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Abstract

Dosimetry plays an essential role in experiments assessing radiation dam-
age and hardness for the components of detectors to be operated at the
future Large Hadron Collider (LHC), CERN (European Laboratory for Par-
ticle Physics), Geneva, Switzerland. Dosimetry is used both for calibration of
the radiation fields and estimate of fluences and doses during the irradiation
tests. The LHC environment will result in a complex radiation field com-
posed of hadrons (mainly neutrons, pions and protons) and photons, each
having an energy spectrum ranging from a few keV to several hundreds of
MeV or several GeV, even. In this thesis, are exposed the results of measure-
ments of particle fluences and doses at different hadron irradiation facilities:
SARA, 7E1-PSI and ZT7-PS used for testing the radiation hardness of ma-
terials and equipment to be used in the future experiments at LHC. These
measurements are applied to the evaluation of radiation damage inflicted to
various semiconductors (such as silicon) and electronics to be installed in the
inner detector and calorimeters of the ATLAS detector. These measurements
are also applied to the study of the liquid argon purity to be used as active

medium in several ATLAS calorimeters.
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Sommaire

La dosimétrie joue un role essentiel dans les expériences qui évaluent
les dommages par radiation et la résistance a ces dommages pour les com-
posants des détecteurs qui seront en opération au futur grand collisionneur
hadronique (LHC) devant étre construit au CERN (Laboratoire Européen
pour la Physique des Particules), Geneve, Suisse. La dosimétrie est utilisée
tant pour la calibration des champs d’irradiation que pour I'estimation des
fluences et doses pendant les tests d’irradiation. L’environnement du LHC
produira des champs complexes de radiation composés de hadrons (princi-
palement des neutrons, des pions et des protons) et de photons, chacune
des composantes ayant un spectre d’énergie allant de quelques keV jusqu’a
plusieurs centaines de MeV et méme plusieurs GeV. Cette these expose les
résultats des mesures de fluences de particules et de doses obtenus a diverses
installations d’irradiation par hadrons: SARA, 7E1-PSI and ZT7-PS. Ces
résultats sont utilisés pour ’évaluation de la résistance aux radiations de
semiconducteurs (tel que le silicium) et de I’électronique devant étre installés
dans le détecteur interne et dans les calorimétres du détecteur ATLAS. Ces
résultats sont aussi utilisés pour létude de la pureté de 'argon liquide qui

sera utilisé comme milieu actif de plusieurs calorimetres ATLAS.

Mots—clefs
LHC, ATLAS, hadrons, dosimétrie, dommages par radiation
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Chapter 1

Introduction

The future Large Hadron Collider (LHC) [1] is under construction at CERN
(European Laboratory for Particle Physics), Geneva, Switzerland. This col-
lider will be installed in the same tunnel (27-km circumference) as the existing
LEP (Large Electron-Positron) machine. Every 25 ns, the LHC will bring
proton bunches into headfoh collisions at a centre—of-mass energy of \/s=14
TeV, with a peak luminosity of 1.0 x 10°* cm ~2 s™!. With a proton—proton
collision inelastic cross-section of 100 mb, about 10° pp collision per second
will occur on average.

The high-energy frontier at LHC will be explored by detectors located at two
collision points: ATLAS [2, 3] at octant 1 and CMS [4, 5] at octant 5, as
shown in Fig. 1. By identifying events where large 4-momenta are exchanged
between partons, these detectors will probe the force governing Nature in an
energy regime never probed before, possibly yielding clues to the fundamen-
tal question of the origin of mass, if phenomena related to the Higgs particle
are witnessed. In addition, two other experiments will be performed at LHC.

The ALICE [6] detector (octant 2) will take data from heavy ions collisions of



lead nuclei at the frontier of high energy densities and temperatures (quark-
gluon plasma). The LHC-B [7] detector (octant 8) will study the beauty (b)

quark physics.

Low 8 (pp)
High Luminesity

SLowB Yo
(B physicsj

Figure 1: LHC ring layout, serving four main experiments: ATLAS (octant
1), CMS (octant 5), ALICE (octant 2), LHC-B (octant 8).

The LHC will start running in the year 2005. It will investigate the
Standard Model further than ever before, and will presumably carry Particle
Physics theory beyond the current Standard Model. The Standard Model
(SM), a model summarizing our present understanding of the matter con-
stituents and their interactions, has an ad-hoc explanation of the origin of

mass, through an idea called the ”Higgs mechanism”. According to this idea,



particles interacting with the Higgs field acquire their masses because the net
Higgs field is non-zero. The existence of a spinless Higgs boson particle pre-
dicted by the SM, has not yet been observed experimentally. While the SM
cannot predict the mass of this particle, it puts the upper limit of its mass

at around 1 TeV.

The events that signal the Higgs particle are exceedingly rare. To get an
idea of the order of magnitude, one may state that there may be as little as
one such event per 10'® or even 10 collisions (considering a few fb Higgs sig-
nal [2]). This very fact implies that in order to search for the Higgs particle,
the detectors must survive exposure to a gigantic number of particles. These
particle fluences will be composed mostly of neutral and charged hadrons
coming from the interaction point or backscattered from the calorimeters or
reflected by the experiment cavern walls.

Therefore, during the LHC operation high radiation levels are expected
around the collision point, particularly at high pseudorapidity '. They will
be high enough to produce damage in the surrounding detectors and their

readout electronics, especially inner detectors and calorimeters.

Detectors based on semiconductors are particularly sensitive to radiation
damage, their performance degrading with accumulated dose, and ultimately,
their operation ceasing completely. Preamplifiers, and other local trigger
and readout electronic instrumentation are also based on semiconductors

and are similarly affected, albeit less severely. The survival of the detector

'The pseudorapidity is defined as 7 = —In(tan(8/2)), where 8 is the polar angle
measured from the z axis (cylinder—axis) and the azimuthal angle ¢ from the 2 axis about

the z axis.



components and readout electronics in this high radiation field is not at
all assured, and this represents an important challenge to their designers.
Moreover, the replacement of damaged components will not only affect the
physics program and its cost, but also will lead to significant exposure of
personnel during access at the time of accelerator shutdowns, since areas
of high radiation levels during running time are usually also areas of high
induced radioactivity [8].

For all these reasons, a study of the behavior of detector components and/or
equipment in high radiation environments has to be performed, to prove
good performance and adequate safety conditions at the predicted fluences
and doses generated in the detectors by LHC operation.

The liquid argon technique will be used for the ATLAS (Fig. 2) hadron
calorimeters up to pseudorapidities n < 5 (the forward hadron calorimeter
and the hadronic end—cap) and for all the ATLAS electromagnetic calorime-
ters, the electromagnetic barrel and the end-caps. Therefore, in the case of
ATLAS, the study of radiation hardness of the components and equipments
must take into account the impact of a cryogenic environment. The study

has to be done both at room (298°K) and at cryogenic (87°K) temperatures.

Thus, the ATLAS radiation hardness studies are performed in facilities
providing exposures of detector components and equipment to neutrons and
charged hadrons at both room and cryogenic temperatures. These facilities
allow the controlled irradiation of material in radiation fields and beam con-
ditions similar to those encountered at LHC. The damage inflicted to the
exposed materials at these facilities is therefore close to what is expected at

LHC. The possibility to control the produced particle fluence at these irra-
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diation facilities permits to study the extent of the damage and its evolution
as function of the particle fluence and/or as function of the absorbed doses.
This requires accurate dosimetric measurements to correlate the observed

damage with particle fluence or absorbed dose.

ATLAS s
Calorimeters

S.C. Solenoid

S.C. Air Core
Toroids

\ Inner
Detector
EM Calorimeters

Forward Muon
Calorimeters Detectors

Figure 2: Three-dimensional view of the ATLAS (A Toroidal Lhc
ApparatuS) detector to be installed in the LHC [3]. The z axis lies along the
beam direction,the z axis points towards the centre of the LHC ring and the
y axis is vertical. In polar coordinates, the polar angle 6 is measured from

the z axis and the azimuthal angle ¢ from the 2 axis about the z axis.

This thesis is done within the framework of the Canadian contribution



to the ATLAS experiment. The Canadian group contribution involves the
building of the forward calorimeter (FCAL) and the hadronic end—cap (HEC)
calorimeter. The electronic readout systems of these calorimeters include
semiconductor materials (silicon, GaAs). The central goal of this thesis is
the dosimetric characterization of hadron (n, 7, p) facilities which are used to
study the radiation hardness of materials and equipment, and of electronics
used in FCAL and HEC. Irradiation studies have been performed in a cryo-
genic environment. In particular, this thesis will report work done simulating
neutron fluxes inside a liquid argon cryostat. The ATLAS Montreal group
having a research program on silicon, the present work also establishes irra-
diation facility characterization from the point of view of performing silicon

radiation damage studies.

The neutron irradiation facility SARA (Systéme Accélérateur Rhone—

Alpes) was used to perform various neutron irradiation studies. It is installed
at a cyclotron located in Grenoble, and permits the exposure of detector scale
models, electronic circuits, opto—electronic components such as optical fibers,
as well as mechanical parts, at the cryogenic temperature of 87° K needed
for the operation of liquid argon calorimeters. The neutron beam delivered
by this facility is unavoidably contaminated with photons, creating a mixed
field situation that must be evaluated.
In fact, mixed field or complex radiations fields will be naturally present
in LHC detectors. The irradiation field will contain not only neutrons and
photons, but also a large number of pions and protons which can have a
particular effect on the exposed components and equipment.

A pion beam (mE1) at the Paul Scherrer Institute (PSI) was used to study



radiation damage in silicon, specially in the A resonance region where the
damage from pions is expected to be stronger. The kinetic energy associated
with the pions in this region is around 200 MeV. For this purpose, an ex-
periment was performed at 350 MeV/c pion momentum (the corresponding
kinetic energy is 237.2 MeV). The effect of proton irradiations was investi-
gated at the ZT7 proton beam of the Proton Synchroton (PS at CERN). The
correlation between damage observed in silicon detectors and proton irradi-

ation doses was studied at that facility.

