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Introduction

One of the main application of the FLUKA Monte Carlo simulation code,
is in the design of new beam facilities. An indispensable part of the FLUKA
code development process, is benchmarking of predictions of new features
against experimental data, for example benchmarking the deep shielding
penetration by the particles from high energy proton accelerator operations.
For this reason, the CERN High energy AcceleRator Mixed field facility
(CHARM) and the CERN Shielding Benchmark Facility (CSBF) were espe-
cially designed to obtain experimental data, for deep shielding penetration
studies. The main goals of this thesis, are to design and to characterize the
CSBF, both by means of FLUKA Monte Carlo simulations of the radiation
spectra and their validation by activation experiments.

The first prototype of the CSBF was installed, together with the entire
shielding of the CHARM facility, during the Long Shut-down 1 (LS1) in
2013/2014. The CHARM facility, has been operating with 24 GeV/c proton
beam, since September 2014. A first characterization of the CSBF facility
was performed in July 2015, with the activation of bismuth and aluminium
detectors in the CSBF. Monte Carlo simulations with the FLUKA code,
have been performed to estimate the production yields of bismuth isotopes
and sodium for these samples. The production yields estimated by FLUKA
Monte Carlo simulations, are compared to the production yields obtained
from “-spectroscopy measurements of the samples taking the beam intensity
profile into account.

With the experience acquired during the activation campaign in 2015, the

iii



iv INTRODUCTION

CSBF has been significantly upgraded during the extended year-end technical
stop at the beginning of 2016. Consequently, in September 2016 there was
a second activation campaign with activation of bismuth, aluminium and
indium samples that were placed in the CSBF, to characterize the upgraded
version of the CSBF. Monte Carlo simulations with the FLUKA code, have
been performed to estimate the specific production yields of bismuth, sodium
and indium isotopes, for these samples, in the new configuration and have
then been compared to the production yields obtained from “-spectroscopy
measurements of the samples taking the beam intensity profile into account.

In parallel to the activation campaign in 2016, there was a series of mea-
surements with a high-pressure ionisation chamber, filled with hydrogen gas
at 20 bar, calibrated for measuring ambient dose equivalent rates, in the
material test location. By comparing the dose rate measured at di�erent
positions, the neutron spectrum averaged attenuation lengths of the various
commonly used shielding materials are estimated.

The results obtained for the activation campaigns in 2015 and 2016, have
shown that the radiation fields in the CSBF are now well understood and
well described by FLUKA. These results can be used as guidelines for similar
studies at future proton accelerators and at medical facilities.



Eisagwg†

M–a apÏ tic k‘riec efarmogËc tou k∏dika prosomoi∏sewn FLUKA Monte
Carlo, e–nai o sqediasmÏc nËwn egkatastàsewn iont–zousac aktinobol–ac. 'E-
na anapÏspasto kommàti thc diadikas–ac anàptuxhc tou k∏dika FLUKA, e–nai
h sugkritik† axiolÏghsh prognwstik∏n gia nËa qarakthristikà Ënanti pei-

ramatik∏n dedomËnwn, gia paràdeigma, sugkritik† axiolÏghsh thc die–sdushc

se bajià jwràkish apÏ swmat–dia pou proËrqontai apÏ epitaqunt† prwton–wn

uyhl†c enËrgeiac en leitourg–a. Gia to lÏgo autÏ, to CERN High Energy
Accelerator Mixed Field Facility (CHARM) kai to CERN Shielding Bench-
mark Facility (CSBF) sqediàsthkan eidikà gia thn apÏkthsh peiramatik∏n
dedomËnwn gia melËtec die–sdushc swmatid–wn se bajià jwràkish. Oi k‘rioi

stÏqoi aut†c thc diatrib†c, e–nai o sqediasmÏc kai o qarakthrismÏc tou CSBF,
tÏso me prosomoi∏seic twn fasmàtwn aktinobol–ac me FLUKA Monte Carlo,
Ïso kai me thn epik‘rwsh touc me peiràmata energopo–hshc.

To pr∏to prwtÏtupo tou CSBF egkatastàjhke, maz– me olÏklhrh th jw-
ràkish thc egkatàstashc CHARM, katà th diàrkeia tou Long Shut-down
1 (LS1) to 2013/2014. H egkatàstash CHARM leitourge– me dËsmh prwto-
n–wn 24 GeV/c apÏ ton SeptËmbrio tou 2014. 'Enac pr∏toc qarakthrismÏc thc
egkatàstashc CSBF pragmatopoi†jhke ton Io‘lio tou 2015, me thn pragma-
topo–hsh peiramàtwn energopo–hshc aniqneut∏n bismouj–ou kai aloumin–ou sto

CSBF. Oi prosomoi∏seic Monte Carlo me ton k∏dika FLUKA, pragmatopoi-
†jhkan gia thn ekt–mhsh twn apodÏsewn paragwg†c isotÏpwn bismouj–ou kai

natr–ou, gia autà ta de–gmata. Oi apodÏseic paragwg†c pou ektim†jhkan apÏ

tic prosomoi∏seic FLUKA Monte Carlo, sugkr–jhkan me tic apodÏseic para-
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gwg†c pou l†fjhkan apÏ tic metr†seic thc g-fasmatoskop–ac twn deigmàtwn,

lambànontac upÏyh to prof–l thc Ëntashc dËsmhc.

Me thn empeir–a pou apokt†jhke katà th diàrkeia thc ekstrate–ac ener-

gopo–hshc to 2015, to CSBF anabajm–sthke shmantikà katà th diàrkeia thc
ektetamËnhc teqnik†c diakop†c sto tËloc tou Ëtouc 2016. Sunep∏c, ton Se-

ptËmbrio tou 2016 pragmatopoi†jhke mia de‘terh ekstrate–a peiramàtwn me

energopo–hsh deigmàtwn bismouj–ou, aloumin–ou kai ind–ou, pou topojet†jh-

kan sto CSBF, gia na qarakthr–soun thn anabajmismËnh Ëkdosh tou CSBF.
Oi prosomoi∏seic Monte Carlo me ton k∏dika FLUKA, pragmatopoi†jhkan
gia thn ekt–mhsh twn eidik∏n apodÏsewn paragwg†c twn isotÏpwn bismou-

j–ou, natr–ou kai ind–ou, gia ta de–gmata autà, sth nËa egkatàstash kai Ëpeita

sugkr–jhkan me tic apodÏseic paragwg†c pou l†fjhkan apÏ tic metr†seic g-

fasmatoskop–ac twn deigmàtwn, lambànontac upÏyh to prof–l thc Ëntashc

dËsmhc.

Paràllhla me thn ekstrate–a energopo–hshc to 2016, pragmatopoi†jhke

mia seirà metr†sewn me jàlamo ionismo‘ udrogÏnou upÏ uyhl† p–esh 20 bar,
bajmonomhmËno gia th mËtrhsh rujmo‘ isod‘namhc dÏshc peribàllontoc, sto

shielding material test location. Me th s‘gkrish tou rujmo‘ dÏshc pou me-
tr†jhke se diaforetikËc jËseic, upolog–zetai o mËsoc Ïroc tou m†kouc exa-

sjËnhshc fàsmatoc netron–wn twn diàforwn, sun†jwc, qrhsimopoio‘menwn

ulik∏n jwràkishc.

Ta apotelËsmata pou proËkuyan gia tic ekstrate–ec energopo–hshc to

2015 kai to 2016 Ëdeixan Ïti ta ped–a aktinobol–ac sto CSBF e–nai t∏ra kalà
katanohtà kai kalà perigrafÏmena apÏ thn FLUKA. Autà ta apotelËsmata
mporo‘n na qrhsimopoihjo‘n wc kateujunt†riec grammËc gia parÏmoiec me-

lËtec se mellontiko‘c epitaquntËc prwton–wn kai se iatrikËc egkatastàseic.



Acknowledgements

I would like to warmly thank Dr. Robert Froeschl for his continuous
guidance and support throughout my PhD work at CERN.

I would also like to express my gratitude to Pr. Anastasios Siountas and
Pr. Panagiotis Bamidis for their advice and for their valuable help during my
thesis.

Furthermore, I wish to thank my o�ce mate and friend Florent for the
understanding and for making this time very joyful.

A special thanks goes to Lina and Nelly for the endless professional
and personal conversations we had and the numerous pleasant moments we
shared.

Moreover, I would like to thank Julia and Biagio for the fun and relaxed
times we had.

I owe special thanks to my friends Marilena, Popi and Stella that sup-
ported me despite the distance and their thoughts were always with me.

I am deeply grateful to Francesco for his advice, encouragement all this
time and for always being there for me.

Finally, I would like to thank my parents and my brother for believing in
me and teaching me that nothing is impossible.

vii





Contents

Introduction iii

Eisagwg† v

Acknowledgements vii

1 CERN accelerator complex 1
1.1 General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 CERN accelerator complex . . . . . . . . . . . . . . . . . . . . 2
1.3 LHC injection chain & LHC experiments . . . . . . . . . . . . 4
1.4 Proton Synchrotron (PS) . . . . . . . . . . . . . . . . . . . . . 5
1.5 East Hall . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 CHARM 9
2.1 General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Layout & operational parameters . . . . . . . . . . . . . . . . 11
2.3 Beam parameters & instrumentation . . . . . . . . . . . . . . 12

2.3.1 Beam specification . . . . . . . . . . . . . . . . . . . . 12
2.3.2 Beam position and size monitoring . . . . . . . . . . . 13
2.3.3 Beam intensity monitoring . . . . . . . . . . . . . . . . 13

2.4 Targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.5 Radiation fields . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.6 Radiation protection assessment approach . . . . . . . . . . . 15

2.6.1 Prompt radiation . . . . . . . . . . . . . . . . . . . . . 15

ix



x CONTENTS

2.6.2 Residual radiation . . . . . . . . . . . . . . . . . . . . 19
2.6.3 Air activation and subsequent release to the environment 21

2.7 CERN Shielding Benchmark Facility(CSBF) . . . . . . . . . . 22

3 Neutron attenuation & activation 23
3.1 General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.2 Nuclear interactions . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2.1 Neutron interactions . . . . . . . . . . . . . . . . . . . 25
3.2.2 Neutron cross sections . . . . . . . . . . . . . . . . . . 27

3.3 Neutron attenuation . . . . . . . . . . . . . . . . . . . . . . . 31
3.4 Neutron activation . . . . . . . . . . . . . . . . . . . . . . . . 32

3.4.1 Properties of induced radioactivity . . . . . . . . . . . 32
3.4.2 Estimation of induced radioactivity . . . . . . . . . . . 33
3.4.3 Measurement of neutron activation . . . . . . . . . . . 37

4 The FLUKA Monte Carlo Simulation Code 41
4.1 The FLUKA code . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.1.1 Physical models & features . . . . . . . . . . . . . . . . 42
4.1.2 Combinatorial geometry . . . . . . . . . . . . . . . . . 43
4.1.3 Biasing . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.1.4 Scoring . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5 Motivation for the CERN Shielding Benchmark Facility (CSBF) 49

6 Activation campaign in the prototype CSBF in 2015 53
6.1 Beam parameters and configurations . . . . . . . . . . . . . . 54
6.2 Samples and locations . . . . . . . . . . . . . . . . . . . . . . 58
6.3 Simulations and measurements results . . . . . . . . . . . . . . 61
6.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

7 The Upgrade of the CSBF in 2016 71
7.1 Concrete attenuation characterization at the removable sam-

ple holder concrete block . . . . . . . . . . . . . . . . . . . . . 74



xi

7.1.1 Specifications for the removable sample holder concrete
block: . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

7.2 CSBF platform for deep shielding penetration spectra . . . . . 81
7.2.1 Usage of the CSBF platform at 560 cm height: . . . . . 84

7.3 Attenuation length measurement at the shielding material test
location . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
7.3.1 Measurement of the attenuation length at the shielding

material test location: . . . . . . . . . . . . . . . . . . 87
7.4 Installation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

8 Commissioning of the upgraded CSBF in 2016 97
8.1 Beam parameters and configurations . . . . . . . . . . . . . . 97
8.2 Activation samples and their irradiation . . . . . . . . . . . . 102
8.3 Comparison of FLUKA simulation results to measured pro-

duction yields . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
8.4 Summary & Conclusions . . . . . . . . . . . . . . . . . . . . . 119

9 Experimental attenuation factors for di�erent shielding ma-
terials for deep shielding neutron penetration 121
9.1 Configuration of CSBF . . . . . . . . . . . . . . . . . . . . . . 121
9.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
9.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
9.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

Conclusions 131

Sumperàsmata 133

APPENDIX 135

List of Tables 139

List of Figures 148



xii CONTENTS

Bibliography 149



Chapter 1

CERN accelerator complex

This chapter provides a short review of CERN and CERN’s accelerator
complex.

1.1 General

CERN, the European Organization for Nuclear Research, is the world’s
largest particle physics laboratory and is situated at the French-Swiss border,
in the area of Geneva. It was founded in 1954 by 12 European countries but
now, as of 2017, it has 22 member states. The mission of CERN is to push
forward the frontiers of knowledge (e.g the secrets of the Big Bang, what was
the matter like within the first moments of the Universe’s existence), develop
new technologies for accelerators and detectors (e.g information technology-
the Web and the GRID, medicine-diagnosis and therapy), train scientists and
engineers of tomorrow and unite people from di�erent countries and cultures.
At CERN there are currently 2300 sta�, 1620 other paid personnel and 10500
users from all around the world. The main fields of interest of CERN are
particle, detector and applied physics as well as data acquisition and storage.

1



2 1. CERN accelerator complex

1.2 CERN accelerator complex

The CERN accelerator complex is a sequence of accelerators that increase
gradually the energy of the particles. Each of these machines rises the energy
of the particles before they are injected into the next one. The main par-
ticles currently accelerated throughout the CERN accelerator complex are
protons and heavy ions. Several experimental areas use protons to produce
antiprotons, neutrons, pions or neutrinos. The energies of these particles are
high enough so to create a large shower of secondary particles.

The linear accelerator Linac 2 that works as a proton injector accelerates
the protons. After the first acceleration through Linac 2 the particles con-
tinue to accelerate through a chain of circular accelerators. The particles are
accelerated with increasing energy in each and every successive accelerator.
As soon as the particles reach the desired final energy that corresponds in a
specific accelerator, they can continue in the accelerator chain till they arrive
in the LHC or can be extracted to experimental areas that have fixed target
experiments that are running in parallel to the LHC. An illustration of the
CERN accelerator complex is shown in Fig. 1.1.
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Figure 1.1: CERN accelerator complex.



4 1. CERN accelerator complex

1.3 LHC injection chain & LHC experiments

All protons start from a bottle of hydrogen gas that is located in the start
of the Linac 2. Under an electric field in the Linac 2 source the electrons of
the hydrogen atoms are stripped and the result is protons. These protons are
then transferred to Linac 2 that accelerates them up to 50 MeV. Afterwards
these protons are injected to the PSB.

The Proton Synchrotron Booster (PSB) is a circular accelerator with a
157 m circumference. It consists of four superimposed rings that accelerate
the protons from Linac 2 up to 1.4 GeV. Then the protons can be injected to
the ISOLDE Radioactive Ion Beam facility or to the PS.

The Proton Synchrotron (PS) is also a circular accelerator and can ac-
celerate protons coming from the PSB as well as heavy ions coming from
the Low Energy Ion Ring (LEIR). The PS has a circumference of 628 m and
the protons can reach up to 25 GeV kinetic energy. After acceleration, the
beam can be transferred to an another circular accelerator, the SPS or to
the East experimental Area, the Antiproton Decelerator (AD) and to the
neutron time-of-flight facility (nToF).

The Super Proton Synchrotron (SPS) ring has 7 km circumference and
the protons can be accelerated up to 450 GeV. The beam of the SPS can
be extracted to the EHN1, NA62 and COMPASS experiments in the North
Area and to the AWAKE experiment. If the beam is not extracted to one of
these experiments, it continues to the LHC and it can fill it at two di�erent
points, corresponding to clockwise and counter clockwise circulation in the
LHC.

The Large Hadron Collider (LHC) [1] is the largest and most powerful
circular accelerator with 27 km circumference. The particles move in opposite
trajectories in two separate beam lines. The LHC is built in a tunnel, on
average, 100 m under the earth surface and is designed to collide these two
beams at 14 TeV, center of mass energy. There are four collision points and at
each one of them there are huge detectors with di�erent characteristics and
study objectives. These detectors are briefly discussed to the next paragraph.
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The ATLAS (A Toroidal LHC ApparatuS) [2] detector is situated at
LHC point 1. It weights 7000 tons, has 22 m diameter and is 46 m long. It
contains an inner detector, electromagnetic and hadronic calorimeters, muon
spectrometers, a solenoid and also a toroidal magnet that produce 2T. The
main goals of this general-purpose detector are the study of the Higgs boson,
dark matter and extra dimensions.

At the LHC point 2 is located ALICE (A Large Ion Collider Experi-
ment) [3] that is designed to detect the fragments of heavy ion collisions and
to study the quark-gluon plasma phase. It is 26 m long with a diameter of
16 m and a weight of 10000 tons.

CMS (Compact Muon Solenoid) [4] is located at LHC point 5. It is the
second general-purpose detector of LHC. It weights 12500 tons, is 22 m long
with a 15 m diameter. The solenoid magnet creates a magnetic field of 4T. It
has the same scientific study objectives like ATLAS. At 2012, the discovery
of the Higgs boson was announced with data taken from the two detectors
CMS and ATLAS.

In the LHC point 8 the LHCb (Large Hadron Collider beauty) detector
is situated. The main goal of this detector is to study CP violation, the dif-
ferences between matter and antimatter, by investigating the beauty-quark.
It is a forward detecting spectrometer that has a length of 21 m, it is 10 m
tall, has a width of 13 m and weighs 5600 tons [5].

