exposure from the deposited aerosol. Inhalation of re-suspended dust is also accounted
for.
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the field and is equal to that of a selected position. Selecting the position 97 m
downwind from the release point results in a predicted effective dose of 222 µSv
to an infant and of 32.3 µSv to an adult. The critical radionuclide is 32P and the
critical exposure pathway is through contaminated milk. Of the 222 µSv, 183 µSv
come from this radionuclide through milk ingestion.

The effective dose predicted to an infant, although still lower than the CERN
guideline value of 300 µSv, is quite high. Though not strictly an obligation, it is
recommended that the effective dose estimated by a modeling process should not
exceed 10% of a desired value to accommodate for the intrinsic uncertainty of such
models [13]. In addition, for the members of the public, CERN uses the value of
10 µSv as the threshold above which a formal optimization process is required. In
an attempt to lower the achieved result, the calculation methodology was improved
to make the simulation more realistic (though still conservative) by implementing
the following reasoning.

A cow cannot indefinitely graze the same area. Once an area was grazed it
takes approximately 30 days for the grass to grow again. We assumed that a cow
will graze 8.75 × 8.75 m2 of land each day and divided the field accordingly. We
calculated the deposition of 32P separately for each such square. The cow was then
assumed to graze the squares consecutively, starting from the one with the highest
32P deposition, through the second highest, and so on. The effective dose to infants
from milk ingestion was calculated through this approach. Afterwards a location
at a distance from the release point was found that would give the same effective
dose through the normal methodology. This location was identified at a distance of
158 m. Then the calculation was redone at 158 m downwind with all radionuclides
and all ingestion exposure pathways. The resulting effective dose to an infant is
165 µSv and to an adult 24 µSv. The attained improvement is 25%.

Compared to the effective dose committed through ingestion of contaminated
food, the external exposure and inhalation add to the total an insignificant contri-
bution of less than 1 µSv.

Effective dose received by the people living on the Farm B

Farm B is located 626 m northeast from the release point. There are several other
farms in this area that are closer to the release point than this one. Farm B, however,
seems to be the only one that has cows. Since we found out that the critical exposure
pathway is through the ingestion of milk containing 32P, we decided to add farm
B to the study. The farm is far enough downwind for the deposition to be indeed
homogeneous. All exposure pathways including external exposure and inhalation
were therefore investigated within one calculation with the same topology. The
resulting effective dose is 68 µSv to an infant and 10 µSv to an adult.

Farm B breeds cattle for meat production only. The milk is fed to the calves.
Although we cannot exclude that the farmers family drinks the milk, we performed
another calculation, assuming that they do not. In this case the effective dose to an
infant is 5 µSv and to an adult 3 µSv.

6.3.4 Discussion and Conclusions

The predicted effective doses comply with the guideline values of 1 mSv for the
CERN staff as well as 300 µSv for the general public set in the CERN Safety
Code [88]. The critical exposure pathway is the ingestion of milk containing 32P.
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The critical population group consists of infants living on farm A, who would receive
about 170 µSv.

The following factors are contributing to the conservative nature of these esti-
mates.

We assumed that all radioactivity from one of the end-caps will enter the environ-
ment. However, a large fraction of radionuclides would remain inside the calorimeter,
attached to the absorber plates, walls, pipes, etc. In an experiment carried out to
assess the retention of activity inside a vessel only about 1% got out of the vessel
with the leaked argon [90]. This was not taken into account because it was difficult
to relate the results of a small-vessel experiment to the real calorimeter.

Another factor ignored in the calculations that has a potential to significantly
lower the amount of 32P released into the environment is the presence of filters in
the ventilation stacks. According to the experience of the Environmental Monitoring
unit at CERN the filters are likely to retain approximately 80% of phosphorus.

Also, the probability of an major calorimeter leak is believed to be much lower
than 10−1 or 10−2 per year. Again, this factor was not considered in the calculation
because such probability was never properly quantified.

The conservative assumptions of the models themselves are also contributing to
the overestimation of the results. In particular, the incorporation of 32P in the food
chain is likely overestimated. A cow with sufficient levels of stable phosphorus from
other sources will most absorb only a small fraction of phosphorus from the fodder
compared to that assumed by the model.

Ingestion of the contaminated milk is mainly of concern for the Farm B. It
is perhaps more likely that this population group consumes milk from the local
production. The predicted effective dose of 68 µSv to an infant is not negligible but
it is not alarming either. If milk ingestion could be ruled out the predicted effective
dose would decrease to 5 µSv. This is below the dose of 10 µSv, below which neither
justification nor optimization are required.

The ingestion pathway is, in principle, avoidable. In case of an accident, samples
would be taken and measured and milk consumption from the area could be banned.
External exposure and exposure from inhalation however cannot be avoided. This
study has shown that in the case of an accident involving a substantial release of
liquid argon, the unavoidable effective dose to the public will remain well below the
applicable limit. The predicted effective dose stays below 10 µSv. For comparison,
the annual effective dose from the natural background in this region is on average
850 µSv.

6.4 Planned release of argon

At some point in the future, for example at the time of the decommissioning, ATLAS
will need to dispose of the argon from the calorimeter, that was subjected to activa-
tion and contamination. Storing it in a gaseous form is practically impossible due to
its large amount. The total amount of liquid argon in the calorimeter corresponds to
approximately 65 000 m3 of gas at ambient pressure and temperature. So the only
practical solution will be to store it in the liquid phase for a sufficient cooling time
and eventually release it into the atmosphere. To be kept liquid, the argon needs
to be stored at 87 K. Since this is expensive and highly undesirable, the storage
time should be kept as short as possible. This section provides information on the
sufficient cooling time and release conditions.
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Table 6.4: The activities at different cooling times of selected radionuclides in liquid
argon from both end-caps and from the barrel.

