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Abstract
The operation of the Large Hadron Collider (LHC) poses major challenges from a
radiological point of view. The collisions taking place in the center of the particle
detectors give rise to significant stray radiation fields, which have to be quantified in
order to allow for safe operation. The high energetic secondary particles bombard
the detector components and might affect their functionality. Besides, the mixed
radiation field induces radioactivity in the exposed material and gives rise to residual
radiation which poses a hazard to personnel during maintenance work. With the
foreseen luminosity increase of the LHC, the radiation levels will rise accordingly
and therefore, it is necessary to estimate radiologically relevant quantities for future
operation.
In the framework of this thesis, different radiological aspects were studied by
performing Monte Carlo simulations. Thereby, several studies have been carried out
focusing on the prediction of induced activity as well as on the detector response
of an ionization chamber commonly used for dose measurements within the LHC
experimental caverns. In addition, corresponding measurements were carried out
which indicate the reliability of the simulation results.
The scintillating crystals used in the electromagnetic calorimeter in the CMS detector are expected to suffer from radiation damage and might have to be replaced
in a future upgrade at least in the endcaps. It was found, that the exchange of the
current crystals by Cerium Fluoride crystals would decrease the residual dose rate
due to the induced radioactivity in the crystal components by a significant amount.
Thus, the radiation exposure of personnel working in the vicinity of the crystals
is reduced compared to the current crystals. Furthermore, a benchmark study of
the activation of stainless steel in the CMS cavern during 2011 LHC operation has
indicated that the samples positioned close to the interaction point were the most
activated. At these locations, the FLUKA predictions agree well with the data. At
locations further away from the collision point, the simulation results show a discrepancy of about 50% to the experimental data, which is still an acceptable level
of agreement regarding the complex setup of the detector. The investigation on the
response of residual dose rate detectors installed in the CMS experimental cavern
has shown a maximum deviation of a factor of 2.1. Again, the overestimation of the
FLUKA predictions might be due to simplifications in the geometrical implementation of the CMS detector in the model, especially since a benchmark of the applied
i
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detector response function indicated good agreement with regard to the particles
contributing most to the response.

Zusammenfassung
Der sichere Betrieb des Large Hadron Colliders (LHC) am CERN stellt aus radiologischer Sicht eine grosse Herausforderung dar. Die Kollisionen, welche im Zentrum der installierten Detektoren stattfinden, führen zu einer immensen Produktion
von Sekundärteilchen, denen die einzelnen Detektorkomponenten ausgesetzt sind.
Dadurch kann ihre Funktionalität beeinflusst werden. Ausserdem werden in den
bestrahlten Materialien radioaktive Nuklide produziert, die während ihrem Zerfall
ein Strahlenfeld erzeugen, auch wenn keine Kollisionen stattfinden. Dies stellt eine
Gefahr für Mitarbeiter dar, die sich in der Nähe der radioaktiven Quellen aufhalten und somit der Strahlung ausgesetzt sind. Es ist daher äusserst wichtig, diese
radiologischen Grössen für zukünftige Betriebsszenarien abzuschätzen.
Im Rahmen dieser Dissertation wurden unterschiedliche radiologische Aspekte
studiert, indem entsprechende Monte Carlo Simulationen durchgeführt wurden. Dazu
gehören die Abschätzung von induzierter Radioaktivität, sowie die Abschätzung der
Detektorantwort von Ionisationskammern, welche in der Umgebung der LHC Experimente für Dosismessungen zum Einsatz kommen. Zusätzlich wurden Messungen
durchgeführt, um die Verlässlichkeit der Simulationsresultate zu verifizieren.
Die Szintillationskristalle, die in den sogenannten “Endcaps” des elektromagnetischen Kalorimeters im Compact Muon Solenoid (CMS) Detektor benützt werden, sind einer sehr grossen Sekundärstrahlung ausgesetzt. Es ist daher zu erwarten, dass sie früher oder später Strahlenschäden aufweisen und desshalb in einem
zukünftigen Detektor-“upgrade” ersetzt werden müssen. Studien haben gezeigt,
dass ein Austausch der aktuellen Kristalle gegen solche aus cerium fluorid die von
den aktivierten Kristallen erzeugten Dosisraten signifikant reduziert. Implizit wäre
dadurch die Strahlenbelastung in der Nähe der Kristalle wesentlich geringer.
Es wurde eine weitere Studie durchgefürt, um die Übereinstimmung von Monte
Carlo Berechnungen und experimentelle Daten bezüglich der Aktivierung von Stahl
im CMS Detektor und dessen Umgebung zu ermitteln. Die Resultate zeigen Abweichungen von maximal 50%, wobei die Simulationsresultate der Stahlproben welche
am nächsten am Kollisionspunkt platziert waren, am besten mit den gemessenen
Werten übereinstimmen.
Zusätzlich zu den Aktivierungstudien wurde die Übereinstimmung von simulierten
und gemessenen Signalen von Ionisationskammern untersucht, welche in der Umgebung des CMS Detektors installiert sind. Die Ergebnisse zeigen eine maximale
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Abweichung um einen Faktor 2.1. Diese Überschätzung der Monte Carlo Simulation könnte von der vereinfachten Geometrie resultieren, die vor allem weniger
unterstützende Struktur beinhaltet, als in Realität vorhanden ist. Eine weitere Untersuchung, die auf eine gute Voraussage der Simulation der Detektorantwort auf
das vorherrschende Teilchenfeld hindeutet, lässt zusätzlich darauf schliessen, dass
die Überschätzung durch die geometrischen Vereinfachung verursacht wird.
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Introduction
With the first circulating protons in the Large Hadron Collider (LHC) at CERN in
2009, the worlds largest science experiment started its operational phase. The high
energy and luminosity at which the collisions take place allow for the production of
particles with very small production cross section. However, they also give rise to
mixed radiation fields which are significantly different in terms of energy range and
composition with respect to well-studied fields found for example at nuclear power
plants. For a safe operation of the LHC and its associated experiments it is of major
importance to be able to measure, characterize and shield, if necessary, the mixed
high-energy radiation fields encountered during operation,the so-called “prompt radiation”, as well as the residual radiation field, due to induced radioactivity. The
latter originates from activated equipment and exposes personnel during maintenance tasks. With the foreseen upgrade of the LHC complex targeting an increase
of the luminosity by a factor of 10, the radiation levels will rise accordingly and
therefore, radiological risks will have a significant influence on the future operation.
In this thesis several aspects of the prompt and residual radiation fields in the
vicinity of one of the general-purpose detectors at the LHC, the Compact Muon
Solenoid (CMS) detector were studied with Monte Carlo simulations and in situ
measurements. The study included assessments of radiation damage to material as
well as the active monitoring of prompt and residual radiation fields, as present in
the CMS cavern.
The thesis is structured as follows:
After an introduction to the LHC and the CMS detector in Chapter 1, the most
relevant upgrades for an increase of the luminosity are explained in Chapter 2. It
includes an overview of the radiological aspects of the upgrade, discussing potential material damage due to radiation as well as aspects of radiation protection of
personnel and environment. The chapter closes with an introduction to the particle
interaction and transport code FLUKA which is widely used for the prediction of
radiological quantities and as such was one of the fundamental tools used in this
thesis.
The performed studies can be subdivided into two parts (Chapters 3 and 4).
While the first part concentrates on the activity induced in different materials, the
second part focuses on the detector response of a commonly used ionization chamber
3
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on mixed high energy radiation:
The detector upgrade includes the exchange of several components that might
have suffered from severe damage effects due to radiation. For example, it is expected
that the scintillating crystals in the CMS electromagnetic calorimeter endcaps will
have to be replaced by another detector system, eg. based on different crystal
types. Currently, different materials are under investigation. In this thesis, a study
on the radiological quantities of one candidate material has been performed and is
discussed in Chapter 3. In addition, a benchmark study of induced radioactivity
in material samples which have been installed at different locations in the CMS
detector environment was carried out.
The operation of high-energy hadron accelerators requires an accurate surveillance of the radiation environment. One of the dedicated active radiation detectors
used at CERN is the so-called PMI ionization chamber. It is installed to monitor
remotely residual dose rate from induced radioactivity, after operation with beam
and is, thus, calibrated in a pure photon field with standard calibration sources (Cs137). However, the PMI chambers are also taking data during operation with beam.
A potential use of the installed chambers for measuring prompt dose rate in a high
energetic mixed field would need appropriate field calibration factors. In Chapter 4
the corresponding factors for the PMIs installed in the CMS experimental cavern
have been determined with the help of Monte Carlo simulations and are compared
to measurements. This Monte Carlo based field calibration approach requires a detailed study and knowledge of the detector responses to dominating contributors in
terms of particle type and energy. The radiation environment in the CMS cavern
is typically dominated by neutrons which reach energies of more than one hundred
MeV. Therefore, as described in Chapter 4, a dedicated detector response study was
carried out with quasi-mono energetic neutrons with energies of 140 and 200 MeV
respectively. The results were eventually used as a benchmark of the previously calculated neutron response for the PMI detector in this energy range which is critical
for the appropriate Monte Carlo based calculation of field calibration factors.

Chapter 1

LHC and CMS
Since 2009, the Large Hadron Collider (LHC) at the European Laboratory for Particle Physics (CERN) in Geneva is operating and the associated detectors are delivering data from high energy hadron collisions. One of these detectors is the Compact
Muon Solenoid (CMS) detector which is located at Point 5 of the LHC tunnel. In
this chapter, the CMS experiment will be described in more details after a short
overview of the LHC accelerator, providing the beams for the collisions.

1.1

The LHC accelerator

The Large Hadron Collider [1] is the most powerful particle collider ever built. The
collisions with a nominal proton beam energy of 7 TeV and an envisaged luminosity
of 1034 cm−2 s−1 enable the collaborations at CERN to study physics at the TeV
energy scale, where one of the main goals is to elucidate the origin of electroweak
symmetry breaking, e.g. via the existence of a Higgs boson. It also allows to study
rare physics processes and to search for new physics.
The LHC accelerator is supplied with protons or lead ions from the injector chain,
consisting of a linear accelerator (linac), a booster, a Proton Synchrotron (PS) and
a Super Proton Synchrotron (SPS). Once injected into the 27 km long LHC tunnel,
the beam particles will be accelerated up to the final energy before they are brought
to collision in the four interaction points where detectors are installed to measure
the particles produced in the collisions.
In total, six experiments are run by international collaborations to analyze physics
data delivered by the LHC. The two biggest among them, ATLAS and CMS, are
so-called general-purpose detectors, designed to investigate a large range of physics
(see Figure 1.1). ALICE and LHCb are specialized on heavy ion and b-physics
respectively. TOTEM and LHCf are much smaller experiments focused on the measurement of elastic and diffractive cross sections.
Since its startup in 2009 the LHC has delivered an integrated luminosity of more
than 5 fb−1 of proton collisions at 7 TeV center of mass energy, and more than 6 fb−1
5
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at 8 TeV.

Fig. 1.1: Schematic drawing of the LHC accelerator and its associated
experiments. [2]

1.2

The CMS detector

CMS is a detector dedicated to high luminosity data taking of the LHC. Its name
stands for Compact Muon Solenoid - compact, because compared to its overall
weight of 14’000 tons its dimensions are relatively small. This high mass is essential
for absorbing most of the highly energetic particles produced in the collisions in
order to be able to detect and identify them. As the name indicates, CMS uses a
superconducting solenoid to induce a strong magnetic field of almost 4 Tesla inside
the detector. Charged particles are deflected in this field and their momenta can be
determined from the curvature of the tracks. [3]
The CMS detector has a full length of 21.6 m and a radius of 7.5 m with a calorimeter coverage up to a pseudorapidity1 of approximately |η| = 5. As it can be seen
in the schematic view of CMS in Figure 1.2 the detector assembly is divided into
several subdetectors which are arranged in layers around the interaction point. CMS
consists of a barrel detector in the central region around the interaction point and
so-called endcaps enclosing the detector, as indicated in Figure 1.2. Like this, the detector is designed to measure energies and momenta of electromagnetic and hadronic
1

Pseudorapidity is related to the angle Θ of the particle trajectory relative to the beam pipe:
η = ln[tan( Θ
2 )]
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particles with high precision up to LHC peak luminosities resulting in an excellent
mass resolution for many new particles to be discovered.
The high collision rate and the large multiplicity involved in hadronic interactions

Fig. 1.2: View of CMS and its subdetectors. [4]
produce a huge amount of particles traversing the detector. In order to resist this
exposure, every subdetector has to be to a certain extent radiation hard. For this
purpose, special materials and new detector techniques are used. Additionally, very
sensitive parts, such as some electronics systems, were installed in shielded areas.
CMS coordinate convention
In order to simplify descriptions of locations inside the CMS cavern in the later
part of the thesis, here is a short introduction to the commonly used coordinate
conventions in the CMS cavern. The origin of the polar and the cartesian coordinate
system lies at the interaction point (IP) in the center of the detector. The x-axis
is directed inwards towards the center of the LHC, where the y-axis is the vertical
axis, pointing upwards (see Figure 1.3). The z-axis is in line with the beam axis
with the positive direction towards the Jura mountain. The polar coordinates are
defined as follows: the angle ϕ is measured from the x axis in the x-y plane. The
radius is then defined as the lateral distance from the beamaxis. [3]

8
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It can be seen in Figure 1.3, that the detector itself is almost symmetric with regard

Fig. 1.3: Coordinate conventions of the CMS cavern (the yellow star indicates the
interaction point).

to the vertical plane (xy) in the interaction point. The only significant asymmetry
with regard to the radiological studies performed within this thesis is the CASTOR
(see page 10) subdetector and the material access shaft, which are only present on
one side of the detector (on the −z side).

1.2.1

Subdetectors

CMS Tracker
The Tracker [5] is the first subdetector, a particle produced in the collision interacts
with. It measures the tracks of the charged particles generated in the collisions. In
order to influence the particle trajectory as little as possible, the detector is made
up of light materials.
On the other hand, it is the detector closest to the interaction point and is therefore
exposed to an enormously high energetic particle flux. As a consequence of these
limitations the final design consists of a tracker containing two subdetector technologies: pixels and silicon strips. The silicon detector is cooled down to −10 ◦ C to
reduce leakage currents caused by radiation damage. Still, the LHC creates a very
hostile radiation environment for the tracker in terms of material degradation. It is
therefore expected, that this damage will set a limit to the operational lifetime of
the inner detectors.

1.2. THE CMS DETECTOR
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Electromagnetic (ECAL) and Hadronic (HCAL) Calorimeter
The calorimeters measure energy deposition of particles in the calorimeter material.
By absorbing the particle, its total energy can be determined. With the CMS barrel
and endcap configuration a pseudorapidity range up to |η| ≤ 5.0 is covered. Since the
electromagnetic and the hadronic calorimeters are exposed to the strong magnetic
field, they have to be made out of non-magnetic material. The combined response
of the two detector systems provides the raw data for the reconstruction of jets,
electrons, photons and missing energy from the escaping neutrinos. The Electromagnetic Calorimeter [6] consists of more than 70’000 scintillating lead tungsten
crystals. Most of the energy of the particles is deposited in the homogeneous scintillating crystal volume, generating a photon shower. Therefore, this calorimeter offers
the best performance for energy resolution and, on the other hand, takes advantage
of the scintillating effect, being the fastest process for photon emission [7].
The thickness of the detector corresponds to more than 25 times the radiation
length2 , in the endcap and the barrel region. The light produced in the crystals
is detected in avalanche photodiodes (APD) in the barrel ECAL and, in order to resist the increased radiation, in vacuum phototriodes (VPT) in the endcaps of ECAL.
By measuring electrons, positrons and photons, ECAL plays an essential role in the
study of the physics of electroweak symmetry breaking, since these are the crucial
particles for the two-photon decay channel of the Higgs (H → γγ) as well as many
other physics analyses performed at CMS.
The Hadronic Calorimeter [8] is a sampling calorimeter, consisting of an active
(scintillator) and a passive (absorber) part. The absorber material is brass and as
active part of the HCAL, plastic scintillators are used.
When a particle is absorbed, it induces a hadronic shower which develops wider and
penetrates deeper into the material than electromagnetic radiation (the hadronic interaction length is ∼ 5-10 times larger than the electromagnetic interaction length [9]).
Therefore, the detector needs more space which in case of the HCAL is limited by
the solenoid. Inside the coil, the thickness of the hadronic calorimeter is slightly
more than 5 nuclear interaction lengths at |η| = 0. Since this is not enough to
fully stop the hadronic shower, the HCAL consists of a second part which is located
outside the magnet, using the magnet itself as absorber.
By measuring the energy and direction of hadronic jets, the HCAL contributes to
the search for new particles, such as the super-symmetric partners of quarks and
gluons.
Muon System
The muon chambers [10] are embedded in the return yoke of the magnetic field,
as it is shown in Figure 1.2. The barrel muon chambers are drift tubes, providing
a precise measurement of the bending of a muon path in the magnetic field. The
2

The radiation length X0 is a scaling variable for the attenuation of electromagnetic particles
in material.
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particle flow in the endcaps is higher, therefore faster and finer segmented cathode
strip chambers are used.
Muon detection is for example needed to detect the Higgs decay into two Z-bosons
which in turn decay into four charged leptons, where these leptons can be muons.
CASTOR
CASTOR is a hadron detector in the very forward region, located 14.3 m from the
interaction point and covering a pseudorapidity range from 5.1 to 6.6. CASTOR is
constructed in layers of alternating tungsten and quartz plates, the read-out is done
by photo-multiplier tubes. The detector has a cylindric shape with a length of 1.5 m
and a diameter of 60 cm.
In contrast to all the other subdetectors CASTOR is only installed on one side of
the CMS experiment. It is therefore responsible for the unique asymmetry inside
the detector, which can be observed in the different studies shown in subsequent
chapters.
With the increase of the beam energy from 3.5 TeV to 4 TeV in 2012, CASTOR has
been taken out of CMS.