1.4 Proton Synchrotron (PS)

The Proton Synchrotron (PS) started circulating the first proton beam
on 24 November 1959. It was the first synchrotron of CERN. The PS has a
circumference of 628 m and it accelerates protons injected from the PSB or
heavy ions injected from LEIR. It consists of 100 magnetic units, each 4.4 m
long, that provide dipole and quadropole magnetic fields. The PS can reach
up to 25 GeV and has several extraction lines, such as the one to the SPS,
to the AD, to the nToF and the one to the East Hall through the F61 beam



6 1. CERN accelerator complex

line. In the East Hall are located the Proton Irradiation Facility (IRRAD)
and the CERN High energy AcceleRator Mixed field facility (CHARM) and
they receive a beam with 24 GeV/c momentum. The Proton Synchrotron
is presented in the Fig. 1.2 together with its extraction lines to the other
experiments.

Figure 1.2: The Proton Syncrotron with its several extraction lines.
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1.5 East Hall

The East Hall is an experimental area situated at the PS in the building
157. The primary proton beam from the PS is injected to the East Hall
through the F61 line with 24 GeV/c beam momentum. This primary ex-
traction line is then split to the F61N (North) line towards the north target
and to the F61S (South) line. The beam passing through the F61N impacts
on the north target and then the secondary particles produced pass through
three beam lines, called T9, T10 and T11. The F61S goes to the T8 beam
line. The T8 beam line is a primary beam line that transports the primary
protons to the IRRAD and CHARM facilities with a 24 GeV/c beam momen-
tum and where they finally impinge on the CHARM target. The T9, T10
and T11 lines are secondary beam lines that deliver secondary particles up to
15 GeV/c at a production angle of 0 degrees, up to 7 GeV/c at a production
angle of 61.6 milliradians and up to 3.5 GeV/c at a production angle of 149.2
milliradians, to T9, T10 and T11 respectively. The East Hall is depicted in
the following figure Fig. 1.3 with the di�erent beam lines.
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Chapter 2

CHARM

This chapter describes the CERN High energy AcceleRator Mixed field
(CHARM) facility where the experiments for this thesis have been conducted.

2.1 General

The CERN High energy AcceleRator Mixed field facility (CHARM) [6] is
located in the East Experimental Area that receives beam from the CERN
Proton Synchrotron (PS). The scope of this facility is to test electronic com-
ponents, mainly from the LHC, in well-known mixed radiation fields at dif-
ferent irradiation locations, more specifically to study the e�ects of radiation
on the equipment in the frame of the R2E project [7–9].

The R2E project was established after observing considerable downtime
of the CERN LHC as a result of Single Event E�ects (SEE) in electronic
equipment in the LHC tunnel that initiated the dumping of the beams in
LHC. This case is presented in the Fig. 2.1. To achieve the goal of R2E
project of 0.5 SEE induced beam dumps per 1 inverse femtobar of integrated
luminosity delivered to ATLAS and CMS in 2015 after the Long Shutdown
1 (LS1), a thorough test campaign of electronic equipment, that was in-
stalled in the LHC tunnel, was needed. Therefore the CHARM facility was
built in LS1, to be able to test electronic systems with dimensions of up to

9
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1 m x 1 m x 2 m [10].

Figure 2.1: LHC beam dumps induced by Single Event E�ects (SEE) in elec-
tronic equipment.

The CHARM facility can test the equipment under accelerator, ground,
atmospheric (neutron energy spectra) and space radiation environments [11].
The location of the CHARM facility is indicated in Fig. 2.2.

Figure 2.2: Location of the CHARM facility.
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2.2 Layout & operational parameters

The CHARM facility receives the proton beam from the CERN PS through
the F61S and then the T8 beam-line in the PS East Experimental Area. The
beam crosses first IRRAD, a direct proton irradiation facility that is up-
stream of CHARM and then impacts on the CHARM target. The beam
that comes from the PS has a momentum of 24 GeV/c with 5 ◊ 1011 protons
per pulse with a pulse length of 350 ms and with a maximum average beam
intensity of 6.7 ◊ 1010 p/s [12].

The CHARM facility is surrounded by concrete and iron shielding [13]
in order to decrease the radiation outside of the facility to optimized levels.
The irradiation room, where the target is located, is big enough so that
cumbersome and entire systems can be tested at the irradiation locations.
The layout of the facility from the top as well as the target location is shown
in the Fig. 2.3.

Figure 2.3: Layout of the CHARM facility.

Inside the target room there are four movable shielding walls, with an
individual thickness of 20 cm, two made out of concrete and two out of iron.
They can be placed between the target and some of the irradiation positions
in variable arrangements, so that the test spectra are adjusted to the desired
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radiation field (energy and intensity) during the tests. The movable shielding
walls are presented in the Fig. 2.4.

Figure 2.4: A photo taken at an irradiation location of the CHARM target room
with the target holder and the four movable shielding walls retracted
from the facility. These four shielding walls can be moved individu-
ally between the irradiation location and the target.

2.3 Beam parameters & instrumentation

2.3.1 Beam specification

The CHARM facility receives a pulsed proton beam from the CERN
PS with a beam momentum of 24 GeV/c. The maximum pulse intensity is
5 ◊ 1011 protons per pulse and the beam is structured in spills (pulses) with a
maximum length of 350 ms. The spills are separated by at least 2.4 seconds.
When the facility is operating under nominal conditions, the facility receives
2 spills per 45.6 seconds and the average proton beam intensity on target
is 2.2 ◊ 1010 p/s. There is also the possibility of reaching up to 6 spills per
45.6 seconds with 6.7 ◊ 1010 p/s maximum proton beam intensity on target,
only when CHARM is the only user of beam cycles of the PS in the East
Experimental Area [14].



2.3 Beam parameters & instrumentation 13

2.3.2 Beam position and size monitoring

To measure the size and the position of the beam, several monitors are
used such as the BPM (Beam Position Monitor) when the beam crosses the
IRRAD facility, the BTV (Beam TV) and the MWPC (Multi-wire Propor-
tional Chamber) when it crosses CHARM. The MWPC can be used to check
the beam size and the position of the beam and the BTV is used to confirm
the precision of the beam position after the implementation of changes on
the T8 beam line. The values of these monitors are also registered and are
available via TIMBER (user interface to the LHC Logging System).

2.3.3 Beam intensity monitoring

The beam intensity can be estimated by two Secondary Emission Cham-
bers, denoted SEC1 and SEC2, and as well as by Ionisation Chamber (IC). At
the CHARM facility the SEC1 is used to verify the number of protons on the
target (POT). The calibration of the SEC1 is done using the ’fast beam cur-
rent transformer’ (BCT) that is located right after the PS extraction point.
Moreover this has been cross checked by foil activation.

An intensity calibration factor of 1.87 ◊ 107 p/count has been established
for the SEC1 and has to be applied to the counts per pulse to obtain the
number of protons per pulse. This calibration factor had been obtained with
aluminium foil activation using sodium isotopes with a statistical uncertainty
of 7% from the “-spectrometry measurement [15] and can be used to eas-
ily compare experimental measured quantities with quantities estimated by
FLUKA (FLUktuierende KAskade, a Monte Carlo simulation code) [16, 17]
calculations.

Although the SEC2 can be used as well to measure the POT, is not a
preferred option because this chamber is located after the IRRAD facility
and the secondary radiation from the samples placed in IRRAD can a�ect
the signal of the chamber. The measurement values of SEC1, SEC2 and IC
are logged in a database they are accessible via TIMBER.
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2.4 Targets

There are three di�erent targets that can be used in CHARM, a copper,
an aluminium and an aluminium sieve target. In addition, there is the option
of having no target in the beam. The 3 targets are placed on a target holder
as shown in Fig. 2.5. The target holder can move back and into the beam
line and can be retracted to the target alcove when there is an access to
the facility. One target is chosen at a time based on the requested intensity
radiation field which can vary a factor of 3 among the di�erent targets result-
ing in a total decrease in the primary radiation field by a factor of 10. The
copper target is the one that gives the highest intensity and the aluminium
with sieve the lowest. All the targets are cylinders that are 50 cm long with
a diameter of 8 cm.

Figure 2.5: That photo shows 2 copper targets and the aluminium with sieve
target on the target holder. One of the two copper targets has been
currently removed from the target holder.



2.5 Radiation fields 15

2.5 Radiation fields

The primary proton beam comes from the PS with a 24 GeV/c momen-
tum and impinges on the CHARM target. The particles that are produced
after the beam impacts on the target are a shower of secondary particles such
as protons, neutrons, pions, kaons, electrons, positrons, muons and photons
with a large amplitude of energies up to 24 GeV. Because of this fact, the
radiation field is called ’mixed’ inside the CHARM facility. Because of the
thick concrete shielding around and top of the facility, the majority of parti-
cles that are escaping from the shielding are neutrons, photons, and muons
in forward direction.

Due to the multiple and alternative modes of operation of this facility,
the radiation field that occurs has a large variation in the particle and energy
spectra at the various test locations. The FLUKA Monte Carlo code is used
to simulate the radiation fields for di�erent configurations of the facility,
using the correct parameters and geometry of the facility. From the results
of these simulations the radiation spectra for the test locations are estimated
and then used for the calculation of useful quantities referred to the testing
of electronics.

2.6 Radiation protection assessment approach

Furthermore, FLUKA was used for the shielding design of the CHARM
facility as well as in the radiation protection assessment of the finally adapted
design, estimating the prompt radiation, the residual radiation and the ac-
tivation of air and the radiological impact of its subsequent release to the
environment [10].

2.6.1 Prompt radiation

The shielding of the CHARM facility has been designed to respect the
CERN Radiological Area classification so that the ambient dose equivalent



16 2. CHARM

rates should be below 3 µSv/h for the control rooms inside the East Hall
and less than 15 µSv/h (low occupancy area) at 40 cm outside from the
shielding walls for the maximum average beam intensity of 6.7 ◊ 1010 protons
per second. Moreover, the ambient dose equivalent rates have to be below
2.5 µSv/h outside of the hall for the maximum average beam intensity. These
prerequisites determined the optimized design of all shielding passages (access
chicanes, ventilation ducts, cable ducts). Additionally, the locations of the
area monitors have been chosen to verify the compliance with these area
classification limits.

Furthermore, the shielding had to be designed so that the annual e�ective
dose to members of the public, both coming from prompt radiation (neutron
sky-shine) and from releases of air-borne radioactivity to the environment, is
below the design goal of 1 µSv for the nominal annual protons on target.

In total, approximately 2000 tons of iron and 4000 tons of concrete have
been used for the shielding structure. The design had also to accommodate
the fact that design choices were limited due to the presence of existing
facilities in the East Experimental Area.

Monte Carlo simulations with the FLUKA code [16, 17] have been per-
formed to estimate the prompt ambient equivalent dose rate levels for the
CHARM facility. The prompt ambient equivalent dose rate is shown at the
beam-line level in Fig. 2.6 and at 40 cm above the top of the shielding roof in
Fig. 2.7, demonstrating the agreement of the shielding design with the design
goals with respect to the CERN Radiological Area classification.



2.6 Radiation protection assessment approach 17

Prompt Dose Rate (6.7E10 protons/s)

-2000 -1000  0  1000  2000

z (cm)

-1000

-500

 0

 500

 1000

 1500

x 
(c

m
)

 0.1

 1

 10

 100

 1000

 10000

 100000

 1e+06

 1e+07

 1e+08

 1e+09

A
m

b
ie

n
t 
D

o
se

 E
q
u
iv

a
le

n
t 
R

a
te

 (
µ

S
v/

h
)

Figure 2.6: Prompt radiation for the maximum beam intensity at beam-line level
with color-coded area classification (blue covering the acceptable con-
trol room levels and green the acceptable low occupancy area levels).
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Prompt Dose Rate (6.7E10 protons/s) - 40 cm above shielding
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Figure 2.7: Prompt radiation for the maximum beam intensity at 40 cm above
the shielding roof with color-coded area classification (blue cover-
ing the acceptable control room levels and green the acceptable low
occupancy area levels).
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2.6.2 Residual radiation

The reduction of the residual ambient radiation levels is an important op-
timization following the ALARA principle. In addition, reducing the residual
ambient radiation levels to lower the e�ective dose to personnel during inter-
ventions minimizes also the administrative requirements for the interventions
and, as a consequence, results in a more e�cient exploitation of the facility.

To predict the ambient dose equivalent rate levels for various operational
scenarios and cool-down times, Monte Carlo simulations have been performed
with FLUKA and the DORIAN code [18]. The ambient dose equivalent rate
levels for 200 days of operation with maximum beam intensity followed by
cool-down periods of 1 hour and 1 day are presented in Fig. 2.8.
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Figure 2.8: Residual radiation levels after 200 days of operation with maximum
beam intensity followed by 1 hour (a) and 1 day (b) of cool-down.
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2.6.3 Air activation and subsequent release to the envi-

ronment

The operation of the CHARM facility results in the activation of the air
inside the facility. The following methodology has been used to obtain the
radionuclide concentrations, the annual release to the environment and the
resulting annual e�ective dose to members of the public:

1. The track-length spectra for protons, neutrons and charged pions have
been scored in the air volumes inside the CHARM facility (and the
upstream proton facility) in the FLUKA Monte Carlo simulation.

2. The obtained track-length spectra have been folded with a dedicated
set of air activation cross sections [19,20] to estimate the radionuclide
production yields.

3. The radionuclide concentrations in the facility and the release term
to the environment have been calculated from the radionuclide pro-
duction yields taking the time evolution and the characteristics of the
ventilation circuit into account.

4. The radionuclide concentrations in the facility after beam stop have
been converted to the committed e�ective dose due to inhalation with-
out flush for a 1 hour access by application of exposure-to-dose conver-
sion coe�cients for inhalation [21]. The decrease of the radionuclide
concentrations due to decay during the 1 hour period has been taken
into account.

5. The release term has been converted to the e�ective dose to members
of the public by application of release to e�ective dose conversion coef-
ficients, computed with a dedicated Monte Carlo integration program
EDARA [22].

In order to meet the design goal that the committed e�ective dose due to
inhalation has to be less than 1 µSv for a 1-hour access, dynamic confinement
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with a flush before access has been chosen. To achieve that the e�ective
dose to members of the public to be less than 1 µSv per year (both from
prompt radiation and from releases to the environment), the e�ective dose
to members of the public has been calculated as a function of the air tightness,
which corresponds to the extraction rate to ensure the dynamic confinement,
of the facility. The achieved air tightness of the CHARM facility ensures that
the annual e�ective dose to any member of the public does not exceed 1 µSv

2.7 CERN Shielding Benchmark Facility(CSBF)

The shielding of the CHARM facility also includes the CERN Shielding
Benchmark Facility (CSBF) [10] situated laterally above the target. The
primary goal of the CSBF is the characterization of the shielding properties
of various materials and deep shielding penetration studies, made feasible
because of the high beam intensity, for detector calibration, detector inter-
comparison studies and activation. It can make parasitic use of the radiation
field emerging from the beam impacting on the CHARM target.

The commissioning, characterization and exploitation of the CSBF is the
main topic of this thesis, see the following chapters 5, 6, 7, 8 and 9. In each
of these chapters are explained the motivation of the CSBF, the activation
campaign in 2015, the CSBF upgrade, the commissioning of the upgraded
CSBF and the activation campaign in 2016 and finally the study of experi-
mental attenuation factors for di�erent shielding materials for deep shielding
neutron penetration.



Chapter 3

Neutron attenuation & activation

This chapter describes the basic properties of the neutron and then specif-
ically neutron attenuation and activation.

3.1 General

Neutrons are subatomic particles. Together with protons are called nucle-
ons and they are a component of the nucleus of an atom. The neutron does
not have an electrical charge and its mass is 939.56 MeV/c2, slighter heavier
than a proton (938.27 MeV/c2). It also consists of three quarks, one up quark
and two down quarks. The free neutron is unstable with a mean lifetime of
about 15 minutes (880.2 ± 1.0 s). Because of its mass, it can decay into a
proton, an electron antineutrino and an electron. This radioactive decay is
named —≠ decay [23].

3.2 Nuclear interactions

When a particle hits a nucleus an elastic or an inelastic processes can
occur. During an elastic scattering, the character of the particles as well
as their kinetic energy is preserved and only their direction is changed. In
inelastic scattering, the kinetic energy of the system is not conserved. The

23
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di�erence in kinetic energy can be used to excite a nucleus or to produce new
kind of particles. Inelastic scattering can contribute to induced activity only
if the new particles produced are unstable [24].

Charged particles can interact with the nucleus, apart from the quantum
mechanical tunnel e�ect, only if they reach a specific energy that is needed
to overpass the Coulomb barrier of the nucleus. In contrast, particles with
no charge like neutrons will not be pushed away from the nucleus by the
electrostatic Coulomb force. When a nucleus absorbs a neutron and a “ ray
is emitted then this reaction is called radiative capture. This reaction is
more probable when the kinetic energy of the neutron is low, e.g. when the
neutrons are thermal (0.025 eV) or slow.

Another reaction that can take place once more with thermal and slow
neutrons is when a light target nucleus absorbs a neutron and then a proton
or an – particle can be ejected from the nucleus, (n,p) or (n,–) accordingly
when the required threshold is overpassed. The nucleus can decay through
the emission of a “ ray. For heavier nucleus higher kinetic energy of the
neutrons is needed.

For fissile nucleus e.g. 235U, 239Pu, fission can occur also at thermal
neutron energies. This means that a heavy nucleus can absorb a neutron,
then becomes unstable and breaks in two or more fragments and additionally
neutrons.

At energies from a few MeV up to about 50 MeV various types of nuclear
reactions can occur. The particles that enter the nucleus can dislocate one
or more nucleons, or even a part or fragment of the target nucleus. For
instance a proton can be absorbed by the nucleus and excite the nucleus,
then one or more nucleons can be emitted with a relatively low kinetic energy,
called evaporation. Some of the possible proton and neutron evaporation
reactions are the following (p,n), (p,pn), (p,2n), (p,p2n), (p,–) and (n,p),
(n,pn), (n,2p), (n,n2p), (n,–).