Activity [Bq]

15 days 3 months 6 months 1 year 2 years

37Ar 1.02×1010 2.22×109 3.66×108 9.95×106 7.22×103

39Ar 1.24×107 1.24×107 1.24×107 1.24×107 1.24×107

22Na 3.26×107 3.09×107 2.89×107 2.53×107 1.94×107

35S 5.65×108 3.07×108 1.49×108 3.53×107 1.96×106

33P 7.63×108 9.25×107 7.64×106 5.22×104 2.37
32P 1.25×109 3.16×107 1.98×106 1.61×106 1.60×106

32Si 1.62×106 1.62×106 1.61×106 1.61×106 1.60×106

3H 6.08×108 6.01×108 5.93×108 5.76×108 5.45×108

7Be 2.16×108 7.88×107 2.40×107 2.22×106 1.87×104

207Bi 1.66×105 1.66×105 1.65×105 1.63×105 1.59×105

241Am 5.00×103 5.00×103 5.00×103 4.99×103 4.98×103

ATLAS has two 50 m3 storage tanks for temporary storage of liquid argon during
the maintenance periods. These tanks are the only available choice for storing
the argon prior to its release into the atmosphere. The tanks are located in the
experimental cavern. The argon can be transferred from the calorimeter into the
tanks, and from the tanks it can be released into the atmosphere through the trench
ventilation system described in Section 6.3.

6.4.1 Source terms

The present considerations are based upon the activation and contamination data
described in Section 6.2. We used the total radioactivity from both end-caps and the
barrel. The activation data after 10 years of irradiation were used. For the planned
release only radionuclides with significantly long half-lives are relevant. Sufficient
cooling time can ensure that radionuclides with short half-lives will have decayed
by the time of the release. With these considerations taken into account, Table 6.4
lists the activities of the relevant radionuclides at different cooling times.

6.4.2 Legislative framework for a planned release of a ra-
dioactive substance

Swiss legislation [55] provides radionuclide specific values, CA, of activity concen-
tration (unit: activity per unit volume) in air or gas. A substance having activity
concentration lower than 1/300 of the CA is exempt from the legislation and can be
released without restrictions. For a mixture of radionuclides, the summation rule
applies:

∑
i

Ai
CAi/300

≤ 1 (6.1)

where Ai is the activity concentration of a radionuclide i, and CAi is its CA
value.
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Table 6.5: Ratios between the activity concentration Ai of the radionuclide i and
the respective exemption limit CAi/300.

CA
300

[Bq/m3] 15 days 3 months 6 months 1 year 2 years

37Ar 3.33×108 0.00 0.00 0.00 0.00 0.00
39Ar 2.33×104 0.01 0.01 0.01 0.01 0.01
22Na 1.33×101 37.60 35.55 33.27 29.14 22.35

35S 3.33×101 260.45 141.52 68.83 16.28 0.90
33P 3.33×101 351.24 42.60 3.52 0.02 0.00
32P 6.67×100 2 886.72 72.73 4.55 3.71 3.69
32Si 1.00×10−1 248.23 248.02 247.77 247.27 246.28

3H 1.67×107 0.00 0.00 0.00 0.00 0.00
7Be 3.33×102 9.94 3.63 1.10 0.10 0.00

207Bi 1.00×101 0.26 0.25 0.25 0.25 0.24
241Am 1.00×10−3 76.76 76.74 76.71 76.65 76.53

Ideally one would like to see the radioactivity in argon falling below the ex-
emption limit prior to the release. If a substance exceeds the exemption limit, a
study of the radiological impact has to be carried out. One has to prove that the
release will not result in an effective dose exceeding the guideline values. If one can
prove that the effective dose to any member of the public will be lower than 10 µSv,
the release is treated as optimized and the radiological impact is deemed minimal.
Above 10 µSv a formal optimization process must be initiated to minimize the dose
to levels “as low as reasonably achievable”. In any case the dose to the general
public from a planned release, together with all other sources of exposure due to the
installation, must not exceed the value of 300 µSv per year.

6.4.3 Results and discussion

Comparison with the exemption limit

For the argon to be exempt from the legislation, it would have to satisfy the Equa-
tion 6.1. To estimate the activity per unit volume from the total activities listed in
Table 6.4 we divided them by the volume of 65 000 m3, which corresponds to the
total amount of the argon at gaseous form. The comparison with the exemption
limits is listed in Table 6.5.

After 15 days, only 37Ar, 39Ar, 3H, and 207Bi fulfill the criterion. After two
years, 22Na, 32P, 32Si, and 241Am still greatly exceed the limit. 32Si has a half-life
of 172 years and decays into 32P, which in turn effectively decays with the half-life
of the parent (secular equilibrium). The half-life of 241Am is 432 years. Since these
three radionuclides will take hundreds of years to decay below the exemption limit,
an impact study of the release had to be carried out.

Impact study

The impact of a release of argon in terms of effective dose to the public was calculated
with the EDAR code for the assessment of the environmental impact of radioactive
releases [14]. Unfavorable weather conditions and the downwind position of the
receptors with respect to the release location were assumed. A nearby farm, located
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165 m from the release point, was selected for the investigation. This is the closest
dwelling occupied by members of the general public. On the farm, its dwellers can
be exposed to radiation due to the external exposure and inhalation. Further, they
can be exposed through the ingestion of produces from the surrounding farming
land, which comes as close as 97 m to the release point. All of these exposure
pathways were taken into account. A detailed discussion on the methodology of the
calculation, topological information and the selected population group are given in
Section 6.3.