1.2.2

Radiation environment at CMS

While induced radioactivity is almost negligible at electron-positron colliders, it is
a major concern at LHC. Thus, from the very beginning of the CMS construction,
efforts have been made to account for the radiological safety of the equipment as
well as the personnel entering the cavern during beam-off conditions. In the past,
several radiological studies [11, 12, 13] of the radiation environment at CMS have
been performed for two scenarios: during LHC operation (prompt radiation) and
for beam-off conditions (residual radiation).
In its closed configuration the detector in combination with the forward shielding
provides significant self-shielding which also limits the activation level in the surrounding cavern. If the detector is closed, the residual ambient dose in the cavern
is comparable to the natural background radiation, even after long operation periods. [13] The situation changes as soon as the detector or part of it is opened
and the most activated elements, such as parts of the beamline, shielding elements
or calorimeters become accessible. In this case, dose rates can locally reach values
which require special attention in order to protect personnel carrying out maintenance work. [13]

Chapter 2

LHC upgrade plans and the
corresponding radiological issues
Since LHC has started operating, physics data from a new energy frontier are produced at CERN which puts the machine and the associated experiments in the center
of interest for particle physics. In order to keep the extraordinary performance while
approaching the design parameters of LHC within the next years, it is important
to upgrade the machine and the detectors step by step. At the same time, R&D
studies for an operation of LHC beyond its nominal design parameters are made,
the so-called High Luminosity LHC (HL-LHC) project, documented in [14].
The upgrade of LHC to HL-LHC foresees an tenfold increase in peak luminosity.
To achieve this, the whole accelerator chain, starting from the injectors to the LHC
itself, have to undergo major modifications. The upgrade of the experiments is focused on faster and more granular measurements required by the higher collision
rate. In the first part of this chapter a rough overview of the current plans for the
step-by-step upgrading of the LHC to the projected HL-LHC as well as the corresponding upgrades of the CMS experiment are pointed out.
Operating at high luminosity increases the secondary radiation field and the activation of the detector which results in higher residual doses1 . This has to be taken
into account in order to protect personnel and equipment from radiation. At the
end of this chapter there will be a part on the damage from radiation on material
followed by a discussion on the protection of personnel.

2.1

LHC upgrade plans

At any time in the future, after having operated LHC for several years at the designed machine parameters, the statistical gain of physics data will become marginal.
According to current forecasts, the running time necessary to reduce the statistical
error in the measurements by a factor of two will be more than ten years at the end
1

The definitions of radiological quantities, such as the residual dose, are given in Section 2.3.3
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of 2019 ([14]). In order to increase the statistical significance of results, which will
then lead to more precise measurements and an increased probability to discover
rare processes, various upgrade studies are carried out with the goal to increase the
peak luminosity of LHC significantly. The preliminary plan is to schedule a major
upgrade by the end of 2021, which is subject of design studies by the HiLumi-LHC
project. [14] The projected novel machine configuration, the High-Luminosity LHC
(HL-LHC), will accumulate 200 − 300 fb−1 per year, compared to 40 fb−1 reached
within one year of LHC operation at nominal parameters. Until the start foreseen
by the HL-LHC project already several (minor) upgrades are scheduled during two
long shutdowns (see figure 2.1).
In 2010 and 2011 the LHC has accelerated proton beams up to 3.5 TeV whereas in
2012, the proton energy reached 4 TeV. A further increase of the energy is planned
for the operating period after the first long shutdown (called LS1). It is foreseen to
run LHC at the designed nominal energy or close to it (6.5 − 7 TeV). A second long
shutdown (LS2) is scheduled for 2018 and according to the current project schedule [14] in 2021, a major upgrade of the LHC installations and the experiments is
scheduled for an increase of luminosity by a factor of 10 beyond its design value.

Fig. 2.1: Very preliminary estimation of the development of integral and
instantaneous luminosities at LHC until 2021. [14]

2.2. CMS UPGRADE PLANS

2.2
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CMS upgrade plans

CMS pursues the goal to have a detector being able to fully profit from the LHC
performance and therefore, to cope with the delivered luminosity at any step of the
upgrades. For that reason the performance of the CMS detector will have to follow
the LHC upgrades by carrying out improvements, replacements and other upgrades
to parts of the detector.
LS1 and LS2 will give CMS the opportunity to cope with the increased luminosity
delivered by the LHC and to repair and improve detector parts, based on operating
experience gained in the past. The major phase of the CMS upgrade will take place
in LS2. During this period, the pixel detector will be replaced by a new one with
extra layers. In addition, the photodetectors in the HCAL will be replaced, since
the current detectors tend to produce sparks while they are exposed to the magnetic
field. Besides that, the upgrade involves the muon detectors, the beam radiation
monitoring and luminosity measurement system, the trigger, the data acquisition
system and the CMS infrastructure and facilities. [15]
Within the major upgrade for HL-LHC (scheduled for 2021), the entire inner tracker
system in CMS will be replaced, since the current one is expected to show serious
damage from radiation by then. Besides this major replacement also all other subsystems as well as the data acquisition will undergo improvements to prepare them
for the increased luminosity runs. For example, a new forward calorimetry is studied.

2.3

Radiological aspects of the upgrade

The luminosity increase will involve a significant rise of the activation levels of
detector materials in the experiments. From the radiation safety point of view this
will on one hand induce a hazard for personnel entering areas close to activated
parts of the detector, for carrying out maintenance work during technical stops for
example. On the other hand, irradiating sensitive materials, such as electronics and
optical sensors might damage them such that they lose their functionality. In the
following sub-chapters, these effects will be discussed in more detail, beginning with
the basic physical processes that take place when radiation interacts with matter and
continuing with damage effects in materials. Furthermore, the hazards of radiation
to personnel are discussed and the FLUKA Monte Carlo code is introduced, which
is used to estimate radiological quantities at CMS and the LHC.

2.3.1

Interactions of radiation with matter

Interactions of photons, charged particles or neutrons with matter lie at the heart
of all experimental work in particle physics, since they constitute the underlying
processes of the detection. These interactions can lead to damage in human tissue
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and matter in general, and have thus to be studied in order to get an overview on
the overall radiation field and its impact of the environment.

Photon interactions with matter
The interactions of photons with matter are mainly electromagnetic phenomena,
either resulting in a scattering or in the absorption of the photon. The underlying
processes are the following: Photoelectric effect, Compton (incoherent) and Rayleigh
(coherent) scattering as well as pair production (see Figure 2.2).
All these processes result in an energy transfer from photons to predominantly the

Fig. 2.2: Interaction processes of photons with matter. [16]
electrons in the atomic shell. Therefore, the decrease in intensity I of a monoenergetic photon beam as a function of the depth x inside a material can quantitatively
be described with the absorption law:
I(x) = I0 · e−µ(E)x

(2.1)

where µ is the attenuation coefficient depending on the photon energy E and the
target material. The attenuation coefficient is proportional to the interaction cross
section and thus inversely related to the mean free path. Figure 2.3 shows the
partial cross sections of photon interactions with matter for two different materials
as a function of the photon energy.
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(a) Photon interactions in carbon

(b) Photon interactions in lead

Fig. 2.3: Components of the photon cross section in carbon and lead as a function
of the incident photon energy. [16]
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The macroscopic cross sections Σ of the four interaction mechanisms have different dependencies on the charge Z of the nucleus:
Z5
Z
Z2
Z2
; ΣCompton ∝ ; ΣRayleigh ∝
; Σpair ∝
.
(2.2)
A
A
A
A
Taking these dependencies into account when looking at Figure 2.3, it becomes clear
that the heavier the target nucleus is, the more the photoelectric effect and the pair
production contribute to the total cross section. On the other hand the Compton
effect becomes less effective with increasing nuclear charge.
Σphotoelectric ∝

Electromagnetic interactions of charged particles with matter
Inside matter, charged particles will loose energy by electromagnetic interactions
with the atoms of the medium. Whereas heavy charged particles (protons, αparticles, kaons, pions, etc) are depositing their energy mainly by exciting and ionizing the atoms, light charged particles (electrons and positrons) also loose energy
by radiating photons. The energy transfered to the nuclear-system is responsible for
damage effects on the material itself. This effect will be discussed in more details
in a later part of this chapter.
In order to quantify the interactions of charged particles with matter the quantity
stopping power2 is used. Although particles loose energy in discrete interactions,
the stopping power is a continuous function, which is derived by considering a large
number of interactions together.
Heavy particles interacting with atoms (via electromagnetic processes) transfer
most of their energy to the atomic electrons. Because the scattering partner (the
electron) is much lighter than the particle itself, the track of the ion does not change
significantly after the interaction. As a consequence, it moves in an approximately
straight line during the slowing-down process. On its way through the material,
the particle ionizes and excites many atoms. With increasing ion energy, energetic
recoil electrons are released from the atoms which can cause further ionization and
develop electromagnetic showers.
The stopping power of a heavy particle traversing matter is described by the BetheBloch formula [18]. At lower particle energies, the stopping power depends on 1/v 2
and the ionization density rises to a maximum when the particle has nearly lost
all its energy [17]. This increase of ionization is referred to as the Bragg peak, see
Figure 2.4. By inverting and integrating this equation the range of a particle in a
certain material can be derived as function of its initial energy.
Ions heavier than helium (referred to as heavy ions) will change their charge
state while traveling through matter. At sufficiently high energies, their electrons
will be stripped and the ion charge increases. The energy loss is described by the
2

The stopping power is the energy loss by collisions of a projectile per unit distance traveled in
a material (expressed as dE
dx ). More information can be found in Ref. [17].
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Fig. 2.4: Ionization density as a function of the distance that an α particle travels
in air (Bragg curve). [19]

electronic stopping power. At lower energies (close to the velocity of the orbital
electrons of the target nuclei), the ion captures electrons and starts to loose energy
due to nuclear effects. Figure 2.5 shows the specific energy loss of an ion on electrons
and on the nucleus of the target atom. It can be seen that the contribution from
the electronic stopping power to the total stopping power is dominating in the high
energy range. On the other hand, when the projectile reaches lower energies, the
probability for it to scatter on the whole atom increases. Hence, the energy and the
angular momentum transfer are much larger than for interactions with the electrons
of the target nucleus, especially for cases where the masses of the projectile and the
scattering partner do not differ much. [17]
Light charged particles traveling through matter lose energy through coulomb
interactions like heavy particles, but since they are lighter they move much faster
is much smaller than for heavy
with the same kinetic energy. As a consequence, dE
dx
charged particles and therefore, electrons penetrate deeper into material. Due to the
reduced weight, electrons and positrons are much more likely to be deflected when
they are scattered. This so-called straggling leads to bigger statistical variations in
energy loss and therefore, in travel distance of the electrons/positrons in matter [19].
Unlike heavy charged particle scattering, electron and positron scattering produces
a significant amount of bremsstrahlung. This fraction of the total energy loss becomes bigger, the higher the electron/positron energy is, as shown in Figure 2.6.
High energy electrons lose most of their energy by radiation via bremsstrahlung and
thereby, they produce high energy photons, which again give rise to electromagnetic
radiation. This phenomenon is often referred to as electromagnetic cascade.
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Fig. 2.5: Contribution of nuclear and electronic interaction to the total stopping
power of oxygen ions in silicon (left) and silver ions in gold (right). The purple line
(referring to the right scale) depicts the relative contribution of the nuclear to the
total stopping power. [16]

Fig. 2.6: Total, collision and radiation stopping power of electrons in water as a
function of the projectile’s kinetic energy. [17]
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High energy hadronic interactions with matter
If the energy of the incoming hadron exceeds few tens of MeV, inelastic interactions start to be significant and the secondary particles have large enough energies
to trigger further interactions and thus develop hadronic showers3 . For collisions
at center of mass energies above the pion production threshold (which is around
290 MeV), electromagnetic showers are induced by hadronic interactions trough the
decay of produced mesons (manly π 0 and η) into leptons and/or photons. Thus, high
energy hadronic interactions always give rise to electromagnetic showers. On the
other hand hadronic shower production from electromagnetic radiation occurs only
on an often negligible scale due to the comparably small cross sections of electroand photonuclear reactions.
While electromagnetic interactions, and with them the development and propagation of electromagnetic showers, are well understood and described by QED, such
a complete theory does not exist for inelastic hadron interactions. As no analytical expression can be derived without severe approximations, the physics of inelastic
hadronic processes is often described by numerical models, mostly by suitable Monte
Carlo models, simulating every single interaction at run time.
Hadron-nucleus inelastic interactions are mostly described by IntraNuclear Cascade
(INC) models, which cover an energy range from the pion production threshold up
to a few GeV. In classical INC codes, the interactions are described as multiple
collision processes (also referred to as “cascade”, since the collisions give rise to a
cascade of secondary particles) of the hadron with the nucleons in the target nucleus.
Within the INC model it is assumed, that the target nucleus consists of fermions
constrained in a box, according to the Fermi gas model. By applying the appropriate boundary conditions, the Fermi energies (being the discrete energy levels in the
nuclear potential) and the corresponding energy transitions can be derived. In the
ground state of the nucleus, all lowest-lying states are occupied (respecting Pauli
blocking) and all nucleons are below the Fermi level. The hadron-nucleon cross
sections used in the calculations are often assumed to be free hadron-nucleon cross
sections within the above mentioned nuclear potential. In the basic INC models,
neither coherent (elastic) nor diffractive effects are included.
For interactions at higher energies, where the partonic structure of the hadrons has
to be taken into account, different models are in use. In various particle transport codes, the Dual Parton Model (DPM) is implemented to describe high energy
hadron-nucleon interactions. Up to fairly high energies, the bulk of hadron-nucleon
inelastic collision products have small transverse momenta. For such a soft particle
production QCD calculations are impractical because of the large coupling constant,
3

The expression ”particle shower” originates from the first detection of particle cascades within
the early experiments, where nuclear emulsions were often used as recording media. Showers are
produced by a high-energy particle when it impinges on matter giving rise to a cascade of new
particles. Electromagnetic and hadronic showers can be characterized by the definition of a “shower
depth” and a “Moliere radius”, quantifying the penetration depth and the radial expansion of the
shower.
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which prevents the use of pertubative theory. The DPM is based on Regge theory;
a detailed discussion can be found in Ref. [20]. Using the Gribov-Glauber approach,
the DPM can also be applied for the simulation of hadron-nucleus collisions.
The INC models are limited in their applications at low energies, where the accuracy
of these models decreases. Therefore, preequilibrium models are used to describe
the transitions between the INC and the nuclear thermalization. The nuclear cascade is terminated, when all nucleons in the nucleus are below 50 MeV and all other
particles have been emitted or absorbed. In that stage, the nucleus is characterized
by the total number of protons and neutrons as well as excited nucleons (above
the Fermi level) and the respective “holes” (both are named excitons). Through
collisions between nucleons, the number of excited nucleons increases, while the individual excitation energies decreases and the total excitation energy of the nucleus
gets equally distributed. The equilibrium is reached, when either the number of
excitons is sufficiently high or the excitation energy is below any emission threshold.
When the residual nuclei reach an equilibrium state, they are well characterized by
their mass, charge and excitation energy. The so-called evaporation process describes
the dissipation of the residual excitation energy by emitting particles (nucleons and
light fragments) at average energies of a few MeV or by decaying of the residual
nuclei into two heavy parts (fission).
The evaporation process can leave excited nuclei which deexcite through the emission of photons. Actually, photon emission also occurs during evaporation, but
is significantly reduced compared to the previously mentioned emission of nucleons
and light fragments and can therefore be neglected in Monte Carlo simulations. The
evaporation stage ends as soon as the excitation energy is lower than all separation
energies for nucleons and fragments. A more detailed discussion of hadronic interactions can be found in [20].