At higher energies, the process is more complex. When the nucleons
are hit by the incident particles in the target atom, they can gain enough
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energy so that they can move through the nucleus and strike other nucleons
of the same atom. This procedure generates an "intranuclear" cascade of
fast nucleons. Finally, the nucleons can either escape from the nucleus or be
captured and give all their energy to excite the whole nucleus. A much wider
variety of new nuclei can be formed in this way.

Other mechanisms observed at high energies are spallation or high energy
fission. Direct ejection of high energy ions or light nuclei, called fragmen-
tation reactions are also observed. A possible result for an incident or an
intranuclear cascade particle can be the production of new particles by high
energy nucleons striking other nucleons or target nuclei. In this group of
newly generated particles, nucleons and antinucleons are able to develop in-
tranuclear cascades in their turn, and eventually transfer their total energy
to nucleons in the target nucleus, hence raising the number of all possible
products from the nuclear reaction.

There are also other kind of reactions called photonuclear. In these ones,
a photon (“) is absorbed by a nucleus, exciting the nucleus that finally emits
one or more nucleons. Some of the photonuclear reactions are (“,n), (“,2n),
(“,p) and (“,–). The threshold level for (“,n) for most nuclei is around
10 MeV .

3.2.1 Neutron interactions

Neutrons have no charge, thus they cannot interact in matter with the
Coulomb force. When a neutron interacts, it is with a nucleus of the absorb-
ing material. As a consequence, the neutron creates secondary particles or
the neutron energy or direction is significantly changed [25].

In contrast to photon interactions, the products resulting from neutron
interactions are almost always heavy particles. These particles can result
from neutron-induced nuclear reactions or can be the nuclei of the absorbing
material itself, which have gained energy from neutron collisions.

Neutron reactions are summarized in Tab. 3.1 for di�erent neutron energy
ranges.
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Table 3.1: Nuclear reactions [24], [26].

Thermal and slow neutron reactions (∞ 10 MeV)
Elastic scattering One of the main mechanisms of energy loss for neutrons up to 1 MeV. The linear momentum and kinetic energy of the system are conserved,

X(n,n)X however, the neutron can give part of its energy to the recoil nucleus.
Inelastic scattering A neutron is absorbed by a nucleus and then a compound nucleus is formed emitting a secondary neutron of lower kinetic energy.

X(n,n’)X* The nucleus left in an excited state, may decay with a “-ray emission. In order that the excitation of the nucleus
(without nature change of takes place, the neutron must have energy higher that 1 MeV.

interacting particles)
Radiative neutron A neutron hits and enters a nucleus, the nucleus get in an excited state and then returns to its ground state by “

capture emission. The radiative capture is more feasible to happen when there are thermal and slow neutrons.
A
ZX(n,“)A

Z≠1X

When a neutron is absorbed, the energy of the excitation level of the nucleus is high enough to knock away a proton or an –
Particle ejection particle. The remaining nucleus can continue to be in an excited state and can decay through “ emission. The particle

X(n,x)Y ejection can occur when neutrons are thermal and slow and for light target nucleus.
x=p,–
Fission Fission can happen at thermal energies when a heavy nucleus absorbs a neutron and is divided into two or more fragments and
(n,f) additionally neutrons.

Medium energy reactions (few MeV up to ≥ 50 MeV)
Evaporation The energy is high enough for an incoming proton to be absorbed by the nucleus and form an excited nucleus. Later, the energy is

X(i,j)Y released by ejecting one or more nucleons or even heavier particles, each with relatively low kinetic energy. This process leaves
i=p,n the nucleus in an excited state that gives o� the energy by “ emission. Evaporation reactions can be induced also by

j=n,p,2n,d,–,... neutrons.
High energy reactions (>several tens of MeV)

An excited nucleus, hit by a hadron with relatively high energy decays by evaporation of several particles (n, p, fi, d, –...).
Spallation of So, a large number of light particles are emitted, resulting to a target residue lighter than the original nucleus and generally

high energy hadrons unstable. Some of the nucleons hit by the incident particle may be directly emitted from the nucleus with relatively large kinetic
X(i,x1n + x2p + ...)Y energy. The rest of the nucleons make secondary collisions with nucleons of the same nucleus before escaping or being caught by it

i=p,n,+fi,+fi, ... (intranuclear cascade). The secondaries ejected during the spallation reaction may have enough energy to induce further reactions, such
x1,2... œ N0 as start a hadronic shower. One of the most typical feature of spallation reactions is the emission of many light fragments, mostly

neutrons. The excited nucleus can also be de-excited through another process called high energy fission.

The probabilities of the various kinds of neutron interactions change with
neutron energy. In the subsections 3.2.1 and 3.2.1 below, neutrons are divided
in two categories based on their energy, slow neutrons and fast neutrons. The
dividing line is the cadmium cut o� energy at about 0.5 eV.

Slow neutron interactions

The important interactions, for slow neutrons, are elastic scattering with
absorber nuclei and a large set of neutron-induced nuclear reactions. Due
to their small kinetic energy, very little energy can be transferred to the
nucleus in elastic scattering. Elastic collisions can have large cross sections
and they often bring slow neutrons into thermal equilibrium with the medium
of the absorber before another kind of interaction occurs. A big part of the
population in the slow neutron energy range is found among thermal neutrons
that they have an energy of about 0.025 eV at room temperature.

The slow neutron interaction of big interest are the neutron-induced reac-
tions that can create secondary radiation of su�cient energy to be detected
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directly. For the reason that the incoming neutron energy is low, all reac-
tions must have a positive Q-value to be energetically possible. The radiative
capture or (n,“) reaction is the most probable and very critical in the atten-
uation or shielding of slow neutrons. This reaction can be used for indirect
detection of neutrons using activation foils. Reactions like (n,–), (n,p) and
(n,fission) are preferred for active neutron detectors because the secondary
radiations are charged particles.

Fast neutron interactions

With increasing neutron energy the importance of scattering becomes
greater for detection purposes because the neutron can transfer a consid-
erable amount of energy in one collision. In that instance, the secondary
radiations are recoil nuclei that have a detectable amount of energy deriving
from neutron collisions. At every scattering the neutron loses energy and
so is moderated or slowed to lower energy. The most e�cient moderator is
hydrogen because the neutron can lose up to all its energy in a single collision
with a hydrogen nucleus. When the nuclei are heavier only a partial energy
transfer is feasible.

If the energy of the fast neutron is adequately high then inelastic scatter-
ing with nuclei can occur, in which the recoil nucleus is raised to one of its
excited states during the collision. With the emission of a “ ray the nucleus
quickly de-excites and the neutron loses a greater fraction of its energy than
it would in an elastic collision. Inelastic scattering and the successive “ ray
emission play a leading role in the shielding of fast neutrons but are an un-
desirable e�ect in the response of most fast neutron detectors that are based
on elastic scattering.

3.2.2 Neutron cross sections

Neutrons of a fixed energy have a probability per unit path length that
any interaction will occur. This probability is expressed as cross section ‡

per nucleus for each kind of interaction. The unit of cross section is the unit
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of area. Cross sections are often expressed in barns (10≠28 m2). For instance,
at given neutron energy neutrons will have an elastic scattering cross section,
a radiative capture cross section and so on, each of which will be a function
of the neutron energy [25].

When the cross section ‡ is multiplied by the number of nuclei N per unit
volume, it results into the macroscopic cross section �.

� = N‡ (3.1)

� has the inverse length as unit and demonstrates the probability per
unit path length for the specific process described by the "microscopic" cross
section ‡. �tot is the probability per unit path length that any type of
interaction will occur when all processes are combined by adding together
the cross sections for each particular interaction.

�tot = �scatter + �rad.capture + ... (3.2)

In a narrow beam attenuation experiment for neutrons, the number of
detected neutrons will decrease exponentially with the absorber thickness.
Then the attenuation equation is shown in Eq. 3.3.

I

I0
= e≠�tott (3.3)

The neutron mean free path ⁄ is given by the 1/�tot. For slow neutrons
in solid materials, ⁄ can be approximately a centimeter or less, although for
fast neutrons in solid materials the ⁄ can be tens of centimeters.

Nevertheless, in most of the cases neutrons are not narrowly collimated so
the typical shielding simulations include a broader beam or "bad geometry"
conditions. That means, that Eq. 3.3 does not give a su�cient description,
because of the added importance of scattered neutrons. For this reason, a
more complex neutron transport estimation is needed to predict the number
of transmitted neutrons and their distribution in energy. When dealing with
the rate of reactions induced by neutrons, it is more useful to use the neutron
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flux. First we have to take into account neutrons with single energy or fixed
velocity ‹ and � the macroscopic cross section then the product ‹·� shows
the interaction frequency for the process. The reaction rate density (reactions
per unit time and volume) is given by n(r)·‹·�, where n(r) is the neutron
number density at the vector position r, and n(r)·‹ is the neutron flux „(r)
with units of length-2time-1. Hence, the reaction rate density is the product
of the neutron flux and the macroscopic cross section for the specific reaction,
see Eq. 3.4.

reaction rate density = „(r)� (3.4)

Eq. 3.4 can be generalized so that combines an energy dependent neutron
flux „(r, E) and cross section �(E), see Eq. 3.5.

reaction rate density =
⁄ Œ

0
„(r, E)�(E)dE. (3.5)

Spallation cross sections

The nuclear cross section for spallation reaction approaches the geometric
cross section of the nucleus at high particle energies. A review of nuclear
interaction cross section suggests an empirical dependence of the interaction
cross section, ‡, on the atomic mass of the target nucleus A

‡ = 42 A2/3 ◊ 10≠3 (barn) (3.6)

which is a good approximation for the cross section for an inelastic colli-
sion by a hadron of energy greater than about 120 MeV [27]. The formula is
valid for proton or neutron induced spallation. This cross section is plotted
in units of barns (1 barn = 10≠24 cm2) as a function of atomic weight of
the target nucleus in Fig. 3.1. High-energy particle nuclear interaction cross
sections for common target materials are listed in Table 3.2.
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Figure 3.1: The nuclear inelastic cross section in the high energy limit as a func-
tion of atomic weight of the target nucleus in units of barns [27].

Table 3.2: Nuclear inelastic cross sections in the high energy limit in various
target materials [27].

Material Inelastic Cross Section Nominal density
(barn) (g cm≠3)

Beryllium 0.20 1.8
Graphite 0.23 2.0
Aluminium 0.42 2.7
Iron 0.70 7.4
Copper 0.78 8.9
Tungsten 1.61 19.3
Platinum 1.78 21.4
Lead 1.77 11.3
Uranium 1.98 19.0
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3.3 Neutron attenuation

When there are interactions by primary protons of energy less than 1 GeV,
the average secondary particle energy will be less than 120 MeV and then their
attenuation mean free path in the shielding varies with energy. Experimental
data of the attenuation mean free paths of radiation in concrete exposed
laterally to secondary radiation from proton interactions have been reviewed
and compared with calculated values. These mean free paths are expressed
as a proportion of the limiting value at high energies, ⁄0 [27].

The neutron attenuation length is shown in Fig. 3.2 for concrete and
mono-energetic broad beam conditions. The attenuation length reaches a
value of approximately 117 g/cm2 above 200 MeV. As the cascade through
thick shielding is driven by the high-energy particles, this value is equal to
the equilibrium attenuation length at 90 degrees in concrete [28, 29].

Figure 3.2: The variation of the attenuation length for mono-energetic neutrons
in concrete as a function of neutron energy [29].
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3.4 Neutron activation

When components at accelerators are exposed directly to the beam or to
stray radiation, they may become radioactive decaying by gamma-rays, beta
particles and rarely neutrons. The induced radioactivity produced when the
accelerator is under operation remains after the accelerator has stopped oper-
ating, often for several years. It is one of the risks to the intervening personnel
and demands serious restrictions on the accessibility of activated equipment
for operation, maintenance, repairs and decommissioning purposes after the
shutdown.

3.4.1 Properties of induced radioactivity

If a high-energy hadron interacts with a nucleus, neutrons, protons and
other nuclear fragments can be emitted, converting the struck nucleus to that
of a di�erent nuclide, which might be radioactive. Some of the secondary
particles emitted in an interaction may have su�cient energy to continue
and cause additional activation and therefore provoking a nuclear particle
cascade. In this process, many nuclei are produced in excited states and
de-excite by emitting neutrons, charged particles or fragments (that can be
in an excited state as well) in a so called "evaporation" process, or they may
de-excite by emitting photons. The process can continue and radionuclides
can be produced till the energies of the particles fall below the thresholds for
the nuclear reactions concerned or, in the case of exothermic reactions, until
they are captured.

Albeit the total amount of radioactivity induced in an accelerator will
depend on the primary beam loss, the likelihood of generating a particular
radionuclide will also depend on the composition of the material struck, the
spectrum of secondaries produced and the production cross section of the
isotope concerned. The amount of radionuclides present at any given time
will also depend on the radionuclide half-life and the time that the accelerator
has been in operation, as well as on the time that the activity has had to decay
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since operation stopped. Therefore, the estimation of induced radioactivity
in an accelerator is a complicated process [27].

3.4.2 Estimation of induced radioactivity

Generally, induced radioactivity can be generated at all accelerators that
produce particles above the reaction threshold of the activation process of
interest. When the accelerated beam hits a nucleus, the resulting nuclear
reactions can generate a di�erent nuclide, which may or may not be radioac-
tive.

The most simple activation situation at accelerators is that of fixed irra-
diation of some material by a spatially uniform flux density of particles that
begins at time t = 0 and continues at a constant rate for an irradiation pe-
riod that ends at t = ti. This is followed by a decay period called the cooling
time tc, a period of time that begins at t = ti and ends at t = ti + tc. For
this simple situation, self-absorption of the hadrons by the target is ignored,
as is the fact that a whole energy spectrum of particles might be incident.
Hence, the process of producing the radioactivity is characterized by a single
average cross section factor ‡. In the more complicated generalized situa-
tions the value of this cross section must be obtained from averaging over
the energy spectra of the incident particles [30].

The number of atoms of the radionuclide of interest per unit volume, in
the absence of decay chains, will thus be governed by the following equation
during the irradiation period:

dn(t)
dt

= ≠⁄n(t) + N‡„ (3.7)

where n(t) is the number density of atoms (cm≠3) of the radionuclide of
interest at time t, ⁄ is the decay constant (s≠1), N is the number density
of "target" atoms (cm≠3), ‡ is the production cross section (cm2) and „ is
the flux density (cm≠2 s≠1) of the incident particles. On the right hand side
of this equation, the first term represents the loss of radionuclides through
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decay during the irradiation while the second term represents the increase
of radionuclides through the production reaction under consideration. The
equation has the following solution for 0 < t < ti:

n(t) = N‡„

⁄
{1 ≠ exp (≠⁄t)} (3.8)

The specific activity induced in the material as a function of time during the
irradiation is given by a(t) = ⁄n(t), hence

a(t) = N‡„ {1 ≠ exp (≠⁄t)} (Bqcm≠3) for 0 < t < ti (3.9)

When the irradiation reaches to an end (t = ti), the specific activity will be

a(ti) = N‡„ {1 ≠ exp (≠⁄ti)} (Bqcm≠3) (3.10)

so that the specific activity as a function of time is characterized by a buildup
from zero towards the saturation value equal to N‡„ for an infinitely long
irradiation. After the irradiation has stopped (t > ti), the specific activity as
a function of the cooling time, tc = t ≠ ti, will obviously decay exponentially
and is defined by the activation equation:

a(tc) = N‡„ {1 ≠ exp(≠⁄ti)} {exp (≠⁄tc)} (Bqcm≠3) (3.11)

The activity evolution for four radionuclides as function of the irradiation
and cooling time is shown in Fig. 3.3.

Activation formalism

In more complex cases including decay chains, the formalism has to be
extended.

The specific activity of a radionuclide b induced by a loss rate of one
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Figure 3.3: Activity evolution of an radionuclide inventory of four radionuclides
with di�erent half-lives and production yields as function of the ir-
radiation and cooling time. The irradiation profile of nine half-life
periods of irradiation time and up to six half-life periods of cooling
time are illustrated in the graph. The dashed lines indicate an irra-
diation profile of one half-life period of irradiation time and up to 14
half-life periods of cooling time [31].

primary beam particle per second can be described as

Ab =
ÿ

r

ÿ

e

Tbr Pre me (3.12)

where me stands for the weight fraction for the element e, r shows all the ra-
dionuclides that are directly produced from the elements of the material [32].
The matrix Tbr indicates the time evolution and is defined in a following
equation (see Eq. 3.14).

The production rate of an radionuclide r from an element e for a loss rate
of one primary beam particle per second is given by the matrix

Pre = NA

Me

ÿ

i=p,n,“,fi+,fi≠

⁄
�i(E) ‡i,e,r(E) dE (3.13)

where NA is Avogadro’s constant and Me is the atomic weight for the element
e. The sum is extended over protons (p), neutrons (n), charged pions (fi+, fi≠)
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and photons (“). With this definition the natural isotope abundances for
each element e are taken into account, i.e. the cross section ‡i,e,r(E) is an
abundance weighted average of the cross sections of each isotope of element
e. Additionally, �i(E) is the radiation fluence for the various secondary
particles (i = p, n, “, fi+, fi≠) generated by one primary beam particle per
second. The expression q

e Pre me corresponds to the production rate of the
radionuclide r in the entire component for a loss rate of one primary beam
particle per second.