For the calculation it was assumed that the dwellers would spend 100% of their
time in the location of the farm. Furthermore, it was assumed that 100% of their
diet (milk, meat and vegetables) would come from the farming land just outside the
fence of the ATLAS site. To account for this topographic difference, the ingestion
pathway was calculated separately from the external exposure and the inhalation
pathway.

For the ingestion pathway, we have investigated two scenarios: one assuming a
summer release (on the 15th of June) and another assuming a winter release (15th
of December). Except for the date of release, the conditions were identical.

Different dose conversion coefficients apply to infants and to adults, giving rise
to different doses for the two age groups. The results are given in Table 6.6.

The effective dose delivered through the external exposure and inhalation de-
creases from 800 nSv to 400 nSv as the cooling time increases from 15 days to
2 years. More than 90% of this dose comes from 22Na deposited on the ground.
22Na has a half-life of 2.6 years. Therefore, increasing the storage time within rea-
sonable limits will not reduce the dose significantly. Nevertheless, this part of the
dose, coming from external exposure and inhalation is negligible (less than 1 µSv).
It should however be kept in mind that for storage times shorter than 15 days, other
radionuclides (e.g. 24Na) will be contributing to the exposure.

For a release occurring in winter the effective dose from ingestion decreases from
500 nSv to 230 nSv as the cooling time increases from 15 days to 2 years. The critical
radionuclide is 22Na, contributing more than 99% of the dose. Again, the relatively
long half-life of this radionuclide means that the dose will not be affected much by
increasing the storage time. However, 15 days of cooling time is fully sufficient,
resulting in a total effective dose (sum of the ingestion pathway, inhalation pathway
and external exposure) lower than 1.5 µSv.

The situation would be very different if the release occurred in summer. The
release after 15 days would result in a maximum effective dose of 280 µSv. The
critical population group would be infants living on the farm. The dose to the adults
would be 50 µSv. This difference is due to the different conversion coefficients for
infants and adults combined with the assumption that the infants consume more milk
than the adults. For cooling times shorter than 2 months the critical radionuclide
would be 32P, primarily contributing through the milk ingestion. For longer cooling
times the critical radionuclide would again be 22Na (also primarily through the
ingestion of milk). Even after 2 years of cooling time, the effective dose to infants
would still be around 15 µSv, i.e. above the 10 µSv limit, above which formal
optimization process is required.

The dramatic difference between winter and summer release is primarily due to
the fact that the pasture is grown and grazed in summer rather than in winter. A
summer release results in the deposition of radionuclides on fodder. From there,
they are consumed by the livestock and enter the meat and milk food chain. A
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winter release results in the deposition of radionuclides on “bare” ground. These
get incorporated into the soil from where they are absorbed by the plants in the next
growing season. This process however dilutes them significantly enough to reduce
the effective dose to the population by 3 orders of magnitude. In other words, the
effect of diluting the radioactivity in the food chain greatly outscores the effect of
the decay of radioactivity through extending the cooling time.

Discussion about shorter or longer irradiation

The results of this study are based upon the activation data calculated after 10 years
of LHC operation. The release of argon may be required after shorter or longer
times than that. However, provided that the LHC luminosity would not exceed
1034 cm−2s−1 the present results are valid for both, shorter as well as longer irradi-
ation periods.

Most of the isotopes of concern have a half-life of a few weeks to months. These
isotopes will reach their equilibrium activity within one to three years of operation.
For these isotopes the 10-year data do not pose any significant under- or over-
estimation compared to longer or shorter irradiation profiles.

This is not valid for isotopes with half-lives long compared to the irradiation
period. These will still be undergoing build-up. For these radioisotopes, 10-year
data present an overestimation for shorter irradiation periods and underestimation
for longer periods. 39Ar, 32Si and marginally also 22Na belong to this category.

39Ar has a half-life of 269 years, so its build-up is a very slow process. The
minute fluctuations in its activity that can be expected for different but reasonable
(ten plus minus a couple of years) irradiation periods would not significantly alter
the resulting radiological impact. Similar reasoning applies to 32Si, which has a
half-life of 172 years.

22Na has a half-life of 2.6 years, so after 10 years of operation it will be ap-
proaching its equilibrium activity. Thus for longer irradiation times there will be
almost no underestimation of calculated activity. For shorter irradiation times, the
present results may be an overestimation. From the radiological point of view this
is a conservative situation.

Discussion about the radiological impact of 32P originating in the decay
of 32Si

There is a special problem brought about by the activity of 32Si. This radioisotope
decays into 32P, which is also radioactive. Since the half-life of 32Si is much greater
than the half-life of 32P (172 years and 14.26 days, respectively), the activity of
32P decreases effectively with the half-life of its parent. Our previous experience
(Section 6.3) has shown that 32P is a critical radioisotope contributing to the dose
through the milk ingestion. To assess the impact of this long-lived 32P, we have
carried out a complementary impact study, in which we have modified the half-
life of 32P from 14.26 days to 172 years. We have calculated the dose through the
ingestion pathway as a result of a summer and a winter release of 1.62×106 Bq of
32P (in equilibrium with 32Si activity, table 2). For a summer release, the effect of
a prolonged half-life of 32P actually slightly decreases the dose for each released Bq.
This is due to the resulting slow-down in the decay rate. For a winter release, the
dose corresponding to a released Bq is four orders of magnitude higher. This is due
to the prolonged survival of the long-lived 32P. However, coupled with the dilution
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of the concentration in the soil and food chain and with the slower decay rate, the
resulting dose from 32P is insignificant—30 nSv. It can thus be concluded that for
the given 32P activity this issue does not present a problem.