Low energy neutron interactions with matter
Since neutrons do not need a certain minimum energy to overcome the Coulomb
barrier, they can undergo nuclear reactions at very low energies. The most common
neutron reaction is radiative capture, where a neutron is captured and the excitation
energy induced by the neutron is emitted by photon radiation. As a consequence,
the mass of the residual nucleus is increased and the isotope is often radioactive.
The interaction cross sections of neutrons in matter are, compared to that of charged
particles, small and the mean free path length are accordingly long. The neutrons
are scattered on the nuclei itself (and not on its electromagnetic potential since they
are neutral) down to very low energies, until they are absorbed by a nucleus.
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Radiation damage in materials

Particles passing through matter will interact with it, which will influence the general structure of the material and can therefore cause damage to it. The damage can
be of cumulative nature or can cause stochastic failure in the operation of a device.
In the following chapter, the damage to material and devices is discussed.
Damage to material and devices
Material exposed to a radiation field will be affected and will most likely be damaged by it. Among others, the type of damage is linked to the amount of deposited
energy in the material by the interacting particle which depends on the composition
of the radiation field and the material characteristics. If the material is part of an
electronic or optical device, the damage also depends on the physical principles upon
which the function of the device is based.
In general, cumulative damage and statistical failure of electronic devices have to
be distinguished. The statistical effects due to radiation in electronic devices are
referred to as Single Event Effects (SEE). They are induced by a single particle,
which directly ionizes a sensitive part of the device and thereby disturbs its normal
operation. The probability of SEE is proportional to the high energetic (> 20 MeV)
charged hadron and neutron fluence. [21]
The total energy absorbed (dose) by a material directly correlates with the energy
deposited by the incoming particle (assuming no secondary particles escape the material). If the affected material is not recovering, the damage induced by the energy
deposition is cumulative. The interaction of the incoming particle with matter can
result in ionization or excitation of the atom, in atomic displacement or in inelastic nuclear scattering. Interactions affecting the electron shell, such as excitation or
emission of an electron, are referred to as energy-loss by ionization. They are mostly
induced by photons, but charged particles can also be responsible for these effects.
Especially electronic and optical devices are very sensitive to damage induced by
ionizing dose, generating for example electron-hole pairs, color centers and trapped
charge carriers.
In Non-Ionization Energy-Loss (NIEL) processes the energy is transferred to the
atom as a whole. The (primary) knock-on atom (PKA) can be displaced from its
lattice position or the recoil energy can be dissipated in lattice vibration. Except for
neutrons, the energy deposition by non-ionizing processes is much lower than by the
ionizing processes. However, the displacement of an atom in a lattice can introduce
degradation effects in material by creating a vacancy or an atom in interstitial position, so-called Frenkel defects. If enough energy is transferred to the recoil atom,
large cascades of displacements (defect cluster) can be initiated. In order to be able
to compare damage from different particle fluences in a specific semiconductor, displacement damage caused by hadrons of certain energy can be related to that of a
1 MeV neutron for which conversion coefficient exists. Further information can be
found in Ref. [17].
Radiation can also damage material at the level of the nuclear structure. Nuclear
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processes, like spallation, particle capture reactions and photonnuclear reactions can
induce radioactivity in matter, such as detector and shielding materials as well as
air and cooling water. Activation causes a major risk to personnel entering the
radiation area after operation, through the residual radiation field induced by the
decaying products. Since the produced nuclides can decay within a time-scale in
the range of seconds up to years, activation plays a major role in the accessibility of
activated zones in the LHC, such as the CMS cavern. Besides, the induced activity
can lead to an increase of the background in the detector signals.
For calculating the activity4 (A(t)), all possibly produced nuclides have to be taken
into account:
A(t) = −

X dNi (t)
X
dN (t)
=−
=−
(−λi Ni + Ṗi ),
dt
dt
i
i

(2.3)

with λi being the decay constant5 and Ṗi the production rate of radionuclide i [22].
The total production of a nuclide i (Pi ) is the sum over all contributions from different production channels (Pi,j,k ) of particle k with target nucleus j. It is given by
the following equation:
X
X Z
dφk (E)
dE.
(2.4)
Pi =
Pi,j,k =
Nj σi,j,k (E)
dE
j,k
j,k
This equation includes the total number of target nuclides j (Nj ), the fluence of
particle type k (φk (E)) and the cross section for the reaction of interest (σi,j,k ).
If we want to determine the number of produced nuclides i after an irradiation time
tirr of constant irradiation rate (Ṗi (t) = const), we have to consider that a nucleus
produced at time t has a probability of e−(tirr −t)λi to not decay within the time
interval from t to tirr . Consequently, the number of nuclides i after an irradiation
of tirr is given by the so-called activation formula [22]:
Z
Ni (tirr ) = Ṗi

tirr

e−(tirr −t)λi dt =

0

Ṗi
· (1 − e−tirr λi ).
λi

(2.5)

The activity of a material (assuming that at t0 the material did not contain any
radioactive isotopes)6 after an irradiation time tirr and a cooling time tcool is:
A(tirr + tcool ) = −

X dNi (tirr + tcool )
i

4

dtcool

=−

X

Pi · (1 − e−tirr λi ) · e−tcool λi .

(2.6)

i

The activity is the statistically expected number of decayed radionuclides per unit time, expressed in Becquerel (1 Bq = 1 s−1 ). It is the number of disintegrations per second: A(t) = − dN
dt .
5
The decay constant is a statistically determined value representing the proportionality between
the number of radioactive atoms and the rate at which the number of atoms decreases because
of radioactive decay. The half-life time, defined as the time at which only half of the initial
radionuclides are left, is accordingly defined as t1/2 = lnλ2 .
6
The general solution of nuclear transmutation, which also takes into account the decay of
radionuclides into radioactive daughter nuclides, can be evaluated with the so-called Bateman
equations [23].
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As it can be derived from formula 2.6 and Figure 2.7 accordingly, radionuclides with
half-lives times much smaller than the irradiation time, will reach saturation during
the irradiation phase, meaning that production and decay rate are equal and the
number of radionuclide stays at a constant level after a certain irradiation time. Due
to the definition of t1/2 , after an irradiation period of 3.32·t1/2 , an activation level
of 90% of the maximal achievable activation is reached, 99% after 6.64·t1/2 . [24]
Hence, the build-up of a long lived isotope is proportional to the integral irradiation intensity, while the production of short lived isotopes can be quantified by the
instantaneous irradiation intensity.
1
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Fig. 2.7: Build-up and decay of three isotopes with different t1/2 . The production
of the isotope with 10 · t1/2 ∼
= tirr has saturated after irradiation time tirr , where the
net production of the other two isotopes is still increasing. [24]

2.3.3

Radiation protection of personnel and environment

In the principles of radiation protection of personnel and environment a distinction
is made between three different quantities: physical, protection and operational.
This is necessary, because the directly measurable physical quantities do not give
any direct quantification of the biological reaction of the human body to ionizing
radiation. [18]
The physical quantities express the directly measurable values, such as the fluence, the absorbed dose and the activity.
The fluence (Φ) can be defined based on the tracklength, representing the length of
the particle trajectory in a defined volume. To have a volume independent quantity,
the fluence is the tracklength density:
Φ(E) =

dl
,
dV

(2.7)
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with dl being the tracklength and dV the volume element. As absorbed dose one
refers to the energy imparted by ionizing radiation per unit mass. The SI unit is
J
.
gray (Gy), where 1 Gy corresponds to 1 kg
Radiological limits are defined in terms of protection quantities. They quantify
the extent of exposure of the human body to ionizing radiation from whole-body and
partial body external irradiation and from the internal irradiation after ingestion of
radioactive substances.
A partial irradiation of an organ or tissue T (of mass mT ) is quantified by the organ
absorbed dose (DT ):
Z
1
Ddm.
(2.8)
DT =
mT mT
The equivalent dose (HT ) in an organ or tissue depends on the absorbed dose caused
by different radiation types (R):
X
HT =
wR · DT,R .
(2.9)
The so-called radiation weighting factors wR characterize the biological hazard of
the specific radiation. The commonly used values of wR recommended by the International Commission on Radiological Protection (ICRP) can be found in Ref. [25].
The SI-unit of equivalent dose is the Sievert (Sv).
From the organ equivalent dose, the whole body exposure can be determined. The
effective dose (E) is the sum of the equivalent doses, which are weighted by the
tissue weighting factors wT .
XX
X
E=
wR · DT,R =
wT · HT
(2.10)
T

R

T

The values of wT (recommended in [26]) represent the contributions of individual
organs and tissues to the overall radiation detriment from stochastic effects.
The protection quantities equivalent and effective dose are not measurable, hence
they cannot be monitored directly in a radiation area. Therefore, so-called operational quantities are used to assess the effective or the equivalent dose in tissues
and organs for demonstration of compliance with regulations for occupational exposure. The operational dose quantities are the ambient dose equivalent, used for area
monitoring, and the personal dose equivalent, the quantity defined for individual
monitoring. In order to define the operational quantities, a phantom is used to approximate the human body with regards to scattering and attenuation of radiation
fields. The phantom is a sphere (30 cm in diameter) of tissue-equivalent material,
defined by the International Commission on Radiation Units and Measurements
(ICRU) documented in Ref. [27].
The ambient dose equivalent (H ∗ 10), at a certain point in the radiation field, is
defined as the dose equivalent that would be produced by the corresponding and
aligned field in the ICRU sphere at a depth of 10 mm.
For personal dosimetry, the personal dose equivalent (Hp (d)) quantity is used. Hp (d)
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is the equivalent dose at an appropriate depth d in soft tissue (defined by ICRU) at
a specific point on the human body, where the dosimeter is worn. For the assessment of the effective dose, Hp (10) at a depth of 10 mm is chosen, and for the skin,
hands, wrist and feet, Hp (0.07) at a depth of 7 mm, is recommended by ICRP ([26]).

2.4

Simulation Methods

In modern particle physics, Monte Carlo simulations and the corresponding software
packages are of essential importance as they can help understanding the underlying
physical processes of measured data or estimate physical quantities without measuring. As computer power increased, simulation time decreased and allowed to
perform particle shower calculations for radiation safety studies also in complex geometries within reasonable time.
Within this thesis, the FLUKA Monte Carlo code [28, 29] was used for radiological
estimations and is therefore discussed more in detail in the following paragraphs.

2.4.1

FLUKA Monte Carlo Code

Developed in the 1960s FLUKA started as a tool used for the design of the shielding
of high energy proton accelerators such as the CERN Super Proton Synchrotron
(SPS). The name already indicates (FLUKA stands for FLUkturierende KAskade)
that the focus of the analog Monte Carlo code was set on the fluctuating energy
deposition of hadronic cascades in calorimeters.
Today, FLUKA is a multipurpose multi particle transport code applied to a very
wide range of physics simulations. With its capability of processing electromagnetic
and hadronic particles within a wide energy range FLUKA offers good conditions for
the performance for a wide area of radiation protection studies, such as activation
studies, shielding design calculations and detector response estimations.
The particle interactions in FLUKA are described as a multi-step process involving
various models which act on different energy ranges and describe different physical
processes. In order to simplify the definition of physics processes applied in a simulation FLUKA offers several different default settings which can be chosen based
on the individual simulation requirements. The predefined settings can be modified
with dedicated input cards, allowing the user to set individual particle thresholds,
step sizes and other simulation parameters. Besides, a number of user interface
routines are available for special requirements.
Some of the mentioned settings can have significant influence on the computing time.
It is therefore a major concern to find a good balance between time and accuracy
of the estimated results within every simulation setup.
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A short summary of the physics implemented in FLUKA
Electromagnetic interactions
For the simulation of photon interactions FLUKA considers Compton, photoelectric and Rayleigh effects as well as pair production per default. Through the use
of databases, the Compton scattering model implemented in FLUKA considers the
atomic bonds and orbital motion. Photo-nuclear reactions are als implemented but
have to be requested by the user.
Because charged particles traveling in matter experience a large number of electromagnetic interactions, it would be long-winded to reproduce every single collision
in detail. It would additionally require detailed atomic and molecular physics treatment which results in an increased computing time. For that reason statistical
models for energy losses and angular deflections are applied. This allows for the
evaluation of macroscopic step lengths, resulting in a continuous energy loss along
the particle trajectory. Only interactions involving a substantial energy transfer are
simulated explicitly. [30]
Since the tracking of particles down to very low energies needs a lot of computing
time, FLUKA offers different possibilities to set transport and production energy
cut-offs or to modify interaction step size [30], giving the user the opportunity to
choose the best compromise between accuracy and time efficiency.
Hadronic interactions
The treatment of hadronic reactions in FLUKA is based on the application of several
different models depending on the energy and the contributing particles. Because
the description of inelastic hadronic nuclear interactions is fundamental for residual
nuclei production calculation and the simulation of induced activity is an essential
part in this thesis, the hadronic interaction models are outlined in the following
in more detail. A general overview of the some of the models and the underlying
physics is given in Section 2.3.1.
For hadron-nucleon interactions at intermediate energies (below a few GeV), the
applied models are based on resonance production and decay. At higher energies,
the Dual Parton Model (DPM) describes the inelastic hadron-nucleon interactions
taking into account the partonic structure of the interacting hadrons.
For the treatment of hadron-nucleus interactions FLUKA uses the preequilibriumcascade model PEANUT (PreEquilibrium Approach to NUclear Thermalization).
It can be schematically described as a sequence of the following steps: the GribovGlauber cascade, the (Generalized) IntraNuclear Cascade (GINC), the preequilibrium emission and the evaporation/fragmentation/fission and final de-excitation
stages. Consequently, PEANUT handles interactions of nucleons, pions, kaons, γ
rays from about 2.5 GeV down to reaction threshold (or 20 MeV for neutrons).
The implemented Gribov-Glauber cascade formalism offers a quantum mechanical
method to express the hadron-nucleus interaction in terms of hadron-nucleon interactions (described by the DPM). In the present PEANUT model, a Generalized
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INC model is used. With this algorithm, a smooth combination of the intranuclear
cascade with the statistical (exciton) preequilibrium emission is realized.
In most cases, hadron nucleus interactions leave an excited nucleus. Hence, at the
end of the reaction chain in PEANUT the models for evaporation, fragmentation
and nuclear break-up describe the dissipation of residual excitation.
Being the last step of the nuclear interaction the accuracy of these models have a
main influence on the exact determination of the residuals left after the reaction and
therefore, for the activation estimations.
For the modeling of low energy neutron reactions (below 20 MeV), FLUKA uses
a cross section library based on evaluated experimental data consisting of data in
a 260 energy group structure. The library contains information of the interaction
of neutrons down to 10−14 GeV with more than 250 different materials (natural
elements or individual nuclei). [30] The library includes information on the cross
sections of residual nuclei production by low energy neutrons for many materials.
Based on the explained physics models, FLUKA predicts residual nuclei production in material exposed to mixed radiation. The analytical implementation of the
Bateman equation allows to determine the radioactive inventory for an arbitrary
irradiation profile and user defined decay times.

The scoring options in FLUKA
Several built-in scoring options allow the calculation and output of physical quantities calculated by FLUKA. The scorings are either region based (using the regions
defined in the geometry setup) or the user has to define a scoring volume which
can include different geometry regions. The second option allows the division of the
scoring volume into bins which then contain integral values of the scored quantity.
In the following, the most relevant scorings applied within this thesis are explained.
The so-called USRTRACK option writes out the specified particle tracklength spectra in the requested geometry region. By specifying the region volume in the scoring
card, the direct evaluation of the fluence spectra (see page 23) is enabled.
For the estimation of the PMI detector response, the fluence spectrum has been
scored and with the known conversion coefficients (see Section 4.2) the PMI response has been evaluated.
The USRBIN detector allows the scoring of several (energy-integrated) quantities
within a regular spatial binning structure, such as integral particle fluence, energy
deposition in the material (dose) or star (inelastic hadronic interactions) density. In
FLUKA implemented conversion factors enable for example scoring of prompt and
residual dose equivalent to estimate hazards of radiation to personnel. By visualizing
the scored values with appropriated tools such as SimpleGeo [31], the interpretation
and comparison of estimated values is more convenient.
FLUKA offers the opportunity to estimate residual nuclei production and the specific
activities induced in the material. The corresponding scoring is called RESNUCLE
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and the irradiation and decay pattern can either be applied on- or offline.

2.4.2

The CMS model in FLUKA

Within the work of this thesis, several FLUKA simulations have been performed
and, for cases where experimental data were available, the results have been benchmarked. In a further step, Monte Carlo simulations were used to estimate future
scenarios concerning the upgrade of LHC and CMS within the next decades and the
according results are presented in the following chapters. In order to simplify further
descriptions, the basic CMS model used for the FLUKA simulations is explained in
the following sub-chapter. For consistency reasons, the individual parameters for
the different simulations are discussed in the respective chapters.
The model of the CMS detector and the surrounding cavern used for FLUKA simulations performed within the studies for this thesis is based on the model setup
by M. Huhtinen, published in [11]. Because the design of the detector has changed
since, the model was updated several times, redefining the beam pipe region, the
ECAL, the CASTOR sub-detector and several other parts of the detector. The
current model consists of a detailed implementation of the subdetectors and the
beamline shielding. In order to simplify the implementation of regions consisting
of very complex geometrical assemblies in the CMS detector, material compositions
were defined in FLUKA, which represent the average material composition in the
according regions. This approach reduced the time used for the setup of the geometry, but can induce imperfection in the simulation output and effects depending on
substructures can not be simulated accurately. The simplification was for example
used for the implementation of parts of the support structures.
According to the layout of the CMS detector (described in Section 1.2), the FLUKA
geometry is almost symmetric with regard to the rotation around the beam axis
(ϕ-symmetric) and with regard to the vertical plane at the interaction point. An
asymmetry is induced by the implementation of the material access shaft PX 56,
the squared shaped blockhouse (the interface between CMS-cavern and LHC-tunnel)
and the CASTOR subdetector, which is only installed on one side of the interaction
point. The almost symmetric layout with regard to rotation around the beam pipe
allows for integral scoring around the full angle ϕ for most regions. This increases
the detector volume and leads to faster reduction of the statistical errors.
The FLUKA geometry kernel has replication capabilities on translation, rotation
and mirroring transformations. With this feature, symmetries in the setup can be
used to simplify the geometry by defining placeholder regions (so-called lattices)
which are referred to already built regions (prototype). If a particle is entering a
lattice region, it is labeled with a special lattice variable while it is transported in the
prototype geometry. As soon as the particle and the according secondary particles
reach the border of the replica object, they are placed at the appropriate position
in the original geometry to implement the non-symmetric entries.
By applying a mirroring replica of one half of the detector with regard to the vertical
(xy) plane at the interaction point, only one half of the CMS geometry had to be
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Fig. 2.8: Vertical cut through one half of the CMS geometry implementation in
FLUKA depicted with SimpleGeo [31]. Important subdetectors and shielding
elements are indicated.

modeled in FLUKA. A user written subroutine is linked to the FLUKA simulation,
modifying the material of the CASTOR and shaft placeholders in the lattice geometry.
Figure 2.8 illustrates a horizontal cut through the CMS geometry implemented in
FLUKA in one half of the cavern. Different colours indicate different materials and
the most important detector and shielding elements are labeled.
The implementation of the magnetic field present in the CMS detector relies on
data extracted from the CMS software CMSSW [12]. The field integrated in the
simulation ranges from z = ±16 m up to a radius of r = 9 m, with a maximum field
strength of ±3.8 T. [12]
For the treatment of high energetic nucleus-nucleus interactions, FLUKA offers interfaces to different event generators. One of them, the DPMJET Monte Carlo
model [32] is sampling hadron-hadron, hadron-nucleus and nucleus-nucleus collisions at LHC accelerator energies. For the simulation of the p-p collisions performed
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within this thesis, the DPMJET-III generator was used.
Individually chosen parameters, that depend on the purpose of the simulation (like
particle transport thresholds, the linking of additionally required physics models
and others) are referred to in more detail in the according chapters.