The time evolution of the specific activity of radionuclide b, i.e. the
build–up of radionuclide r and the full decay chain leading to radionuclide
b, is explained by the matrix Tbr. For an irradiation profile of a constant
irradiation period of duration tirr followed by a cooling time of duration tcool,
the time evolution Tbr will be

Tbr(tirr, tcool) =
ÿ

c,ræb

⁄ tirr

0

jcÿ

m=1
cc

m e≠⁄c
m ((tcool+tirr)≠t0) dt0

=
ÿ

c,ræb

jcÿ

m=1

cc
m

⁄c
m

1
e≠⁄c

m tcool ≠ e≠⁄c
m (tcool+tirr)

2

=
ÿ

c,ræb

jcÿ

m=1

cc
m

⁄c
m

e≠⁄c
m tcool

1
1 ≠ e≠⁄c

m tirr
2

(3.14)

where c runs over all decay chains starting from radionuclide r leading to
radionuclide b and jc is the number of radionuclides in a given decay chain
c. ⁄c

m is the total decay rate of the mth radionuclide in decay chain c. ⁄̃c
m is

the partial decay rate of the mth radionuclide in the given decay chain c and
the coe�cient cc

m is the bateman coe�cient [33, 34] of the mth radionuclide
in decay chain c given by

cc
m =

jcr
i=1

⁄̃c
i

jcr
i=1
i”=m

(⁄c
i ≠ ⁄c

m)
. (3.15)
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3.4.3 Measurement of neutron activation

One of the ways to measure neutron activation is to measure the energy
spectra of the “-rays emitted with the so called “-spectroscopy. This can be
achieved mainly with scintillation detectors, such as sodium iodide detectors
NaI(Tl) and with semiconductor detectors, such as High-Purity Germanium
detectors (HPGe). The latter one was used as well in the framework of
this work for the experimental measurements of activation detectors, more
information about the measurements can be found later in the chapters 6
and 8.

Methodology of the current work

First there is an irradiation of activation sample detectors (more details
about the placement of the samples can be found in chapters 6 and 8). In
the experiments performed, bismuth, aluminium and indium samples were
used. After the irradiation is over, the activation samples are taken in the
“-spectrometry laboratory and their activities are measured. Then, these
activities are converted to production yields per atom per primary proton
on the target by taking into account the corresponding irradiation profiles
and the corresponding cool-down times, as shown before in 3.4.2. Basically,
using the already mentioned Eq. 3.12, the measured production yield can be
calculated just dividing the measured activity by the time evolution that is
estimated in each case separately.

On the other hand, the neutron fluence per primary proton on the tar-
get on each of the irradiation positions has been estimated by the FLUKA
code (see more details in chapter 4). Then, the neutron fluence is weighted
with the cross section data of the corresponding radionuclides to obtain the
predicted production yields per atom per primary proton on target.

The “-lines and half lives of the measured radionuclides in the dedicated
experiments are indicated on the following table, Tab. 3.3. Typical bismuth
spectra obtained in these experiments are shown in Fig. 3.4.
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Table 3.3: The “-lines and the half lives of the measured radionuclides during
the experimental periods for this work.

Radionuclide “-lines (keV) Half life (h)
Bi-201 629.1ú 1.8
Bi-202 422.2

657.5 1.72
960.7

Bi-203 820.2
825.3 11.76
1847.4

Bi-204 899.2 11.22
984.0

Bi-205 703.4 367.44
1764.4

Bi-206 803.1
881.0 149.832
1718.1

Na-24 1369.0 14.957
In-115m 336.0 4.486
ú “-line of the daughter radionuclide 201mPb which is in equilibrium with Bi-201.
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Figure 3.4: Typical bismuth spectra obtained in the present work for a specific
sample coded Bi823 (more information can be found in chapter 8,
in Tab. 8.3 and in Tab. 8.5 where Bi823 corresponds at the bismuth
sample on the position 4). The measured isotope followed by its
energy in keV is indicated on the right top of each plot [35].
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Chapter 4

The FLUKA Monte Carlo

Simulation Code

This chapter presents the FLUKA Monte Carlo simulation code and a
description of its most important aspects for this work.

4.1 The FLUKA code

FLUKA (FLUktuierende KAskade) [16, 17] is a general purpose Monte
Carlo code tool for the simulation of particle transport and interactions with
matter, covering an extended range of applications spanning from proton
and electron accelerator shielding to target design, calorimetry, activation,
dosimetry, detector design, Accelerator Driven Systems, cosmic rays, neu-
trino physics, radiotherapy etc. This tool has its roots in radiation protection
studies at high energy accelerators and thus contains all features needed in
this area of application [36].

The FLUKA code can simulate with high accuracy the interaction and
propagation in matter of about 60 di�erent particles, including photons and
electrons from 1 keV to thousands of TeV, neutrinos, muons of any energy,
hadrons of energies up to 20 TeV (up to 10 PeV by linking FLUKA with the
DPMHET code) and all the corresponding antiparticles, neutrons down to

41
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thermal energies and heavy ions. The program can also transport polarised
photons (e.g., synchrotron radiation) and optical photons. Time evolution
and transport of radiation emitted from the decay of unstable residual nuclei
can be performed on-line.

4.1.1 Physical models & features

FLUKA uses physical models for hadron inelastic nuclear interactions,
elastic scattering, nucleus-nucleus interactions, transport of charged hadrons
and muons, low energy neutrons (<20 MeV), electrons, photons, optical pho-
tons and neutrinos.

The module used for hadronic interactions is called PEANUT (PreEqui-
librium Approach to Nuclear Thermalization) and comprises a phenomeno-
logical description (Dual Parton Model-based Glauber-Gribov cascade) of
high-energy interactions (up to 20 TeV), a generalized intra-nuclear cascade
and pre-equilibrium emission models as well as evaporation, fragmentation,
fission, and de-excitation by gamma emission models. Ions interactions are
simulated through interfaces with di�erent codes based on models suitable
for certain ranges of energy (DPMJET3 above 5 GeV/nucleon, rQMD-2.4 be-
tween 0.1 and 5 GeV/nucleon, Boltzmann Master Equation below 0.1 GeV/nucleon).
The interface with DPMJET3 also allows the simulation of minimum-bias
proton-proton and heavy ion collisions at LHC energies which enormously
facilitates calculations of stray radiation fields around LHC experiments.

The transport of neutrons with energies below 20 MeV is performed by a
multi-group algorithm based on evaluated cross section data (ENDF/B, JEF,
JENDL, etc.) binned into 260 energy groups, 31 of which are in the thermal
energy region. For a few isotopes (1H, 6Li, 10B, 14N) point-wise cross sec-
tions can be optionally used during transport. The detailed implementation
of electromagnetic processes in the energy range between 1 keV and 1 PeV is
fully coupled with the models for hadronic interactions.

Many variance reduction techniques are available in FLUKA, among oth-
ers, weight windows, region importance biasing as well as leading particle,
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interaction length and decay length biasing. Subsection 4.1.3 describes the
biasing techniques relevant for this work.

FLUKA has one-of-a-kind capabilities for studies of induced radioactiv-
ity, specifically with regard to radionuclide production, their decay and the
transport of residual radiation. Particle transport and interaction of prompt
and residual radiation are simulated in parallel based on microscopic models
for nuclide production and a solution of the Bateman equations for activ-
ity build-up and radioactive decay. The decay radiation and its associated
electromagnetic cascade are internally flagged as such in order to distinguish
them from the prompt cascade. This allows the user to apply di�erent trans-
port thresholds and biasing options to residual and prompt radiation and to
score both independently.

Particle fluences can be weighted on-line with energy-dependent conver-
sion coe�cients in order to obtain the e�ective dose or the ambient dose
equivalent. Prompt and residual dose equivalent can therefore be calculated
in three-dimensional meshes, the latter for arbitrary user-defined irradiation
and cooling profiles.

4.1.2 Combinatorial geometry

The combinatorial geometry model used by FLUKA to describe the ge-
ometry of the simulation is based on two fundamental concepts: bodies and
regions. Bodies are defined as convex solid bodies, e.g. portions of space
delimited by surfaces of first (planes) or second (quadratics), infinite cylin-
ders (circular and elliptical) and planes (half-spaces). An advantage of using
infinite bodies is that they make input preparation and modification much
easier and less error-prone. Regions are defined as combinations of bodies by
using the Boolean operators like union, di�erence and intersection. Each re-
gion is not necessarily simply connected, since it can be made of two or more
non contiguous parts, but must be of homogeneous material composition.
FLUKA provides the user with a geometry debugger in order to facilitate
the procedure of building the geometry with the capability of finding un-
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defined points, i.e. points which are not included in any defined region, as
well as multiple defined points, i.e. points which are included in more than
one region. All the regions are surrounded by an infinitely absorbing ma-
terial ("blackhole"), which absorbs all the escaping particles. A repetition
capability ("lattice") is available to avoid the multiple description of repeti-
tive structures. Only one module has to be defined, which can be re-iterated
as many times as required. This allows defining geometries, containing up to
thousands of di�erent regions, by using only a small number of region and
body definitions.

The current FLUKA model for the CHARM and CSBF facility consists
of more than 1000 bodies and more than 400 regions.

4.1.3 Biasing

FLUKA is able to perform fully analogue particle transport calculations.
However, in many cases of non-uniform radiation fields only on a very small
fraction of all histories contributes to the desired response in the regions of
interest. In these cases, the user’s concern might be to estimate the desired
response in the most e�cient approach. This can be achieved by the re-
placement of the actual physical problem with a mathematically equivalent
one, i.e. having the same solution but faster statistical convergence. This
replacement technique is called biasing.

When the limit of the number of histories tends to infinity, the values of
all calculated quantities tends exactly to the same averages in the analogue
and in the corresponding biased calculation. Namely, biasing is mathemati-
cally correct and involves no approximation. Nonetheless, an acceleration of
convergence in specific regions of phase space (space/energy) will generally
give the disadvantage of a slower convergence in other regions. Due to the
fact that an actual calculation does not use an infinite number of particles,
but it is necessarily truncated after a finite number of histories, results must
be judged accordingly.

Biasing plays a fundamental role, the main part of the present work, be-
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cause collecting satisfactory statistics for deep shielding penetration problems
requires a lot of computing time.

Importance biasing

The simplest and safest biasing option in FLUKA is importance biasing.
This method was used to perform the simulations of this work.

Each geometry region can be assigned an importance, particularly a num-
ber between 10≠4 and 105, proportional to the contribution that particles in
that region are expected to give the desired result: the number of particles
moving from a region to the neighbouring one will increase or decrease ac-
cordingly to the ratio of importance values assigned to both regions and the
particle statistical weight will be modified inversely so that the total weight
will remain unchanged. For instance, in a simple, mono-dimensional atten-
uation problem, the importance is often set at the inverse of the expected
fluence attenuation factor for each region, in order that the fluence value is
constant with the increasing shielding thickness.

The equivalent dose attenuation by a thick shielding is in first order de-
scribed by an exponential attenuation [37]:

exp(≠z

⁄
) (4.1)

where z (in g·cm≠2) is the shielding thickness and ⁄ (in g·cm≠2) is the
attenuation length typical of the shielding material. Since each particle (ac-
cording to its energy) contributes di�erently to the total equivalent dose, the
biasing was built in order to maintain constant the scored dose and not the
particle fluence.

The importance value of the inner shielding region can start from 10≠4

and increase while moving outwards. Every region is given an importance
value equal to the value of the previous adjacent one multiplied by a factor
R, which is the inverse of the expected attenuation in the considered region:
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R = 1
exp(≠� z

⁄ )
= exp(� z

⁄
) (4.2)

where �z (in g·cm≠2) is the shielding thickness of the considered region
and ⁄ (in g·cm≠2) is the attenuation length. Once 105, the highest importance
possible in FLUKA, is reached in a certain region, all the following regions are
given this same constant value of importance, which means that no biasing
is applied.

4.1.4 Scoring

Results in a Monte Carlo calculation can be obtained by adding up the
contributions to the “score”, or “tally” of a detector defined by the user [17].
A detector is the Monte Carlo equivalent of a measurement instrument. Each
detector, also denoted as “estimator”, is designed to estimate one or more
radiometric quantities, and the final score is a statistical estimation of the
average value of the corresponding population of primary particles. As in
experimental measurements, it is possible to calculate a standard deviation
by running several independent calculations.

There are di�erent input options corresponding to di�erent types of de-
tectors. The simplest one is SCORE which provides energy deposition (pro-
portional to absorbed dose) or star density in every region of the geometry.
“Stars” is an old name for inelastic hadron reactions which derives from early
experiments with nuclear emulsions.

The same quantities can be scored in a geometry-independent uniform
spatial mesh, called a “binning”, by means of the option USRBIN. There
are several types of binnings: Cartesian, 2D-cylindrical, 3D-cylindrical and
even more complex phase space structures. In addition to dose and star
density, it is possible to use USRBIN to score weighted particle fluence dis-
tributions. USRBIN results are often displayed as colour plots where each
colour corresponds to a pre-defined colour-coded range of values.

Fluence, averaged over the volume of a given geometry region, can be
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calculated with options USRTRACK. It is a “track-length estimator” (it esti-
mates fluence as volume density of particle trajectory lengths). USRTRACK
works also in vacuum and provides fluence di�erential energy spectra.

Production of residual nuclei can be obtained with command RESNU-
CLEi. The results, which are closely related to induced activity and dose
rate from activated components, can include nuclei produced in low-energy
neutron interactions, provided the corresponding information is available in
the neutron cross-section library for the materials of interest.

In this thesis, the main scoring options used for the fluence of the par-
ticles and the estimation of the ambient dose equivalent were USRTRACK
to obtain energy dependent fluence spectra and USRBIN where the fluences
were folded with a set of energy dependent coe�cients.
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Chapter 5

Motivation for the CERN

Shielding Benchmark Facility

(CSBF)

One of the main areas of application of the FLUKA code is the design of
new facilities. Moreover, integral part of the FLUKA code development is
benchmarking of predictions of new features against experimental data. It
includes both the comparison of predictions of individual models to measure-
ment results (e.g., nuclide production cross sections) as well as benchmarks
for actual complex situations that, for example, arise during accelerator op-
eration. The CERN Shielding Benchmark Facility (CSBF) was especially
designed to obtain experimental data for benchmarking the deep shielding
penetration by the particles from high energy proton accelerator operations.

The CSBF is a unique facility because has great flexibility for realizing
di�erent shielding configurations. Furthermore has a variability of beam
intensity that can range from 3·109 to 5·1011 protons per spill and finally,
due to its relatively high beam intensity there is good signal even for very
thick shielding thicknesses.

The first prototype of the CSBF was installed during the Long Shut-down
1 (LS1) in 2013/2014. It was installed together with the entire shielding of
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the CHARM facility. As installed in LS1, the prototype CSBF consisted of
80 cm of cast iron and 360 cm of concrete and barite concrete at some places.
The CSBF layout during the LS1 and 2015 is shown in Fig. 6.2. A first
characterization of the CSBF facility was performed in July 2015 with the
activation of bismuth and aluminium detectors in the CSBF. Monte Carlo
simulations with the FLUKA code have been performed to estimate the pro-
duction yields of bismuth isotopes (206Bi, 205Bi, 204Bi, 203Bi, 202Bi, 201Bi)
from209Bi and 24Na from 27Al for these samples. The production yields esti-
mated by FLUKA Monte Carlo simulations are compared to the production
yields obtained from “-spectroscopy measurements of the samples taking the
beam intensity profile into account. More details about the activation cam-
paign in 2015 can be found in chapter 6.

Based on the experience gained during the activation campaign in 2015,
the CSBF has been significantly upgraded during the extended year-end tech-
nical stop at the beginning of 2016. It consists now of 40 cm of cast iron
shielding and up to 400 cm of concrete. The new configuration is composed
of a 200 cm long removable sample holder concrete block with 3 slots for ac-
tivation samples, a material test location that is used for the measurement of
the attenuation length for di�erent shielding materials as well as for sample
activation at di�erent thicknesses of the shielding materials and a dedicated
platform for measuring deep penetration neutron spectra with active and
passive detectors, covered by two barite concrete blocks. The CSBF layout
under normal operation of the CHARM facility is indicated in the Fig. 7.1.
In September 2016 there was a second activation campaign with activation
of bismuth, aluminium and indium samples that were placed in the CSBF
to characterize the upgraded version of the CSBF. Monte Carlo simulations
with the FLUKA code have been performed to estimate the specific produc-
tion yields of bismuth isotopes (206Bi, 205Bi, 204Bi, 203Bi, 202Bi, 201Bi) from
209Bi, 24Na from 27Al and 115mI from 115I for these samples in the new config-
uration and have then been compared to the production yields obtained from
“-spectroscopy measurements of the samples taking the beam intensity pro-
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file into account. More details about the CSBF upgrade and the activation
campaign of 2016 are presented in chapter 7 and in chapter 8 respectively.

In parallel to the activation campaign in 2016, there was a series of mea-
surements with a high-pressure ionisation chamber filled with hydrogen gas
at 20 bar, calibrated for measuring ambient dose equivalent rates, in the ma-
terial test location. The ionisation chamber was placed on top of di�erent
shielding thicknesses of di�erent shielding materials, e.g normal concrete,
barite concrete, cast iron. By comparing the dose rate measured at di�erent
positions, the neutron spectrum averaged attenuation length of the shield-
ing materials is estimated. Detailed information about this experiment is
presented in chapter 9.
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Chapter 6

Activation campaign in the

prototype CSBF in 2015

The CERN High Energy AcceleRator Mixed field facility (denoted CHARM,
see chapter 2) has been constructed in the CERN Proton Synchrotron (PS)
East Experimental Area in 2014 [11]. The facility receives a pulsed proton
beam from the CERN PS with a beam momentum of 24 GeV/c with 5·1011

protons per pulse with a pulse length of 350 ms and with a maximum average
beam intensity of 6.7·1010 p/s [12] with a minimum pulse spacing of 2.4 s.