The dosimetric characterization of the irradiation facilities (SARA, 7E1-
PSI, ZT7-PS) presented in this thesis (chapter 2) was done measuring hadron
fluences and hadron doses, and performing measurements to discriminate
particles present in the mixed fields produced at these facilities. This thesis
also reports the results of a study of the contamination by other types of
particles around the main beam at each facility, during radiation hardness

tests of silicon detectors.

The first chapter presents a brief introduction to the radiation environ-
ment expected at LHC and to the radiation effects in Si detectors and in
liquid argon. Are also described the dosimetry and nuclear activation tech-
niques used to measure doses and particle fluxes and their correlation with
the extent of the radiation damage. The experimental dosimetric character-
ization of the various facilities is the main part of this thesis, presented in
chapter 2. Chapter 3 presents the Non-Ionizing Energy Loss (NIEL) scaling
hypothesis, and its application to the calculation of the "equivalent 1 MeV

neutron fluence” and the hardness factor (k) for all the irradiation facilities



described in this thesis.

1.1 The LHC radiation environment

LHC is the first collider where radiation from the beam-beam inelastic col-
lisions will dominate over radiation from beam-gas collisions. Neutrons and
photons will be copiously produced as a result of high rate proton—proton col-
lisions at small impact parameter and subsequent hadron interactions in the
surrounding material. High—energy particles from the interaction point begin
to cascade when entering the detector. The cascade development will con-
tinue until most of the charged particles have been absorbed. The remnants
are mostly neutrons and associated gamma rays. While electromagnetic cas-
cade are rapidly absorbed, neutrons will travel long distances, losing their
energy gradually. Nuclear capture of thermal neutrons frequently results in
the production of gamma rays. Gamma rays also result from excited-state
decay spallation products and from fast neutron interactions with atomic

nuclei.

Silicon detectors will be the material most affected by the radiation in
the ATLAS central inner detector (pseudorapidity coverage n=+2.5), where
high particle fluences (~ 10'?-10'* n/cm?/yr [3]) can be expected due to
its location close to the collision point. The performance of the associated
electronic instrumentation will also be degraded. However, the presence of
shielding material installed in the forward region could help absorb neutrons
and photons in the central cavity, thus reducing the inflicted damage [9].
The dominant radiation in the internal layers of the inner detector will be

charged hadrons, and their presence decreases as a function of 1/r? (r is the



distance from the beam axis).

In the case of the ATLAS calorimeters (see Fig. 2), which use liquid argon
as active medium, the highest radiation levels can be expected in the forward
(n coverage range of 3.1-4.9) and end-cap electromagnetic (1 coverage range
of 1.4-3.2) calorimeters. The component most sensitive to the radiation is the
electronics placed in the electromagnetic and the HEC calorimeters. These
are warm front-end electronics situated in the gap between the barrel and
the end—cap calorimeters, and cold preamplifiers placed in the periphery of

hadronic end-cap wheels, receiving about 10*? n/cm?/yr [10].

The simulation results presented in the following figures correspond to a
one year LHC run at high luminosity (10*' cm™2 yr~!) [10]. The “equivalent
1 MeV neutron fluence” for neutrons with energies above 100 keV in the
ATLAS calorimeters is shown in Fig. 3.

The integrated dose for photons with energies above 30 keV is shown in Fig. 4.

The pollution of liquid argon due to the outgassing under irradiation of
materials immersed in the cryostats is another problem to be considered. A
severe signal loss could be observed due to abundant recombinations between
charge carriers induced by ionizing particles traversing the calorimeter gap
and the impurities released in liquid argon by the outgassing. Many stud-
ies of purity evolution during neutron irradiation of different materials have

been done at the SARA irradiation facility [10, 11, 12].

There are other sources contributing to the LHC radiation environment:
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Figure 3: ”"Equivalent 1 MeV neutron fluence” in the ATLAS detector for
neutrons with energy above 100 keV [10].

Figure 4: The integrated dose for photons with energies above 30 keV in the
ATLAS detector [10].
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Beam losses

The total energy stored in one of the circulating proton beams will be more
than 300 MJ [13]. The consequences of the full beam loss at this energy
would be dramatic (the beam might bore a hole of several meters depth in
any solid object). However, the probability of a full beam loss is very small,
i.e., 6x 107° times per year in any particular sector (5m long) of the LHC
circumference ring-tunnel [14]. The total beam loss around the ring should
not exceed 107 protons s~!, and is relatively small compared with the pp

collision rate of ~ 10° s™! per collision point [3].

Beam-—gas interactions

Beam-—gas interactions of the circulating proton beam will induce cascades
in the superconducting magnets, the concrete and rocks surrounding the
ring tunnel. Details of the estimates of total and specific activities due to
beam—gas interactions in the main ring magnets, rocks, air, water supply, and
ground water, can be found in [15]. Beam—gas interactions are estimated to

be ~ 10> m~! 57! in the interaction area [3].

Induced radioactivity

High radioactivity will be concentrated in three distinct areas of beam losses:
the interaction points of the experiments, the dumps and the collimators [8].
Due to the induced radioactivity levels in the ATLAS and CMS detectors,
strictly controlled access and special handling procedures will be necessary
to work on equipment in very forward regions close to the beam—pipe.

The dumps (see Fig. 1) will be heavily shielded with iron. The induced

radioactivity in these areas will be of the order of several tens of pSv/h.



12

Scraper collimators are needed at LHC. They are installed in the cleaning
sections (octants 3 and 7 in Fig. 1). Their purpose is to limit the beam size
by scraping off the halo particles and prevent them from depositing energy

in the coils of the superconducting magnets [8].

1.2 Radiation effects in semiconductors

Degradation produced by radiation in Si are separated into two categories

[16, 17, 18], bulk effects and surface damage.

1.2.1 Bulk damage

Bulk damage or displacement damage is due to the Non-lonizing Energy
Loss (NIEL) of the incoming particle interacting with the atoms of the sili-
con lattice by collision, producing atom displacements or nuclear reactions.
A lattice atom dislodged by an incoming particle is known as a primary
knock-on atom (PKA), the average energy to produce a PKA in Si is about
25 eV [19]. The dislodged atom leaves its site (thus creating a vacancy)
and collides with other atoms in the lattice, creating at the end of its range
multiple displacements in a microscopic disordered region called ”cluster”
[20, 21, 22].

A cluster will affect the electrical properties of the semiconductor introducing
changes in the band gap. The effect of unwanted energy levels in the band
gap is an increase of leakage current in depleted detectors. A second conse-
quence is the creation of trapping centres, which could lead to slow charge
collection. Another important phenomenon is the presence of many defect

centres created by displacement damage which are acting to compensate the
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material and thus change the resistivity, or doping, of the bulk silicon.
Light particles like electrons create localized point defects (the least severe
kind of defects). In the case of energetic protons, neutrons and heavy par-
ticles, the knock—on atoms produce additional knock-on atoms and vacancy-
interstitial pairs. A vacancy-interstitial pair is called a Frenkel defect. Frenkel
defects are unstable at room temperature and may migrate through the lat-
tice, but they can produce stable complex defects, by combining with each

other or with impurity atoms or by being trapped at the surface.

1.2.2 Surface damage

Surface damage is produced when the ionizing radiation interacts with the
silicon—silicon dioxide interface on silicon devices, creating electron—hole pairs
in the interface [21, 26, 20]. These pairs are created at a rate proportional to
the ionization energy deposition, for example in SiO, approximately 18 eV
of ionization energy is consumed per electron-hole pair created.
Many of the electron-hole pairs find themselves close together to recombine
before they are swept apart by diffusion or drift in an applied electric field.
The electrons that do not recombine are quickly swept through and out of
the oxide, leaving the less mobile holes behind moving slowly in the opposite
direction. In some cases, this direction can be toward the oxide—silicon inter-
face and holes are trapped there, enhancing the fixed charge or the interface
states (surface mid-gap energy levels).

The net effect of the charges introduced into the oxide and at the interface
is to change the electric field imposed upon the active semiconductor region

from the surface. The additional charge causes a shift of the flat band voltage
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of MOS (Metal Oxide Semiconductor) structures. Silicon radiation detectors
with oxide passivated edges, such as silicon microstrip detectors, can show

an increase of surface leakage current due to trapped interface charges.

We now consider the problem of accurate determination of absorbed doses

and particle fluxes.

1.3 Dosimetry and nuclear activation tech-

nique

1.3.1 Dosimetry

The ideal dosimeter for the measurement of the absorbed dose during radi-

ation hardness tests of materials should present the following features:

e A chemical composition as close as possible to the tested material.
e Easy calibration and coverage of a wide dose range.

A response independent of dose-rate.

A response independent of the energy (as much as possible).

A reproducible response (uncertainties less than +5%).

Small size and easy handling.

Re-usability.

Rapid, simple and unambiguous readout.

e Commercial availability and low cost.



15

The atomic composition of the dosimeter should be as similar as possible
to the medium in which the absorbed dose has to be measured, in order to
reduce the perturbations from the particle fluence. The ideal situation is
achieved when the dosimeter material is matched to the medium, otherwise
corrections must be applied in order to determine the absorbed dose in the
corresponding medium. The size of the dosimeter must be small enough
to minimize local perturbations of the incoming particle fluence, but large
enough to be subjected to a large number of interactions and thus to yield a
signal that can be read with precision. In the case of mixed fields, it is useful
to have a family of dosimeters, with a small variation in their composition,
presenting different sensitivities to each type of radiation.

The dosimeters are generally calibrated with gamma radiation from ¢°Co
(E, = 1170 and 1330 keV) or *¥"Cs (E, = 662 keV) sources in approximate
charged particle equilibrium (CPE) or electron equilibrium 2. In the case
of gamma radiation from ®°Co source, the approximate electron equilibrium
in a small irradiated dosimeter can be achieved with about 0.5 g cm™?2 of
material (usually plexiglass) surrounding it. This corresponds to the approx-
imate range of the highest energy secondary electrons produced by 1250 keV
photons (mean value of the two photon energies: 1170 and 1330 keV). For
gamma radiation from a *"Cs source, the mass per unit area for approximate
electron equilibrium is about 0.25 g cm™2. For neutron calibration, one can
calibrate the dosimeters using a Pu-Be neutron source.