Chapter 3

Induced Activity

3.1

Benchmark study: H-3 production in water

One important aspect of radiological studies at CERN is the evaluation of the water
activation. For that purpose the particle interaction and transport code FLUKA
[28, 29] is typically used. Therefore, several benchmark studies have been performed
in the past comparing FLUKA results to experimental data. In particular, the production of tritium, which is a long-lived isotope that is produced in water exposed
to high energy radiation, was discussed in Ref. [33] and [34]. However, since the
latest study in 2006 several versions of FLUKA have been released. Thus, it seemed
reasonable to perform a new benchmark experiment to compare the specific activity
measured to the one calculated using FLUKA.
The irradiation of water samples was realized at the CERN-EU High Energy Reference Field (CERF) facility. Several bottles filled with demineralized water were
placed directly into the 120 GeV/c beam as well as others attached laterally to the
target. Besides the experimental benchmark, different settings have been compared
in the Monte Carlo simulations to evaluate their impact on the calculation of tritium
production. This comprises a comparison of FLUKA versions 2008.3.6 to 2008.3b.1
and the implementation of pure 1 H compared to natural hydrogen in the material
definition of demineralized water. Concerning the physics settings, the usage of the
PEANUT model at all energies was compared to the models applied with default
settings.
Additionally, the ratio between the high energy hadron fluence and the tritium activity was calculated, since the quantity of high energy hadron fluence is correlated
to the occurrence of so called single event defects in electronic components. Therefore, a constant correlation of high energy hadron fluence and tritium production
would indicate that tritium activity is a suitable quantity to roughly assess such
defects at relatively low costs.
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FLUKA Simulations and Benchmark Measurement

The CERN-EU high energy reference field facility and the experimental
settings
In order to verify the tritium production predicted by FLUKA, a benchmark experiment was set up at the CERF facility [35]. The facility is located in the North
Area on CERN’s Prevessin site and installed in the H6 secondary beam line of the
Super Proton Synchrotron (SPS). A hadron beam originating from a primary SPS
target is impinging on a secondary copper target, 7 cm in diameter and 50 cm in
length, located in the experimental area. The SPS beam from the first target carries
a momentum of 120 GeV/c and is composed of 61% positively charged pions, 35%
protons and 4% kaons. The CERF facility is amongst others exploited for testing active and passive instrumentation for radiation fields encountered in the environment
of an accelerator.

Irradiation experiment
Thirteen water bottles were placed right beside the target since the production of
tritium is mainly caused by high energy hadrons. In order to have reproducible experimental conditions and to avoid undesirable interferences due to trace elements,
the benchmark experiment was performed using demineralized water. Nine bottles
made of glass and three made of plastic (both 6 cm in length and 2.5 cm in diameter)
were set along the target, one bigger bottle (4 cm in length and 5 cm in diameter)
was placed upstream of it (see Figure 3.1). While the nine glass bottles, forming a
line, were immediately analyzed, the main purpose of the three plastic bottles was
to observe potential differences due to different bottle materials. The activation
samples were irradiated during the entire experimental period of approximately one
week. For later use in the Monte Carlo simulation the beam intensity profile was
recorded.
The specific activities of the irradiated samples were for the first time measured
shortly after the irradiation using a scintillation counter. Due to the long half life
of tritium (t1/2 = 12.33 years) the decay in the time interval between the end of
the irradiation and the measurement can be regarded as negligible. In this first
measurement, only half of the water of each bottle was analyzed, whereas the remaining water was measured three months later, to verify any loss of tritium due to
diffusion.
The measurement has shown that the difference in the measured values is in the
order of the uncertainty. Therefore, there is no distinguishable loss due to diffusion.
Table 3.1 shows the measured activities for the 13 water samples (see Figure 3.2 for
the labels of the samples), together with the average over the two measurements.
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Sample upstream

Glass Bottles

Plastic Bottles

Fig. 3.1: Experimental setup of the target with the activation samples.
The FLUKA Simulation
The calculations were performed with FLUKA Versions 2008.3.6 and 2008.3b.1. One
of the investigated effects includes the modulation of thermal neutron capture on
deuterium to the total tritium yield. Thus, in one of the calculations the significance
of the hydrogen composition was explicitly verified by using 1 H instead of natural
hydrogen for the material definition of demineralized water. The geometrical setup
was based on a detailed geometrical implementation of the CERF facility, including
target, holder, walls and floor (see Figure 3.3) which already existed from previous
CERF experiments [36] and was modified for this study to include among others
the new water activation samples. Figures 3.2 and 3.3 depict the actual geometry
used for the FLUKA simulations.
The water samples placed along the target as well as the sample upstream of it were
defined in accordance to their actual dimensions. In order to obtain an estimate of
the influence of the bottle material on the tritium production a dedicated simulation
was performed with a simplified geometry. In these calculations the activation was
calculated on one hand with a container made out of standard lime glass and on the
other hand without the container. No significant influence could be observed and
thus, the actual container material was neglected in the detailed simulation geometry.
The shape of the mixed hadron beam was assumed as a Gaussian, having horizontal
and vertical full width at half maximum of 1.74 cm and 1.53 cm respectively, which
were determined from wire chamber plots. The beam composition was sampled ac-
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Table 3.1: Tritium activities measured in the water samples in June and
September 2009. The last column gives the average over the two measurements.

Sample 10

Sample 9

Sample 8

Sample 7

Sample 6

Measurement June Measurement September Average activity
activity / [Bq/l]
activity / [Bq/l]
/ [Bq/l]
205.0 ± 4%
199.7 ± 4%
202.4 ± 6%
13.6 ± 10%
18.5 ± 8%
16.1 ± 13%
45.9 ± 5%
51.1 ± 5%
48.5 ± 7%
102.9 ± 4%
106.4 ± 4%
104.7 ± 6%
155.8 ± 4%
158.1 ± 4%
157.0 ± 6%
193.5 ± 4%
198.0 ± 4%
195.8 ± 6%
215.6 ± 4%
213.0 ± 4%
214.3 ± 6%
225.0 ± 4%
221.7 ± 4%
223.4 ± 6%
220.4 ± 4%
209.9 ± 4%
215.2 ± 6%
195.9 ± 4%
195.9 ± 4%
195.9 ± 6%
50.5 ± 5%
48.4 ± 5%
49.4 ± 7%
224.3 ± 4%
214.3 ± 4%
219.3 ± 6%
218.5 ± 4%
204.7 ± 4%
211.6 ± 6%

Sample 5

Sample 4

Sample 3

Sample 2

Sample 1

Sample
Number
1 (Glass)
2 (Glass)
3 (Glass)
4 (Glass)
5 (Glass)
6 (Glass)
7 (Glass)
8 (Glass)
9 (Glass)
10 (Glass)
11 (Plastic)
12 (Plastic)
13 (Plastic)

Sample 13

Sample 12

Sample 11

BEAM

Fig. 3.2: Detailed view of the copper target (red) and the water samples (blue) as
implemented in the simulations for this study, depicted with SimpleGeo[31].
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Target
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Fig. 3.3: Overview of the CERF facility as modeled in the FLUKA simulations,
depicted with SimpleGeo[31].
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cording to the composition mentioned above. Transport thresholds for hadrons were
set at 10 MeV, except for neutrons which were followed down to very low energies
(10−14 GeV) [28, 29]. The electromagnetic cascade was not simulated since it has
negligible effect on the tritium production.
Because several groups performing different experiments at the CERF facility had
to share the beam time, the target and the attached samples had to be removed
multiple times. Thus, there have been several periods during which the samples
were not irradiated. As mentioned before this circumstance is not of importance
due to the long half-life of tritium. Yet, in the simulations the correct irradiation
history was considered in order to resemble the actual experimental conditions as
much as possible. During the entire measurement period of approximately one week
the water samples were irradiated with a total number of 1.07 · 1012 accumulated
beam particles with an uncertainty in the order of 10% [37].
A special user routine provided the means for a direct calculation of tritium production using a USRBIN scoring. Furthermore, high energy hadron fluence was
scored in the sample regions in order to relate it to the production of tritium. A
potentially constant ratio of these two quantities could provide an opportunity to
infer the high energy fluence at the given location from the production of tritium in
a water sample.
The default settings of the FLUKA version calls PEANUT for nuclear interactions
below 3-5 GeV, where the generator includes the GINC and a preequilibrium stage
model. Interactions at higher energies are simulated by the Dual Parton Model
(DPM, see Section 2.4.1) coupled to a less-refined GINC. In the subsequent FLUKA
versions, this less-refined GINC has been replaced by PEANUT such that now interactions at all energies can be described using the sophisticated models included
in PEANUT. However, this option was not default in version 2008.3b.1 and has to
be requested through input cards.
Furthermore, a number of physics settings were enabled including the treatment
of coalescence and the evaporation of heavy fragments, according to the FLUKA
recommendations for activation calculations.

3.1.2

Results

Difference in the water activation due to changes in the physics model
As already mentioned in the previous section the calculation of the tritium activity was done using several different variations of the FLUKA input. On one hand
natural hydrogen (H-nat) as well as pure 1 H was assumed in order to assess the
contribution of thermal neutron capture on deuterium to the total tritium production. Furthermore, different settings for the treatment of nuclear interactions
were evaluated as well. By default (see also Section 2.4.1), FLUKA’s nuclear model
(PEANUT) is applied below 5 GeV, whereas the DPM along with a less sophisticated
GINC model is used for higher energies. Using the PHYSICS option it is possible to
activate PEANUT also for energies above 5 GeV, which couples PEANUT’s nuclear
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Table 3.2: Summary of the different settings used for the calculations.
FLUKA Version
2008.3b.1
2008.3b.1
2008.3.6
2008.3b.1

PEANUT settings
at all energies
at all energies
Default
Default

hydrogen
H–nat
1
H
H–nat
H–nat

Table 3.3: Results of FLUKA calculations (FLUKA version 2008.3b.1) using the
extended PEANUT model (PEANUT at all energies) and the default settings
(PEANUT default).
Sample Number
1 (in beam)
2
3
4
5
6
7
8
9
10

Calculated activity / [Bq/l] Calculated activity / [Bq/l]
PEANUT at all energies
PEANUT default
112.4 ± 1%
130.5 ± 1%
5.9 ± 7%
6.0 ± 9%
21.1 ± 5%
20.9 ± 4%
45.9 ± 3%
46.1 ± 4%
71.6 ± 2%
75.0 ± 3%
88.0 ± 2%
96.1 ± 2%
101.6 ± 2%
109.0 ± 2%
105.4 ± 2%
104.8 ± 3%
102.8 ± 2%
107.8 ± 2%
93.3 ± 1%
92.1 ± 2%

model with the DPM (from now on called PEANUT at all energies). Table 3.2
summarizes the different options that were combined for the simulations.
Since the samples were positioned along the full length of the target as well as
in front of the target, the fluence spectra vary substantially. While the in-beam
stream sample is exposed to a very high energy spectrum dominated by the beam
particles with a momentum of 120 GeV/c, the samples along the target perceive a
mixed hadron spectrum. In fact, the closer the laterally attached samples are to
the point of impact, the more low energy particles contribute to the spectrum (see
Figures 3.4 and 3.5). Since tritium production on oxygen has a threshold at about
20 MeV (see [33]) less tritium is produced in the lateral samples closer to the target
front face (as it can be seen in Table 3.3). A more detailed discussion of the in-beam
sample can be found in a subsequent section.
Determining the ratio of the calculated activity using PEANUT at all energies
to the default option (Table 3.3) gives the results shown in Figure 3.6. Except
for the sample placed directly in the beam (sample 1) the use of PEANUT at
all energies seems to have little traceable influence outside the range of common
statistical fluctuations that is to be expected in Monte Carlo simulations. For sample
1 the calculation using the extended event generator (PEANUT at all energies) gives
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Fig. 3.4: Fluence spectra per primary of protons, neutrons, π + and π − at sample
position 1 (see Figure 3.2) using default PHYSICS settings.
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Fig. 3.5: Fluence spectra per primary of protons, neutrons, π + and π − at sample
position 9 (see Figure 3.2) using default PHYSICS settings.
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Fig. 3.6: Ratio PEANUT at all energies / PEANUT default of calculated activity
(FLUKA Version 2008.3b.1, natural hydrogen composition used in the water
compound).
less activity than the default settings. For this reason, a comparison of the related
particle spectra has been performed (shown in Figures 3.7 – 3.10). In the GeV–
region the track length spectra show a rather good agreement between the results
evaluated with the extended PHYSICS option and the default one. A comparison
of the integrated fluences shows that both calculations yield the same values within
the statistical uncertainties (Table 3.4). Convoluting the particle spectra obtained
for PEANUT default as well as PEANUT at all energies with the same cross section
for tritium production leads to matching results in a cross-check performed off-line.
(A convolution of a spectrum with a common cross section of the relevant reaction
shows a contribution of 85% coming from the 120 GeV/c positive hadrons, thus the
beam particles.) This indicates that the difference in the activity does not derive
from slight differences in the spectra but originates primarily from a difference in
FLUKA’s cross sections for the 3 H production on oxygen in the high energy range.
In summary, it was found that the cross section for tritium production is smaller if
PEANUT is used at all energies, which corresponds to the published results in [33].

Comparison of FLUKA versions 2008.3b.1 and 2008.3.6 and influence of
hydrogen composition on tritium production
According to the release note of FLUKA 2008.3b.1 an improved version of the
PEANUT event generator has been implemented as well as a modified composition of natural hydrogen. Running the CERF calculations with the two different
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Fig. 3.7: Neutron fluence spectra per primary in sample 1 (see Fig. 3.2) using
PEANUT at all energies and PEANUT default (above). Ratio of neutron fluence
using PEANUT default / PEANUT at all energies (below).
Table 3.4: Comparison of integral fluence (per primary particle) with lower cutoff
of about 20 GeV for each particle type, in units of [1/cm2 ].

PEANUT at
all energies
PEANUT
default

Neutron
1.4 · 10−2
±1.0%
1.3 · 10−2
±1.5%

Proton
5.2 · 10−2
±0.2%
5.2 · 10−2
±0.3%

π+
9.3 · 10−2
±0.2%
9.3 · 10−2
±0.3%

π−
9.8 · 10−3
±1.2%
9.8 · 10−3
±1.5%
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Fig. 3.8: Proton fluence spectra per primary in sample 1 (see Fig. 3.2) using
PEANUT at all energies and PEANUT default (above). Ratio of proton fluence
using PEANUT default / PEANUT at all energies (below).

42

Chapter 3. INDUCED ACTIVITY

1.E+00

Fluence ExdΦ/dE[cm-2]

1.E-01

1.E-02

1.E-03

1.E-04
PEANUT default

1.E-05

PEANUT @ all E
1.E-06
1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

Energy [GeV]

1.4

Ratio

1.2

1.0

0.8

0.6
1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

Energy [GeV]

Fig. 3.9: π + fluence spectra per primary in sample 1 (see Fig. 3.2) using PEANUT
at all energies and PEANUT default (above). Ratio of π + fluence using PEANUT
default / PEANUT at all energies (below).
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Fig. 3.10: π − fluence spectra per primary in sample 1 (see Fig. 3.2) using
PEANUT at all energies and PEANUT default (above). Ratio of π − fluence using
PEANUT default / PEANUT at all energies (below).
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Fig. 3.11: Ratio of results (using PEANUT at all energies) of FLUKA version
2008.3b.1 / FLUKA version 2008.3.6.
versions of FLUKA (2008.3.6 and 2008.3b.1) shows, that there is no significant difference distinguishable in the two results for the given experimental setup (Figure
3.11). In addition the calculation has also been performed using pure 1 H in the water compound. The resulting ratio is shown in Figure 3.12. It illustrates that within
the associated statistical uncertainties there is no notable difference in the results
using natural hydrogen or 1 H and, therefore, the contribution to tritium production
by thermal neutron capture on deuterium is negligible in the present benchmark
study.

Benchmark experiment
In parallel to the simulations the tritium activity was measured with a liquid scintillation counter (Packard TRICARB 3170TR/SLf), using a mixture of irradiated
water and of a scintillation cocktail (Packard Ultima Gold LLTf)[38]. A comparison
of measured (see Table 3.1 last column) and calculated (see Table 3.3) values yields
the ratios given in Table 3.5. Averaging over the results for the samples along the
target (samples 2-10) the ratio amounts to 2.2 ± 8% for PEANUT at all energies
(resp. 2.2 ± 10% for PEANUT default). Thus, for the given benchmark experiment and the lateral sample it does not depend whether PEANUT is used in the
extended option or not. In a previous publication [34] a ratio of 2.5 for laterally
attached samples was found under similar experimental conditions. The difference
to the present benchmark could be caused by differences in the cross section predictions by different FLUKA versions. Taking a closer look at the in-beam sample
shows that for this water volume the benchmark ratio is smaller (1.8 for PEANUT
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Fig. 3.12: Ratio of results (calculated with FLUKA version 2008.3b.1 using
PEANUT at all energies) of natural hydrogen / 1 H used in the water compound.