The extracted proton beam from the PS impacts on a cylindrical copper
or aluminium target and the created secondary radiation field is used to test
electronics equipment installed at predefined test positions [8].

The shielding of the CHARM facility [13] also includes the CERN Shield-
ing Benchmark Facility (CSBF) situated laterally above the target [10]. This
facility allows deep-penetration benchmark studies of various shielding ma-
terials.

The installation of a first prototype version of the CSBF has been per-
formed during the construction of the CHARM facility in 2014.

Activation samples of bismuth and aluminium can be used for the mea-
surement of high-energy neutrons [38]. In order to characterize the radiation
fields in the prototype CSBF such samples were placed in the CSBF and in
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the CHARM access corridor in July 2015. Monte Carlo simulations with the
FLUKA code [16, 17] have been performed to estimate the specific produc-
tion yields of several bismuth isotopes and sodium-24 for these samples. This
chapter describes the comparison between the estimated values from FLUKA
and the activation measurements performed in July 2015 with bismuth and
aluminium disk samples of di�erent sizes in the prototype CSBF and in the
CHARM access corridor [39–41].

6.1 Beam parameters and configurations

This section presents the beam parameters and the facility configura-
tions that were used during the activation experiments. The beam intensity
was measured with a Secondary Emission Chamber, denoted SEC1, whose
measurement values are logged in the measurement database, TIMBER. An
intensity calibration factor of 1.87·107 protons/count has been applied to the
counts per pulse to obtain the number of protons per pulse. This calibra-
tion factor had been obtained with aluminium foil activation using sodium
isotopes with a statistical uncertainty of 7% from the “-spectrometry mea-
surement [42].

A beam size of 1.2 cm x 1.2 cm Full Width at Half Maximum (FWHM)
was used for the FLUKA simulations as specified in the layout of the beam
line and confirmed with online beam profile measurements [42].

The average beam intensity of CHARM, binned in 10 minutes long in-
tervals, from July 9 to July 15, 2015 when the experiments were conducted,
is shown in the Fig. 6.1. The 4 di�erent irradiation periods used during the
activation measurements are also indicated in Fig. 6.1.

The beam passes through the upstream IRRAD facility before impacting
on the CHARM target. During the period of the experiment, Silicon samples
with a total thickness of 0.2 cm were placed into the beam in IRRAD and
this was also taken into account in the FLUKA simulations.

The shielding layout of the prototype CSBF is shown in Fig. 6.2. The
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chemical composition of the concrete, the barite concrete and the cast iron
implemented in the FLUKA Monte Carlo simulations for the shielding with
their respective densities are listed in Tab. 6.1, in Tab. 6.2 and in Tab. 6.3.

During the activation experiment, the cylindrical copper target of 8 cm
diameter and 50 cm length has been used inside the CHARM facility. In-
side the target room, there are four movable shielding walls, each of 20 cm
thickness and made out of concrete and iron. They can be placed between
the target and the irradiation positions in the CHARM facility in varied
arrangement, so that the test spectra are adjusted to the desired radiation
field (energy and intensity) during the tests. The movable shielding walls are
presented in the Fig. 6.3. For this activation experiment, two di�erent con-
figurations of the four movable shielding walls were used during the di�erent
irradiation periods, i.e all movable shielding walls retracted from the facility
or all movable shielding walls inside the facility. The configurations have
been properly taken into account in the FLUKA Monte Carlo simulations.

Table 6.1: Chemical composition and density of concrete [43].

Concrete Density 2.4 g/cm3

Element Weight fraction (%) Element Weight fraction (%)
Hydrogen 0.561 Silicon 16.175
Carbon 4.377 Sulfur 0.414
Oxygen 48.204 Potassium 0.833
Sodium 0.446 Calcium 23.929

Magnesium 1.512 Titanium 0.173
Aluminium 2.113 Iron 1.263
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Table 6.2: Chemical composition and density of barite concrete [44].

Barite Concrete Density 3.35 (g/cm3)
Element Weight fraction (%)

Aluminium 0.418
Barium 46.34
Calcium 5.019

Iron 4.751
Hydrogen 0.358

Magnesium 0.12
Oxygen 31.162
Sulfur 10.786
Silicon 1.046

Table 6.3: Chemical composition [45] and density of cast iron [43].

Cast Iron Density 7.2 g/cm3

Element Weight fraction (%)
Iron 92.3

Carbon 3.85
Manganese 0.3

Silicon 3.4
Phosphorus 0.08

Sulfur 0.02
Cobalt 0.05
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Figure 6.1: Average beam intensity sent to the CHARM facility during the acti-
vation experiments in 2015 with binning of 10 minutes long intervals.
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6.2 Samples and locations

Eleven disk samples in total, six bismuth samples and five aluminium
samples, have been irradiated in 2015. Of these samples, five bismuth sam-
ples and four aluminium samples were placed in the prototype CSBF at
di�erent heights and one bismuth sample and one aluminium sample inside
the CHARM facility access corridor. All the details of the samples including
their location, irradiation time, dimensions, weight, time of measurements
are presented in Tab. 6.4.

Table 6.4: Description of the irradiated samples and details of the “-spectrometry
measurements in the CERN “-spectrometry laboratory.

Sample Material Irradiation Duration of Start of irradiation Dimensions Weight “-spectrometry
Location irradiation (h) (date and time) (mm) (g) measurement

duration (h)
Bi 80cm Fe + 0cm Concrete 19.3 13/07/2015, 13:40 PM 40(diam.)◊4 49.5 3

20
Bi 80cm Fe + 80cm Concrete 19.3 13/07/2015, 13:40 PM 40(diam.)◊4 49.52 3

20
Bi 80cm Fe + 160cm Concrete 19.3 13/07/2015, 13:40 PM 80(diam.)◊10 523.5 3

20
Bi 80cm Fe + 240cm Concrete 22.16 09/07/2015, 11:10 AM 80(diam.)◊10 543.18 3

48
Bi 80cm Fe + 240cm Concrete 94.16 09/07/2015, 11:10 AM 80(diam.)◊10 540.34 3
Bi Access Corridor Loc 3 14.6 14/07/2015, 17:40 PM 40(diam.)◊4 49.49 3

3
20

Al 80cm Fe + 0cm Concrete 19.3 13/07/2015, 13:40 PM 40(diam.)◊4 13.32 3
Al 80cm Fe + 80cm Concrete 19.3 13/07/2015, 13:40 PM 40(diam.)◊4 13.3 15
Al 80cm Fe + 160cm Concrete 19.3 13/07/2015, 13:40 PM 80(diam.)◊10 135.4 3
Al 80cm Fe + 240cm Concrete 19.3 13/07/2015, 13:40 PM 80(diam.)◊10 135.55 15
Al Access Corridor Loc 3 14.6 14/07/2015, 17:40 PM 40(diam.)◊4 13.31 3

20

The irradiation of the samples in the prototype CSBF has been performed
with the four movable shielding walls retracted from the facility. On the
other hand, when the samples were placed inside the CHARM facility access
corridor, the four movable shielding walls were inside the facility.

The irradiation positions of the samples in the CSBF and also inside the
CHARM facility access corridor are illustrated in Fig. 6.2 and Fig. 6.3.
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Figure 6.2: Position of the samples (material of the samples as shown in Tab.6.4)
at di�erent heights in the prototype CSBF. Barite concrete is indi-
cated in blue. The chemical compositions of concrete, barite concrete
and cast iron are shown in Tab.6.1, in Tab.6.2 and in Tab.6.3 respec-
tively.



60 6. Activation campaign in the prototype CSBF in 2015
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Figure 6.3: Position of the samples inside the CHARM facility access corridor at
beam line level indicated with the white square.
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6.3 Simulations and measurements results

The simulation results were obtained by first scoring the neutron fluence
spectra in the activation sample volumes with FLUKA. A detailed description
of the models and cross section data used in FLUKA can be found in [16,17]
and in chapter 4. Then the neutron fluence was weighted with cross section
data for the bismuth isotopes and sodium-24 [46], shown in Fig. 6.4, to obtain
the predicted production yields per atom per primary proton on the target.

The activities of the bismuth isotopes and sodium-24 were measured for
the bismuth and aluminium samples respectively using “-spectrometry, some-
times even at di�erent cool-down times. In case of multiple “-spectrometry
measurements of the same sample, the activities selected were the ones with
the lowest uncertainty of the “-spectrometry measurements. These activ-
ities have been converted to the production yields by taking into account
the corresponding irradiation profiles with 10 minutes long binning and the
corresponding cool-down times as described in subsubsection 3.4.3.

The production yields predicted by FLUKA and measured by “-spectro-
metry are presented in Fig. 6.5, Fig. 6.6 and in Tab. 6.6. The agreement
between FLUKA predictions and “-spectrometry measurements for the pro-
duction yields is better than a factor of 2. This is illustrated in Fig. 6.7 and
Fig. 6.8.

The contributions that have been taken into account for the uncertainty
estimation are shown in Tab. 6.7. The uncertainty of the sample positions
at the given shielding thicknesses as well as the uncertainty of the beam size
have negligible impact on the results as verified by FLUKA simulations. The
materials placed in IRRAD during the period of the experiment were taken
into account in the simulations. The uncertainty of the production yields
coming from the uncertainty of the materials placed in IRRAD is far below
1%.

The uncertainty of the composition of concrete and cast iron as well as
the uncertainty of the dimensions of the shielding structure are negligible
compared to the uncertainty from the density uncertainty. A hypothetical
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change in the concrete density would provoke a change on the slope of the
dependence of the yields on the depth of the shielding plotted in Fig. 6.5,
Fig. 6.6 and the e�ect of the change would increase with increased shielding
thickness.

The cumulative contribution to the production yields as function of the
neutron energy is presented in Fig. 6.9 for the sample placed at a concrete
shielding thickness of 240 cm in the CSBF. From this figure it can be seen that
for sodium-24, the energy range contributing to the production yield is quite
large whereas for the bismuth isotopes the energy ranges are narrower and
located around the respective cross section peaks. The 10%, 25%, 75% and
90% quantiles of the production yield distribution for the various radionu-
clides, denoted q0.1, q0.25, q0.75 and q0.9, are presented in Tab. 6.5, quantifying
the energy range of the neutron field that has been probed by the comparison
of the predictions to measurements of the various radionuclides production
processes.
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Figure 6.5: Predicted and measured production yields per proton on target for
bismuth radionuclides (Bi-201, Bi-202, Bi-203 and Bi-204) as a func-
tion of the shielding thickness.
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Figure 6.7: The ratio of predicted and measured production yields per proton
on target for bismuth radionuclides as a function of the shielding
thickness. The corridor location results are arbitrarily shown at -
80 cm shielding thickness, for convenience.
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Figure 6.8: The ratio of predicted and measured production yields per proton
on target for bismuth and sodium radionuclides as a function of
the shielding thickness. The corridor location results are arbitrar-
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Table 6.5: The 10%, 25%, 75% and 90% quantiles of the production yield distri-
bution for the various radionuclides at a concrete shielding thickness
of 240 cm.

Neutron Energy [MeV]
Radionuclide q0.1 q0.25 q0.75 q0.9
Bi-201 79.4 87.2 125 162
Bi-202 70.6 77.2 110 145
Bi-203 59.6 66.5 102 138
Bi-204 48.0 52.6 85.9 119
Bi-205 37.6 41.7 65.7 102
Bi-206 29.0 32.5 54.8 94.5
Na-24 9.4 12.4 76.9 115
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Table 6.6: Predicted production yields by FLUKA and measured production
yields by “-spectrometry.

Radionuclide Location Predicted Production Uncertainties Measured Production yield Uncertainties Ratio Uncertainties
yield by FLUKA FLUKA (number/atoms/p) (%) Predicted/ Ratio

(cm) (number/atoms/p) (%) Measured (%)
Bi-201 Corridor 4.12E-033 ±13.6 5.24E-033 ±13.9 0.79 ±19.5

0 8.97E-033 ±6.2 7.01E-033 ±14.1 1.28 ±15.48
80 9.03E-034 ±7.5 8.73E-034 ±33.3 1.03 ±34.2
160 1.74E-034 ±12.71 1.28E-034 ±24.7 1.36 ±27.8
240 2.73E-035 ±13.5 1.67E-035 ±73.4 1.64 ±74.7

Bi-202 Corridor 5.42E-033 ±13.5 9.39E-033 ±7.9 0.58 ±15.6
0 1.27E-032 ±6.1 1.14E-032 ±7.9 1.12 ±10.0
80 1.24E-033 ±7.3 1.66E-033 ±11.2 0.75 ±13.4
160 2.28E-034 ±11.4 1.91E-034 ±10.3 1.19 ±15.3
240 3.63E-035 ±13.4 2.08E-035 ±33.15 1.75 ±35.7

Bi-203 Corridor 8.22E-033 ±12.9 1.02E-032 ±9.9 0.81 ± 16.3
0 1.78E-032 ±5.8 1.52E-032 ±7.8 1.17 ±9.7
80 1.88E-033 ±7.2 1.99E-033 ±11.1 0.94 ±13.2
160 3.16E-034 ±10.5 2.54E-034 ±9.5 1.24 ±14.2
240 4.99E-035 ±13.2 5.66E-035 ±14.6 0.88 ±19.7

Bi-204 Corridor 1.06E-032 ±13.6 1.23E-032 ±7.4 0.86 ±15.5
0 2.11E-032 ±5.9 1.66E-032 ±7.1 1.27 ±9.3
80 2.42E-033 ±7.7 2.39E-033 ±7.6 1.01 ±10.8
160 4.09E-034 ±10.6 2.82E-034 ±7.4 1.45 ±12.9
240 6.05E-035 ±13.3 4.69E-035 ±9.5 1.29 ±16.4

Bi-205 Corridor 1.27E-032 ±14.3 1.64E-032 ±10.6 0.78 ±17.8
0 2.95E-032 ±6.6 2.65E-032 ±10.1 1.11 ±12.1
80 3.44E-033 ±7.8 4.72E-033 ±14.8 0.73 ±16.8
160 5.50E-034 ±10.4 5.73E-034 ±16.4 0.96 ±19.4
240 8.37E-035 ±13.6 1.24E-034 ±15.4 0.68 ±20.6

Bi-206 Corridor 1.35E-032 ±15.3 1.92E-032 ±7.6 0.71 ± 17.1
0 3.22E-032 ±7.4 3.28E-032 ±7.4 0.98 ±10.5
80 3.61E-033 ±8.8 4.59E-033 ±8.9 0.79 ±12.5
160 5.37E-034 ±10.2 5.36E-034 ±8.2 1.00 ±13.1
240 9.31E-035 ±15.2 8.44E-035 ±10.2 1.10 ±18.3

Na-24 Corridor 1.63E-033 ±12.25 2.40E-033 ±8.3 0.68 ±14.7
0 4.80E-033 ±6.0 4.76E-033 ±8.6 1.01 ±10.3
80 4.87E-034 ±7.4 6.12E-034 ±10.1 0.80 ±12.5
160 7.42E-035 ±10.9 7.65E-035 ±11.6 0.97 ±15.9
240 1.14E-035 ±13.4 1.19E-035 ±14.2 0.96 ±19.5
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Table 6.7: Uncertainties taken into account for the uncertainty estimation of the
production yields.

Source of uncertainty Uncertainty on production yield
Simulations statisticalú 4 - 11 %

concrete density 1 0 - 12 % 2

cast iron density 1 4 %
Measurements “-spectrometryú 1.3 - 15 % 3

sample weights 1 %
beam intensity (calibration) 7 %
beam intensity (statistical)ú < 1 %

beam momentum < 1 %
beam position and profile < 1 %

target density < 1 %
target dimensions < 1 %

ú Statistical uncertainty.
1 Uncertainty of the concrete and cast iron density is 0.05g/cm3.
2 The concrete density uncertainty leads to an uncertainty of the production
yield of 0% for 0 cm of concrete and of up to 12% for 240 cm of concrete.
3 Except for 201Bi at 80, 160, 240 cm and for 202Bi at 240 cm, see Tab. 6.6.
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6.4 Summary

Activation disk experiments have been conducted from July 9 to July 15,
2015 in the CHARM facility. Bismuth and aluminium disk samples were
placed in di�erent locations in the prototype CSBF and inside the CHARM
facility access corridor. The production yields computed from the activities of
the irradiated samples measured from “-spectrometry have been compared to
the estimated values from FLUKA Monte Carlo simulations. The agreement
is better than a factor of 2.

This agreement is consistent with previous similar studies for shield-
ing penetration at the CERN-EU High Energy Reference Field facility [43].
Moreover, from our experience gained through the activation campaign in
July 2015 we decided to upgrade the CSBF in 2016 in order to facilitate
the procedure of sample placement and to add more functionalities to the
facility. Since the results presented in this chapter confirmed FLUKA as a
very reliable Monte Carlo simulation tool, the design of the upgrade of the
CSBF in the first months of 2016 has been based on FLUKA simulations.



Chapter 7

The Upgrade of the CSBF in 2016

An activation experiment campaign was performed in 2015 at the CERN
Shielding Benchmark Facility(CSBF) (see chapter 6) for the characterization
of the prototype of the facility [39–41] and, based on this experience, we
decided to upgrade the CSBF in 2016 in order to simplify the exploitation
of the facility and to integrate new functionalities. The most important
requirements for the CSBF upgrade were i) the use of passive detectors, that
can be quickly exchanged, like activation samples or passive dosimeters for
validating the radiation spectra predicted by Monte Carlo simulations and
thus performing Monte Carlo simulation benchmark studies, ii) the use of
active detectors or dosimeters, even attached to phantoms, placed on top of
the shielding in order to study deep penetration neutron spectra and iii) the
creation of a shielding material test location where the attenuation length
(⁄) for neutrons can be measured for di�erent shielding materials.

The CSBF has been significantly upgraded during the year-end technical
stop at the beginning of 2016. The CSBF upgrade allows for easier manip-
ulation and for having more exploitation possibilities of the facility [41, 47].
The design of the upgraded CSBF was based on FLUKA simulations.