A dosimeter placed in a radiation field will interact with the radiation. This

interaction will produce a physical or chemical change in the dosimeter struc-

?Charged—particle equilibrium (CPE): Condition in which the kinetic energy of
electrons (or charged particles) entering an infinitesimal volume is equal to the kinetic

energy of electrons emerging from it.
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ture. Adequate read—out systems then measure the physical or chemical
changes that are functions of the absorbed dose.

In the present work, the measurements of the absorbed doses at the irradia-
tion facilities were done with alanine and thermoluminescent dosimeters. A

brief description of these dosimetry methods is presented in Appendix A.

1.3.2 The Nuclear activation technique

The nuclear activation technique gives the possibility of measuring the flux
density of various types of particles produced at irradiation facilities [27, 28,
29, 30, 31, 32, 33]. These measurements are based on the production of
radioactive nuclei through nuclear reactions induced by particles in selected
target elements (activation foils). The radioactivity decay of the created
radio-nuclei can be measured by spectrometry (y or 3). For this purpose, the
targets are thin activation foils (typically < Imm thick), usually cut away
from commercially available 15 x 10 cm? sheets. Activation is driven by
nuclear reactions [34, 35, 36, 37] and is detected through radioactive decays
[38, 39].

Activation formula

The number, N, of radioactive nuclei produced by irradiation per gram of
target material (or foil) per unit of time is a function of : a) the particle
flux density ¢ (particles/cm?/s), b) the number Ng of atoms per gram of
target material (or foil) and c) the cross-section o(E) of the particular nuclear

reaction. N can be expressed as:

N=¢pNyo (1.1)
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where Ny (atoms per gram) is the Avogadro’s number N,= 6.02 x 10%
(atoms per mole) divided by the atomic weight (or mass number) A, i.e.
N./A.

In order to take into account the weight W(gr) of the target material of
atomic mass A, the isotopic abundance (purity) P of the target material, one

can define a quantity N, as follows:

Ny=Nygx PxW (1.2)

Equation 1.2 can be rewritten as:

N(;ZNOXPX:UXSXp (1.3)

where:

z = Thickness of the foil (em).
S = Surface of the foil (cm?).
p = Density of the foil (g/cm?).

The number, N, of radioactive nuclei produced by irradiation decays ac-

cording to the exponential law:
N(t) = N(0)e™ /" (1.4)

where 7 is the mean lifetime of the produced nuclei (time during which the
amount of nuclei initially present is reduced from 1 to 1/e). 7 is linked to
the decay constant A and to the half-life time T/, of the nuclei, as follows:

T2
r=10=1/) (1.5)
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If the target material is irradiated uniformly during a length of time t;
(irradiation time), the number of radioactive nuclei N(t;) existing at the

instant the irradiation stops is given by:

ti
N(t;) = cpNoa/ et/ dt (1.6)
0

N(t:) = ¢Noo (1 — €7 (1.7)

A 7cooling” time, t., can be defined. It is the time elapsed between the
end of the irradiation and the beginning of the sample activation measure-
ments. So, N(t;) (the number of radioactive nuclei existing at the instant the

irradiation stops) will decrease to the value
N(tite) = ¢ Noo 7 ( 1—e /7 ) et/ (1.8)

The activity, Act, of an irradiated material is defined as the number of

radioactive nuclei disintegrations per unit of time:

dN

Act = - 20
¢ dt

(1.9)

Therefore, the activity, Act, is obtained by differentiating the quantity
N(t;, t.) (number of radioactive nuclei existing at the time to start the ac-

tivity measurements) with respect to t..

dN

Act = — pry

= @ Noo ( 1 — e t/7 )€—te/7 (1.10)

Equation 1.10 is the activation formula [37]. It gives the value of the
activity or the number of disintegrations per second of a particular nuclei
which has been produced during the irradiation time ¢; and left to decay

during a time t.. Equation 1.10 is represented in Fig. 5.
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Activity
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Act = gNo(1—exp(=t,/T)rexpl—t./1)

Figure 5: Activity (Act) of a nucleus produced during irradiation along a

time ¢; and left to decay during a time t. (elapsed time).

From equation 1.10, one can see that if the irradiation time t; is large
compared with the decay time 7 of a particular isotope, the activity at t. =

0 has a limit called saturation activity

Actsyy = ¢ Noo (1.11)

This is due to the fact that the nuclei produced during irradiation have time
to decay before the end of irradiation. At saturation, the rate of formation is
equal to the rate of disintegration of the radionuclei. This saturation value is
a natural limit of the specific activity (disintegrations per second per gram)
obtained with a given particle flux density.

Equation 1.11 shows that the saturation does not depend on the decay con-
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stant but only on the cross-section value and the irradiating flux density.

A graphical representation of equation 1.11, for t.=0, is given in Fig. 6.
The activity value at saturation, noted A, is also shown in the same figure.
This value is obtained theoretically for a very long irradiation time (t; — oc0).

Practically, it is obtained for irradiation time about 5-7 times the half-life,

within 1%.

ity

Act»}yﬁ
3

Act = ¢N, o

Figure 6: Saturation activity, Act,,:, obtained at t. = 0 and t; = oco. t. is

the elapsed time and t; is the irradiation time.

In the usual experimental conditions, one more correction has to be ap-
plied to equation 1.10. It depends on the period of time during which the
sample activity is measured. During this counting time, t., there is a decay

of the original activity ®. The situation is depicted in Fig. 7.

3When the Intergamma code [40] is used to measure activity, the t.-dependent correc-
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Activity

Figure 7: Decay of the activity during counting time t.. Actg is the activity
at the end of the irradiation. Act; and Acty are the activity at the beginning
and at the end of the measuring time. t; is the time of the beginning of the

activity measurement and ts is the time at the end of it.

The following equations have to be considered to calculate the decay

during the counting time:

Act; = Actoe ™", Acty = Actge " (1.12)

where Act; and Acty are the activity at the beginning and at the end of the
measuring time, respectively. Acto is the activity at the end of the irradiation,

t; is the time at the beginning of the measuring time and t; is the time at

the end of it.

tion factor must not be applied because it is already applied by this code.
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The average value of activity, Act, during the counting time is then given by:

N 1 t
Aol = Acto /26-“dt (1.13)
[31

c

Act is the value of the activity given by the measuring instrument (spectrom-
eter) and t. =ty -t;. Equation 1.13 gives after integration:
-1

—~ Ao . — Aty — _
\ tc (6 € ) )\tC(ACtZ Actl) (114)

Since Acty can be expressed as a function of Act; and t., one has:

—_ =1
Act = )\tc(ACtl e Me — Acty)
— Act
Act = /\ct:(l — e Me) (1.15)
and then
ActX i,

Using equation 1.10 with Act; = Act, and equation 1.11, the final expression

is now obtained:

Act A, elte
Act gy = - 1.17
Cloat = ([ ") (1 = e26) (1.17)
Particle flux density formula
The particle flux density expression becomes:
Act N erte At, ,
coe (particles/cm? /s) (1.18)

¥ N PWo(l—e i)l —eh)
In the case t; < 7 = 1/, equation 1.18 can be modified as follows (because

et ] — )\ti)’
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Act et At,

P N PWol e, (1.19)
Equation 1.18 can be further modified if t. <« 7:
Acterte A
= 1.2
PEN.PWo(l-ert) (1.20)
If t. <« 7, which means A t, < 1, equation 1.18 becomes:
o Act A, A (1.21)

TN PWo(l—e ) (l—e )
If the times t;, te and t, are all < 7, equation 1.18 becomes a very simple

expression:

_ Ad
—NO')\ti

© (1.22)

Using the previous equations (equation 1.18 to equation 1.22), the particle

fluence is then obtained as:

® =9 xt; (particles/cm?) (1.23)

where ¢; 1s the irradiation time.
The number of particles entering the target of area S(cm?) is then given

by:

n=®xS (number of particles) (1.24)
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1.4 Correlation of radiation damage with par-
ticle fluences and absorbed doses

The operation of semiconductor detectors in the ATLAS and CMS radiation
environments is most challenging. As was explained in section 1.2, there
are two different radiation damage effects on silicon: firstly, bulk damage or
displacement damage, caused by the non-ionizing energy loss of penetrating
particles, results in crystal defects. The consequences of the bulk damage
are the change of the effective doping concentration (controling the value of
the depletion voltage in detectors), the increase of the leakage current and
the deterioration of the charge collection efficiency.

Secondly, surface damage which is produced by the ionizing particles in the
passivation layers at the surface of the silicon detectors.

While bulk damage is function of the measured particle fluence, the surface

damage effect is function of the ionizing absorbed dose.

1.4.1 The effective doping concentration

The effective doping concentration (N.ss) can be expressed as a function of

the particle fluence (®) by:

[Negs| = |—Nygexp(—c®) + bP| (1.25)

where Ny is the initial donor concentration. This concentration decreases
exponentially at a rate determined by the parameter ¢ (donor removal con-
stant). The term b is the acceptor creation rate.

Hadron irradiations beyond a fluence of & 10'% — 10 particles/cm? cause an

inversion of the original n-type to p-type silicon, as shown in Fig. 8.
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Figure 8: Effective doping concentration, N.fs, as a function of neutron
fluence [41]. As can be seen the inversion fluence is = 2 x 10'® n/cm?. The

energy of the neutrons was in the typical 1-2 MeV of energy range.

1.4.2 Increase of leakage current

The increase of the leakage current as a result of bulk damage is due to the for-
mation of defect levels in the forbidden gap, acting as generation/recombination
centers for the charge carriers in silicon.

The linear increase of the detector current Al per sensitive volume V is

proportional to the particle fluence ® (see Fig. 9):

Al = adV (1.26)

The proportionality constant « is called the radiation—-induced leakage

current damage constant. This constant is strongly dependent on the detec-
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tor temperature, therefore, for a comparison of different experimental results,
the a-values have to be normalized to the same temperature. Additionally,
the detector could present self annealing, then a correction must be applied
depending on the duration of the irradiation and the elapsed time between
irradiation and measurement.

A compilation of the damage constant a has been done by Hall [21, 42].
He has estimated o = 6.9 x 1077 A cm™! for neutrons and oo = 2.9 x 1077

A cm™! for charged particles.