Fig. 3.13: Ratio of calculated high energy hadron fluence and the 3 H activity with
PEANUT at all energies calculated using FLUKA version 2008.3b.1.
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Table 3.5: Ratios of measured activity / calculated activity with PEANUT at all
energies or at default mode.
Sample
Number

Ratio
Measurement / Calculation
using PEANUT at all energies
1
1.8 ± 6%
2
2.7 ± 14%
3
2.3 ± 8%
4
2.3 ± 6%
5
2.2 ± 6%
6
2.2 ± 6%
7
2.1 ± 6%
8
2.1 ± 6%
9
2.1 ± 6%
10
2.1 ± 6%
average 2 − 10
2.2 ± 8%

Ratio
Measurement / Calculation
using PEANUT default
1.6 ± 6%
2.7 ± 15%
2.3 ± 8%
2.3 ± 7%
2.1 ± 6%
2.0 ± 6%
2.0 ± 6%
2.1 ± 6%
2.0 ± 6%
2.1 ± 6%
2.2 ± 10%

at all energies an 1.6 for PEANUT default) than for the lateral sample positions.
This leads to the conclusion that the cross section predicted by FLUKA is more
precise at higher energies. In a previous publication [33] a ratio of 1.1 was found for
the comparison of measured vs. calculated activity in the in-beam sample. Hence,
a comparison of fluence spectra and cross sections of tritium production was done,
which showed that the FLUKA calculations in [33] agree mostly with the respective
values obtained in this study, considering the different water volumes and irradiation history. This suggests that the deviation of the ratio should be related to
discrepancies between the two measurements. To confirm a potential measurement
error a repetition of the experiment would be required.

3.1.3

Ratio of high energy hadron fluence to tritium activity

Since the high energy hadron fluence is correlated to the occurrence of electronic defects (e.g. single event upsets) a constant correlation of high energy hadron fluence
and tritium activity would indicate that the tritium activity is a suitable quantity
to roughly assess defects at relatively low costs. Therefore, the calculated integral
hadron fluence above 20 MeV was compared to the calculated tritium activity in 100
bins at the location of the bottles along the full length of the target. As it can be seen
in Figure 3.13 the ratio stays approximately constant at 8.4 · 108 cm−2 /(Bq/l) ± 6%
(standard deviation). Consequently, it can be concluded that the production of
3
H can be used as an appropriate measure to estimate high energy hadron fluence.
It should be kept in mind that this method is only applicable to fields with sufficiently large integrated fluence (∼ 109 cm−2 ) to obtain tritium measurements with

3.1. BENCHMARK STUDY: H-3 PRODUCTION IN WATER

47

statistically adequate significance (few Bq/l).
Plastic bottles 11, 12 and 13
As already mentioned previously there were three additional water samples in plastic
bottles installed along the target, namely next to samples 3, 7 and 10 (Figure 3.1).
In Table 3.6, the calculated and measured activity of the additional samples and
the corresponding glass samples are displayed. The asymmetry of the plastic and
Table 3.6: Calculated and measured activities (in [Bq/l]) in the glass bottles and
in the corresponding plastic bottles.
Glass
3
7
10

Calc. activity
/[Bq/l]
21.1 ± 5%
101.6 ± 2%
93.3 ± 1%

Meas. activity Plastic
/[Bq/l]
45.9 ± 5%
11
215.6 ± 4%
12
195.9 ± 4%
13

Calc. activity
/[Bq/l]
25.8 ± 4%
125.7 ± 2%
112.9 ± 1%

Meas. activity
/[Bq/l]
50.5 ± 5%
224.3 ± 4%
218.5 ± 4%

glass samples might be due to the exposure to slightly different radiation fields,
induced by the asymmetric beam profile (as the simulation results indicate). For
that reason, it can not be determined from these results whether the diffusion of
tritium is increased for the plastic bottles.
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Benchmark/R&D study of ECAL crystals: new
material for the upgrade of CMS

The electromagnetic calorimeter (ECAL) is, as described in Chapter 1, a subdetector of the CMS detector in the LHC accelerator. Because the subdetector is located
in the inner part of CMS, its calorimetric crystals (PbWO4 ) are exposed to an intense flux of high energetic electromagnetic and hadronic particles. With regard to
the luminosity upgrade planned within the HL-LHC project, several experiments
have been carried out in order to find the best material to withstand the high flux.
In terms of radiation protection during manual interventions on the ECAL, it is also
important to compare the induced activity due to residual nuclei produced in the
different crystal materials. In [39, 40] the measured ambient dose equivalent rates
around irradiated lead tungstate (PbWO4 ) and cerium fluoride (CeF3 ) crystals are
published for different irradiation scenarios and cooling times after less than one
year. In this study several Monte Carlo calculations for both crystal materials have
been performed using the particle interaction and transport code FLUKA [28, 29]
in order to evaluate their influence on the residual dose rates.
In a first part of the simulation series the benchmark calculation of the CeF3 crystal
irradiation was conducted for two different irradiation scenarios, corresponding to
the experimental setup.
If the CeF3 crystal material will be used in the ECAL detector, the crystals have
to be longer than the prototype irradiated in the described experiments to have the
same scintillating properties as the currently installed PbWO4 crystals. In a last
step, the induced activity in a CeF3 full-size crystal was estimated with a Monte
Carlo simulation and compared to the same properties of a PbWO4 crystal.
The results of this chapter are also published in Ref. [40].

3.2.1

FLUKA Simulations and Benchmark Measurements

This study concentrates on the comparison of calculated to measured residual dose
rates originating from two different irradiated crystal materials. The experimental
data, which has been used for comparison, has been taken from the literature and can
be found in Refs. [39, 40]. Since there exists already a full simulation of the PbWO4
irradiation [39], the first aim of this study was to cross-check the results using the
most recent version of the FLUKA code, by the time of the study. In a further
investigation, simulations of each of the two CeF3 crystal irradiations published
in Ref. [40] have been performed. Subsequently, the ambient dose equivalent rate
generated by the induced radioactivity was calculated for different cooling times.
Finally the calculation of the CeF3 crystal has been repeated with an enlarged (fullsize) crystal in order to determine the induced activity in a crystal with calorimetric
quantities comparable to that of the real ECAL crystals.
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The experimental setup
All irradiations took place at the IRRAD1 facility located in the T7 beam line of
the CERN PS accelerator. The crystals were put into a styropor box and placed
directly into the proton beam.
The PbWO4 crystals had the shape of a truncated pyramid with nearly parallelepipedic dimensions of 2.4 × 2.4 cm2 transversely and 23 cm in length. The density
of the material corresponds to 8.28 g/cm3 (equivalent to the crystals in ECAL).
Several crystals were exposed to the 20 GeV/c proton beam, which spread over an
area of roughly 4.5 × 4.5 cm2 and therefore covered the whole front face of the crystal. The integrated proton fluence impinging on the crystals reached values of up
to 5.4 × 1013 cm−2 for some crystals. After the irradiation the ambient dose equivalent was measured regularly within one year of cooling with an Automess 6150AD6
instrument [39]. In order to compare results from different irradiations with each
other, the measured values of all crystals were normalized to an integral fluence of
1013 cm−2 .
In the CeF3 -study [40] there was only one parallelepiped-shaped crystal of dimensions 2.1 × 1.6 × 14.1 cm3 involved. The crystal was exposed twice to a 24 GeV/c
proton beam with one year of cooling in between, during which the activity had
dropped significantly. The first irradiation was performed with a fluence ratio of
1.16 × 1012 cm−2 h−1 and ended after an integral fluence of (2.78 ± 0.20) × 1013 cm−2 ,
in the second irradiation a beam intensity of 0.94 × 1013 cm−2 h−1 led to an integral
fluence of (2.12 ± 0.15) × 1014 cm−2 . Again, measurements of the dose rate were
carried out within one year after each irradiation in regular time intervals.

The FLUKA simulations
The simulations were performed with the FLUKA Monte-Carlo code version 2008.3c
[28, 29] and were based on the calculation setup used in a former PbWO4 -study [39,
41]. The beam profile of the proton beam was assumed to be rectangular (3 × 3 cm2 )
and uniformly distributed. As summarized in Table 3.7 the different crystal shapes
and compositions were simulated according to the experimental setup (Fig.3.14
shows dimensions of PbWO4 crystal). Since the hadron shower induced from beam
protons impinging on the crystal shows significant forward direction (such that the
integrated hadron fluence at the backside is roughly ten times more intense than the
lateral fluence) the side walls of the irradiation facility were neglected in the simulation. However, due to the non-negligible contribution of back scattered neutrons,
the T7 beam dump had to be included in the calculations. As shown in Figure 3.15
it is composed of marble and iron parts.
For the dose rate measurements following the irradiation, the crystal was taken out
of the irradiation zone and measured in an area with low background. To simulate
the two steps involving two different geometries, the FLUKA two-step method [42]
was applied. In a first step (the irradiation) the produced radionuclides in the crys-
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tal, namely the γ - and β + - emitters, were scored. This result then provided the
input for the second step, where the average ambient dose equivalent was calculated in a volume of 1 cm3 , using the fluence to ambient dose equivalent conversion
coefficients implemented in FLUKA (AMB74 conversion coefficients, published in
Ref. [43]). The volume of 1 cm3 corresponds to the active volume of the measurement
device Automess 6150AD6 that has been used. In accordance with the experimental setup the center of the dose scoring region was set laterally centered and at a
distance of 5.7 cm from the crystal surface.
In order to use the best physics models in FLUKA for activation studies, the treatment of coalescence and the evaporation of heavy fragments were enabled for the
first calculation step. In the second step, transport and production thresholds were
explicitly set for electromagnetic particles, namely at 100 keV for electrons and
positrons and at 10 keV for photons.
Table 3.7: Summary of the four calculation setups
Crystal
material
PbWO4
CeF3
CeF3
CeF3

Crystal dimensions

Beam energy
/[GeV/c]

Beam intensity
/[cm−2 s−1 ]

Integrated beam
fluence /[cm−2 ]

20

2.8 × 109

1013

24
24
20

3.2 × 108
2.6 × 109
2.8 × 109

2.78 × 1013
2.12 × 1014
1013

front face: 2.2 × 2.2 cm2
back face: 2.6 × 2.6 cm2
length: 23 cm
2.1 × 1.6 × 14.1 cm3
2.1 × 1.6 × 14.1 cm3
2.4 × 2.4 × 42 cm3

2.6 cm

2.6 cm
23 cm

2.2 cm
2.2 cm

Fig. 3.14: Dimensions of the PbWO4 crystal, depicted with SimpleGeo [31].
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Crystal

Iron

Marble

BEAM

Fig. 3.15: Overview of the geometrical setup used in FLUKA calculations,
depicted with SimpleGeo [31].

3.2.2

Results

PbWO4 calculations
This first simulation served the purpose to cross-check the FLUKA results of a
former simulation with those obtained using the latest version of the code. For these
reasons fluence spectra of different particle types have been calculated to relate them
to the ones published in Ref. [39]. The comparison of the spectra in the first and
the last millimeters of the crystal (shown in Figure 3.16) to the equivalent graphic
in Ref. [39] shows good agreement of the proton and the pion spectra. The slight
discrepancy in the neutron plot may be due to two different libraries of neutron cross
sections implemented in the two different FLUKA versions, where the newer code
contains updated results and a higher resolution of the group structure. Integrating
the fluences above 20 MeV gives the values displayed in Table 3.8 where they are
also compared to the results in [39].
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Fig. 3.16:
Above: Fluence spectra (proton, pion, neutron) in the first (solid circles) and the
last (open circles) millimeter of the crystal exposed to a 20 GeV/c proton beam
published in Ref. [39]
Below: Fluence spectra in the first (circles) and the last (crosses) millimeter of the
PbWO4 crystal (per unit of incident proton fluence) calculated with FLUKA
version 2008.3c.
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Table 3.8: Integrated particle fluences above 20 MeV in the first and the last
millimeters of the PbWO4 crystal compared to the values quoted in [39].
Integral Fluence / [cm−2 ]
calculated with FLUKA 2008.3c
neutrons front
0.14 ± 4%
protons front
1.05 ± 0.4%
pions front
0.037 ± 6%
neutrons rear
0.70 ± 2%
protons rear
0.743 ± 0.7%
pions rear
0.46 ± 1%

Integral Fluence / [cm−2 ]
published in [39]
0.16
1.06
0.04
0.54
0.76
0.50

Table 3.9: Calculated ambient dose equivalent rates (Ḣ ∗ (10)) (in µSv/h) for
different cooling times after the first irradiation ( 2.78 × 1013 cm−2 ) and the second
irradiation ( 2.12 × 1014 cm−2 ) of the 14.1 cm CeF3 crystal.
Cooling time
40 d
100 d
200 d
1y

Ḣ ∗ (10) after first irrad. Ḣ ∗ (10)
5.9± 3%
2.3 ± 3%
0.56 ± 4%

after second irrad.
40± 3%
19± 3%
9.3± 4%
4.3± 3%

The radioactive decay calculation in [39] has been performed using the DeTra code,
whereas in the present study the whole simulation was performed with FLUKA
using the 2-step method [42]. Comparing the ambient dose equivalent rates of the
two calculations at different cooling times shows a good agreement, as illustrated in
Figure 3.17.
CeF3 benchmark calculation
The benchmark calculations of the irradiated 14.1 cm long CeF3 crystal were performed using the FLUKA 2-step method, as already mentioned in a previous paragraph. The calculated ambient dose equivalent rates after different cooling times
can be found in Table 3.9 for both irradiations.
The FLUKA results compared to the measured dose rates are plotted in Figure 3.18,
where the first irradiation is depicted in the top graph and the second one in the
bottom graph. For both irradiations, the FLUKA predictions show good agreement
with the experimental data.
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Fig. 3.17: Calculated ambient dose equivalent rate at different cooling times of
full-size crystals CeF3 (full diamonds) and PbWO4 (full triangles) with the
FLUKA 2-step method compared to FLUKA/DeTra calculation (line) and
measured data (symbols) from Ref. [39].
Full-size crystals
In order to have calorimetric properties comparable to the PbWO4 crystals implemented in CMS, the cerium fluoride crystal would have to be 42 cm in length
(full-size), due to a smaller density and a longer radiation length [40].
Since no full-size crystal made out of cerium fluoride has been produced yet, there
are no measurements of residual dose rates available. However, since the benchmarks discussed above demonstrated that FLUKA provides reliable predictions for
residual dose rates for both materials, they were also calculated for the future long
CeF3 crystal. Table 3.10 and Figure 3.17 compare the dose rates after several cooling
times of both full-size crystals. The comparison shows that the FLUKA calculations
yield an ambient dose rate for cerium fluoride which is by a factor of 2 lower than
for lead tungstate.
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Fig. 3.18: Measured and calculated ambient dose equivalent rate as a function of
cooling time after the first (2.78 × 1013 cm−2 ) (top figure) and the second
(2.12 × 1014 cm−2 ) (bottom figure) irradiation with 24 GeV/c protons.
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Table 3.10: Calculated ambient dose equivalent rate Ḣ ∗ (10) (in µSv/h) after
different cooling times for full-size crystals exposed to 20 GeV/c protons of a total
fluence of 1013 cm−2 (see Figure 3.17). [40]
Cooling time
40 d
100 d
200 d
1y

3.3

Ḣ ∗ (10) full-size PbWO4
7.8 ± 5%
2.7 ± 5%
0.6 ± 4%

Ḣ ∗ (10) full-size CeF3
3.8 ± 3%
1.3 ± 3%
0.76 ± 7%
0.38 ± 5%

Activation of stainless steel in the CMS detector environment

By the interaction of high energetic collision products with the heavy detector material, a high-energetic mixed particle field is generated to which the detector parts are
exposed. In order to guard the detector’s integrity on the one hand and to protect
personnel doing maintenance work from radiation exposure on the other hand, it is
necessary to study the radiation field during operation as well as during shutdown
conditions.
The damage to material is generated by the prompt radiation induced by collision
debris. Inducing displacements of atoms, generating electron-hole pairs in semiconductors or producing interstitials or vacancies in crystals can disturb the functionality of detector devices and degrade the integral detector performance.
In contrast to this, the radiological hazard to people is posed by the radiation field
induced by the decay of radioactive nuclides produced during operation. It is therefore of major interest to have a good estimate of the residual dose in order to avoid
unnecessary and unjustified exposure of personnel during interventions.
In the current configuration of the CMS detector, the radiological hazards have
been accounted for to a certain extend. The closed detector provides significant
self-shielding, reducing the radiation level in the cavern to a minimum. This allows,
for example, the placing of very sensitive electronic boards in areas outside the detector, at a location where they are very well shielded by the detector itself.
However with the foreseen increase in luminosity of LHC the radiation level will rise
and the risk of radiation damage in the material as well as the residual dose level
for maintenance work will grow. Therefore, it is important to estimate the future
radiation fields in the detectors by using Monte Carlo simulations performed for
example with the FLUKA code [28, 29].
An important check on the simulation’s reliability is done by comparing the simulated results to measured values. During the last two years of LHC operation, data
in the CMS cavern has been collected from passive and active detectors. This gives
a good basis of measurement results that can be compared to the predictions from
the simulations. In this study, the induced activity in stainless steel samples placed
at different locations in the CMS cavern has been measured and was estimated with
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Table 3.11: Material specifications and chemical composition (in percent by
weight) of the stainless steel samples.
Density:
Dimensions:

Chemical composition:
(in weight-%)

Diameter short:
Diameter long:
Height:
Fe
C
Cu
Mn
Si
S
P
Cr
Ni
Mo
Co
N

7.6 g/cm3
17 mm
20 mm
7 mm
68.626%
0.028%
0.26%
1.6%
0.43%
0.03%
0.027%
16.65%
10%
2.04%
0.23%
0.079%

FLUKA. The benchmark results based on the data from the active detectors can be
found in Section 4.3.