6.4.4 Conclusions

At the end of the LHC operation it will be possible to release the argon into the
atmosphere after a relatively short cooling time, provided that the release occurs in
winter. We suggest scheduling the release in January. Furthermore, we suggest that
prior to the release it should be checked that no milking cows are grazing on the
surrounding farming land. The release should occur on a rainless day, with strong
north-east winds, which blow away from the farm of concern. Filtering the argon
would also be possible, e.g. through a water-filled scrubber. Such a procedure is
likely to significantly reduce the amount of released aerosol-forming radioisotopes.
The effective dose calculated in the present work is perhaps too low to justify in-
vesting into a filtering procedure, but this option should nonetheless be kept in
mind.

A separate calculation would be needed if ATLAS would desire cooling times
much shorter than 15 days. Also, in case of a significant increase in the LHC lumi-
nosity, the activation would be proportionally higher and the present calculations
will have to be revised. In these cases, the possibility of filtering the argon should
be considered.

6.5 Comparative study of liquid argon activation

by high energy hadrons

The estimated values of effective dose are directly proportional to the released ra-
dioactivity. We were therefore interested in studying the accuracy of the original
activation data.

In Chapter 5 two substantially different methods of activation calculations were
described. Residual nuclei production can be obtained from FLUKA simulations or
by folding particle fluxes with radionuclide production cross-sections.

The first method, however, was not applicable to the present problem. The in-
ner structure of the Liquid argon calorimeter consists of a complex matrix of the
absorber material, immersed in liquid argon. The matrix and the material of the
absorber varies throughout the calorimeter. For example, in the Barrel electromag-
netic calorimeter the copper-based absorber plates are arranged into an accordeon
shape while in the Forward hadronic calorimeter a rod-shaped arrangement is used.
However, the FLUKA geometry of the calorimeter is simplified and contains regions
that represent bulk calorimeter modules and are filled with a homogeneous material
mixture of argon and the absorbers. A scoring of residual nuclei in such a material
mixture would not distinguish whether a product nucleus originated from an argon
nucleus or another target.

The study was therefore performed by folding particle flux spectra obtained from
with radionuclide production cross sections. The accuracy of the results depends on
the quality of the input data. We performed comparative calculations with six sets
of cross sections and particle flux spectra from two sources
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Radionuclide production cross sections

Accurately measured radionuclide production cross sections that would cover the
needs of this study do not exist. Quite likely, the cross sections are the major
source of inaccuracy in the argon activation calculations. After an extensive search
through the available data and models, five more data sets were collected in addition
to the MENDL library, which was used in the original calculations. Two sets of
proton cross sections were calculated using the Rudstam and the Silberberg-Tsao
formulas. Several predominantly experimental sources of proton cross sections, such
as EXFOR and NUCLEX, were compiled into a third data set. The fourth data
set were cross-sections that were determined for air activation studies at LHC from
FLUKA, Silberberg-Tsao formula and experimental data [91]. In this data set the
calculated cross sections exist also for neutrons and charged pions. The final set was
the JENDL-HE-2007 library, which contains neutron and proton cross section.

Particle flux spectra

The particle flux spectra were obtained from Monte Carlo simulations and depend
on the code itself, together with the geometry model of the detector. We performed
simulations with the FLUKA code and had available results from GCALOR simu-
lations. The FLUKA and the GCALOR geometries of ATLAS are slightly different.

6.5.1 Results

The induced radioactivity was calculated for 100 days of irradiation at the LHC
design luminosity. Results are reported separately per half a barrel and one end-
cap. The list of radionuclides includes all radioactive products of spallation reactions
in natural argon with half-life longer than one hour. Their short-lived precursors
where accounted for by using cumulative cross-sections.

Table 6.7 lists the activities of individual radionuclides calculated by folding
particle fluxes obtained from FLUKA with the LHC air activation cross sections
for protons. All further results are given in relation to these values. The amount
of activity is higher in the endcap than in the half-barrel because the endcap is
subjected to more intense particle fluxes. Also the energy spectrum in the end-cap
is more energetic and reaches up to a few hundreds of GeV (see Figure 6.1).

In general, proton cross sections have to be used for all particle types since very
few cross section data exist for high-energy neutrons and charged pions. However,
the air activation cross sections were determined for each of the four particle types.
We compared the activities calculated by using the appropriate cross sections for
the given particle type to the activities calculated with proton cross sections only.
The results are given in Table 6.8. With the exception of 38S, the difference is within
a factor of two.

Table 6.9 gives the ratios between the activities calculated with the various sets
of proton cross-sections and the activities obtained with the proton cross sections
of the air activation set. The differences between the results calculated with the
various data sources are quite large. The predicted tritium activity is almost seven
times higher using the cross sections from the compiled dataset, while the activity
of 38S is more than 100 times lower using the MENDL cross sections. However, such
large discrepancies are exceptional and in most cases the differences are within a
factor of three.
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Table 6.7: Predicted activities [Bq] of individual radionuclides produced by high
energy hadrons in liquid argon of the ATLAS calorimeter after 100 days of LHC
operation at design luminosity, based on the FLUKA particle fluxes and the LHC
air activation cross sections for protons.

Nuclide end-cap half-barrel

3H 3.2×106 3.3×105

7Be 3.4×107 3.2×106

10Be 3.7 36.0
14C 4.0×102 37.0
18F 1.2×108 1.3×107

22Na 3.0×106 3.6×105

24Na 7.0×107 8.7×106

28Mg 1.5×107 2.1×106

26Al 15.0 1.8
31Si 7.4×107 9.6×106

32Si 5.0×104 6.8×103

32P 1.1×109 1.9×108

33P 6.0×108 1.0×108

35S 4.2×108 7.1×107

38S 6.9×107 9.7×106

36Cl 2.0×103 3.7×102

37Ar 2.9×109 5.7×108

39Ar 8.2×106 1.5×106

Table 6.8: The ratios between the activity calculated with the differentiated cross
sections for neutrons, protons and charged pions and those calculated using the
proton cross sections for all particle types.