During the operational period of 2016, the CSBF consisted of 40 cm cast
iron shielding, 360 cm of standard concrete, barite concrete and cast iron
shielding that are part of the three main possible configurations of the CSBF.
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These three main possible configurations allow measurements in the remov-
able sample holder concrete block (which is also the nominal configuration
of the facility during the nominal CHARM facility operation), on the CSBF
platform and at the shielding material test location. These configurations
are discussed in the next sections.

The requirements for the implementation of the CSBF upgrade and the
expected production yields predicted by FLUKA for the upgrade, respec-
tively, are shown in Tab. 7.1. The values presented in Tab. 7.1 can be re-
duced by up to a factor of 9 by changing the target of the CHARM facility
and can be reduced even lower by changing the intensity per spill and/or the
numbers of protons per spill (≥ factor of 1000).

Table 7.1: Requirements of the CSBF upgrade.

Removable sample CSBF Shielding material
concrete block platform test location

Purpose Passive detectors: Active detectors and Dosimeters Measurement of the
Activation samples or attached to phantoms: attenuation length

Passive dosimeters Deep penetration for di�erent materials
for Monte Carlo neutron spectrum

benchmark studies
Maximum Ambient Dose

Equivalent Rate (µSv/h) < 1·106 50 - 100 < 100
for 6.7·1010 p/s

The expected production yields predicted by FLUKA are shown in Tab. 7.2
and refer to reasonable sample sizes to be well above the minimum detectable
activity (MDA) of the “-spectrometry set-up of the CERN “-spectrometry
laboratory.
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Table 7.2: Expected production yields (nucl/s/g) predicted by FLUKA for
2.2·1010 p/s and 6.7·1010 p/s, nominal and maximum beam intensity
respectively.

Removable sample CSBF Shielding material
concrete block platform test location

Production
Yields (nucl/s/gr)
estimated by FLUKA 2·10-2 - 20 >3·10-3 >2·10-3

for Bi isotopes,24Na
and 115mIn, for 2.2·1010 p/s,
nominal beam intensity
Production
Yields (nucl/s/gr)
estimated by FLUKA 4.37·10-2 - 7.91·101 4.99·10-3 - 3.98·10-2 9.82·10-3 - 4.22
for Bi isotopes,24Na
and 115mIn, for 6.7·1010 p/s,
maximum beam intensity
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7.1 Concrete attenuation characterization at the

removable sample holder concrete block

The removable sample holder concrete block was needed for the facilita-
tion of the handling procedure of activation samples or passive dosimeters
in order to place them deep inside the CSBF shielding. The samples are
irradiated with the radiation field emerging from the beam impacting on the
target and then attenuated through the concrete shielding. After the irradi-
ation is over, the samples are retracted and their activity can be measured
in the “-spectrometry laboratory.

For this reason, the removable sample holder concrete block provides of 3
slots of 10 cm x 10 cm cross section, denoted as positions, that are centered
along the vertical axis of the block, so that they can be filled with the samples.
The current layout of the CSBF when the removable sample holder concrete
block is inserted, is presented in Fig. 7.1. Position 1 is located at a height of
10.5 cm, measured from the bottom of the removable sample holder concrete
block, position 2 at 85.4 cm height and position 3 at 160.35 cm height. There
is also a possibility of placing samples on the top of the block, mentioned
as position 4 at 200 cm height. The block is easily inserted in and extracted
from the CSBF shielding in a specifically designed shaft, with dimensions of
40 cm x 40 cm x 240 cm.

A specifically designed remote controlled hook is used for the manipula-
tion of the removable sample holder concrete block, are shown in Fig. 7.2,
Fig. 7.16 and Fig. 7.17.

The handling operations for the facility in this configuration are very
e�cient. The instalment of the samples to be irradiated, that includes ex-
tracting the removable sample holder concrete block and then insert it in the
facility, takes maximum 30 minutes. This means that samples can be rou-
tinely exchanged during the weekly stop of IRRAD and CHARM facilities on
Wednesdays. On the other side, the extraction of already irradiated samples
can be done in 15 minutes and then the samples can be transferred directly
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to the “-spectrometry laboratory, applying the proper radiation protection
transport rules, for measurement.
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Figure 7.1: CSBF upgrade layout for measurements with the removable sample
holder concrete block inserted in the facility.
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Figure 7.2: The remote controlled hook used for the manipulation of the remov-
able sample holder concrete block.
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7.1.1 Specifications for the removable sample holder con-

crete block:

The removable sample holder concrete block consists of normal concrete
and is 37 cm x 37 cm in horizontal plane and 200 cm in height. The mass of the
block is 610 kg, therefore the density is 2.23 g/cm3. The actual height of the
block is limited by the fact that the block can be removed from the facility
taking into account the crane clearance plus additional space for handling
equipment. The center of the block is slightly o�set the center of the target
in horizontal plane, see Fig. 7.3.

This block has 3 slots of 10 cm x 10 cm cross-section and a possibility using
the upper face as a 4th position. The slots start at heights 10.5 cm, 85.4 cm,
160.35 cm and 200 cm and are centered around the vertical middle axis on one
side face. The layout of the CSBF is presented when the removable sample
holder concrete block is used in Fig. 7.1.

The neutron spectra predicted by the FLUKA Monte Carlo code at the 4
positions of the removable sample holder concrete block are shown in Fig. 7.4.
Moreover the prompt dose equivalent rate is illustrated on the vertical plane
of the facility in Fig.7.5 and the fluence of neutrons with a kinetic energy
above 20 MeV is shown on the vertical plane of the facility in Fig. 7.6. The
shape of the neutron fluence spectra, in Fig. 7.6, between position 3 and
position 4 does not change anymore, indicating that the deep shielding equi-
librium has been reached.
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Beam 6.43cm

3.
53

cm 3.5°

Collimator filled with the 
removable sample holder 
concrete block80cm

40cm

Figure 7.3: The center of the collimator filled with the removable sample holder
concrete block is a bit tilted horizontally from the center of the
CHARM target.
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Ambient Dose Equivalent Rate for 6.7E10 p/s 

-400 -200  0  200  400  600  800
x (cm)

-100

 0

 100

 200

 300

 400

 500

 600

 700

 800
y 

(c
m

)

 1

 100

 10000

 1e+06

 1e+08

 1e+10

Am
bi

en
t D

os
e 

Eq
ui

va
le

nt
 R

at
e 

(µ
Sv

/h
)
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intensity, when the movable shielding is inside the facility, for an
average beam intensity of 6.7·1010 protons per second.
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Figure 7.6: Fluence of neutrons with a kinetic energy above 20 MeV on the ver-
tical plane for maximum beam intensity, when the movable shielding
is inside the facility, for an average beam intensity of 6.7·1010 protons
per second.
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7.2 CSBF platform for deep shielding penetra-

tion spectra

The CSBF platform was created at a height of 560 cm above beam line
level, indicated in Fig. 7.7, covering an area of 120 cm x 160 cm and allows
placing active detectors or dosimeters, even attached to phantoms, on the top
of the shielding, for measuring their response to a deep penetration neutron
spectrum. The shielding layer directly below 560 cm height is implemented
with as few gaps as possible. In order to use the platform, two dedicated
barite concrete blocks of 120 cm height have to be removed, see Fig. 7.8
and Fig. 7.9. This handling operation can be performed in less than 20
minutes. Measurements at the CSBF platform can be performed in parallel
to activation measurements at the removable sample holder concrete block.
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platform is indicated with the thin green line in the figure on the
left.
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Figure 7.8: The CSBF platform located at 560 cm above the beam line level,
divided into 12 positions.

Figure 7.9: Removal of the second dedicated barite concrete block covering the
CSBF platform.
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7.2.1 Usage of the CSBF platform at 560 cm height:

Compared to the normal operation, the only di�erence for the scope of the
CSBF platform is that the barite concrete covering the irradiation locations
is removed. The CSBF platform has been separated in 12 di�erent positions
in order to facilitate the documentation of the measurements. This layout of
the usage of the CSBF platform can be seen in the Fig. 7.7. Also, the neutron
spectra in the 12 di�erent positions of the CSBF platform are presented in
Fig. 7.10, showing only negligible di�erences between the locations.

During operation the ambient dose rate of the platform was measured
with a hydrogen-filled ionization chamber in all of the 12 positions and an
homogeneity was observed. The results of the ambient dose rate measure-
ments can be found in Tab. 7.3.
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Table 7.3: Ambient dose rate (µSv/h) and pSv per primary on target measured

on the CSBF platform with an IG5-H20 ionization chamber for dif-
ferent targets for 6.7·1010 p/s average beam intensity.

Targets Ambient dose rate (µSv/h) pSv per primary on target
Copper 77.6 63.3

Aluminium 27.3 5.5
Aluminium sieve 10.6 2.4

7.3 Attenuation length measurement at the shield-

ing material test location

The shielding material test location was designed for measuring the spec-
trum averaged neutron attenuation length (⁄) of various shielding materials
(e.g. standard concrete, barite concrete, hematite concrete, colemanite con-
crete, magnetite concrete and cast iron).

To perform these measurements, the removable sample holder concrete
block has to be removed from the shaft so that there is a collimated radiation
field heading directly to the shielding material test location. The area of
this collimated radiation field in 40 cm x 40 cm. The shielding material is
then placed in a dedicated shaft with an area of 80 cm x 80 cm, that is
centered above the collimated radiation field. FLUKA simulations have been
performed and have shown that the contributions from neutrons scattered
on the side walls of the shaft and the surrounding shielding structure are
less than 3% of the ambient dose equivalent rate due to the lateral cast iron
shielding. The current layout of CSBF when the facility is in the material
test location mode, is presented in Fig. 7.11.

The available blocks to be inserted into the shielding material test loca-
tion are of 20, 40 and 80 cm thickness and for each material the ambient dose
equivalent rate can be measured up to a shielding thickness corresponding



86 7. The Upgrade of the CSBF in 2016

to approximately 4⁄ or 5⁄ (depending on the material). The spectrum av-
eraged attenuation length can then be determined by a second ambient dose
equivalent rate measurement with an additional shielding layer, ideally with
a thickness of the order of 1⁄.
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Figure 7.11: CSBF upgrade layout for the Shielding Material Test Location.
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7.3.1 Measurement of the attenuation length at the shield-

ing material test location:

The shielding material test location can be filled with the material to
be characterized. Two envisaged extreme cases studies, for which FLUKA
simulations have been performed, have shown that the side contribution to
the ambient dose equivalent dose rate is less than 3% . The first study
was performed with cast iron of 100 cm thickness in the shielding material
test location (80 cm + optional 20 cm to characterize the 20 cm layer). The
second one was concrete of 240 cm thickness (200 cm + optional 40 cm to
characterize the 40 cm layer).

The total thickness of shielding material inserted in the shielding material
test location can be up to 240 cm, see Fig. 7.11.

Furthermore in the following figures the two above mentioned envisaged
studies performed by FLUKA are visualized. Fig. 7.12 and Fig. 7.13 depict
the ambient dose equivalent rate on the material test location for the di�erent
shielding configurations of 100 cm of iron and 240 cm of concrete. The di�er-
ence in the neutron spectra in two shielding configurations, the one between
200 cm and 240 cm of concrete and the other between 80 cm and 100 cm of
iron are shown in Fig. 7.14 and Fig. 7.15. In Fig. 7.14 and Fig. 7.15 no signif-
icant shape change is observed indicating that the deep shielding equilibrium
has been reached.
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Shielding blocks made out of the various materials to be characterized:

The various blocks used in the shielding material test location are 77 cm x 77 cm
in horizontal cross-section. The thickness of the blocks is a function of the
material, but typically between 20 cm and 80 cm. The density analysis of
the di�erent blocks has been performed by weighting each block. The lifting
points for transport not at the center of the top face, but moved towards the
side, so that the detector does not face any lifting points when it is centered
above the block.

The characteristics and the di�erent kind of materials that are used in
the shielding material test location are given in Tab. 7.4.

Table 7.4: List of the dedicated blocks to be used in the shielding material test
location at the upgraded CSBF.

Material ID Code Dimensions(cm3) Mass (kg) Density (g/cm3)
Standard Concrete CRJSCXB001-CR000004 80 x 77 x 77 1085 2.29

CRJSCXB001-CR000005 40 x 77 x 77 550 2.32
CRJSCXB001-CR000006 40 x 77 x 77 547 2.31
CRJSCXB001-CR000007 40 x 77 x 77 550 2.32
CRJSCXB001-CR000008 20 x 77 x 77 290 2.45
CRJSCXB001-CR000009 20 x 77 x 77 290 2.45

Removable sample holder concrete block 200 x 37 x 37 610 2.23
Hematite Concrete CRJSHXB01-CR000019 80 x 77 x 77 1620 3.42

CRJSHXB01-CR000020 40 x 77 x 77 810 3.42
CRJSHXB01-CR000021 40 x 77 x 77 820 3.46
CRJSHXB01-CR000022 20 x 77 x 77 415 3.50
CRJSHXB01-CR000023 20 x 77 x 77 405 3.42

Barite Concrete CRJSHXB01-CR000024 80 x 77 x 77 1530 3.23
CRJSHXB01-CR000025 40 x 77 x 77 795 3.35
CRJSHXB01-CR000026 40 x 77 x 77 795 3.35
CRJSHXB01-CR000027 20 x 77 x 77 400 3.37
CRJSHXB01-CR000028 20 x 77 x 77 400 3.37

Colemanite Concrete CRJSHXB01-CR000029 80 x 77 x 77 1090 2.30
CRJSHXB01-CR000030 40 x 77 x 77 550 2.32
CRJSHXB01-CR000031 40 x 77 x 77 550 2.32
CRJSHXB01-CR000034 40 x 77 x 77 550 2.32
CRJSHXB01-CR000032 20 x 77 x 77 280 2.36
CRJSHXB01-CR000033 20 x 77 x 77 280 2.36

Magnetite Concrete CRJSHXB01-CR000035 80 x 77 x 77 1740 3.67
CRJSHXB01-CR000036 40 x 77 x 77 885 3.73
CRJSHXB01-CR000037 40 x 77 x 77 890 3.75
CRJSHXB01-CR000038 20 x 77 x 77 445 3.75
CRJSHXB01-CR000039 20 x 77 x 77 445 3.75

Cast Iron/Stainless Steel 80 x 77 x 77 3645 7.68
Steel S235JRG2 20 x 77 x 77 965 8.14

20 x 77 x 77 985 8.31
20 x 77 x 77 985 8.31
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7.4 Installation

The installation of the upgraded CSBF has taken place in March and
April of 2016. All the blocks were placed in the appropriate positions in
order to realize the new version of the CSBF based on the new design of the
facility.

This section documents the final configuration of the CSBF after the
upgrade.

Figure 7.16: Placement of the removable sample holder concrete block, with the
special designed automatic hook used only for this block.
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Figure 7.17: Insertion of the removable sample holder concrete block in the ded-
icated shaft, with the special automatic hook designed only for this
block used.
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Figure 7.18: Final irradiation position of the removable sample holder concrete
block.

Figure 7.19: CSBF platform located at 560 cm above the beam line level.
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Figure 7.20: Nominal configuration of the CSBF, with 80 cm of iron and 40 cm
concrete shielding. An hydrogen-filled ionization chamber (IG5-
H20) is placed on top of the shielding in order to routinely monitor
the radiation fields.
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Figure 7.21: Measuring the attenuation length of barite concrete with an
hydrogen-filled ionization chamber (IG5-H20) at the shielding ma-
terial test location.

Figure 7.22: Measuring the attenuation length of cast iron with an hydrogen-
filled ionization chamber (IG5-H20) at the shielding material test
location.



Chapter 8

Commissioning of the upgraded

CSBF in 2016

In order to characterize the radiation fields in the upgraded CSBF (see
previous chapter 7), activation disk samples made of bismuth, aluminium
and indium of di�erent sizes were placed in the upgraded CSBF in July and
September 2016. Monte Carlo simulations with the FLUKA code [16,17] have
been performed, already in the design phase of the CSBF upgrade (see chap-
ter 7) to estimate the specific production yields of several bismuth isotopes,
24Na and 115mI for these samples. This chapter describes the comparison be-
tween the estimated values from FLUKA and the activation measurements
performed in July and September 2016 [48].

8.1 Beam parameters and configurations

This section presents the beam parameters and the facility configurations
that were used during the activation experiments in September 2016. The
beam intensity was measured with a Secondary Emission Chamber, whose
measurement values are logged in the CERN measurement database. An
intensity calibration factor was applied to the counts per pulse to obtain
the number of protons per pulse. This calibration factor had been previously

97
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obtained with aluminium foil activation measurements using sodium isotopes
with a statistical uncertainty of 7% of the “-spectrometry analysis [42].

A beam size of 1.2 cm x 1.2 cm Full Width at Half Maximum (FWHM)
was used for the FLUKA simulations as specified in the layout of the beam
line and confirmed by online beam profile measurements [42], like in the
activation campaign in 2015 that is described in chapter 6.

The average beam intensity of CHARM, binned in 5 minutes long inter-
vals, from July 6 to July 12 and from September 16 to September 22, 2016
when the experiments were conducted, is shown in the Fig. 8.1 and Fig. 8.2
respectively. The first irradiation period corresponds to the irradiation of
the aluminum samples, the second to the irradiation of the bismuth samples
and the third to the irradiation of the indium samples.

The beam passes through the upstream Proton Irradiation facility (IR-
RAD) before impacting on the CHARM target. During the period of the
experiment, Silicon samples with a total thickness of 0.2 cm were placed into
the beam in IRRAD and these samples were also taken properly into account
in the FLUKA simulations.