3.3.1

Measurement of induced activity in material samples

Samples of stainless steel were installed in the CMS underground cavern with the
purpose to measure the produced radionuclides after exposure to the prompt radiation field induced by the p-p collisions. Due to the strong magnetic field, nonmagnetic stainless steel of type 316 was used. The sample shape was hexagonal, its
dimensions and other specifications are given in Table 3.11.
Besides stainless steel, there were samples made out of other materials installed as
well. However due to little induced activity in the other materials (production of
short-lived nuclei in aluminum for example) and time limitations in the analysing
lab, only the stainless steel samples have been measured and are discussed within
this note. Steel is also of high importance because a good fraction of the CMS
detector consists of steel.

Locations of the material samples
The samples have been installed at several different locations inside the CMS cavern
as well as inside parts of the detector shielding. This is associated with the exposure
of the samples to different radiation fields and therefore, it was expected to measure
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(a) Samples at rack

(b) Samples at CASTOR table

(c) Samples at FIN

Fig. 3.19: Photos of the samples as they are placed in the CMS cavern
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variations in the residual nuclei production in the material.
In order to keep up the symmetry of the CMS detector (with regard to the vertical
plane at the interaction point (IP), dividing the detector into two almost symmetrical halves, see Section 2.8), the samples were installed symmetrically on both sides
of the IP. An overview of the positions is summarized in Table 3.12 and Figure 3.20
shows the sample locations in one half of the cavern. Pictures of the samples are
shown in Figure 3.19.
As depicted in Figure 3.20, there are four samples placed in the inner part of
the detector (labeled ”TK brackets”), in between the hadronic calorimeter and the
solenoid. Since the inner part of the detector was not opened so far, these samples were never accessible and therefore they have not been analyzed for this study.
Two other samples are attached to the CASTOR support structure (labeled ”CASTOR table”). At this location they have an actual distance to the beam pipe of
approximately 30 cm. This is the closest sample position to the beam pipe among
all samples. CASTOR itself is only installed on the -z side, see Section 2.8 (sample
position 14). As the subdetector contains very massive elements consisting of tungsten the two samples installed at the CASTOR tables are exposed to significantly
different radiation fields.
Furthermore, there are six samples (three on either side of the IP) attached to the
Fixed Iron Nose (FIN) shielding, which is surrounded by another shielding, the socalled rotating shielding. They are located on the near side (inside of the LHC
ring), the far side (outside of the LHC ring) and below the beam pipe, as shown in
Figure 3.20.
All other samples are installed close to some electronic racks outside the detector, for
benchmarking the Monte Carlo simulations at locations where sensitive electronic
equipment is installed. Two of these samples were placed in the area below the
interaction point (X0 level), one in the upper part of X0 and the other one in the
lower part. The remaining ten samples are placed close to the racks situated in the
towers outside the detector wheels at the level X3 as indicated in Table 3.12 and
Figure 3.21.

Measurement results
All samples were installed at the above mentioned locations in 2009/10, before LHC
started operating. A measurement of induced activity from 2010 LHC operation did
not give any significant result above the detection limit, due to the low luminosity.
However, during the 2011 LHC run, the activity induced in the samples was significant enough for being detectable with gamma spectroscopy.
The gamma spectroscopy was carried out using a coaxial Germanium detector type
P manufactured by Canberra Industries. [44]
In 2011, CMS has reached an increase in integral luminosity of approximately a
factor of 100 compared to 2010 (see integral luminosity plot for 2011 in Figure 3.22).
Because the production of long-lived radionuclides scales with the total integral flu-
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Fig. 3.20: Drawing of sample locations in one half of the CMS detector (see
Table 3.12 for details).
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Table 3.12: Summary of what samples have been installed at which position.The
CMS internal coordinate is described in Section 1.2.
Sample Number
1
2
3
4
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Sample position
Close to TK bracket
+z, NEAR side
Close to TK bracket
+z, FAR side
Close to TK bracket
-z, NEAR side
Close to TK bracket
-z, FAR side
CASTOR table, +z
CASTOR table, -z
FIN +z, NEAR side (+x)
FIN +z, FAR side (-x)
FIN +z, below beam pipe (x=0)
FIN -z, NEAR side (+x)
FIN -z, FAR side (-x)
FIN -z, below beam pipe (x=0)
X0, lower level
at RPC/DT gas rack
X0, upper level
at rack X0R11
Tower of YE-3, NEAR side
Tower of YE-1, NEAR side
Tower of YB-2, NEAR side
Tower of YB0, NEAR side
Tower of YB+2, NEAR side
Tower of YE+1, NEAR side
Tower of YE+3, NEAR side
Tower of YE-3, FAR side
Tower of YE-1, FAR side
Tower of YB-2, FAR side
Tower of YB0, FAR side
Tower of YB+2, FAR side
Tower of YE+1, FAR side
Tower of YE+3, FAR side

ence, the residual activity from long-lived radioisotopes induced in the samples was
expected to be much larger by the end of 2011 operation than in 2010. This is important, since the samples were only taken out of the cavern for measurement after
the operation with lead ions which are expected to contribute only marginally to
the sample activation due to its comparably low luminosity. Therefore, a significant
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Fig. 3.21: Sample locations at racks in the towers on the near side of the detector.
Note that the above picture shows the detector in its open position.

amount of short-lived nuclides had already decayed by the time of the measurement.
The exact measurement delay time is indicated in the first column of Table 3.13.
A first dose rate measurement indicated a measurable activity level of the stainless steel samples placed close to the beam pipe (measured dose rate sample 13:
∼ 60 nSv/h and sample 14: ∼ 500 nSv/h.). The samples from the better shielded
locations (racks) did not show dose rates clearly distinguishable from background
radiation.
Gamma spectroscopy is much more sensitive than a dose rate measurement with a
standard survey instrument. It allows for the identification of the photon emitting
radionuclides and the determination of their specific activities if the activity levels
are above the Minimum Detectable Activity (MDA). Table 3.13 shows the measured
induced activity in the samples. The specific activities indicate rather low activation of the samples. Even with measurement times of approximately three hours,
the errors are still large for some radionuclides (more than 50% for Cr-51 in samples
13 and 14). Due to time constraint, samples 15, 16 and 17 were not analyzed with
gamma spectroscopy.
Two samples installed at the CASTOR tables shows a remarkable difference in the
induced activity due to the presence of the heavy detector on one side. The production of several nuclides differs by a factor of more than 10. Due to the fact that
the neutron spectra behind CASTOR contains a significant contribution from low
energy neutrons, the production of the radioisotope Co-60 is particularly increased
at this location.
The samples that had been exposed to the prompt radiation field in the surrounding
of the FIN were generally less activated. The specific activities of several isotopes
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are very close to the MDA. Still, a significant difference in the irradiation of samples
18 and 19 is observed, even if the detector is meant to be almost rotationally symmetric around the beam pipe. A reason for this might be found in the uncertainty
in the actual position (and the local surrounding elements of the sample) or as well
in the statistical uncertainties, which are rather increased for certain nuclides (e.g.
50% for Sc-46). However, overall the values are vastly below the ones measured from
the CASTOR samples.
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Table 3.13: Measurement results of induced activity in stainless steel at the sample
positions 13, 14, 18, 19 and 20 by the end of 2011. The cooling time corresponds
to the time between the last p-p collision and the measurement time. The red
color indicates measurement results below the MDA.
Sample number

cooling
time

13 (CASTOR)

52 days

14 (CASTOR)

51 days

18 (FIN)

73 days

19 (FIN)

74 days

20 (FIN)

74 days

Radionuclide
Sc-46
V-48
Cr-51
Mn-54
Co-56
Co-57
Co-58
Fe-59
Co-60
Nb-95
Sc-46
V-48
Cr-51
Mn-54
Co-56
Co-57
Co-58
Fe-59
Co-60
Y-88
Zr-88
Nb-95
Sb-124
Sc-46
Cr-51
Mn-54
Co-56
Co-57
Co-58
Co-60
Sc-46
Cr-51
Mn-54
Co-57
Co-58
Co-60
Sc-46
Cr-51
Mn-54
Co-56
Co-57
Co-58
Co-60

Measured activity
/ [Bq/g]
1.3 ± 33%
1.1 ± 33%
14 ± 55%
7.3 ± 46%
1.2 ± 22%
2.4 ± 43%
6.1 ± 46%
0.18 ± 44%
0.7 ± 32%
0.1 ± 79%
7.3 ± 33%
5.6 ± 27%
200 ± 55%
77 ± 45%
8.6 ± 19%
22 ± 43%
68 ± 35%
6.3 ± 32%
24 ± 31%
0.5 ± 35%
0.6 ± 56%
0.7 ± 48%
0.9 ± 35%
0.012 ± 50%
0.39 ± 25%
0.25 ± 14%
0.022 ± 35%
0.07 ± 19%
0.12 ± 17%
0.1 ± 15%
0.0063 ± 81%
0.31 ± 27%
0.065 ± 22%
0.012 ± 51%
0.032 ± 29%
0.059 ± 17%
0.017 ± 41%
0.36 ± 27%
0.24 ± 14%
0.027 ± 29%
0.074 ± 19%
0.14 ± 16%
0.11 ± 14%

MDA
/ [Bq/g]
0.08
0.1
1.2
0.1
0.09
0.08
0.1
0.1
0.05
0.1
0.2
0.2
2
0.2
0.2
0.1
0.2
0.2
0.08
0.07
0.2
0.2
0.1
0.009
0.1
0.01
0.011
0.011
0.012
0.012
0.0096
0.09
0.012
0.009
0.009
0.008
0.013
0.1
0.013
0.011
0.01
0.013
0.011

Half life time
t1/2
84 d
16 d
28 d
31 d
77 d
270 d
71 d
45 d
5.3 y
35 d
84 d
16 d
28 d
31 d
77 d
270 d
71 d
45 d
5.3 y
107 d
83 d
35 d
60 d
84 d
28 d
312 d
77 d
272 d
71 d
5.27 y
84 d
28 d
312 d
272 d
71 d
5.27 y
84 d
28 d
312 d
77 d
272 d
71 d
5.27 y
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FLUKA simulation

As a second part of the study, a simulation of the proton-proton collisions in the
CMS detector has been performed. By using the FLUKA Monte Carlo code [28, 29]
the induced activity and the particle spectra at the sample positions were estimated.

Simulation settings
In order to generate the primary p-p collisions, the Monte Carlo event generator
DPMJET-III [32], available within FLUKA, was used. The simulation of the particle transport as well as the residual nuclei production was performed with the
FLUKA code (version 2011.2.2) [28, 29].
The collision profile was slightly simplified as compared to the measured profile (see
Figure 3.22). Figure 3.23 depicts the integral collision rate used for the FLUKA
simulation for 2011. For the residual nuclei calculations the ion collisions in 2011 as
well as all collisions in 2010 were not taken into account, since both were at significantly lower luminosities and can thus be neglected.

Fig. 3.22: Measured integral luminosity for the LHC experiments, published in [45].
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Integrated collisionrate used for FLUKA simulation
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Fig. 3.23: Total number of p-p collisions (i.e. collisionrate integrated over time) in
2011 as implemented in the FLUKA simulation.

The simulation setup is based on a detailed model of CMS in FLUKA developed
for previous studies, see Section 2.8, with minor modifications for the implementation of the samples and refinement of the CASTOR detector geometry. Since the
CMS detector is almost symmetric around the beampipe it is approximated in the
FLUKA geometry as symmetrical in polar angle ϕ, see Section 1.2. Using this assumption the overall statistics can be increased by averaging over ϕ and accordingly,
the calculation time can be improved significantly. Hence, the material samples were
implemented as “rings” around the beam pipe. The stainless steel sample compositions in the simulation were defined as given in Table 3.12.
According to the FLUKA authors’ recommendations for residual nuclei calculations,
the evaporation of heavy fragments and the coalescence treatment were activated.
Since mostly hadronic interactions are responsible for residual nuclei production
the electromagnetic cascade was not simulated. The transport cutoffs were set at
10−5 eV for neutrons and 100 keV for all other hadrons, respectively.
The specific activity in the samples was calculated offline with the corresponding
FLUKA tool [28, 29], based on an analytical solution of the Bateman equations [23].
Simulation results
The above described FLUKA simulation led to the following results:
Fluence spectra of hadronic particles
The neutron, proton and pion fluence spectra at the different sample positions are
depicted in Figure 3.24. Evidently, neutrons dominate the particle fluence at all
sample positions. Because they are not charged and therefore don’t interact via
Coulomb interactions, they lose energy only through nuclear scattering processes.
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Hence they are scattered down to very low energies before they are captured by
nuclei.
The highest integral fluences are found at the two sample locations at the CASTOR
tables. Due to the large energy of collision products emitted in beam direction, these
particles induce cascades, which in addition produce a large amount of secondary
particles. Hence, the samples close to the beam-pipe are exposed to a significant
amount of high energetic particles.
At locations further away from the beampipe, pions and protons contribute less to
the particle spectra and the hadronic fluence is dominated by low energy neutrons.
The thermal neutron peak (at approximately 10−10 GeV) is very distinctive (see
Figure 3.24(a) at the Tower locations). The peak at 100 MeV is called quasi-elastic
peak and is a consequence of a dip in the neutron cross section at about 200 MeV.
Neutrons at these energies are not present at shielded areas, such as the sample
locations at the tower 1 and 2 positions. In the epithermal energy range (0.1 keV
to 100 keV), radioactive capture plays an important role and leads to the resonance
pattern in the neutron spectrum.
Residual nuclei production
The residual nuclei production induced by one p-p collision is calculated directly
within the FLUKA simulation. The output is then post-processed with the ”usrsuwev” [30] routine supplied by FLUKA to estimate the nuclide inventory in the
samples corresponding to the irradiation profile, defined by the LHC operation settings in 2011 and the cooling times as indicated in Table 3.13. The results from the
simulation are summarized in Table 3.14. The large errors on some of the benchmark values are a consequence of the low statistics in the measurement results due
to very low activity levels of the samples.
For the samples at the FIN position, only one value was determined for each side of
the IP, since the CMS geometry implemented in FLUKA is symmetric with respect
to a rotation around the z-axis. The three sample positions are equally distant to
the beampipe and are thus exposed to the same radiation field in the simulation
(neglecting the minor asymmetry induced by the shaft). In order to increase the
statistics in the very small sample volume, the radionuclide production was averaged
over the full rotation angle. For reasons of consistency, the benchmark was done
with the average over the three measurement values of samples 18, 19 and 20.
The isotopes Mn-54, Co-58 and Co-60 are the most important among the produced radionuclides, since they contribute a significant amount to the residual dose
rate equivalent and to the legal limit value for free release (LE), published in Ref. [46].
Therefore, they are studied in more detail in the following:
Mn-54 and Co-58 are produced in stainless steel by several different interaction
channels. The production probability of these two isotopes induced by a neutron
is bigger at high neutron energies (above 10 MeV) than at low energies, where the
main production reaction of Co-60 in stainless steel is thermal neutron capture by
Co-59. As it can be seen in the neutron spectra depicted in Figure 3.24, in the
sample region on the -z side (where CASTOR was physically present) the neutron
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(c) Charged pion fluence spectrum

Fig. 3.24: Simulated particle fluence spectra in stainless steel samples at different
sample positions in CMS normalized per proton-proton collision.
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fluence is much higher. Therefore it is expected to produce more of the above discussed isotopes in sample 14 than in sample 13.
A look at the benchmark values for the mentioned isotope production at the CASTOR table positions in Table 3.14 shows a good agreement for Mn-54 and Co-58,
while for Co-60 the benchmark shows a discrepancy by a factor of 3 between measured and simulated results behind CASTOR.
As mentioned previously, the neutron cross sections at energies below 20 MeV used
in FLUKA rely on experimental data. Therefore it can be expected, that the underestimation of the according isotope activity in the present study is due to other
factors such as the underestimation of low energy neutron fluence behind CASTOR,
induced by the simplified geometry implementation or material composition of CASTOR in the FLUKA simulation.
The same reasons might lead to the discrepancy of the simulated to the measured
values for the samples placed at the FIN. Additionally, the induced activities in
these samples is rather low and has accordingly large statistical uncertainties.