Nuclide Endcap Half Barrel

3H 1.00 1.24
7Be 0.59 0.63
10Be 0.57 0.58
14C 0.75 0.76
18F 0.78 0.77
22Na 0.83 0.89
24Na 0.86 0.87
28Mg 0.87 0.86
26Al 1.00 1.11
31Si 1.35 1.56
32Si 1.46 1.62
32P 0.85 0.84
33P 1.20 1.20
35S 1.60 1.69
38S 2.90 3.61
36Cl 0.90 0.89
37Ar 0.76 0.74
39Ar 1.34 1.47
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Figure 6.1: Effective fluxes of high-energy particles in the barrel and in the end-cap
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Table 6.9: The ratios between the endcap calorimeter results calculated by using
the Silberberg-Tsao (S-T) formula, the Rudstam (Ru.) formula, the Compiled data
set (Comp.), the JENDL (JEN.) and the MENDL (MEN.) cross sections to those
obtained with the LHC air activation cross sections.

Nuclide S-T Ru. Comp. JEN. MEN.

3H 6.83 5.71
7Be 0.85 0.06 1.20 1.18
10Be 2.03 0.08 1.84 0.68
14C 2.21 0.52 2.12 0.74
18F 0.36 0.35 0.38 0.63
22Na 1.27 1.15 1.26 1.43
24Na 1.62 1.05 1.49 0.98
28Mg 1.77 0.39 1.78 0.89 0.09
26Al 1.11 1.05 1.02 1.51 2.35
31Si 3.86 1.60 3.88 1.31 1.59
32Si 2.62 0.66 2.57 1.07 0.39
32P 0.56 0.48 1.16 0.89 1.11
33P 1.01 0.39 1.08 0.92 0.90
35S 1.75 0.75 2.35 0.96 0.63
38S 0.33 0.19 0.75 1.42 0.01
36Cl 0.69 0.66 1.00 0.87 0.72
37Ar 0.15 0.41 0.79 0.99 0.99
39Ar 0.67 0.65 0.72 0.97 0.34

The Rudstam cross sections yield the lowest results overall, and give in particular
low activities of beryllium radioisotopes. The air activation cross sections agree
within a factor of two with those of the JENDL library for all radionuclides except
for tritium. Discarding the extreme values, the predictions differ most for tritium,
31Si and 38S.

Finally, the difference between the activity obtained by folding the same set of
proton cross-sections with particle flux spectra obtained from FLUKA and from
GCALOR does not exceed 35% for any radionuclide. The agreement is better in the
barrel than in the endcap. The FLUKA particle fluxes yield greater activation.

6.5.2 Discussion and conclusions

The goal of these comparative calculations was to study the inaccuracies in the
argon activation calculations and to cross-check the original activation data

Table 6.7 gives the predictions based on the FLUKA particle flux spectra and
the LHC air activation cross sections for protons. Comparing the results calculated
with the other five cross section sets (Table 6.9) showed significant differencies. For
most radionuclides and most cross section sets the results vary within a factor of
three. The biggest variation seems to be in predicting the production of tritium,
31Si and 38S.

In these calculations the proton cross sections were used for all hadrons (protons,
neutrons and charged pions) due to the overall lack of neutron and pion data. The
only dataset that could be used to estimate the resulting inaccuracy were the LHC air
activation data. Table 6.8 shows how the results differ when hadron differentiation
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is taken into account. The discrepancies are within a factor of two and are lower
than those between different sets of proton cross sections. This suggests that the
overall error in our case is dominated by the inaccuracy of the proton data rather
than by the lack of the neutron and pion cross sections.

The available particle flux spectra simulated independently using different codes
and geometry models of ATLAS are sufficiently similar. This indicates that the
major source of uncertainty in the predictions comes from the cross section data.

The overall conclusion is that, on the basis of the available knowledge, we may
estimate that the error on the activation data can be up to a factor of three. Al-
though this may seem to be quite high, it is acceptable for calculating radiological
impact. Modeling the dispersion of radioactivity in the environment and estimating
effective dose to people from various kinds of exposure involves higher degree of un-
certainties. The conservatism applied in such modeling process should be sufficient
to counteract potentially underestimated source terms, hence keeping the overall
estimates on the safe side. It is also worth noting, that the 32P activity calculated
with the MENDL cross-sections is on the higher end of the spectrum.

An experimental confirmation of the predictions is desirable but not straight-
forward. First difficulty lies in the handling of a sample of the cryogenic liquid
during the measurements. Most likely this would not be possible and instead one
would have to resort to filtering the argon and measuring the filter. This would
allow for gamma spectrometry measurements of radionuclides that would be caught
by the filter. In our case there are only a few suitable candidates for gamma-ray
spectrometry, primarily 7Be and 24Na. Nevertheless, when the LHC will be operat-
ing, regular monitoring of liquid argon samples is foreseen, despite the fact that a
suitable measurement technique of induced radioactivity is not yet established.
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Chapter 7

Air activation and its radiological
impact

7.1 Introduction

Air in the ATLAS experimental cavern will also get activated. Access to the cavern is
prohibited while the accelerator is running. However, a person accessing the cavern
for intervention shortly after stopping the operation will be exposed to radiation
from the activated air through external exposure and inhalation. To establish the
safety of such fast-access scenarios a quantitative assessment of air activation and
the resulting radiological impact was carried out.