AV (mA/em?)
T
hN

" P B! R |

10 102 0"
Neutron fluence x 10”7 (em™)

Figure 9: Leakage current versus neutron fluence for Si detector of 300 pum

thickness [41].
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1.4.3 Charge collection deficiency

Measurements of the charge collection deficiency due to electron and hole
trapping can be obtained following the method described in [43], using mo-
noenergetic alpha particles incident on the front and rear side of the detector.
For a specific experiment, knowing the actual field distribution in the bulk of
the detector, and knowing the electron and hole velocities as function of the
electric field strength, one is able to extract the respective time constants 7,
and 75, for electrons (front incident) and hole trapping (rear incident). The
time constants (7. and 75,) are proportional to the inverse values of the trap-
ping centers concentrations (t.. and t.4).

The resulting charge loss for minimum ionizing particles (mip) can be calcu-

lated according to:

AQ 1 [t.e tch]
—_— = = = — 1.27
Qo 6 [Te + Th ( )

This relation AQ/Qo (charge collection deficiency) varies linearly with

the neutron fluence @, following the relation:

AQ

— =~ 1.28

Q (1:28)
where v is the damage rate, related to charge trapping. Charge collection

deficiency plotted as function of 5 MeV neutron fluences in Fig.10.

1.4.4 Total dose effect

The total dose effect is the creation of hole—electron pairs in silicon-silicon
dioxide interface on silicon devices. The trapping of the holes created at the

interface between the Si and Si10, layers causes free electrons to be attracted
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Figure 10: Estimated charge collection deficiency for mip’s as function of 5

MeV neutron fluence [44].

to the interface. The consequence of the hole trapping is an inversion of the
doping in the silicon near the interface. Thus p-doped silicon can become
n—type in the region adjacent to the interface. In addition to the hole trap-
ping phenomena, energy states are formed within the silicon—silicon dioxide
interface. The consequences of the energy states created are an increase
in the gate voltage of n and p channel MOS (Metal Oxide Semiconductor)

transistors and a reduction in carrier channel mobility.



Chapter 2

Hadron Facilities

The future Large Hadron Collider (LHC) at CERN will allow head—on col-
lision of two high energy proton beams accelerated each at 7 TeV. In two
detectors CMS and ATLAS, the LHC beam optics will produce the high

=2 57! achieving collision rates of 10° collisions per

luminosity of 103 cm
second. At LHC, each inelastic collision will produce approximately one
hundred particles (neutral and charged), with a wide energy spectrum from
a few keV to several GeV.

The detectors and electronics will be exposed to high radiation levels,
especially if they are located very close to the interaction point. These radia-
tions will possibly inflict damage to the detectors components, materials and
equipment, and in turn spoil the quality of the information expected from
these detectors.

Furthermore, as underlined in chapter 1, electromagnetic and hadronic
calorimeters with liquid argon as active medium will be used for the ATLAS

detector, and this raises the question of the radiation damage of the detector

components at cryogenic temperatures. Additionally, front-end electronics,
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charge preamplifiers directly mounted on the calorimeter and preamplifiers
used at liquid argon temperature will also be exposed to radiations.

The absorbed doses and the neutron fluences predicted in various parts
of the ATLAS detector are given in [2]. For example, a large neutron fluence
(2.7 x 10* neutrons/cm %/year) and a large absorbed dose rate in Si (1.5 x
10* Gy/year) are expected [2] in the inner layers of the SCT (semiconductor
tracker) barrel of the ATLAS detector.

The achievement of the physics program at LHC, including the search for
new fundamental particles, will be then compromised if the effect of radia-
tion damage on the behaviour and response of the detectors is not correctly
evaluated and tested. These evaluation and tests have to be performed at
dedicated irradiation facilities where test benches are available. The correct
assessment of these damages through an irradiation test bench depends on
the choice of an irradiation facility where the particle composition and en-
ergy distribution present at LHC can be approached. Thus, ultimately, the
fulfillment of an optimized irradiation study program is very important to
achieve a successful LHC physics research program.

In this chapter are presented the results of the dosimetric measurements
at the SARA neutron irradiation facility (section 2.1) and at two charged ir-
radiation hadron facilities: a pion facility at the Paul Scherrer Institute (PSI)
and a proton facility at the Proton Synchrotron (PS) at CERN (section 2.2).

2.1 Neutron facility: SARA

SARA (Systéme Accélérateur Rhone-Alpes) is a heavy ion accelerator ded-

icated to nuclear physics studies located at Grenoble, France [45]. Neu-
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trons are produced by stopping a 20 MeV deuteron beam (5 yA beam) on

a beryllium target (3 mm thick, 35 mm diameter) by stripping reactions:
“Be(d,n)'B.

This facility reproduces the high neutron fluences (up to ~ 10*3*-~10'* neutrons/cm?/yr)
and doses expected in the ATLAS detector, especially in the liquid argon
calorimeters. The facility is equipped with a 10 liters cryostat. The large
cryostat volume permits the study of radiation damage of large surfaces ex-

posed to large fluxes of neutrons. Radiation damage studies can be performed

at room and cryogenic temperatures.

At the SARA facility, it is possible to irradiate various types of detectors,
readout electronics and mechanical parts to high fluences of neutrons. This
facility makes also possible the study of the pollution of liquid argon by ra-
diolysis under neutron radiation of the polymeric components of the ATLAS
calorimeter [11, 12]. If, for example oxygen was released in the liquid argon
with a concentration of 10 ppm, the calorimeter signal could be reduced by
10% because of the capture of electrons by oxygen or oxygen—type impurities
in the argon gaps.

The description and details of the neutron facility can be found in [30],
which is attached to this thesis (appendix C) and in [46, 47]. A time-of-
flight (TOF) technique was used to measure the neutron energy spectrum
[30, 46, 47].

The neutron energy spectrum inside the liquid argon cryostat must be esti-
mated, since its direct measurement is difficult. The temperature by itself
does not modify significantly this energy spectrum, but the presence of liquid

argon does, because there is enough argon to scatter or absorb a significant
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fraction of the incoming neutrons. Thus, the liquid argon present in the cryo-
stat may change a lot the spatial and momentum distribution of neutrons.
The neutron energy spectrum at liquid argon temperature inside the cryostat
is estimated using the FLUKA Monte-Carlo code. The details of this simu-
lation have not been published before. The following simulation results are a
part of my contribution to the SARA irradiation study program (subsection
2.1.1). Dosimetric measurements and dose-rate estimate are another part of
my contribution to the SARA irradiation study program (subsection 2.1.2).
Alanine dosimeters were used to measure the angular total absorbed dose in
order to know how uniform is the dose in the radiation field of the facility
[30] (appendix C) and in [46, 47].

In addition, the use of thermoluminescent dosimeters allowed the determina-
tion of the neutron and photon doses in the radiation field [48]. Results of
the flux density measurements were applied to the estimate of the neutron
dose-rates in Si and Si0; as part of the radiation hardness research program

at SARA. These estimates have not been published before.

2.1.1 The neutron spectrum inside the liquid argon

cryostat

The TOF (time-of-flight) method was chosen to measure the neutron spec-
trum at room temperature. It distinguishes photons, which move at the
velocity of light, ¢, from fast neutrons, which are slower (about 10% of c).
The neutron spectrum at room temperature in the beam direction, was
measured using alternatively two TOF detectors. One was a cylindrical scin-
tillator (NE213) neutron detector operated with a neutron energy threshold
of 1 MeV, to cover the high—energy part of the spectrum. It measured the
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TOF of neutrons over a target—to—detector distance of 2.5 m.

The other detector, used for the low energy part of the spectrum (down to
100 keV) was a fission detector consisting of a 2**U plate mounted a few mm
in front of a silicon diode. The neutron flux density at 0° was found to be
equivalent to 4.8 x 107 (& 15%) neutrons/nA/sr/s, it shows a mean energy
of 6 MeV (Fig. 11). The TOF neutron spectrum at room temperature will
be used as an input file to estimate the neutron energy spectrum inside the
liquid argon cryostat. More details about the TOF measurements can be

found in [30] (appendix C) and in [46, 47].
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Figure 11: The neutron energy spectrum measured by TOF technique at 0°

angle and at room temperature. The mean neutron energy is 6 MeV.

The neutron spectrum at liquid argon temperature inside the cryostat

was estimated using the FLUKA Monte-Carlo simulation program. This
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estimate was done using the fluxes measured outside the cryostat (TOF neu-
tron spectrum at room temperature) as an input file. FLUKA is written in
FORTRAN and it is very well suited for this particular purpose of calculating
the ratio of two fluxes dominated by hadrons. The version of FLUKA used
in the present study is FLUKA92 [49, 50, 51, 52].

Details of the simulation of the neutron spectrum at SARA at lig-

uid argon temperature

Geometrical modeling of the experimental arrangement: the cryostat struc-
ture consists of two aluminium coaxial (Z-axis) cylinders of 0.5 cm thickness,
with a 4 cm gap between the inner and outer cylinder. The upper part of
the inner cylinder is filled with argon gas ( 60% of the total volume) and
the lower part filled with liquid argon (40% of the total volume). A small
silicon cubic sample is placed in the liquid argon at different distances from
the neutron source along the X-axis (see Fig. 12). The target Be disk (3 mm
thick, 35 mm diameter) is placed in front of the cryostat and it is centered
on the X-axis. The various structures (neutron source, cryostat, and silicon

sample) were modeled each having a distinct chemical composition [53, 54].

The incident beam: It is taken to be a pure neutron beam, with an energy
spectrum equivalent to the one measured experimentally (at room temper-
ature). To achieve this, one uses the capability of the FLUKA program to
call a user—provided routine to attribute the initial energy of the individual
beam particles. The name of this routine is SOURCE. Inside that routine, it
was arranged the HRNDMI1 function of the CERN HBOOK library [55] to
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GEOMETRY USED IN SARA SIMULATION
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Figure 12: The FLUKA geometry used to obtain the neutron energy spec-
trum inside the liquid argon cryostat. The neutron source is situated at

(-3.15,0) and the silicon sample is situated at (7.4,0).

generate particles according to the experimental distribution determined by
the TOF data, which was entered as a histogram (see Fig. 11). The beam
is thus polyenergetic, with a minimum energy of 100 keV, and a maximum
energy of 25 MeV. Its projected distributions on the horizontal and vertical
planes were assumed to be Gaussian. The standard deviations of the pro-
jected horizontal and vertical beam profile distributions were both 0.6 cm.
The beam was incident on the center of the silicon sample placed inside the

liquid argon cryostat (see Fig. 12).