3.3.3

Conclusion

The measurements of stainless steel samples exposed to the prompt radiation induced by proton collisions during the 2011 LHC operation have shown a detectable
activity level for these samples that are positioned closed to the beampipe. The
sample installed behind the CASTOR subdetector is exposed to a stronger radiation field and is therefore more activated than the one without CASTOR in front.
The material samples installed further away from the interaction point and outside the inner shielding (FIN) are less activated and the specific activities are only
slightly above the detectable limit. Outside the CMS detector (at the rack positions
in the towers), the sample activation is strongly reduced due to the good shielding
properties of the detector. The corresponding samples were not activated enough to
be detectable by the gamma spectroscopy analysis.
The benchmark of the radionuclide production in the sample material carried out in
this study has indicated a generally acceptable agreement of the specific activities
estimated with the FLUKA Monte Carlo code at the two CASTOR table positions.
The residual nuclei inventory measured in the sample from the +z half of the detector shows good agreement with the estimations from the FLUKA simulation. In the
same location but opposite the interaction point (behind the CASTOR detector),
the benchmark of specific activities differ significantly for some radionuclides, especially for Co-60. Previous studies have shown, that FLUKA seems to reproduce well
the relevant production cross sections [47] and, therefore, the observed differences
for the CMS samples have to be of another reason. It could be a consequence of an
improper implementation of the CASTOR subdetector in the FLUKA model which
might induce an inaccurate prediction of the low energy neutron spectrum at the
sample location.
Benchmarking the simulation results for the samples installed at the FIN indicates
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Table 3.14: Specific activities as estimated by the FLUKA simulation for the
operational year 2011. Only values for which benchmark measurements are
available are presented. The last column summarizes the ratio of the FLUKA
predictions and the measured values.
Sample number

13

14

18, 19, 20

Radionuclide
Sc-46
V-48
Cr-51
Mn-54
Co-56
Co-57
Co-58
Fe-59
Co-60
Sc-46
V-48
Cr-51
Mn-54
Co-56
Co-57
Co-58
Fe-59
Co-60
Sc-46
Cr-51
Mn-54
Co-56
Co-57
Co-58
Co-60

Estimated FLUKA activity
/ [Bq/g]
1.46 ± 9%
1.39 ± 6%
10.9 ± 4%
7.5 ± 4%
1.8 ± 13%
2.6 ± 6%
5.4 ± 4%
0.1 ± 16%
0.7 ± 2%
6.5 ± 4%
6.6 ± 3%
89 ± 1%
66 ± 1%
10 ± 5%
21 ± 2%
71 ± 1%
3.2 ± 3%
6.7 ± 1%
0.004 ± 70%
0.53 ± 3%
0.17 ± 12%
0.018 ± 49%
0.04 ± 26%
0.1 ± 10%
0.36 ± 1%

Ratio
FLUKA / Meas.
1.2 ± 0.3
1.3 ± 0.4
0.8 ± 0.4
1.0 ± 0.5
1.5 ± 0.4
1.1 ± 0.5
0.9 ± 0.4
0.6 ± 0.3
0.9 ± 0.3
0.9 ± 0.3
1.2 ± 0.3
0.5 ± 0.2
0.9 ± 0.4
1.2 ± 0.3
0.9 ± 0.4
1.1 ± 0.4
0.5 ± 0.2
0.3 ± 0.1
0.3 ± 0.3
2.3 ± 1.0
0.5 ± 0.2
0.7 ± 0.5
0.8 ± 0.4
1.1 ± 0.4
4.0 ± 1.0

larger discrepancies to the measured values for some nuclides. The samples at these
locations are further away from the interaction point and, thus, the radiation field
there is more influenced by the geometrical implementation of CMS in the FLUKA
simulation. The absence of support structures in the CMS model might be one of
the reasons for the disagreement to the measured values. It also has to be kept in
mind, that the measurements have significantly larger uncertainties due to the lower
activity in the FIN samples compared to the CASTOR table samples.
In the future it is expected to measure a higher induced activity in all samples due
to the foreseen luminosity increase in LHC operation. The benchmark values will
become more representative and give a better feedback on the accuracy of the CMS
model in FLUKA.

Chapter 4

Radiation Monitoring
The operation of high-energy hadron accelerators requires an accurate surveillance
of the radiation environment. The radiation monitoring system installed at the
LHC and its injectors is called RAMSES ( RAdiation Monitoring System for the
Environment and Safety). It comprises more than 300 monitors, measuring among
others the ambient dose equivalent in the LHC underground areas as well as on the
surface inside and outside the CERN perimeter. In the this chapter, the PMI ionization chamber being one of the monitors used for the radiation supervision within
RAMSES, is discussed in more detail.
After an overview of the PMI monitor in the first section, a detector response study
for the PMI on quasi-mono-energetic high energy neutron fields is discussed. In the
past, various detector response studies were performed successfully for this detector [48, 49, 50]. Due to the fact that neutrons with energies of a few MeV contribute
significantly to the ambient dose equivalent at several locations within the LHC an
additional benchmark of the chamber response was performed. The experiment and
the corresponding calculations are discussed in the second section of this chapter.
Furthermore, a study of the radiation field induced in the CMS cavern during LHC
operation is performed with the FLUKA code. The results were benchmarked with
monitor readings of eight PMI chambers installed in the CMS experimental hall.
Additionally, so-called field-calibration factors of the PMIs for the mixed radiation
field during proton collisions have been estimated allowing the determination of the
prompt dose from the PMI response.

4.1

Doserate measurements at the LHC using ionization chambers

The PMI ionization chamber is used for the determination of the ambient dose
equivalent required for the planing of manual interventions during shut-down and
technical stops. Since the installed detectors also provide readings during operation,
they could also be used to measure the prompt dose by applying the appropriate
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calibration coefficients.
As it is shown in Figure 4.1, the PMI chamber is cylinder-shaped and has a volume
of 3 liters filled with air at atmospheric pressure. The PMI is measuring the current
induced in its active volume (one count per second is equivalent to 10−12 A) which
is converted into a dose rate using specific calibration factors. Since the PMIs were
installed to measure ambient dose equivalent rates during beam off conditions, the
detectors are calibrated with Cs-137 calibration sources to measure the dose induced
by gamma radiation [50]. However, the responses of the PMIs installed could also
be used for the determination of the prompt ambient dose in a mixed radiation field.

PE wall (4mm) /
inside graphite
coated

15.8 cm

Anode: PE /
graphite coated

21.5 cm
28.5 cm

Connector to
cathode

Connector to
anode
Connector plug for power
supply and signal outlet

Fig. 4.1: Layout of the PMI ionization chamber used for monitoring dose rates at
the LHC. [50]
In the past, several PMI response studies on mixed radiation fields as well as
on well-defined neutron fields were performed [50]. Within these studies response
functions have been evaluated with FLUKA, which allow a direct calculation of the
charge induced in the detector (detector response) in an arbitrary mixed radiation
field. Figure 4.2 depicts these response functions for different particles. The values have been benchmarked successfully in the past on different particle types and
energies [48, 49, 50]. The thereby measured neutron responses are indicated in the
response function in Figure 4.2.
Within this thesis, the response functions were used for the determination of the
PMI response in the CMS cavern after the evaluation of the local fluence spectra
with FLUKA. These detector responses were afterwards compare to the measured
values and this benchmark then served as an indication of the reliability of the
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applied FLUKA calculation.

Fig. 4.2: Response function of the PMI ionization chamber in terms of created
charge per unit fluence estimated with FLUKA for different particle types [51].

4.2

PMI response benchmark experiment on quasimono-energetic neutrons

As mentioned in the previous chapter, the PMI ionization chamber is used to measure the prompt and the residual dose within the LHC environment. It is therefore
of special interest to check the detector responses for the radiation field expected at
the different PMI installation points.
Focusing on the PMIs installed in the CMS cavern this study concentrates on the
benchmark of the PMI response function on particles which dominate the radiation
field at the different locations. A more detailed discussion of the PMIs installed in
CMS can be found in the following section, including the estimation of particle spectra at the PMI locations with FLUKA Monte Carlo simulations. It shows, that the
radiation field in the CMS experimental cavern during collisions comprises various
particle types (neutrons, charged hadrons, leptons and photons) and covers a wide
range of energies from a few eV up to several GeV. Moreover, it was determined
that a significant fraction of the prompt fluence is caused by neutrons with energies
of a few hundred MeV and above. A representative spectrum is shown in Figure 4.3,
depicting the neutron spectrum at one of the PMI locations in the CMS cavern.
The aim of this study was to benchmark the existing PMI detector response
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function [51] for neutrons, depicted in Figure 4.4 in the few hundred MeV range.
For that purpose, the detector had to be exposed to a well-defined, quasi-monoenergetic neutron field, which is provided by the accelerator facility of the Research
Center for Nuclear Physics (RCNP) at Osaka University in Japan. The here described experiment is part of a series of benchmark studies of the PMI response to
almost mono-energetic neutrons in the few hundred MeV energy range carried out
at this facility [52].
The neutrons were produced by protons impinging on a 7 Li target. The experiment
was performed with two proton beam energies of 137 MeV and 200 MeV. The target
reaction generates secondary neutrons with peak energies at 134 MeV and 197 MeV,
respectively.
The PMI measurements were followed by a calculation of the detector response at
the two energies based on the existing response function and the measured neutron
spectra from the target reaction.
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Fig. 4.3: Exemplary neutron fluence spectrum in the CMS experimental cavern
induced by one proton-proton collision.

4.2.1

Experimental setup

The RCNP facility is operating two cyclotrons (an Azimuthally Varying Field (AVF)
cyclotron and a ring cyclotron) accelerating protons up to 400 MeV which are then
directed towards different experimental halls. The experiment performed within this
study took place in the time of flight (TOF) tunnel, where almost mono-energetic
neutrons are produced by directing the proton beam on a 1 cm thick 7 Li target.
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Fig. 4.4: Neutron response function of the PMI ionization chamber expressed in
terms of induced charge per unit neutron fluence. [51]

Within this PMI benchmark experiment, protons of 137 MeV and 200 MeV were
directed on the 7 Li target with a beam current of 1 µA ± 10%. A magnetic field
induced by a beam swinger magnet deflected the charged particles produced in the
target reaction. The remaining neutral particle beam, consisting of quasi-monoenergetic neutrons and photons, is collimated by an iron collimator with an opening
of 10 cm (horizontal) and 12 cm (vertical). The according experimental setup is
shown in Figure 4.5.
For the measurement, two PMIs (called PMI 1 and PMI 2) have been exposed to the
beam to check them for the consistency of their readout. In order to have the detectors uniformly exposed to the secondary field, they were positioned in a distance
of 25 m to the target, see Figure 4.5.
Above certain beam energies, also π 0 are produced in the target reaction. According
to their mass, these particles are produced in reactions with a center of mass energy
of at least 290 MeV. Because of the Fermi motion of the nucleons in the target nuclei, the π 0 production takes place also at lower energies of the impacting primary
protons.
The π 0 have a very short range (the lifetime is below 10−16 s) before they decay
with a large probability into two photons. Since the experiment was performed
with a 200 MeV proton beam, it was expected to produce a low number of pions
and therefore get a small contribution in the PMI response from π 0 photons. In
order to estimate the amount of photons produced and their response registered by
the PMI, the reaction was simulated with FLUKA. An accurate simulation of the
experiment involving the target reaction was not performed, due to the inaccurate
predictions of the Li target reactions by the nuclear models used in common Monte

1.E+05
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Fig. 4.5: Setup of the neutron benchmark experiment at RCNP. [50]
Carlo simulation codes, as discussed in [50].
For the FLUKA simulation a very basic setup was used. The model consisted
of a 7 Li target in a vacuum region with a 140 resp. 200 MeV proton beam directed
onto the target. The neutron and photon spectra were scored at a distance of 25 m
from the target. With the response functions of the PMI (discussed previously in
Section 4.1) the specific responses on the two particle types were estimated.
The simulated photon spectra in the PMI volume for 140 and 200 MeV is depicted
in Figure 4.6. It is evident, that for both beam energies the photons with energies of
less than 10 MeV dominate the spectra, including the two resonance energies of the
target nuclei at MeV and 500 keV, respectively. The high-energy photons are only
produced at 200 MeV beam energy. According to [53] the low energetic photons
are produced directly in the target reaction whereas the photons with higher energy
originate from the π 0 decay. Thus, the spectra show clearly that π 0 are produced in
the target reaction of 200 MeV protons, but the respective photon contribution to
the integral fluence is minor. The simulation furthermore indicates, that at 140 MeV
beam energy the probability to produce π 0 particles is very low.
With the simulated spectra and the corresponding response functions the detector
responses on photons and neutrons were determined for the measurement setup.
The results, summarized in Table 4.1, show a contribution of the photons of less
than 0.05% to the total response at both energies. It is therefore expected that
neutrons dominate the response in the PMI chamber.
During the response measurements, the neutron spectra in the experimental area
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were measured with a NE213 liquid scintillator by another collaboration participating in the experiment. These data supplied by [54] were used for the benchmark
calculations of the PMI response discussed in the following paragraph. The corresponding spectra for 140 MeV and 200 MeV are shown in Figure 4.7. Because
only the maximum error on the measured data is known [54] it was conservatively
assumed, that all values contain a 5% uncertainty.
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Fig. 4.6: Estimated photon fluence at PMI location for 140 and 200 MeV beam
energies normalized to one proton impinging on the target.

Table 4.1: FLUKA estimation of the specific responses (given in terms of induced
charge (in pC) per unit beam charge (in µC)) induced by neutrons and photons in
the PMI ionization chamber.
Beam energy
/ [MeV]
140
200

4.2.2

Photon induced response
/ [pC/µC]
0.0044±3.2%
0.0052±2.5%

Neutron induced response
/ [pC/µC]
14.8±0.8%
11.9±0.8%

Results

Based on these spectra, the total responses for the two beam energies were determined. The obtained results are summarized in Table 4.2. The comparison to
the measured responses shows good agreement within the statistical uncertainties.
Based on these benchmark results it can be assumed that the response function of
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the PMI detector for neutrons (depicted in Figure 4.4) is predicted rather accurately
with FLUKA within the investigated energy range.
A plot of the cumulative response as function of the particle energy depicted in Figure 4.8 shows, that approximately 60% of the PMI response is induced by neutrons
with energies below the peak energy.
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Fig. 4.7: Neutron fluence spectra (given in cm−2 per µC beam current) measured
with an NE213 liquid scintillator by [54].

Table 4.2: Measured and calculated induced charge in the PMI (given in pC per
1µC beam charge) of almost mono-energetic neutrons produced in the proton-Li-7
target reaction.
Beam energy
/ [MeV]
137
200

measured PMI 1
response
/ [pC/µC]
18.6 ± 10%
15.8 ± 10%

measured PMI 2
response
/ [pC/µC]
18.9 ± 10%
15.6 ± 11%

calculated PMI
response
/ [pC/µC]
18.2 ± 9%
15.4 ± 11%
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Fig. 4.8: Cumulative induced in the PMI by neutrons normalized on the total
response based on the measured neutron spectra. The error was evaluated under
the assumption of a constant error on the fluence of 5%, according to the
maximum error on the measured data.

4.3

Benchmark of PMI detector response in CMS

In this section a Monte Carlo study of the mixed radiation field inside the CMS
cavern induced by proton-proton collisions in the center of the detector is described.
By using the readings of radiation monitors installed in the detector vicinity, the
performed simulations can be verified. In the following section, a comparison of the
measured data from the eight PMI chambers installed in the CMS cavern with the
FLUKA estimated values is discussed.
As mentioned before, the PMI chambers are monitoring mainly residual dose rates
and are therefore calibrated on a pure photon field. In the following, calibration
factors for the prompt mixed radiation field at the dedicated locations during proton
collisions are presented.
In order to get an idea of the radiation field induced by proton collisions at LHC’s
nominal beam energy, simulations were also carried out for a beam energy of 7 TeV
and results compared to those obtained for 3.5 TeV.
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4.3.1

Experimental data evaluation and Monte Carlo simulation

Evaluation of measured values for benchmarking

Within the radiation monitoring system RAMSES, there are eight PMI detectors
installed in the CMS experimental cavern to measure the in situ radiation in the
cavern. An overview of the locations of the detectors can be found in Figure 4.9.
The PMI detectors are arranged symmetrically, with respect to a vertical plane
through the interaction point. However, due to asymmetries in the CMS geometry
like the shaft and the CASTOR subdetector, which is only installed on one side of
the interaction point (see Section 2.8), the radiation field, that the PMI chambers
are exposed to is not fully symmetric.
The ionization chambers measure the electric current induced by ionizing radiation
(detector response), where an induced current of 1 pA is equivalent to one PMI
count per second. With an adequate conversion factor of 2.48 × 10−8 A/Sv/h for the
conversion to residual dose equivalent based on a calibration with a Cs-137 source,
RAMSES indicates the measured values in Sv/h (detector reading). Since these values do not apply for prompt radiation and in order to have a quantity independent
from instantaneous luminosity, the values for the benchmark are normalized to one
p-p collision.
In order to get sufficient statistics, PMI signals from long and stable LHC fills1
were taken for the benchmark study. Hence, detector responses from two fills from
August 2011 were evaluated. By using the integral PMI signal and luminosity over
a particular fill, the counts per p-p collision were determined. For illustration, Figure 4.10 shows the PMI reading measured during one LHC fill in August 2011 (LHC
fill number 2000). The Figure clearly shows that the collision induced signals from
PMI5502 and PMI5531 (see Figure 4.9) are hardly distinguishable from the background at the positions of the two PMIs. According to Figure 4.9, the two chambers
are located in the central area on the level of the interaction point but outside the
CMS detector and thus, they are well shielded by the detector itself. Additionally, PMI5502 is located in the floor depression (see Figure 4.9) and therefore also
shielded against stray radiation from the sides.

1

One LHC fill consists of protons from multiple injections from the SPS into the LHC. These
protons, which are arranged in bunches according to the so called filling scheme, are then accelerated and brought to collision. Depending on the LHC performance, the beam lifetime can be up
to several hours.
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Fig. 4.9: Locations of the PMI detectors in the CMS experimental cavern. [55]
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Fig. 4.10: PMI readings (in Sv/h) at different locations inside the CMS
experimental hall measured during fill 2000 in August 2011.