7.1.1 Air activation calculations

Activation calculations in low-density media

For low-density media such as air, the proper method to calculate the activation
is folding the particle fluxes with the radionuclide production cross-sections. The
reason for this is that the inelastic interactions in low-density media are too rare to
obtain sufficient statistical precision by Monte Carlo methods.

Radionuclide inventory

Considering that air is composed of carbon, nitrogen, oxygen and argon, we identified
39 possible radioactive products with half-lives longer than a few seconds. They are
listed in Table 7.1. The cross-sections were determined from FLUKA, Silberberg-
Tsao formula and experimental data by M. Huhtinen [91].

Particle fluxes

The particle flux spectra were obtained with FLUKA. For charged pions and protons
the spectrum consisted of 60 log-uniform bins from 10 MeV to 10 TeV. For neutrons,
there were 139 log-uniform bins from 0.1 eV to 10 TeV. Particle fluxes were obtained
from the track-length of particles of interest through the selected region divided by
the region volume.
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Table 7.1: Air activation products with half-life longer than a few seconds

1 to 60 seconds 19O 23Ne 25Na 35P
1 to 5 minutes 14O 15O 24Ne 28Al 30P 40Cl
5 to 10 minutes 13N 27Mg 29Al 37S 38K
10 to 60 minutes 11C 34mCl 38Cl 39Cl
1 to 24 hours 18F 24Na 28Mg 31Si 38S 41Ar
1 to 365 days 7Be 32P 33P 35S 37Ar
1 to 1 000 years 3H 22Na 32Si 39Ar
more than 1 000 years 10Be 14C 26Al 36Cl 40K

Region selection

The ATLAS geometry model has 810 regions of which 212 are filled with air. To
simplify the task, we first pre-selected a smaller number of regions with the highest
contribution to the total activity in air. The total activity produced in a region
is directly proportional to the track-length in the region. So we first performed
a scoring of the total track-length of nucleons and charged pions in all geometry
regions using the following USRBIN definitions:

*23456789 23456789 23456789 23456789 23456789 23456789 23456789 23456789

USRBIN 12. 207. 45. 810. 0. 0.Nu&Pi

USRBIN 1. 0. 0. 1. &

We then identified 36 regions of air that contribute approximately 99% to the
total track-length from all 212 air regions. In the selected regions the detailed
spectra of neutrons, protons and charged pions were obtained using the USRTRACK
definitions:

*23456789 23456789 23456789 23456789 23456789 23456789 23456789 23456789

USRTRACK -1. 1. 41. 720. 1. 60.Prot

USRTRACK 10000. 0.01 &

USRTRACK -1. 13. 41. 720. 1. 60.PiPl

USRTRACK 10000. 0.01 &

USRTRACK -1. 14. 41. 720. 1. 60.PiMi

USRTRACK 10000. 0.01 &

USRTRACK -1. 8. 41. 720. 1. 139.Neut

USRTRACK 10000. 1.E-10 &

We then assessed the radionuclide yield from the calculated particle fluxes and
the cross-sections. The results are listed in the Table 7.2. To show that the first 36
regions contribute by a sufficiently large fraction to the total activity, Table 7.2 also
lists the results for the subsequent 36 regions.

7.2 Radiological impact assessment

The radionuclide yield from the 72 regions served to calculate radioactivity in the
air of the cavern after 100 days of LHC operation at design luminosity and zero
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Table 7.2: The radionuclide yield from the selected 72 regions of the ATLAS ge-
ometry model. For illustration the contributions from the first and the second 36
regions with the highest contribution are listed separately.

First 36 Second 36 Sum Second/First

3H 7.22×10−2 1.08×10−3 7.33×10−2 1.48%
7Be 2.23×10−2 4.17×10−4 2.27×10−2 1.84%
10Be 1.67×10−2 2.90×10−4 1.70×10−2 1.70%
11C 3.18×10−2 6.98×10−4 3.25×10−2 2.15%
14C 4.00 1.30×10−1 4.13 3.16%
13N 9.37×10−2 2.10×10−3 9.58×10−2 2.19%
14O 2.25×10−3 5.08×10−5 2.30×10−3 2.21%
15O 3.26×10−2 6.88×10−4 3.33×10−2 2.07%
19O 3.86×10−6 3.95×10−8 3.90×10−6 1.01%
18F 6.84×10−5 8.30×10−7 6.92×10−5 1.20%
23Ne 8.34×10−6 9.45×10−8 8.43×10−6 1.12%
24Ne 1.95×10−6 2.06×10−8 1.97×10−6 1.05%
22Na 2.45×10−5 3.32×10−7 2.49×10−5 1.33%
24Na 3.28×10−5 4.63×10−7 3.32×10−5 1.39%
25Na 1.39×10−5 1.67×10−7 1.40×10−5 1.19%
27Mg 1.47×10−5 1.96×10−7 1.49×10−5 1.31%
28Mg 5.42×10−6 8.41×10−8 5.51×10−6 1.53%
26Al 3.57×10−5 5.27×10−7 3.62×10−5 1.45%
28Al 8.87×10−5 1.56×10−6 9.03×10−5 1.73%
29Al 2.88×10−5 4.59×10−7 2.92×10−5 1.57%
31Si 5.22×10−5 1.17×10−6 5.34×10−5 2.18%
32Si 2.90×10−5 6.64×10−7 2.97×10−5 2.24%
30P 2.65×10−5 5.73×10−7 2.71×10−5 2.11%
32P 3.04×10−4 6.91×10−6 3.11×10−4 2.22%
33P 2.30×10−4 5.09×10−6 2.35×10−4 2.16%
35P 2.68×10−5 6.12×10−7 2.74×10−5 2.23%
35S 3.00×10−4 6.59×10−6 3.07×10−4 2.15%
37S 7.95×10−5 1.39×10−6 8.09×10−5 1.72%
38S 5.28×10−5 1.08×10−6 5.38×10−5 2.00%
34mCl 1.20×10−5 2.78×10−7 1.23×10−5 2.27%
36Cl 6.92×10−4 1.43×10−5 7.06×10−4 2.03%
38Cl 5.16×10−4 9.57×10−6 5.25×10−4 1.82%
39Cl 9.27×10−4 1.65×10−5 9.44×10−4 1.75%
40Cl 1.19×10−4 1.71×10−6 1.21×10−4 1.42%
37Ar 6.77×10−4 1.67×10−5 6.93×10−4 2.41%
39Ar 3.29×10−3 4.91×10−5 3.34×10−3 1.47%
41Ar 8.10×10−3 2.86×10−4 8.39×10−3 3.42%
38K 8.27×10−6 1.62×10−7 8.43×10−6 1.92%
40K 3.56×10−5 6.89×10−7 3.62×10−5 1.90%
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cooling time. The design luminosity corresponds to 109 p-p collisions per second.