Simulation of the particle transport: The FLUKA92 standard procedure
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was applied for particle transport calculations [50, 51]; charged particles (pro-
tons and pions) of kinetic energy less than 10 MeV were followed for their
eventual contribution to the flux, but were not scattered. Neutrons were

followed down to thermal energies.

Description of the scoring procedures: The evaluation of the flux was made
by a logarithmic-binning track-length (USRTRACK) evaluation in the vol-

ume of the silicon sample placed inside the liquid argon cryostat (see Fig. 12).

To assess the quality of the simulation, the effect of various situations

were studied, as described below:

Firstly, the neutron fluence measurements as a function of the sample
area were investigated, fixing the distance between the neutron source and
the sample. The sample material was silicon. The ratio between neutron
fluence ”inside” the liquid argon cryostat (®“7-%79°") and neutron fluence

®TOF) as a function of the

"outside” the cryostat at room temperature (
sample area is shown in Fig. 13. The number of neutrons observed in the
sample per incident neutron is a function of the sample size; but beyond a
certain area (2.5 x 2.5 cm?) the variation of this quantity is very small, i.e.
almost independent of the area. This was to be expected, because the full
width at half maximum ((8 In2)"/2 x &) of the beam is approximately 1.4
cm. The reason is probably that with such a sample area the tails of the
Gaussian distribution of direct neutrons can be covered.

However, the ratio ®"7:479°" /®TOF pever reaches 1, possibly indicating that

part of the neutrons are scattered at large angles or absorbed by the liquid
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argon.

0 5 10 15 20 25 30
sample area (cm?)

Figure 13: Ratio of "inside” to "outside” of the cryostat neutron fluences as
a function of the sample area. ®"7%79°" ig the "inside” neutron fluence and

®TOF {5 the 7outside” neutron fluence.

Secondly, fixing the sample size (2.5 x 2.5 cm?), the variation of the
neutron energy spectrum inside liquid argon as a function of the distance, d,
between the neutron source and the sample was also analyzed. The distances
considered were: d= 9.3, 10.3, 11.3, 14.3, 16.3, 18.3 and 21.3 c¢cm. The
neutron energy spectrum inside liquid argon at 0° angle, plotted according a
logarithmic scale, at different distances from the source is shown as a function
of the neutron energy in Fig. 14. The neutron energy spectrum measured
by TOF at room temperature is also shown as a comparison. It is seen

that the overall yield is lower at larger distances; in addition, the shape of



38

the distribution changes somewhat: this change is more noticeable at low

neutron energy.
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Figure 14: Neutron energy spectrum inside liquid argon cryostat at 0° angle
as a function of the neutron energy and at different distances, d, from the

source. The neutron spectrum measured by TOF (x) is also shown.

From the same simulation data used above, one can also quantify the
attenuation (relative to the external neutron fluence) of the neutron fluence
inside the liquid argon cryostat, i.e. the ratio between the number of neutrons
observed in the sample per incident neutron (®"@-279°m /@TOF) a5 a function
of the distance, d. These ratios are shown in Fig. 15. At the position d = 10.3
cm (2.15 cm in liquid argon), the total attenuation of the neutron fluence
inside the liquid argon cryostat is equivalent to 22% of the neutron fluence at

room temperature. At the position d = 18.3 cm (10.15 c¢m in liquid argon)
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the neutron fluence is reduced by 49%. The minimal irradiation distance
is d = 10 cm (liquid argon cryostat installed as close as possible to the Be

target).
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Figure 15: Attenuation of the neutron fluence inside the liquid argon cryostat
(®Ya-er9om) relative to the external neutron fluence (®#7°%) as a function of

the distance, d, from the neutron source to the sample.

The contribution of low energy neutrons to the neutron fluence inside the
liquid argon cryostat, was also analyzed at the distance d = 9.3, 10.3, 11.3,
14.3, 16.3, 18.3 and 21.3 cm between the neutron source and the sample. The
low energy flux density, t.e. the flux density of the neutrons with energies
below 100 keV is shown in Fig. 16. It is noted that the low energy flux density
(below 100 keV) decreases less with distance (40 % from the first to the last
point in the curve) than the flux density above 100 keV (55.7 % from the
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first to the last point in the curve). Nonetheless, the low energy flux density
is a hundred times smaller than the neutron flux density above 100 keV, and

therefore is practically negligible.
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Figure 16: Flux densities of the neutrons inside liquid argon cryostat with

energies below and above 100 keV at different distances, d, from the source.

The presence of liquid argon inside the cryostat modifies the neutron en-
ergy spectrum. This effect was explicitly studied in the simulation. For the
lowest distance (9.3 cm between the neutron source and the sample), the
ratio (dp'"979om /dE)/(dpT9F /dE) i.e. the energy spectrum inside the lig-
uid argon cryostat over the energy spectrum measured by TOF is shown in
Fig. 17 as a function of the neutron energy. The modification, a decrease, is

most obvious in the low energy part of the spectrum.
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Figure 17: Variation of the ratio of neutron energy spectrum at d = 9.3 cm
inside liquid argon cryostat over the neutron energy spectrum measured by

TOF as a function of the neutron energy.

The scattered component of the neutron beam that could contribute to
the main beam was also studied. The simulation was made at an angle of
10° and at different distances from the neutron source inside the liquid argon
cryostat. The scattered neutron energy spectrum for a beam incident at
10° angle is shown in Fig. 18 for various distances, d. Its contribution is
smaller than the contribution at 0° by a factor of about hundred (between
30 and 120 depending on the energy region and on the distance, d). The
sum of the contribution of all angles weighted by their respective solid angles
represent less than the direct contribution at 0°. The relative smallness of

the contribution at 10° justifies the approximation made in the simulation of
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a beam strictly aligned along the X-axis (see geometrical modeling above).
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Figure 18: Scattered neutron energy spectrum for a beam incident at 10°
angle inside liquid argon cryostat as a function of the neutron energy and at
various distances from the neutron source. The neutron spectrum measured

by TOF (%) is also shown.

Finally, the effect on the neutron fluence measurement when a sample is
inside the cryostat filled with air compared to filled with liquid argon was
analyzed, fixing the distance, d, from the neutron source and the sample
position. The sample size was identical in all these runs.

One defines the ratios ®TOF /@~ and GTOF /pin-lidargon a5 the ratio of
the fluence (®79F) measured outside the cryostat over the fluence measured
inside the cryostat filled with air (®"~*"), and the fluence measured inside

the cryostat filled with liquid argon (®™~""4-479°") ‘respectively. One observes
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that:
(I)TOF (DTOF
@in—-liq.argon > (I)in*a,ir
and
@TOF
Pin—air ~

This could be expected, since in the case of air, there will be only the
small effect of the cryostat’s walls, and the even smaller effect from the air

itself.

In summary, the simulation has permitted to establish distinctive features

of the neutron field inside the liquid argon cryostat at SARA.

2.1.2 Dosimetric characterization of the SARA facility

The dosimetry at SARA neutron facility was performed in two steps: firstly
the measurement of the angular total dose distribution using alanine dosime-
ters, and secondly the separation of neutron/photon doses in the radiation

field using TL dosimeters.

The angular distribution of total absorbed dose in alanine

The measurement of the angular distribution of the total dose in the SARA
field was crucial. This is because both small (for example opto—electronic de-
vices up to 10 cm? area) and extended samples (for example printed circuits
up to 100 cm? area) were irradiated in this field and it was needed to know
how uniform the dose was in the irradiated material. The alanine dosimeters

were the most appropriate choice due to their good reproducible responses
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(uncertainties less than + 3% for high doses), and wide dose range (10 to 5
x 10° Gy). Alanine dosimeters were calibrated with a °Co source [33] (see

appendix A).

For the measurement of the total dose angular distribution at SARA,
two alanine dosimeters were fitted inside small tubes. The tubes were placed
on a half-moon plexiglas support with a radius of 34.5 cm. This set-up
was centered on the Be target, so that the dosimeters measured the angular
distribution of the total absorbed dose in alanine from -45° to +45° (the
dosimeters were covering only a quarter—-of-moon).

They were irradiated during 42300 s with a mean beam current of 1.02 A on
the target. After the irradiation, the absorbed doses in the alanine dosime-
ters were measured by means of a VARIAN-E3 ESR spectrometer (with the
settings: field = 0.3295 Tesla, microwave frequency = 9.43 GHz, scanning
time = 1 min, scanning range = + 1072 Tesla) at the High Level Dosimetry

Laboratory at CERN.

The angular distribution of the absorbed dose-rate in alanine, is shown
(circles) in Fig. 19. The distribution is smooth, and can be fitted (as shown
by the continuous line) to the sum of a Gaussian (of half-width 14.5°) and a
constant. The total absorbed-dose rate measured in alanine (Polymer Ala-
nine Dosimeter) at 0° angle was 2.74£0.05 Gy/h/uA normalized at a distance
of 50 cm from the Be target.
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Figure 19: Angular distribution of the dose-rate in alanine normalized at a
distance of 50 cm from the Be target. The line represents the result of a fit

of the data (o) to a Gaussian plus a constant.

2.1.3 The neutron and photon doses in a mixed field

The SARA facility (as any fast neutron source) has some photon contamina-
tion. This situation of mixed field (y and n) is also expected inside the LHC
detectors.

The total dose at SARA field includes a dose from neutrons and a dose
from photons. Since photons cause much less bulk damage than neutrons, as
shown by the Van Ginneken displacement damage curve [56], it is compul-
sory to know the fraction of the total dose due to neutrons to calculate the
amount of damage per neutron dose.