The shielding layout of the CSBF as implemented in the FLUKA sim-
ulations is shown in Fig. 7.1. The chemical composition of the concrete,
the barite concrete and the cast iron implemented in the FLUKA Monte
Carlo simulations for the shielding with their respective densities are listed
in Tab. 8.1 and in Tab. 8.2.

During the activation experiment, the cylindrical copper target of 8 cm
diameter and 50 cm length has been used inside the CHARM facility. For this
activation experiment, only one configuration of the four movable shielding
walls, see chapter 2 and more specifically the section 2.2, was used during
the di�erent irradiation periods, namely all movable shielding walls retracted
from the facility. The configuration has been properly taken into account in
the FLUKA Monte Carlo simulations.
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Figure 8.1: Average beam intensity sent to the CHARM facility during the acti-
vation experiments with aluminium samples in the removable sample
holder concrete block in July 2016 binned in 5 minutes long intervals.
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Figure 8.2: Average beam intensity sent to the CHARM facility during the ac-
tivation experiments in September 2016 binned in 5 minutes long
intervals. The 2nd and 3rd irradiation periods correspond to the
activation experiments with bismuth and indium samples in the re-
movable sample holder concrete block whereas the 4th and the 5th
irradiation periods correspond to the activation experiments with
bismuth, aluminium and indium samples in the shielding material
test location.
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Table 8.1: Chemical composition [43] and density of concrete obtained by mea-
surements.

Concrete Density 2.35 g/cm3

Element Weight fraction (%) Element Weight fraction (%)
Hydrogen 0.561 Silicon 16.175
Carbon 4.377 Sulfur 0.414
Oxygen 48.204 Potassium 0.833
Sodium 0.446 Calcium 23.929

Magnesium 1.512 Titanium 0.173
Aluminium 2.113 Iron 1.263

Table 8.2: Chemical composition [45] and density of cast iron [43].

Cast Iron Density 7.2 g/cm3

Element Weight fraction (%)
Iron 92.3

Carbon 3.85
Manganese 0.3

Silicon 3.4
Phosphorus 0.08

Sulfur 0.02
Cobalt 0.05
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8.2 Activation samples and their irradiation

Twenty three disk samples in total, eight bismuth samples, eight alu-
minium samples and seven indium samples, have been irradiated in 2016.
Five bismuth, five aluminium and four indium samples were placed in the
removable sample holder concrete block of the CSBF at the 4 positions as
indicated in Fig. 7.1. The other three bismuth, three aluminium and three
indium samples were placed in the shielding material test location, as indi-
cated in Fig. 7.11, in 3 di�erent thicknesses of normal concrete at 0 cm, 80 cm
and 160 cm. All the details of the samples including their location, irradia-
tion time, dimensions, weight, cooling time and duration of “-spectrometry
measurements are presented in Tab. 8.3.

Table 8.3: Description of the irradiated samples and details of the “-spectrometry
measurements.

Sample Material Irradiation Duration of Start of irradiation Dimensions Weight Cooling “-spectrometry
Location irradiation (h) (date and time) (mm) (g) time (h) measurement

duration (h)
Removable sample holder concrete block

Al Position 1 149.3 06/07/2016, 18:12 PM 40(diam.)◊3 10.4 7 3
Position 2 149.3 06/07/2016, 18:12 PM 40(diam.)◊3 10.4 7 3
Position 3 149.3 06/07/2016, 18:12 PM 40(diam.)◊3 10.4 7 3
Position 3 149.3 06/07/2016, 18:12 PM 60(diam.)◊15 116.9 7 3
Position 4 149.3 06/07/2016, 18:12 PM 60(diam.)◊15 116.9 7 3

Bi Position 1 109.6 16/09/2016, 01:25 AM 20(diam.)◊2 6.23 2 3
Position 2 109.6 16/09/2016, 01:25 AM 40(diam.)◊4 49.5 2 3

5 12
26 16
240 48

Position 3 109.6 16/09/2016, 01:25 AM 40(diam.)◊4 49.52 2 3
4.5 12
25.5 16
187 48

Position 3 109.6 16/09/2016, 01:25 AM 80(diam.)◊10 523.5 2 3
Position 4 109.6 16/09/2016, 01:25 AM 80(diam.)◊10 540.34 2 3

5 12
26 16

In Position 1 20 21/09/2016, 12:55 PM 20(diam.)◊2 4.59 6 8
Position 2 20 21/09/2016, 12:55 PM 40(diam.)◊4 36.38 6.5 8
Position 3 20 21/09/2016, 12:55 PM 80(diam.)◊10 375.49 1 3
Position 4 20 21/09/2016, 12:55 PM 80(diam.)◊10 384.77 1.5 3

Shielding material test location
Al 0 cm 15 22/09/2016, 17:30 PM 40(diam.)◊4 13.32 7 18.3

80 cm 15 26/09/2016, 17:40 PM 80(diam.)◊10 135.69 0.75 24
160 cm 15 22/09/2016, 17:30 PM 80(diam.)◊10 134.93 1.2 2

Bi 0 cm 15 22/09/2016, 17:30 PM 40(diam.)◊4 49.55 3.4 2.8
6.5 15
6.8 48

80 cm 15 26/09/2016, 17:40 PM 80(diam.)◊10 529.42 1.22 2.8
5.12 18
23.6 48

160 cm 15 22/09/2016, 17:30 PM 80(diam.)◊10 49.55 1.8 2.8
5.9 15
25.4 46

In 0 cm 15 22/09/2016, 17:30 PM 20(diam.)◊2 4.61 6 8
80 cm 15 26/09/2016, 17:40 PM 80(diam.)◊10 378.37 1.1 2
160 cm 15 22/09/2016, 17:30 PM 80(diam.)◊10 380.64 1.5 2
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8.3 Comparison of FLUKA simulation results to

measured production yields

The simulation results were obtained by first scoring the neutron fluence
spectra with FLUKA. Then, the neutron fluence was folded with cross section
data for the bismuth isotopes, 24Na and 115mI [46], shown in Fig. 8.3, to
obtain the predicted production yields per atom per primary proton on the
target.

The activities of the bismuth isotopes, 24Na and 115mI were measured for
the bismuth, aluminium and indium samples respectively using “-spectrometry,
sometimes even at di�erent cool-down times. In case of multiple samples for
the same materials at the same position or multiple “-spectrometry mea-
surements of the same sample, the activities selected were the ones with
the lowest uncertainty of the “-spectrometry measurements. These activi-
ties have been converted to the production yields by taking into account the
corresponding irradiation profiles with 5 minutes long binning and the corre-
sponding cool-down times, the same procedure as in the activation campaign
2015 (see chapter 6).

The production yields predicted by FLUKA and measured by “-spectrometry
are presented in Fig. 8.4, Fig. 8.5 and in Tab. 8.5 for the samples placed in the
removable sample holder concrete block. The production yields predicted by
FLUKA and measured by “-spectrometry are presented in Fig. 8.8, Fig. 8.9
and in Tab. 8.6 for the samples placed in the shielding material test location.
The agreement between FLUKA predictions and “-spectrometry measure-
ments for the production yields is generally better than a factor of 2. This is
illustrated in Fig. 8.6 and Fig. 8.7 for the removable sample holder concrete
block and in Fig. 8.10 and Fig. 8.11.

The contributions that have been taken into account for the uncertainty
estimation for samples placed in the removable sample holder concrete block
and in the shielding material test location are shown in Tab. 8.7 and in
Tab. 8.8 respectively. The uncertainty of the sample positions at the given
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shielding thicknesses as well as the uncertainty of the beam size have negligi-
ble impact on the results as verified by FLUKA simulations. The materials
placed in IRRAD during the period of the experiment were taken into ac-
count in the simulations. The uncertainty of the production yields coming
from the uncertainty of the materials placed in IRRAD is far below 1%.

The uncertainty of the composition of concrete and cast iron as well as
the uncertainty of the dimensions of the shielding structure are negligible
compared to the uncertainty from the density uncertainty. A hypothetical
change in the concrete density would provoke a change on the slope of the
dependence of the yields on the depth of the shielding plotted in Fig. 8.4,
Fig. 8.5, Fig. 8.8 and Fig. 8.9 and the e�ect of the change would increase
with increased shielding thickness.

The cumulative distribution to the production yields as function of the
neutron energy is presented in Fig. 8.12 for the sample placed at a concrete
shielding thickness of 160.35 cm in the CSBF. From this figure it can be seen
that for Indium-115m and sodium-24, the neutron energy range contributing
to the production yield is quite large, larger for the In-115m than the Na-24,
whereas for the bismuth isotopes the energy ranges are narrower and located
around the respective cross section peaks. The 10%, 25%, 75% and 90%
quantiles of the production yield distribution for the various radionuclides,
are presented in Tab. 8.4, quantifying the energy range of the neutron field
that has been probed by the comparison of the predictions to measurements
of the various radionuclides production processes.
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Figure 8.4: Predicted and measured production yields per proton on target for
bismuth radionuclides (Bi-201, Bi-202, Bi-203 and Bi-204) as a func-
tion of the shielding thickness in the removable sample holder con-
crete block.
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Figure 8.5: Predicted and measured production yields per proton on target for
bismuth (Bi-205 and Bi-206), sodium and In-115m radionuclides as
a function of the shielding thickness in the removable sample holder
concrete block.
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Figure 8.6: The ratio of predicted and measured production yields per proton
on target for bismuth radionuclides as a function of the shielding
thickness in the removable sample holder concrete block.
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Figure 8.7: The ratio of predicted and measured production yields per proton on
target for bismuth, sodium and indium radionuclides as a function
of the shielding thickness in the removable sample holder concrete
block.
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Figure 8.8: Predicted and measured production yields per proton on target for
bismuth radionuclides (Bi-201, Bi-202, Bi-203 and Bi-204) as a func-
tion of the standard concrete shielding thickness in the shielding
material test location.
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Figure 8.9: Predicted and measured production yields per proton on target for
bismuth (Bi-205 and Bi-206), sodium and In-115m radionuclides as a
function of the standard concrete shielding thickness in the shielding
material test location.
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Figure 8.10: The ratio of predicted and measured production yields per proton
on target for bismuth radionuclides as a function of the standard
concrete shielding thickness in the shielding material test location.
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Figure 8.11: The ratio of predicted and measured production yields per proton
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Figure 8.12: Cumulative contribution to the production yields at a concrete
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ergy for the removable sample holder concrete block.

Table 8.4: The 10%, 25%, 75% and 90% quantiles of the production yield distri-
bution for the various radionuclides at a concrete shielding thickness
of 160.35 cm.

Neutron Energy [MeV]
Radionuclide q0.1 q0.25 q0.75 q0.9

Bi-201 79.9 87.8 128 173
Bi-202 70.6 77.4 114 149
Bi-203 59.7 66.1 104 141
Bi-204 48.3 54.4 89.4 126
Bi-205 38.2 42.5 70.2 110
Bi-206 29.5 32.7 61.5 100
Na-24 9.39 12.2 79.7 122
In-115m 1.63 2.33 7.99 59.7
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Table 8.5: Predicted production yields by FLUKA and measured production
yields by “-spectrometry for the removable sample holder concrete
block.

Radionuclide Position Predicted Production Uncertainties Measured Production yield Uncertainties Ratio Uncertainties
/ Height yield by FLUKA FLUKA from “-spect analysis of “-spect analysis Predicted/ Ratio

(cm) (number/atom/p) (%) (number/atom/p) (%) Measured (%)
Bi-201 1 / 10.5 3.41E-032 ±4.64 5.45E-032 ±13.72 0.63 ±14.50

2 / 85.4 4.05E-033 ±5.80 4.85E-033 ±31.88 0.83 ±32.40
3 / 160.35 5.61E-034 ±9.92 1.01E-033 ±25.77 0.56 ±27.61

4 / 200 2.26E-034 ±11.33 2.19E-034 ±44.16 1.06 ±45.60
Bi-202 1 / 10.5 4.76E-032 ±4.50 6.78E-032 ±8.01 0.69 ±9.20

2 / 85.4 5.44E-033 ±5.71 1.17E-032 ±9.09 0.47 ±10.74
3 / 160.35 7.33E-034 ±9.68 1.09E-033 ±11.32 0.67 ±14.90

4 / 200 2.92E-034 ±11.30 5.45E-034 ±10.41 0.54 ±15.34
Bi-203 1 / 10.5 7.08E-032 ±4.11 1.00E-031 ±8.78 0.71 ±9.69

2 / 85.4 7.42E-033 ±5.60 1.18E-032 ±8.54 0.63 ±10.20
3 / 160.35 1.02E-033 ±9.36 1.44E-033 ±9.76 0.71 ±13.52

4 / 200 3.93E-034 ±11.07 6.79E-034 ±8.38 0.58 ±13.88
Bi-204 1 / 10.5 8.99E-032 ±3.94 9.78E-032 ±7.25 0.92 ±8.26

2 / 85.4 8.14E-033 ±5.53 1.35E-032 ±7.20 0.60 ±9.08
3 / 160.35 1.17E-033 ±9.31 1.38E-033 ±7.50 0.85 ±11.96

4 / 200 4.62E-034 ±11.45 7.11E-034 ±7.20 0.65 ±13.53
Bi-205 1 / 10.5 1.26E-031 ±4.00 1.83E-031 ±7.58 0.69 ±8.57

2 / 85.4 1.03E-032 ±5.65 1.75E-032 ±7.92 0.59 ±9.73
3 / 160.35 1.53E-033 ±9.40 2.36E-033 ±8.72 0.65 ±12.82

4 / 200 5.89E-034 ±11.46 9.2E-034 ±7.96 0.64 ±13.96
Bi-206 1 / 10.5 1.34E-031 ±4.01 1.76E-031 ±7.14 0.74 ±8.20

2 / 85.4 1.13E-032 ±5.91 1.82E-032 ±7.25 0.62 ±9.35
3 / 160.35 1.60E-033 ±9.71 2.15E-033 ±7.50 0.74 ±12.30

4 / 200 5.48E-034 ±11.55 9.91E-034 ±7.25 0.55 ±13.64
Na-24 1 / 10.5 1.71E-032 ±3.30 2.98E-032 ±7.14 0.57 ±7.86

2 / 85.4 1.52E-033 ±5.52 2.10E-033 ±7.47 0.72 ±9.30
3 / 160.35 2.28E-034 ±9.23 2.65E-034 ±7.31 0.86 ±11.80

4 / 200 9.16E-035 ±11.20 1.13E-034 ±7.96 0.81 ±13.74
In-115m 1 / 10.5 2.26E-031 ±2.50 3.87E-031 ±10.04 0.58 ±10.35

2 / 85.4 1.40E-032 ±5.10 2.19E-032 ±7.12 0.64 ±8.75
3 / 160.35 2.22E-033 ±9.04 3.13E-033 ±9.90 0.71 ±13.40

4 / 200 8.26E-034 ±10.60 1.21E-033 ±8.32 0.68 ±13.46
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Table 8.6: Predicted production yields by FLUKA and measured production
yields by “-spectrometry for the shielding material test location.

Radionuclide Position Predicted Production Uncertainties Measured Production yield Uncertainties Ratio Uncertainties
/ Height yield by FLUKA FLUKA from “-spect analysis of “-spect analysis Predicted/ Ratio

(cm) (number/atom/p) (%) (number/atom/p) (%) Measured (%)
Bi-201 0 3.61E-033 ±10.99 5.42E-033 ±14.41 0.67 ±18.13

80 5.34E-034 ±7.39 9.23E-034 ±12.54 0.58 ±14.55
160 5.94E-035 ±9.50 1.67E-034 ±22.8 0.36 ±24.70

Bi-202 0 4.47E-033 ±10.85 9.42E-033 ±7.78 0.47 ±13.36
80 6.56E-034 ±6.74 1.62E-033 ±7.62 0.41 ±10.17
160 7.20E-035 ±9.26 1.55E-034 ±12.70 0.46 ±15.72

Bi-203 0 6.06E-033 ±10.47 1.08E-032 ±7.54 0.56 ±12.90
80 8.55E-034 ±6.16 1.68E-033 ±7.83 0.51 ±9.96
160 9.54E-035 ±9.21 1.79E-034 ±14.59 0.53 ±17.25

Bi-204 0 5.96E-033 ±10.01 9.23E-033 ±7.10 0.65 ±12.27
80 9.36E-034 ±5.95 1.82E-033 ±7.10 0.51 ±9.27
160 1.07E-034 ±9.21 2.02E-034 ±8.06 0.53 ±12.24

Bi-205 0 7.22E-033 ±10.93 1.60E-032 ±7.66 0.45 ±13.34
80 1.17E-033 ±5.84 2.55E-033 ±8.06 0.46 ±9.96
160 1.37E-034 ±9.32 4.38E-034 ±11.56 0.31 ±14.85

Bi-206 0 7.31E-033 ±10.76 1.39E-032 ±7.31 0.53 ±13.01
80 1.11E-033 ±5.71 2.77E-033 ±7.20 0.40 ±9.19
160 1.41E-034 ±9.51 3.13E-034 ±8.84 0.45 ±12.98

Na-24 0 1.15E-033 ±9.60 2.12E-033 ±7.25 0.54 ±12.03
80 1.56E-034 ±5.58 3.56E-034 ±7.07 0.44 ±9.01
160 1.96E-035 ±9.23 3.63E-035 ±11.64 0.54 ±14.85

In-115m 0 1.20E-032 ±5.16 1.80E-032 ±9.69 0.67 ±10.98
80 1.29E-033 ±5.23 2.16E-033 ±7.54 0.60 ±9.17
160 1.56E-034 ±8.76 3.04E-034 ±10.78 0.51 ±13.89
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Table 8.7: Uncertainties taken into account for the uncertainty estimation of the
production yields for the removable sample holder concrete block.