The averaged detector responses of the PMIs during the above mentioned fills
are contained in Table 4.3.
Table 4.3: Measured PMI responses: averaged data from two LHC fills in 2011.
The response of PMI 5502 during collisions was not distinguishable from
background and is, thus, not shown here.
PMI number
5501
5511
5512
5513
5521
5522
5531

Averaged response /[counts/p-p-coll]
6.3 × 10−21 ± 2%
6.0 × 10−21 ± 1%
7.2 × 10−21 ± 3%
1.5 × 10−20 ± 4%
7.7 × 10−21 ± 3%
9.8 × 10−21 ± 6%
8.2 × 10−22 ± 3%

FLUKA simulations
The Monte Carlo simulations are performed with the FLUKA code version 2011.2.2 [28,
29]. In order to treat particle production in high-energy (> 5 GeV/n) nuclear collisions, the event generator DPMJET-3 [32] was linked to FLUKA.
The calculations rely on an existing and detailed model of CMS in FLUKA. It consists of the full geometry of the CMS detector complex and the surrounding cavern
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including the CASTOR subdetector and the shaft to the surface, both located in
the -z side of the cavern [3]. Besides the blockhouse, CASTOR, and the shaft, the
implementation of the CMS geometry in FLUKA is rotationally symmetric around
the beam axis. The applied CMS model is explained in more detail in a previous
section (Section 2.8, Figure 2.8).
Due to the high complexity and size of the CMS model, a simulation aiming at
scoring particles in regions far away from the interaction point requires significant
computing time. In order to keep a reasonable balance between computing time and
statistical significance of the results, appropriate simulation settings were chosen.
By applying biasing on dedicated regions, setting appropriate particle interaction
and transport thresholds and reasonable large scoring volumes, the statistical gain
from one primary event was increased:
The statistics of particle fluxes outside the massive blockhouse was increased by applying importance biasing through the concrete walls of the blockhouse by increasing
the particle number artificially. In order to keep the integral particle flux consistent,
the multiplied particles are weighted with a factor according to the inverse of the
region importances used for the biasing. More information about importance biasing can be found in the FLUKA manual [30].
In addition, appropriate limits for particle production were set. The applied thresholds for the production of different particle types are summarized in Table 4.4.
Table 4.4: Production thresholds applied in the Monte Carlo simulation for
different particle types.
Particle
Production threshold /[keV]
Neutrons
10−8
Electrons and positrons
1000
Photons
100
Hadronic particles (except neutrons)
100

In order to increase the scoring volume for the fluence spectra within the FLUKA
simulation at the locations of PMI5501, PMI5513 and PMI5531 the rotational symmetry of the geometry was used and cylindrical shells defined for scoring. The
spectra close to the blockhouse were detected in a box-shaped volume. With this
approach, a good statistics was obtained with reasonable computing time invested.
The estimation of the PMI response through the fluence spectra from the Monte
Carlo simulation followed the approach discussed previously in Section 4.1. For
the evaluation of the calibration factors, FLUKA estimators for absorbed dose and
ambient dose equivalence were defined in the according PMI volumes. The ratio
of the scored dose equivalence (and absorbed dose, respectively) to the evaluated
response gives the required field-calibration factors.
Besides the benchmark calculation of the detector response to the prompt field
induced by proton collisions at a center of mass energy of 7 TeV, simulations of the
response to collisions at nominal beam energy have been performed using the same
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simulation setup as in the benchmark calculations.

4.3.2

Results

Figure 4.11 shows the total fluence inside the CMS cavern in the horizontal plane
through the interaction point, normalized to one p-p collision at a center of mass energy of 7 TeV. One can see clearly the influence of CASTOR on the radiation field in
the cavern. The heavy subdetector increases the integral particle fluence in its vicinity by almost a factor of 2. A more detailed investigation on the composition of the
radiation field in the cavern indicates a high contribution of neutrons and photons.
Their relative contribution to the total fluence is shown in Figures 4.12. Within the
cavern, other particles than neutrons and photons contribute only marginally to the
integral fluence.

z

Fig. 4.11: Total integral fluence in the horizontal plane induced by one p-p collision at
SimpleGeo [31]. (maximum error in the cavern: 15%)

x

√
s = 7 TeV, depicted with
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(a) Relative neutron contribution

x
x
z

(b) Relative photon contribution

z

Fig. 4.12: Ratio of neutrons
√ and photons to total integral fluence in the horizontal
plane at s = 7 TeV, depicted with SimpleGeo [31].

The responses of the PMI chambers in the CMS cavern have been calculated according to the approach described in Section 4.1. PMI 5502 has not been accounted
for since it is located in an area very imprecisely described in the simulation model.
The calculated responses as well as the ratios to the measured ones for the selected
fills in 2011 (see Table 4.3) are given in Table 4.5. A closer look at the relative
contribution to the total response from the different particle types can be found in
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Table 4.6. The most important fraction of the response is induced by neutrons, as
expected by the previous analyses of the integral fluence distribution in the cavern
depicted in Figure 4.12. The neutron contribution varies from a maximum of 63%
(PMI 5531) at positions shielded by the CMS detector to lower neutron contributions
to the total response at locations close to the blockhouse (e.g. 56% for PMI 5501).
To exemplify the particle spectra and cumulative responses scored in the chambers,
they are shown in Figures 4.13 and 4.14 for PMI5501 and PMI5531, respectively.
The cumulative response shows a significant contribution of neutrons with energies
of around 100 MeV for PMI5501, corresponding to the peak in the neutron spectra
in this energy range.

Table 4.5: FLUKA estimation of the PMI responses as well as their ratios with the
measured data.
PMI number

Response

Benchmark

/[counts/p − p − coll]

Simulated / measured response

5501
5511
5512
5513
5521
5522
5531

6.8 × 10−21 ± 4%
1.0 × 10−20 ± 2%
1.5 × 10−20 ± 2%
1.7 × 10−20 ± 3%
9.0 × 10−21 ± 2%
1.4 × 10−20 ± 3%
1.5 × 10−21 ± 11%

1.1±4%
1.7±2%
2.1±4%
1.2±5%
1.2±3%
1.5±6%
1.8±11%

Table 4.6: Relative contribution (in %) to the total calculated PMI response by
the different particle types.
PMI number

Neutron

Proton

Photon

5501
5511
5512
5513
5521
5522
5531

56±2
54±1
56±2
54±2
56±1
56±2
63±8

22±3
23±2
20±2
24±3
22±1
19±2
8±8

10.2±0.4
8.1±0.2
10.2±0.3
10.5±0.4
8.3±0.2
10.4±0.3
17±3

Electron
charged
& Positron
Pion
9.0±1.0
0.4±0.2
5.7±0.5
0.8±0.2
6.8±0.5
0.6±0.2
8.6±0.7
1.0±0.3
6.5±0.5
1.8±0.6
8.2±0.7
0.8±0.3
12±6
0
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Fig. 4.13: Fluence spectra and cumulative responses for PMI 5501.
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Fig. 4.14: Fluence spectra and cumulative responses for PMI 5531.
The PMIs integrated in RAMSES are mainly used for residual dose measurements, therefore, they are calibrated to measure dose equivalent induced by gamma
radiation. In order to get reliable indication of the dose in the mixed field during
operation, calibration factors were determined with the FLUKA code. The calculated values are summarized in Table 4.7.
Furthermore, the PMI responses for collisions at 14 TeV center of mass energy were
estimated. With the prospective LHC schedule, it is foreseen to collide the proton
beams at this energy within the near future. Table 4.8 contains the responses for
one p-p collision at the design energy of LHC and the ratio of the PMI signal for
7 TeV and 3.5 TeV beam energy. Generally, the chambers show an approximately
30% increase in the response at double the collision energy.
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Table 4.7: Calibration factors in terms of absorbed dose in air (in nGy) per pC
induced charge in the PMI as well as ambient dose equivalent (in nSv) per pC for
the different PMI locations in the CMS cavern, shown in Figure 4.9.
PMI number
5501
5511
5512
5513
5521
5522
5531

Field calibration factor
/ [nGy/pC]
6.7±7%
7.3 ± 30%
6.6 ± 11%
6.4 ± 6%
7.6 ± 24%
6.0 ± 17%
5.3 ± 17%

Field calibration factor
/ [nSv/pC]
68±4%
46 ± 24%
52 ± 13%
68 ± 4%
53 ± 20%
57 ± 12%
53 ± 6%

Table 4.8: PMI responses after 14 TeV center of mass energy p-p collisions
estimated by FLUKA and the ratio of 14 TeV vs. 7 TeV center of mass energy p-p
collisions.
PMI number
5501
5511
5512
5513
5521
5522
5531

Response

Ratio

/[counts/p − p − coll]
−21

14 TeV / 7 TeV response

9.8 × 10
± 4%
1.3 × 10−20 ± 2%
1.9 × 10−20 ± 2%
2.2 × 10−20 ± 4%
1.2 × 10−20 ± 2%
1.9 × 10−20 ± 2%
2.3 × 10−21 ± 6%

1.4±6%
1.3±3%
1.3±3%
1.3±5%
1.3±3%
1.3±4%
1.6±12%

Conclusion
The FLUKA study of the radiation field inside the CMS experimental cavern has
shown, that neutrons and photons are contributing the most to the integral fluence.
Only a very minor percentage of the total fluence is accounted for by other particles. Furthermore, Figure 4.11 shows that the CASTOR subdetector is responsible
for a significant modification of the radiation environment in one side of the cavern,
mainly because of the lateral scattering of neutrons. The asymmetry in the fluence
induced by CASTOR is visible everywhere in this cavern half. The color plot of the
fluence distribution shows furthermore the shielding effect of the detector itself for
collision products emitted to the beam direction. The radiation field in the cavern
is mostly generated by forward collision products which hit heavy elements in the
forward region and create secondary particles emitted laterally to the beam axis.
The reliability of the performed simulation has been verified by a benchmark with
the response of the PMI ionization chambers, installed at several locations around
the detector during p-p collisions.The comparison has pointed out a general over-
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estimation of the response calculations performed with the FLUKA Monte Carlo
code with a maximum deviation of a factor of 2.1 ± 4% to the data for PMI 5512.
The particular detector is situated close to the cavern wall right above the concrete
blockhouse on the -z side. A possible reason for the deviation might be found in the
difference of the geometries which is very significant in areas where the CMS model
in FLUKA is missing all the support structures which are present in the actual
setup. The same reason might explain the overestimate in the calculated results of
all the chambers. The lack of relevant supporting objects in the model geometry
also complicates the exact implementation of the PMIs in the simulation, which
could also lead to some discrepancies.
For PMI5501 and PMI5513, located in positions where they are less exposed to the
forward radiation, the simulation results are closer to the measured values. Overall,
the benchmark indicates a quite good agreement of simulated to measured results
regarding the complex layout of the CMS detector.
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Chapter 5

Summary and conclusion
Within the work of this thesis different studies have been performed concerning
radiological aspects related to a luminosity upgrade of the CMS experiment. The
thesis focuses on two topics which are of high importance for a safe operation with
respect to radiation protection: the radioactivity induced in the detector as well as
the monitoring of the radiation field during proton-proton collisions.
Induced activity benchmarks
In order to predict radiological quantities, Monte Carlo studies are performed
using the particle interaction and transport code FLUKA. Obviously, it is of major
concern to know the reliability of such results and therefore, so-called benchmark
studies are carried out. For evaluating the accuracy of the Monte Carlo models
for certain physical processes, the predicted values are compared to experimental
benchmark data. In the context of this thesis, FLUKA predictions of induced radioactivity in different materials irradiated around the CMS detector were compared
to experimental data.
Benchmark study of tritium production in water and its correlation with high energy
hadron fluence
Since demineralised water is used as cooling liquid in many LHC detectors the
evaluation of its activation is an important aspect in radiological studies. Especially
the production of tritium in irradiated water is of concern due to its long half-live.
It is therefore of special interest, to obtain reliable estimates from Monte Carlo simulations and several benchmark studies were performed in the past. These studies
have indicated an underestimation of the tritium production predicted by FLUKA
for mixed high energy radiation fields in comparison to measured values. In order
to verify this observation with the latest FLUKA version, several water samples
have been irradiated in the vicinity of a copper target with a 120 GeV hadron beam
impinging on it. Additionally, a FLUKA simulation was performed to estimate the
induced tritium in the water samples. This benchmark experiment confirmed that
the FLUKA calculation underestimates the tritium production in water by a factor
93
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of 2.2.
Additionally, the ratio between the high energy hadron fluence and the tritium activity was calculated, since the quantity of high energy hadron fluence is correlated
to the occurrence of so-called single event defects in electronic components irradiated to the same field. The simulation results indicate a constant correlation for
the entire range of investigated spectra, namely 8.4 · 108 cm−2 /(Bq/l) ± 6%. Consequently, it can be concluded that the production of tritium in water can be used
as an appropriate measure to estimate high energy hadron fluence and, therefore, it
may present a suitable quantity to roughly assess the probability of radiation related
electronic defects at relatively low costs. With the expected increase of such defects
due to the foreseen increase in luminosity at LHC, it would be interesting to further
investigate this detection method.
Induced activity in a CMS ECAL crystal candidate material
Due to the fact that the scintillating crystals installed in the CMS electromagnetic calorimeter (ECAL) lose transparency after being exposed to high energy
hadron fields, several crystal materials are under investigation to possibly substitute the currently installed lead tungsten (PbWO4 ) crystals in the forward direction. The induced activity in cerium fluoride (CeF3 ) crystals was measured after
they had been exposed with an integral fluence of 2.9 · 1014 cm−2 of 24 GeV monoenergetic protons. In addition, FLUKA simulations of this irradiation as well as that
of a PbWO4 crystal irradiated previously were performed and different radiological
quantities were determined. The benchmark of the residual dose rate calculations
of an irradiated PbWO4 crystal done with FLUKA showed good agreement with
experimental data as well as the results obtained with an older FLUKA version
combined with the DeTra code, as published in Ref. [39]. The comparison of the
calculated and measured ambient dose equivalent for the CeF3 crystal also indicates
a reliable prediction of this quantity by FLUKA for the given setup. The calculation
of an enlarged CeF3 crystal with calorimetric properties comparable to the PbWO4
crystals presently installed in the in ECAL yields an ambient dose rate which is by
a factor of 2 lower than that of PbWO4 and thus, is preferable from a radiation
protection point-of-view as it will lower the doses received by personnel intervening
in the vicinity of the ECAL. The investigation of the scintillating crystals is still ongoing and further studies concerning the radiation-induced damage in the crystals
are carried out, including also other scintillating materials.
Activation of stainless steel in the CMS detector environment
Since the prompt stray radiation induced by particle collisions can activate detector material, the performance of activation studies in the vicinity of the LHC
detectors are of major interest. The induced activity generates a residual radiation field which poses a hazard to personnel entering the cavern during beam-off
conditions. In fact, a significant amount of stainless steel is implemented in the
LHC detectors and its activation results in the production of long-lived radionuclides. Thus, Monte Carlo estimates concerning this material and the validation of
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the predictions are of special interest. The measurements of activated stainless steel
samples, which were exposed to the radiation field in the CMS detector environment
during the 2011 LHC run, showed a detectable activity level for those samples that
are positioned close to the beam pipe. The level of agreement of the calculated
and the measured specific activities of the induced radionuclides depends strongly
on their type (and therefore on the production mechanism) and on the position of
the sample. Overall it can be concluded, that the samples irradiated closest to the
interaction point were the most activated. Hence, also the statistical significance of
the activation results is highest for those samples. The benchmark of the induced
activity in these samples indicates a generally acceptable agreement of the FLUKA
predictions to the measured values with a maximum discrepancy of about 50%,
except for Co-60 which is mainly produced by thermal neutron capture by Co-59.
Since FLUKA uses experimental data for the neutron cross section below 20 MeV,
it is assumed, that the discrepancy by a factor of 3 between measured and simulated
results is due to a simplified geometry in the FLUKA model which might lead to an
inaccurate prediction of the low energy neutron spectrum at the sample location.
The good performance of the LHC will increase the amount of data available for
induced activity benchmarks as well as their statistical significance. Hence, it is
expected in the future to measure a higher induced activity in all samples due to
the larger accumulated luminosity during LHC operation. The benchmark values
will become more representative and thus, are expected to give better feedback on
the accuracy of the CMS model in FLUKA and how it might be improved.
PMI monitoring
The operation of high-energy hadron accelerators requires accurate surveillance
of the prompt stray radiation environment. One of the detectors used within the
CERN radiation monitoring system for environment and safety (RAMSES) is the
PMI ionization chamber. These chambers are mainly used for monitoring of the
residual dose rate and are, therefore, calibrated in a pure photon field. The appropriate calibration to mixed fields would allow for a direct reading of the dose in the
prompt radiation field induced by the proton-proton collisions around the CMS detector. The Monte Carlo based determination of these field-calibration coefficients
requires a detailed knowledge of the spectral field composition at the respective detector position as well as their response functions. At many locations around the
LHC, in the CMS cavern among others, high energy neutrons pose a substantial
contribution to the total particle fluence. Thus, it is of major concern to know the
response of the PMI to these particles very precisely. Therefore, a benchmark experiment with quasi-mono energetic neutrons of 134 MeV and 197 MeV was performed
to verify the reliability of the neutron response function in this energy range. The
evaluated benchmark results indicate that the response function of the PMI detector for neutrons is predicted accurately with FLUKA within the investigated energy
range. Thus, the response function was applied to determine the PMI response based
on the simulated particle fluence spectra at the dedicated locations in the CMS experimental cavern during the LHC operation in 2011. The estimated values were
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then compared to the detector readings, indicating a maximum deviation of a factor
of 2.1 ± 4%. A possible reason for this deviation might be found in the difference
between the modeled and actual setup which is very significant in areas where the
CMS model in FLUKA is missing all the support structures. The lack of relevant
supporting objects in the model geometry also complicates the exact implementation of the PMIs in the simulation, which could also lead to some discrepancies.
Relying on these response predictions and using the respective estimations of the
equivalent and absorbed doses, field calibration factors were calculated with FLUKA
for the different PMI locations. Furthermore, the PMI responses for collisions at
LHC nominal beam energy of 7 TeV were estimated. With the prospective LHC
schedule, it is foreseen to collide the proton beams at this energy as from 2014. The
simulation indicates an increase of the PMI responses of approximately 40% when
doubling the beam energy. With a more detailed CMS model, these results and the
FLUKA prediction for the field calibration factors can be estimated more precisely.
The performed benchmark studies in the CMS environment have shown a generally good agreement of the simulation results to the measured quantities. Due
to the high complexity and size of the CMS detector, it is recommended to apply
certain simplifications in the FLUKA model to keep a reasonable balance between
computing time and statistical significance of the results. However, it was seen that
these methods for decreasing the computation times of the simulations can lead to
locally less accurate predictions. In the future, with an enhanced knowledge based
on more benchmark results, the CMS model could be improved in the respective
areas.
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