Based on the author’s experience with TL dosimeters, a standard method
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was used to identify the two components of the total dose on a mixed field.
This method is based on the combined use of two types of LiF dosimeters:
SLiF or TLD-600 (high thermal neutron sensitivity) and "LiF or TLD-700
(low neutron sensitivity and high photon sensitivity). This technique per-
mits one to reveal the radiation field composition, in the present case, the
ratio of neutron to photon dose, by a straight—forward comparison of TLD
measurements [48] (appendix D). A short description of thermoluminescence
dosimetry is presented in appendix A. The details of these calculations are

given below.

The key factor to determine the neutron dose at SARA is to find the
photon contamination. Once the photon dose was known by TLD-700 mea-
surements, it was possible to determine the neutron dose by TLD-600 mea-
surements.

The calibration procedure was tedious and long. Two calibration sources
were used: a ®°Co photon source and a Pu-Be neutron source. The dosimeters
were exposed to three different calibration doses: 1, 10 and 100 mGy for
photons and 0.1, 1, 10 mGy for neutrons (the neutron source was weaker).
The calibration with the two sources was done using a moderator sphere
(high-density polyethylene) of 12.7 ¢m radius. The dosimeters (LiF-"LiF)
were fitted in the center of the sphere.

Photons from the ®°Co source were also used to perform an irradiation in
free air. More details about the calibration procedure can be found in [48],
which is attached to this thesis (appendix D).

After the calibration procedure, the photon sensitivities were calculated

solving the equations:
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RG

6 _
S8 = —D—w% (2.1)
and
R’?
S,: = Eio’yﬁ (22)

where the superscripts 6 and 7 stand for the TLD-600 and TLD-700, respec-
tively, and

5%, 87 = photon sensitivities of TLD-600 and TLD-700 embedded
in moderator to ®®Co gamma source (nC/mGy).
RS, RT = dosimeter responses to ®®Co gamma source (nC).

Do = photon calibration dose (mGy).

v

The neutron sensitivity of TLD-600 was calculated by solving the equa-
tion:
S8 = (RS, — S&DEwBe) (DFw=Be) ™ (2.3)

with the approximation:

§8 =55, (2.4)
where v and 4’ denotes gamma rays from ®°Co and Pu-Be sources, respec-
tively, and
S8 = neutron sensitivity of TLD-600 embedded in moderator (nC/mGy).
RS,, = TLD-600 dosimeter response to Pu-Be neutron source (nC).

S5, = Pu-Be photon contamination sensitivity of TLD-600 (nC/mGy).
DFPv=Be — neutron calibration dose (mGy).

Df,u_Be = photon contamination calibration dose (mGy).
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The solutions to the system of equations 2.1~ 2.4 are shown in Table I.
They are expressed as the mean value of the responses to the calibration
doses (see above) of the four samples for each TLD type and each calibration
dose. Only the contribution from the main dosimetric peak (peak 5, see
Fig. 32) was considered in this table. The given uncertainty corresponds to

a one standard deviation.

Table I: Neutron and photon sensitivities for TLD-600 and TLD-700. S§ and
SZ/ are the photon sensitivities of TLD-600 and TLD-700, respectively. S¢ is
the neutron sensitivity of TLD-600. The calibration doses were: 1, 10 and

100 mGy for photons and 0.1, 1, 10 mGy for neutrons.

TLD | $¢ (nC/mGy) | 0.9988-:0.047
ST (nC/mGy) | 0.9952:+ 0.007
S¢ (nC/mGy) | 23.750+0.5145

After the determination of sensitivities, the calibrated dosimeters could

be placed in the mixed radiation field to measure its components.

Experiment at SARA
At the irradiation facility, the center of the sphere moderator, containing the
TLD pairs (4 samples of each type), was located at 50 cm from the Be target
(the liquid argon cryostat was removed). The samples were irradiated during
22392 s, with a small deuteron beam current of 5.9 nA (to avoid saturation
in the TL dosimeters).

The responses of the dosimeters located in the mixed radiation field obey

the equations:
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(2.5)

and

DIEP = (RS — 58DTHP) (58) (2.6)

where the superscripts 6 and 7 stand as before for TLD-600 and TLD-700,
respectively. D?;LD and DILD refer to gamma and neutron dose, respectively.

The gamma attenuation, the fast neutron thermalization and radiative
capture effects in the sphere were considered. These effects were taken into
account during the calibration process in the radiation field of %°Co and Pu-
Be and also during the experiment at SARA. The details of the corrections
applied can be found in [48] (appendix D).

The neutron and photon dose-rates, at a distance of 50 cm from the

Be target and at an angle of 0° (i.e. in the beam direction), are shown in

Table I1.

Table II: Neutron and photon dose-rates at 0° angle and at 50 cm from the
Be target.

DILD (Gy/h/uA) | DIFP (Gy/h/pA)
424 + 0.19 1.20 + 0.03

Neutron (DTLPY) and photon (DA? LDy dose-rates were deduced, individu-
ally, from TLD measurements using equations 2.5 and 2.6.

These results show that, at 0°, neutrons and photons contributed (78 +
2)% and (22 + 2)% to the total dose (100 % equal to 5.44 Gy/h/uA), re-
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spectively. The error calculation presented above is updated and supersedes
the values published earlier ([48](appendix D)). The correlation between the
errors on neutron and photon doses have been taken into account. Correlated
errors (up to 8%) are associated with machine operation (current intensity
fluctuation), irradiation time (start and stop times), TL reader (small fluctu-
ations in heating time, PM high voltage instabilities, etc) and errors during
the calibration processes. These errors do not contribute to the error on
the percentage. The only errors that are not correlated are the statistical

errors associated with each TL dosimeter (TLD-600 and TLD-700). It was

measured:
TLD TLD
Dn + D’Y = Dtotal

which account for 100% of the total dose (by definition), and:

pn = 0.78

py = 0.22
78% + 22% = 100%

Since p, and p, are related in the following way,
TLD
D3 DILD

Py = DILD 4 DILD =1- DILD 4 DTLD

=1-p,

their errors, A p, and A p, are equal.

Ap, = Ap, was calculated via:

ORS OR"
where A R® and A R are the errors on R® (TLD-600 dosimeter response)

Apl = A= (%)2 A (RS + (%)2 AR @)

and R” (TLD-700 dosimeter response), respectively.
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The partial derivatives of p, with respect to R® and R” are given by the
Jacobian of the inverse of the matrix of sensitivities to neutron and gammas

of the two dosimeter types .

The neutron fluence within one day of operation, for neutrons between
1.0-25 MeV and at 50 cm from the source, is equivalent to 8.0 x 10'? n/cm?
at maximum intensity (7.e. for a deuteron beam current of 5 pA) giving rise

to a dose of 509.0 Gy and 144.0 Gy for neutron and photon, respectively.

Estimate of neutron dose—rates in Si and Si10,

The estimate of dose in silicon material is of great interest since silicon de-
tectors will be used extensively in the experiments to be performed at the
LHC.

The neutron dose D3' in silicon strongly depends on the neutron energy.
This dose-rate expressed in Gy/h/uA is related to the flux density measured
at SARA by:

25MeV

DS = /1  $sura( EYhsi(E) dE (2.8)

where kg;(E), the neutron kerma factor for the silicon material (Gy cm?/neutron),
is the kerma produced in that material per unit fluence of neutrons of energy
E (see appendix A). The kerma factor values have been taken from reference
[57].

The neutron dose-rate in silicon calculated using equation 2.8 is equiva-
lent to 0.36 Gy/h/uA at 50 cm from the Be target, following the 1/d*-law,
where d is distance of the silicon sample from the source.

The estimated neutron dose-rate in silicon dioxide at the same distance (d
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= 50 ¢cm) is 0.47 Gy/h/uA. The kerma factors for the compound SiO, were
calculated using equation A.5 and data from reference [57] (see Appendix A
for details).

The neutron dose-rates estimated above for silicon and silicon dioxide
(0.36 and 0.47 Gy/h/pA) are equivalent to the doses of 43.2 Gy and 56.4 Gy
for one day of machine operation with a total fluence of 8.0 x 102 n/cm? at
full intensity (5 pA of the deuteron beam) and at 50 cm from the neutron
source.

In our previous publication [48] (appendix D), we estimated that the neu-
tron doses in Si and Si0O, would be 12.5 £ 2.5 times smaller than the neutron
dose measured with TL dosimeters (i.e. 0.34 Gy/h/pA) - for the SARA
mean neutron energy of 6 MeV. Within the errors, the present estimate of

the neutron dose of 0.36 Gy/h/uA, agrees with our previous estimate.

2.2 Charged particle facilities

The hadronic component of the radiation (neutrons, protons, pions, etc...)
produces most of the bulk damage in the silicon diodes to be used in the AT-
LAS detector. The evaluation of the damage further depends on the hadron
energy, though, for relativistic charged hadrons, energy loss and damage
change little with energy, as shown by the Van Ginneken and Huhtinen dis-
placement damage curves [56, 58]. In the LHC experiments, close to the
collision point, pions will be responsible for producing most of the bulk dam-
age, together with other particles such as neutrons and protons. Farther
away from the collision point, as the outgoing hadronic showers develop, the
relative importance of protons and neutrons increases [58]. Because proton-

proton collisions at LHC will produce a considerable number of pions, some
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(low energy pions) resulting from A resonances decay, it is important to
study the radiation hardness of detector components exposed to low energy
pions. For this reason, a pion beam (7E1l) with momentum p = 350 MeV/c
at the Paul Scherrer Institute (PSI-Villigen) [59] was used to perform irradi-
ations of silicon detectors. The problem of proton irradiations was addressed
using a proton beam (ZT7) with momentum p = 24 GeV/c at the Proton
Synchrotron (PS) at CERN.

When pion and proton beams interact with the silicon samples and ma-
terials nearby, different kinds of particles, such as neutrons, protons, pho-
tons can be generated. These secondary particles can contribute additional
damage to the silicon samples under study. The best way to quantify this

contribution is to measure it, during the irradiation of silicon samples.

In order to perform the dosimetric measurements close to the beam (out-
of-beam), the author designed an experimental set—up usable at both facilities
(pion and proton). This experimental set-up includes dosimeters (alanine and
LiF) and activation foils (In, Co and Ni) to measure the absorbed doses and
particle fluences near the pion and proton beams [60, 61]. The dosimeters
and activation foils were placed along the perpendicular axis (Y- and Z axis),
in alternate positions.