Source of uncertainty Uncertainty on production yield
Simulations statisticalú 1.4 - 5.4 %

concrete density 1 0.5 - 10 % 2

cast iron density 1 2 %
Measurements “-spectrometryú 1.3 - 14 % 3

sample weights 1 %
beam intensity (calibration) 7 %
beam intensity (statistical)ú < 1 %

beam momentum < 1 %
beam position and profile < 1 %

target density < 1 %
target dimensions < 1 %

ú Statistical uncertainty.
1 Uncertainty of the concrete and cast iron density is 0.05g/cm3.
2 The concrete density uncertainty leads to an uncertainty of the production
yield of 0.5% for 10.5 cm of concrete and of up to 10% for 200 cm of concrete.
3 Except for 201Bi at 85.4 cm, 160.35 cm, 200 cm, see Tab. 8.5.
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Table 8.8: Uncertainties taken into account for the uncertainty estimation of the
production yields for the shielding material test location.

Source of uncertainty Uncertainty on production yield
Simulations statisticalú 2.6 - 10.8 %

concrete density 1 0 - 8.1 % 2

cast iron density 1 2 %
Measurements “-spectrometryú 1 - 12.8 % 3

sample weights 1 %
beam intensity (calibration) 7 %
beam intensity (statistical)ú < 1 %

beam momentum < 1 %
beam position and profile < 1 %

target density < 1 %
target dimensions < 1 %

ú Statistical uncertainty.
1 Uncertainty of the concrete and cast iron density is 0.05g/cm3.
2 The concrete density uncertainty leads to an uncertainty of the production
yield of 0% for 0 cm of concrete and of up to 8.1% for 160 cm of concrete.
3 Except for 201Bi at 160 cm see Tab. 8.6.
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8.4 Summary & Conclusions

The CSBF has been upgraded in 2016, see chapter 7, based on our expe-
rience gained through a previous activation campaign in July 2015, in order
to facilitate the procedure of sample placement and to add more functional-
ities in the facility. Based on the results mentioned above [39, 40], FLUKA
was used for the design of the upgrade in CSBF (as a reliable Monte Carlo
simulation tool).

An activation foil experiment has been conducted at the upgraded CSBF
from July 6 to July 26 and September 21 to September 28, 2016. Bismuth,
Aluminium and Indium cylindrical samples were placed in the removable
sample holder concrete block of the CSBF at di�erent heights. The produc-
tion yields computed from the activities of the irradiated samples measured
by “-spectrometry have been compared to the estimated production yields
from FLUKA Monte Carlo simulations. The agreement is at a level of a
factor of 2.

This agreement is good for deep shielding penetration studies and is con-
sistent with previous similar studies at the CERN-EU High Energy Reference
Field facility (CERF) [43].
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Chapter 9

Experimental attenuation factors

for di�erent shielding materials

for deep shielding neutron

penetration

Studies on the comparison of the attenuation properties of shielding ma-
terials currently used, for example concrete, barite concrete and cast iron,
as well as proposed protective materials such as colemanite, hematite and
magnetite concrete, are conducted at the upgraded CSBF. The obtained at-
tenuation properties will be used in the shielding design studies for future
accelerator installations in research institutes as well as in medical facilities.

9.1 Configuration of CSBF

In the CSBF facility the shielding material test location is used to perform
attenuation length measurements. During these experiments, the removable
sample holder concrete block has to be retracted from the facility and like this
a collimated radiation field goes towards the shielding material test location,
as discussed in chapter 7, section 7.3. The configuration of the facility during
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the attenuation length measurements is shown in Fig. 9.1.
Di�erent shielding materials, with thicknesses of 20, 40 and 80 cm can

be placed in the shielding material test location. The details are given in
Tab. 7.4.

Side View
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Figure 9.1: CSBF upgrade layout for the Shielding Material Test Location.

9.2 Methodology

A thickness of a specific material, around 4 or 5 times the expected spec-
trum averaged attenuation length (⁄), is placed in the shielding material test
location and then the ambient dose equivalent rate can be measured with the
use of an hydrogen-filled ionization chamber (IG5) at stable beam intensity.
Then an additional shielding block is added, ideally with a thickness of the
order of 1⁄ and a second measurement with an IG5 is performed, preferably
keeping the same beam conditions. Thus, the spectrum averaged attenuation
length, ⁄, can be calculated using the following equations :
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D1
ÁD2

= e≠ 1
⁄ ·(d1≠d2), (9.1)

ÁD2 = D2 · R2
2

R1
2 , (9.2)

⁄ = ≠ (d1 ≠ d2)
ln(D1·R12

D2·R22 )
, (9.3)

where D1 and D2 are the ambient dose equivalent per primary proton
on target for the first shielding thickness and second shielding thickness.
ÁD2 is the ambient dose equivalent per primary on target, corrected for the
increased distance to the target, for the second shielding thickness. The
units pSv per primary proton on target derive from the sum of the ambi-
ent dose equivalent over the specific irradiation periods and then divided
by the number of protons on the target. An intensity calibration factor of
1.87·107 protons/count has been applied to the SEC1 counts per spill to ob-
tain the number of protons per spill. The beam intensity and the ambient
dose equivalent measurements are shown in Fig. 9.5 and in Fig. 9.6 for the
measurements for standard concrete to provide an example.

The quantities d1 and d2 correspond to the used thicknesses, in cm. R1

and R2 indicate the distance, in cm, from the target for each shielding thick-
ness respectively. Finally, ⁄ is the spectrum averaged neutron attenuation
length and is given in cm and ⁄ · fl is the density corrected spectrum aver-
aged neutron attenuation length of the respective shielding material, given
in units of g·cm≠2.

Eq. 9.4 and Eq. 9.5 show the uncertainty propagation for the attenuation
length:

⁄ = f(d, R1, D1, D2) (9.4)

For the uncertainty propagation, ⁄ can be written as a function of d, R1, D1, D2,
where d equals to the d2-d1 and R2, described in the Eq. 9.2, equals to R1+d.
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Eq. 9.5 gives the formula of the uncertainty propagation of the ⁄, where
the ‡d is estimated as 2 mm, ‡D1 is the 4% of the value of D1, ‡D2 is the 4%
of the value of D2 and the ‡R1 is 2 cm.

‡⁄
2 = (ˆ⁄

ˆd
)2 · ‡d

2 + ( ˆ⁄

ˆD1
)2 · ‡D1

2 + ( ˆ⁄

ˆR1
)2 · ‡R1

2 + ( ˆ⁄

ˆD2
)2 · ‡D2

2 (9.5)
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9.3 Results

The measurements of ambient dose equivalent per primary proton on
target are shown in Tab. 9.1 for all irradiation scenarios.

The experimentally determined spectrum averaged attenuation lengths
are shown in Tab. 9.2. For the uncertainty of the spectrum averaged neutron
attenuation length multiplied by the density, the estimated ‡fl is the 2% of
the density of the corresponding material.

Table 9.1: The dose, in pSv per primary on the target, measured for all the
materials available at the shielding material test location.

Shielding materials d D
(cm) (pSv per primary on target)

standard concrete 200 2.82·10-7

220 1.48·10-7

240 7.74·10-8

barite concrete 160 5.7·10-7

180 2.23·10-7

200 1.58·10-7

hematite concrete 160 3.61·10-7

180 1.88·10-7

200 1.08·10-7

colemanite concrete 200 2.83·10-7

220 1.62·10-7

240 8.90·10-8

magnetite concrete 160 2.93·10-7

180 1.44·10-7

200 8.76·10-8

cast iron/ stainless steel 80 3.93·10-6

100 1.61·10-6

120 8.43·10-7

140 2.55·10-7
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Table 9.2: The spectrum averaged neutron attenuation length (⁄) and ⁄·fl as well

as their absolute uncertainties for all the materials available measured
at the shielding material test location.

Shielding materials d1 d2 D1 D2 ⁄ ⁄ · fl
(cm) (cm) ( pSv per primary on target) ( pSv per primary on target) (cm) (g · cm≠2)

standard concrete 200 240 2.82·10-7 7.74·10-8 33.76 ± 1.62 82.72 ± 4.32
barite concrete 160 200 5.7·10-7 1.58·10-7 34.22 ± 1.67 115.34 ± 6.11
hematite concrete 160 200 3.61·10-7 1.08·10-7 36.62 ± 1.91 126.70 ± 7.10
colemanite concrete 200 240 2.83·10-7 8.90·10-8 38.14 ± 2.06 90.02 ± 5.24
magnetite concrete 160 200 2.93·10-7 8.76·10-8 36.59 ± 1.90 137.23 ± 7.71
cast iron/stainless steel 80 140 3.93·10-6 2.55·10-7 23.58 ± 0.53 194.54 ± 5.85

The average beam intensity of CHARM, binned in 5 minutes long in-
tervals, for September 2016 and August 2017 when the attenuation length
experiments were conducted, is shown in Fig. 9.2 and in Fig. 9.3 respectively.
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Figure 9.2: Average beam intensity sent to the CHARM facility during the at-
tenuation length experiment at the shielding material test location
in 2016 with binning of 5 minutes long intervals.
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The spectrum averaged attenuation length ⁄ has been experimentally
determined for six materials, as shown in Fig. 9.2 and Fig. 9.3. The materials
are given in Tab. 7.4 and Tab. 9.1.

The beam intensity and ambient dose equivalent measurements for stan-
dard concrete are shown in Fig. 9.4, Fig. 9.5 and Fig. 9.6, to provide an ex-
ample. More specifically, the average beam intensity of CHARM, binned in 5
minutes long intervals, for September 27, 2016 when the attenuation length
experiment for standard concrete was conducted, is shown in the Fig. 9.4.
The 6 di�erent irradiation periods used during the measurements are also
indicated in Fig. 9.4. Fig. 9.5 and Fig. 9.6 show the beam intensity per spill
(protons on target) and the ambient dose equivalent (µSv) per 1.2 s measure-
ment interval for the same 6 measurement periods for the standard concrete,
respectively.
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Figure 9.4: Average beam intensity sent to the CHARM facility during the atten-
uation length experiment at the shielding material test location for
standard concrete in 2016 with binning of 5 minutes long intervals.
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Figure 9.5: Beam intensity per spill (protons on target) sent to the CHARM
facility during the attenuation length experiment at the shielding
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9.4 Summary

Attenuation length measurements were performed at the shielding mate-
rial test location of the CSBF, for six available shielding materials. From the
measurements of the ambient dose equivalent, the spectrum averaged neutron
attenuation length (⁄) and the density corrected spectrum averaged neutron
attenuation length (⁄ ·fl) were calculated. A disagreement was found for neu-
tron fields at 90¶ (the CSBF is located laterally at 90¶ above the CHARM
target and the beam line) compared to high energy particle attenuation mean
free paths in various target and shielding materials given in the bibliogra-
phy [27], typically for lower energetic neutron spectra. Therefore, further
experimental investigations are needed to understand this discrepancy of the
results.

The fact that the FLUKA Monte Carlo simulation code describes atten-
uation by shielding well, underlines the need for Monte Carlo simulations in
shielding design in general and for validation of these results.



Conclusions

The installation of the first prototype of the CSBF was completed during
the Long Shut-down 1 (LS1) in 2013/2014, together with the installation of
the CHARM facility.

An activation campaign has been conducted from July 9 to July 15, 2015
in the CHARM and the CSBF facility. Bismuth and aluminium disk samples
were placed in di�erent locations in the prototype CSBF, and inside the
CHARM facility access corridor. The production yields computed from the
activities of the irradiated samples, measured from “-spectrometry, have been
compared to the estimated values from FLUKA Monte Carlo simulations.
The agreement is better than a factor of 2.

Therefore, from our experience gained through the activation campaign
in July 2015, we decided to upgrade the CSBF in 2016 in order to facilitate
the procedure of sample placement, and to add more functionalities to the
facility. Since the results obtained during the activation in 2015 confirmed
FLUKA as a very reliable Monte Carlo simulation tool, the design of the
upgrade of the CSBF in the first months of 2016 has been based on FLUKA
simulations.

Thus, an activation foil experiment has been conducted at the upgraded
CSBF from July 6 to July 26 and September 21 to September 28, 2016.
Bismuth, Aluminium and Indium cylindrical samples, were placed in the
removable sample holder concrete block and at the shielding material test
location of the CSBF at di�erent heights. The production yields computed
from the activities of the irradiated samples, measured by “-spectrometry,
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have been compared to the estimated production yields from FLUKA Monte
Carlo simulations. The agreement is at a level of a factor of 2.

The results obtained by both activation campaigns in 2015 and in 2016,
show that the agreement between the measured values by “-spectrometry
and the estimated production yields from FLUKA Monte Carlo simulations,
is good for deep shielding penetration studies and is consistent with previ-
ous similar studies at the CERN-EU High Energy Reference Field facility
(CERF).

The measurements performed to the shielding material test location to
estimate the spectrum averaged attenuation length ⁄, were performed for
several commonly used shielding materials, by measuring the ambient dose
equivalent rate measured for two di�erent thicknesses, in order to character-
ize the di�erent available materials and understand their shielding properties.
These materials, can be used in the shielding design studies for future accel-
erator installations in research institutes, as well as in medical facilities.

The CSBF is now well described and characterized by means of mea-
surements and FLUKA simulations and it will be opened to the scientific
community for further experiments.



Sumperàsmata

H egkatàstash tou pr∏tou prwtÏtupou tou CSBF oloklhr∏jhke katà th
diàrkeia tou Long Shut-down 1 (LS1) to 2013/2014, maz– me thn egkatàstash
tou CHARM.
Mia ekstrate–a peiramàtwn energopo–hshc diex†qjh apÏ tic 9 Ioul–ou Ëwc

tic 15 Ioul–ou 2015 sthn egkatàstash tou CHARM kai sto CSBF. De–gma-
ta d–skwn bismouj–ou kai aloumin–ou topojet†jhkan se diaforetikËc jËseic

sto prwtÏtupo CSBF kai mËsa sto diàdromo prÏsbashc thc egkatàstashc
tou CHARM. Oi apodÏseic paragwg†c pou upolog–sthkan apÏ tic metr†seic
radienËrgeiac twn aktinobolhmËnwn deigmàtwn, pou metr†jhkan apÏ th g-

fasmatometr–a, Ëqoun sugkrije– me tic ektim∏menec timËc twn apodÏsewn pa-

ragwg†c, apÏ tic prosomoi∏seic FLUKA Monte Carlo. H sumfwn–a e–nai
kal‘terh apÏ Ënan paràgonta 2.

Wc ek to‘tou, apÏ thn empeir–a pou apokt†jhke mËsw thc ekstrate–ac

energopo–hshc ton Io‘lio tou 2015, apofas–same na anabajm–soume to CSBF
to 2016 prokeimËnou na dieukolunje– h diadikas–a thc topojËthshc deigmàtwn

kai na prostejo‘n perissÏterec leitourg–ec sthn egkatàstash. DedomËnou

Ïti ta apotelËsmata pou proËkuyan katà ta peiràmata energopo–hshc to 2015,

epibeba–wsan Ïti h FLUKA e–nai Ëna pol‘ axiÏpisto ergale–o prosomo–wshc
Monte Carlo, o sqediasmÏc thc anabàjmishc tou CSBF katà touc pr∏touc
m†nec tou 2016 bas–sthke se prosomoi∏seic FLUKA.
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'Etsi, diex†qjh Ëna pe–rama energopo–hshc deigmàtwn sto anabajmismËno

CSBF apÏ tic 6 Ioul–ou Ëwc tic 26 Ioul–ou kai apÏ tic 21 Septembr–ou Ëwc
tic 28 Septembr–ou 2016. Ta kulindrikà de–gmata bismouj–ou, aloumin–ou kai

ind–ou, topojet†jhkan se diaforetikà ‘yh sto removable sample holder con-
crete block kai sto shielding material test location. Oi apodÏseic paragw-
g†c pou upolog–sthkan apÏ tic metr†seic radienËrgeiac twn aktinobolhmËnwn

deigmàtwn, pou metr†jhkan me g-fasmatometr–a, Ëqoun sugkrije– me tic ekti-

m∏menec apodÏseic paragwg†c apÏ tic prosomoi∏seic FLUKA Monte Carlo.
H sumfwn–a e–nai sto ep–pedo tou paràgonta 2.

Ta apotelËsmata pou proËkuyan apÏ tic d‘o ekstrate–ec energopo–hshc

to 2015 kai to 2016, de–qnoun Ïti h sumfwn–a metax‘ twn metro‘menwn tim∏n

me tic metr†seic g-fasmatoskop–ac kai tic ektim∏menec apodÏseic paragwg†c

apÏ tic prosomoi∏seic FLUKA Monte Carlo, e–nai kal† gia melËtec die–sdushc
swmatid–wn se bajià jwràkish kai e–nai s‘mfwnh me palaiÏterec parÏmoiec

melËtec sthn egkatàstash CERN-EU High Field Reference Field (CERF).
Oi metr†seic pou diex†qjhsan sto shielding material test location gia thn

ekt–mhsh tou mËsou Ïrou tou m†kouc exasjËnhshc, l, fàsmatoc netron–wn,

pragmatopoi†jhkan gia arketà koinà qrhsimopoio‘mena ulikà jwràkishc, me

mËtrhsh tou rujmo‘ isod‘namhc dÏshc peribàllontoc pou metr†jhke gia d‘o

diaforetikà pàqh, prokeimËnou na qarakthristo‘n ta diaforetikà diajËsima

ulikà kai na katanohjo‘n oi idiÏthtec jwràkishc touc. Autà ta ulikà jw-

ràkishc, mporo‘n na qrhsimopoihjo‘n stic melËtec sqediasmo‘ jwràkishc gia

mellontikËc egkatastàseic epitaqunt∏n se ereunhtikà idr‘mata kaj∏c kai se

iatrikËc egkatastàseic.

To CSBF e–nai plËon kalà perigrafÏmeno kai qarakthrismËno me metr†seic
kai prosomoi∏seic FLUKA kai ja ano–xei sthn episthmonik† koinÏthta gia
peraitËrw peiràmata.
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