To express the results in terms of activity concentration in air (activity per unit
volume) they were divided by the total volume of air in the ATLAS cavern, as
implemented in the FLUKA geometry model. For this purpose the volume of all
212 air regions was calculated with FLUKA by scoring the track-length of neutrons
originating from a virtual isotropic source as they traverse a vacuum-filled geometry.
In this way, the volume of any region can be found simply by comparing the track-
length in that region to the track-length in an encompassing region of known volume
(refer to Section 5.3.2). The geometry model of ATLAS contains 20 310 m3 of air.
In reality the total volume of air in the cavern should be higher because the modeled
cavern is smaller than the real one.

The activity concentration was compared to the CA (Concentration d’activité
dans l’air) values of the Swiss legislation [55]. The CA is a guideline value derived
from the annual limit for occupationally exposed people. A worker spending 40
hours a week for 50 weeks a year in an atmosphere with an activity concentration
equal to the CA will receive a committed effective dose of 20 mSv. This accounts
for external exposure and inhalation and includes the exposure from the daughter
radionuclides.

The calculated activities as well as the corresponding CA values are given in
Table 7.3.

After applying the summation rule for a mixture of radionuclides (refer to Sec-
tion 6.4.2) we can see that the air in the cavern at the end of a 100-day long irra-
diation presents an environment, which, if it were a permanent workplace, would
deliver a committed effective dose of about 3 mSv per year. Assuming that a per-
manent workplace is occupied for 2 000 hours a year, we may consider this value to
be equivalent to a doserate of 1.4 µSv · h−1 1.

7.2.1 Discussion

It is unrealistic to assume that access to the cavern will take place immediately
after the interruption of the LHC operation. The decay before and during the inter-
vention is not directly accounted for in the above calculation, although it is partly
reflected through the absence of the CA values of many short-lived radionuclides.
The greatest contributors to the dose are the relatively short-lived 11C, 13N and 15O.
Accounting for the decay of these three radionuclides only, the doserate would drop
to 0.5 µSv·h−1 in 30 minutes.

Another point to consider is that the calculation assumes a homogeneous activity
concentration throughout the cavern. This is a good approximation for low-energy
neutron activation products such as 41Ar that are produced throughout the cavern,
but not necessarily for spallation products that are produced in the vicinity of the
inner detector.

Apart from the diffusion process, the radioactivity mixes in air due to ventilation.
The cavern has a ventilation system, which ensures that the air is totally circulated
approximately 3 times in an hour. It is reasonable to assume that the radionuclides
with half-lives longer than 30 minutes are homogeneously distributed, while the

1Normally, the doserate refers to external irradiation only. However, the committed effective
dose is a quantity that takes into account incorporation of radionuclides into the human body and
the dose received from them over the next 50 years. So in this case, we are speaking about a
“committed effective dose” doserate.
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Table 7.3: Comparison between the activity in the air of the cavern and the CA
values of the Swiss legislation.

Activity
Activity concentration CA Activity conc./CA

[Bq] [Bq ·m−3] [Bq ·m−3]