The main pion and proton fluxes were measured by nuclear activation of
aluminium foils and carbon slabs (the choice is explained below).

The measurements of particle fluences and doses near the hadron beams
were performed to allow the study of the correlation between the fluences and

doses and the damage inflicted to silicon detectors. This damage is directly
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monitored by changes in the electric characteristics of silicon detectors with

fluence.

2.2.1 PSI-7E1 pion irradiation facility

Recent simulations of hadron fluxes in the LHC detectors [62] show the pres-
ence of high pion flux densities with energies between 0.1 -1 GeV. An esti-
mate of the pion damage for energies above 1 GeV is presented in [56]. At
these energies (above 1 GeV) the cross—sections are practically constant. At
lower energies (~ 200 MeV), the damage induced by pions in silicon could
be enhanced due to the production of A resonances, which lead to a larger
m-nucleus total cross section [58]. Thus, this energy range is of particular
interest for the physicists trying to understand the behavior of silicon detec-

tors under pion dominated irradiations.

For this purpose, the Paul Scherrer Institute was chosen, since its facility
provides access to a pion beam. This high intensity beam of pions (~ 108
7t /cm?/s) was used to study the radiation damage effects in silicon detectors.
In the framework of the dosimetric characterization of this facility, we have
measured particle fluences (in- and out—of-beam) and doses, as this section
will describe.

Complementary work done by the author that has not been published in
any article is also presented. This work includes details of the estimate of
pion absorbed doses in alanine and silicon materials, using the concept of the
minimum ionizing energy loss rate. It also includes details of the corrections
applied in neutron nuclear reactions due to possible proton contribution and

the details of the calculations of the neutron and proton fluxes out-of-beam.
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7E1 beam line

The 7E1 beam line at PSI supplies pions and muons with high intensity.
Pions are produced in the collision of the intense proton beam (maximum
current 800 wA) with a graphite target (12x10 mm FWHM). Beam optics
permit the selection of pions with momenta ranging from 100 to 450 MeV/c.
These pions are guided (via a beam line) down to an irradiation casemate.
Graphite plate absorbers are placed at the end of the beam, in order to
eliminate the presence of protons. The protons are stopped in carbon, some

of them interacting with carbon and producing neutrons of low energy.

Table III: Graphite absorbers during wE1-PSI runs. The underlined pion

momentum and graphite absorbers thickness were used in the present work.

P,+ | Proton mean free path | Graphite absorbers
(MeV/c) (g/cm?) (g/cm?)
150 0.2 1.01
200 0.6 1.01
250 1.2 1.78
300 2.2 2.79
350 4.0 4.57
400 6.0 7.12
450 9.0 10.15

Table III shows the proton mean free path in graphite at the correspond-
ing pion momentum and the density of the graphite plate absorbers used
during the experiments.

The irradiation position was located 1 m downstream of the last quadrupole
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magnet (at a height of 1.5 m), see Fig. 20.
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Figure 20: Diagram of the pion beam and irradiation set-up at 7E1-PSI.

The silicon samples under study were mounted inside square cardboard
frames. The silicon detectors were ~ 9 k{lcm n-type ion—-implanted single
diodes with a thickness of ~ 300 pm and an area of 5 x 5 mm? similar in
resistivity and thickness to the silicon detectors that will be used in the LHC
experiments (tracking regions), due to their high charge collection efficiency,
and fast response. A fast response is needed due to the short time interval
(every 25 ns) between two consecutive LHC bunches and to catch the created
short-lived particles [63].

The frames containing the silicon samples were stacked, normal to the
beam direction, in a box volume of 5x5x25 cm?. The box was located on a
table mobile along the X-Y-, and Z-axes in order to optimize its position in
the beam.

At the same time, aluminium foils cut to the same shape as the silicon
samples were interleaved with the tested material. The measurement of their

activation provided a way to evaluate the pion flux densities at the irradia-

tion positions, as will be shown in the following subsections.

Selection of pion momenta
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Several runs (results reported in [31], attached as appendix E) at different
pion momenta were made in order to select a single momentum, in the A res-
onance region, where the facility provides high flux densities. The maximum
flux density was obtained in the region of 300-350 MeV /c (see Fig. 4 in [31],
appendix E). The momentum of 350 MeV/c was thus selected to obtain a
high beam intensity and to ensure that the corresponding kinetic energy was
within the range of the A resonance. The pion kinetic energy corresponding

to a momentum of 350 MeV/c is 237.23 MeV, as obtained from the relation:

K+ = \/pP+m2, — mg+

where p and m+ are the 7t momentum and mass, respectively.

7T beam profile at 350 MeV /c

The pion beam was monitored by a system including an ionization chamber
(two parallel plates), an X-Y wire chamber and a luminescent screen. The
X-Y chamber was used to measure the transverse beam profile (horizontal (Y-
axis) and vertical (Z-axis) FWHM). The transverse beam density, expressed
as [(FWHM),.(FWHM),]™!, was calculated at each position because it was
necessary to determine the size and shape of the beam at each irradiation
position. The transverse beam profile and transverse beam density are shown
in Fig.2 of appendix E.

The average pion flux density measured by Al foils is shown in Fig. 21,
as a function of the position along the irradiation box. As a comparison, the
transverse beam density ([(FWHM),.(FWHM),]™!) obtained from the X-Y
profile chamber is also shown. The flux density strongly decreases from the
front to the back of the box. Both measurements were in reasonably good

agreement (see Fig. 21).
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Figure 21: Comparison of the transverse beam density at a momentum of
350 MeV/c as obtained by the X-Y chamber (O) and by the Al activation

measurements (o) at TE1-PSL

Dosimetric characterization of the TE1 beam at PSI

This dosimetric characterization involves two steps: firstly, the measurement
of pion flux density and dose in the beam (in-beam), and secondly, the mea-
surements of particle flux density and dose close to the 7% beam (out-of-

beam).

Pion flux density and pion dose measurements (in-beam)
Pion flux density measurements
The activation of aluminium foils via the *"Al(r* xN)?*Na reaction allowed

the measurement of the pion flux densities. The Al activation method was
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selected due to several advantages: the cross section associated with this
nuclear reaction is well known in the working energy range; the half-life (15
h) of the created isotope, ?*Na, leaves enough time to perform the gamma
activity measurements. The isotope has two gamma emissions of 1.368 MeV
and 2.754 MeV. The soft Al metal has a high degree of purity (99.95 %) and
can be cut in a convenient size.

Carbon slabs (using the 2C(7%,xN)!'C reaction) were used to provide a
cross—check of the pion flux densities given by Al foils. 'C is a positron
emitter with energy of 0.98 MeV and has a half-life of 20.4 min; this short
half-life restricts the numbers of samples than can be employed in a given ir-
radiation. It also means that a rapid transit for the slabs has to be arranged,
between the location of irradiation and the location of measurement. 1C
short half-life is a difficulty, but the technique has the advantage that it is
sensitive to all hadrons with energies above 20 MeV.

The activity from 'C can be measured using a gamma spectrometer, count-
ing the number of 0.511 MeV photons produced by positron—electron anni-
hilation.

The pion activation results obtained with Al foils and C slabs were in agree-
ment within 5 %.

The activities were measured at the PSI with a high purity Ge(p)—y spec-
trometer. The gamma spectra was analyzed by the INTERGAMMA code
(the same code used at CERN for this kind of measurement), giving the
activity. The saturation activities and, the corresponding particle fluence
densities were calculated using equation 1.21 and equation 1.23 (see chapter
1).

Four Al runs were performed during the 7™ accumulation at a momen-
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tum of 350 MeV/c. For each run, Al foils of the same area were located in
front of each group of silicon detectors. The pion flux density in each of the
four runs as a function of each group of irradiated silicon detectors is shown
in Fig. 22. Various pion runs (accumulation runs) were performed, until the

accumulated fluence from the runs was in excess of 10'* 7% /cm?.

Flux density (10° " /em®/s)
o
T
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Figure 22: The pion flux density at 7wE1-PSI measured by Al activation
foils during the four runs as a function of the longitudinal position in the

irradiation box.

The Al runs were also used to calibrate the ionization chamber. The cali-
bration factor, ¢;, for the ionization chamber was obtained fitting the exper-
imental points (Al fluence measurements versus ionization chamber counts)

at a given position in the irradiation box.
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Then, the calibration factors can be used to calculate the fluence, ®, at any
position during the accumulation runs, using the relation:
o;

cj = -Z-V—— = q)j = Csz‘c (29)

where ;7 denotes the longitudinal position of the silicon detectors in the irradi-
ation box, ®; is the fluence received by each Al activation foil at the position
7, and V;. is the number of counts from the ionization chamber.

In Fig. 23 are shown the pion average flux densities measured by Al activa-
tion foils and the estimated pion dose-rates in silicon along the irradiation

box.
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Figure 23: Pion average flux densities and pion average dose-rates in silicon

as a function of the position along the irradiation box.
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Pion dose measurements in alanine
Polymer alanine dosimeters (PAD) were placed in the rear of the box in order
to measure the pion doses in alanine in the beam line. Alanine was chosen
because it can be used in high level radiation environments, and has a linear
dose response over a wide dose range (from 50 Gy to 30 kGy).
The alanine dosimeters were measured using Electron Spin Resonance tech-
nique (see appendix A), giving the pion dose in alanine. The measured mean
value of the pion dose-rate in alanine is equivalent to (337.0 4+ 7.2) Gy/h.
The estimated pion dose-rate (theoretical value), given the known pion
flux (considering the pions as minimum ionizing particles [64]), is equal to
(262.0 £ 13.6) Gy/h. The estimate was obtained as follows. First the esti-

mate of the minimum ionizing energy loss rate, (dE/dz)_. was done, taking

into account the atomic weight A and atomic number Z of the material being

traversed, in this case alanine (see appendix A).

dE
(-C—l:v-) =3.76 Z/A MeV em?g™! (2.10)
with Z=48 and A=89 for alanine (CH3-CHNH,-COOH), which gives a
minimum ionizing energy loss rate (%) _ equivalent to 2.03 MeV cm? g~

Secondly, the conversion factor fluence-to—dose, CF, is:

_2.03 MeVem?g™t x 1uGyh™t _y17 uGyht

F
¢ 1.73 MeVg=1ls—t em™2g71

The theoretical pion dose-rate in alanine is then:

em~ 251

) A1
Delgmine — ((22.4 + 1.16) x 107 7r+/cm2/s) X (1.17@——)

Delgmine — (262.0 4 13.6) Gy /h



63

where (22.4 4 1.16) x 107 7% /cm?/s is the corresponding pion flux density
at the irradiation position (22.5 cm in the irradiation box).