3H 1.36×106 6.67×101 2.00×105 3.34×10−4

7Be 1.80×107 8.84×102 1.00×105 8.84×10−3

10Be 2.57 1.27×10−4 9.00×101 1.41×10−6

11C 3.25×107 1.60×103 7.00×104 2.29×10−2

14C 1.65×105 8.12 1.00×104 8.12×10−4

13N 9.58×107 4.72×103 7.00×104 6.74×10−2

14O 2.30×106 1.13×102

15O 3.33×107 1.64×103 7.00×104 2.34×10−2

19O 3.90×103 1.92×10−1

18F 6.92×104 3.41 7.00×104 4.87×10−5

23Ne 8.43×103 4.15×10−1

24Ne 1.97×103 9.69×10−2

22Na 2.18×103 1.07×10−1 4.00×103 2.68×10−5

24Na 3.32×104 1.64 3.00×104 5.45×10−5

25Na 1.40×104 6.90×10−1

27Mg 1.49×104 7.33×10−1

28Mg 5.51×103 2.71×10−1 6.00×103 4.52×10−5

26Al 1.15×10−2 5.67×10−7 4.00×102 1.42×10−9

28Al 9.03×104 4.45 6.00×103 7.41×10−4

29Al 2.92×104 1.44
31Si 5.34×104 2.63 1.00×105 2.63×10−5

32Si 4.42×101 2.18×10−3 3.00×101 7.26×10−5

30P 2.71×104 1.33
32P 3.10×105 1.52×101 2.00×103 7.62×10−3

33P 2.26×105 1.11×101 1.00×104 1.11×10−3

35P 2.74×104 1.35
35S 1.88×105 9.27 1.00×104 9.27×10−4

37S 8.09×104 3.98
38S 5.38×104 2.65
34mCl 1.23×104 6.04×10−1

36Cl 5.34×10−1 2.63×10−5 1.00×103 2.63×10−8

38Cl 5.25×105 2.59×101 4.00×104 6.47×10−4

39Cl 9.44×105 4.65×101 2.00×105 2.32×10−4

40Cl 1.21×105 5.94
37Ar 6.29×105 3.10×101 1.00×1011 3.10×10−10

39Ar 2.83×103 1.39×10−1 7.00×106 1.99×10−8

41Ar 8.39×106 4.13×102 5.00×104 8.26×10−3

38K 8.43×103 4.15×10−1

40K 6.62×10−6 3.26×10−10 3.00×103 1.09×10−13∑
= 1.43×10−1
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very short-lived are localized close to the regions of their origin. Spallation is more
prevalent near the center of the detector, where a fast-access intervention is highly
unlikely.

7.2.2 Conclusions

At the doserate of 1.4 µSv·h−1, a 30 minute intervention would result in a committed
effective dose of 0.7 µSv. This doserate is a conservative estimate to begin with and,
furthermore, it would sharply decrease during the intervention. For example, if we
account for the decrease of doserate from 1.4 to 0.5 µSv·h−1 in 30 minutes, the
committed effective dose received during those 30 minutes would be about 0.4 µSv.
The annual limit for occupationally exposed people is 20 mSv. To conclude, the
air in the cavern does not pose a radiological hazard during interventions and no
specific countermeasures need to be foreseen.
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Chapter 8

Final summary

This dissertation addressed three complex radiological issues of the ATLAS experi-
ment at the LHC.

Extensive scientific study of the detector activation was performed in order to
delineate its radioactive waste zoning. This work involved two independent calcu-
lations. One was performed by folding particle fluxes obtained from the GCALOR
Monte Carlo radiation transport code with radionuclide production cross sections
and the other was done by scoring residual nuclei production with the FLUKA
Monte Carlo radiation transport code. In terms of the radioactive waste zoning the
results of the two calculations were mutually supportive and in good agreement. To
cross-check them on a more detailed level we performed a dedicated study. The
cross-check revealed that for most radionuclides the predictions of the two methods
are in a very good agreement, within a factor of 2. The production of certain impor-
tant radionuclides from copper was about 3 times higher by the folding method than
with FLUKA. This effect was attributed to the Silberberg-Tsao cross-sections that
were used for the folding calculations. Indeed the results were in a better agreement
when a different set of cross sections, compiled from predominantly experimental
sources, was used. Finally, the largest systematic discrepancies between the two
methods were found for the production of 65Zn in copper 183Re in tungsten and
56Co in iron, which was higher with the folding method by more than a factor of
5 for 56Co and more than a factor of 20 for the others. These radionuclides are
produced almost exclusively by protons through 65Cu(p, n)65Zn, 56Fe(p, n)56Co and
183W(p, n)183Re reactions. The folding method relied on the Silberberg-Tsao cross
sections and consequently treated all hadrons effectively as protons. However, in the
end-cap calorimeter protons account for less than 20% of the total hadron flux (not
counting neutrons below 20 MeV). Since the contribution of these radionuclides to
the total activity is low (less than 1 %) the overall predictions are unaffected. The
two studies together served as the basis for the radioactive waste zoning of ATLAS.

Activation and radiological aspects of liquid argon from the ATLAS Liquid Ar-
gon Calorimeter were studied. First, we investigated the effective dose to selected
population groups in case of an uncontrolled accidental release. We based this es-
timate on the assumption that all liquid argon from one end-cap calorimeter would
leak out and all radioactivity in the liquid argon would be carried with it into the
atmosphere. We based the calculations on pre-existing argon activation data. The
calculations were performed with the EDAR code for the realistic topological data
and adverse weather conditions. We estimated the effective dose that could be re-
ceived by the people in the offices on the ATLAS site and by the people living
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on two nearby farms. Among these we identified the infants living on the closest
farm as the critical population group, that would be potentially most affected. The
critical exposure pathway that contributes most to the effective dose would be the
ingestion of contaminated milk. The highest dose would come from 32P in the milk.
For this population group, the committed effective dose of 165 µSv was estimated.
This is not negligible in comparison with the usual CERN goals for the radiological
protection of the members of the general public but it is still compliant with the
respective CERN guideline value of 300 µSv. Excluding ingestion, the maximum
dose from external exposure and inhalation of 1.48 µSv was predicted for the people
in the offices on site.

We also investigated the conditions for a controlled planned release of the total
amount of argon at the time of its disposal. We concluded that the release could
occur after as little as 15 days of cooling time, provided that it occurs in winter, i.e.,
outside of the plant-growing season. Under these conditions, the estimated effective
dose to the critical population group is 1.5 µSv.

At the end, the argon activation was recalculated to cross-check the original
activation data. The cross-check was done as a comparative study with six sets of
cross sections. For most radionuclides the activities calculated with the different
cross section sets vary within a factor of three, which is acceptable for the purpose
of radiological impact assessment. The biggest variation was found in predicting
the production of tritium, 31Si and 38S, none of which has a significant influence in
terms of the radiological impact.

Activation of air in the cavern and its radiological impact were assessed. The
activities of 39 radionuclides were calculated and the activity in the air of the cavern
was expressed in terms of the CA values of the Swiss legislation. The radiological
impact from external exposure and inhalation of this air was derived from the defi-
nition of the CA values. A 30 minute intervention would result in an effective dose
of about 0.7 µSv.
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