The fact that the measured pion dose-rates in alanine are larger than
the estimated dose-rates can be explained by the presence in the beam and
around it of other types of particles (neutrons, electrons and photons) that

contribute to the dose-rate.

Estimate of the pion dose in silicon

The same procedure was applied to estimate the theoretical pion dose-rate in
silicon. At the focal point of the beam optics (3.5 cm in the irradiation box),
where the pion flux density is maximal, the corresponding pion dose-rate in
silicon is found to be (691.1 £ 52.3) Gy/h.

The estimated pion dose-rate in silicon dioxide (SiO2) is the same as in sil-
icon. This is because the ratios Z/A are equal (14/28 for Si and 30/60 for
Si0s).

The particle flux density and dosimetric measurements close to the
mt beam (out-of-beam).

The results for this section were reported in [60], which is attached to this
thesis (appendix F).

In order to measure the neutron contamination close to the beam, Indium
(In), Cobalt (Co) and Nickel (Ni) activation foils of 6 mm diameter were
placed at different positions along the Y- and Z- axes (X-axis is the pion
beam axis). The activation foils positions are shown in Fig. 24. As we ex-
plained in [60] (appendix F), In activation foils were chosen, because they

present interesting nuclear reactions for thermal and medium neutron ener-
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gies, with very large and well-known neutron cross—sections. An important
component of the contamination spectrum will be measured with these re-
actions. Ni and Co activation foils present large cross-sections for neutron
nuclear reactions at medium and high neutron energies. The associated cross
sections can be found in the literature. These measurements will complete
the understanding of the spectrum of neutrons responsible for contamination.

In order to quantify the proton contamination close to the beam, the same
Ni and Co activation foils (6 mm diameter) were used. These foils can react
with protons of medium and high energies. The positions of the activation
foils are shown in Fig. 24.

Chips of LiF:Mg,Ti (TLD-700) were used to measure the photon dose
near the beam, at positions shown in Fig. 24. These dosimeters have ~
99.99 % of "LiF and ~ 0.01 % of ®LiF in their composition, giving high pho-

ton sensitivity and negligible neutron sensitivity.

Neutron fluz density measurements near the 1 beam

The irradiation of the In, Co and Ni activation foils was performed simulta-
neously with a group of Si samples at the pion facility during 28920 s. At the
end of the irradiation, the photon emission of each activation foil was mea-
sured with a high purity Ge(p)-vy spectrometer. Using the INTERGAMMA
code, the gamma spectra were analyzed, identifying each peak of the spectra
with a decaying nucleus.

A total of 4 radionuclei coming from neutrons were identified out-of-beam at
7E1: two nuclei from In (*6In™, °In™), one nucleus from Ni (*'Ni), and

one nucleus from Co (*"Co) (see Table IV).

It must be said that among these 4 nuclei created, only ''6In is coming
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Figure 24: Diagram of the irradiation box and the activation foils and dosime-

ters positions at 7E1 pion beam at PSI.

from an exclusive neutron reaction. **In™ could come from inelastic scatter-
ing with either neutrons or protons. Analyzing both cross sections for these
reactions, the effective threshold energy ! can be calculated and found to
be 0.5 MeV for the neutron reaction and around 1000.0 MeV for the proton
reaction [66]. For the ®’Ni nucleus, the threshold energy is 12.6 MeV and
15.0 MeV for the neutron and proton reaction, respectively. For >Co, this
threshold is 20.4 MeV for neutrons and 35.0 MeV for protons. Considering
that the quantity of low energy neutrons in the stray field around acceler-
ators is larger than the quantity of protons [67, 68], and also taking into
account the threshold effective energy of each nuclear reaction, it is assumed

that *%In™ is coming only from neutrons. In the case of the two last neutron

1The effective threshold energy, is defined [65] as the energy at which the cross—section
is 1/100 of its peak value.
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Table IV: Neutron reactions at different positions near the 7E1 pion beam

at PSI.

Position Nuclear Effective | Half-life Energy
reaction threshold of of
energy | product gamma ray
(cm) (MeV) (MeV)
PSI
5y, 5z, 19y, 19z | "°In(n,y)**In™ | thermal | 54.0 min | 0.417, 1.097, 1.29
5y, 5z, 19y, 19z | ***In(n,n’)**In™ 0.5 4.5h 0.336
5y, bz, 19z ®Ni(n,2n)°"Ni 12.6 36.0 h 0.51, 1.37
5y 59Co(n,3n)%"Co 20.4 271.7 d 0.122, 0.136

nuclear reactions (on the *’Ni and 3"Co nuclei) shown in Table IV, a cor-
rection for a possible proton contribution in the neutron reaction is applied
(as described below), because the difference between proton and neutron ef-
fective energy thresholds is small. At relatively high energies (beyond 50
MeV) the neutron—nucleus cross sections (o, ) are slightly smaller than the

proton—nucleus cross sections (o,n) [69]:

TN = UpN/1.07 (211)

The total activities of the created nuclei °’Ni and >"Co are:

ZETotal = ZE“N + Za?pN (212)
where:

Act,ny = Activity coming from neutron-nucleus interaction.
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Act,y = Activity coming from proton-nucleus interaction.

Then, from equation 1.18 (see chapter 1):
Actrotar = STanenn + SonEpN (2.13)

where:
g N, PW (1 — e™?te)(1 — e™2H)
N derte At,

Thus, introducing equation 2.11 in equation 2.13 and assuming that ¢, < ¢,

corrected

o , can be obtained as:

the corrected neutron flux density, ¢

1 mTotal
corrected > 2.14
on = 2.07( Soan ) (2.14)

As a first approximation, the neutron flux densities were estimated con-
sidering the cross sections associated with the most probable neutron energy
(E,) at which the neutron nuclear reactions are enabled. In other words,

through the following equation one calculates the effective neutron energy:

5 - Jgrer exp(—E/kT)o EdE
" Jeres exp(—E/kT)odE

(2.15)

where:

FE = Neutron energy in MeV.

k = Boltzmann constant.

T = Characteristic "temperature” of typical evaporation reactions.
kT = 200 MeV.

o = Neutron cross section in mb.

The estimated neutron flux densities are shown in Fig. 25. The cross

sections were taken from reference [70].
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Analyzing Fig. 25, the estimated flux densities of low energy neutrons at
both distances (5 cm and 19 cm) in both axes were almost independent of
the distance from the pion beam. Their values were spread between 1.5 and
2.0 x 10° n/cm?/s. The estimated flux densities of medium energy neutrons
were decreasing with the distance from the pion beam, and were generally

decreasing with increasing neutron threshold energies.
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Figure 25: Estimated neutron flux densities near 7E1-PSI pion beam as a
function of neutron energy and as a function of the distance from the pion

beam.
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The errors (Ayp) of these fluxes is varying between 6% to 27% at 5 cm
and between 16% to 19% at 19 cm. The errors (Ag) were calculated by
taking into account the errors associated to the measured activities (between
5 and 30 %) and the measured weights of the foils (between 1.3 and 2.8 %).
The errors associated with the cross sections were not taken into account,
because they were not available explicitly. However, they are less than 5 %,
typically. The error on the activity is the dominant one. Ap was calculated

via:

1/2

Ap | [AActsq 2 AW ?
P [( ) + (57) (2.16)

where:

Actsq; = The saturation activity of the foil.
W = The weight of the foil.

7 = The measured flux density.

The estimated number of neutrons created per incident pion as a function

of the neutron mean energy of the nuclear reaction are shown in Fig. 26.

Proton fluz density measurements close to the n beam

The analysis of the nuclear reactions found at 5 cm from the pion beam led to
the following conclusion: three of them were corresponding to proton nuclear
reactions. The nuclei produced were: *2Mn from Cobalt, 5*Co and 2Mn from
Nickel (see Table V). As seen above (estimate of neutron flux densities), the
proton flux densities were estimated considering the cross sections associated
with the effective proton energy, using a calculation similar to equation 2.15.
The proton cross sections were taken from [66]. The errors on the activities

were ranging from 2.4 up to 30 %, those on the weight were around 1 %. At
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Figure 26: Estimated number of neutrons per 7 at 5 cm (o) and at 19 ¢m
(A) from the 7E1 pion beam as a function of the neutron mean energy. At
5 cm, the line represents the results of a fit of the data to an exponential. At
19 cm, the curve is a fit to C/F,,, where C is a fitted constant and FE, is the

neutron energy.

5 cm, the ratios of the estimated proton flux densities (p) to the maximum
incident pion flux density (m;,) were: (0.00861 + 0.00325) p/m;, above 7.8
MeV up to 164.0 MeV, and (0.00158 + 0.00089) p/m;, above 40.0 MeV up
to 370.0 MeV.

Photon dose measurements close to the =t beam

The thermoluminescent dosimeters were read with a Harshaw 2000 TLD
reader coupled to a Harshaw TLD glow-curve analyzer model 2080. It was
set to give a linear heating rate of 7°C/s from room temperature (about
20°C) to 280°C. The glow curve low temperature peaks were erased by a

pre-readout annealing at 85°C during 25 min.

The photon doses were calculated using a °Co calibration curve. The

measured average photon dose-rates were (5.0 + 0.8) Gy/h and (0.74 +
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Table V: Proton reactions at different positions near the 7E1 pion beam at

PSL

Position Nuclear Effective | Half-life Energy
reaction threshold of of
energy | product gamma ray
(cm) (MeV) (MeV)
PSI
By, 59Co(p,3pdn)**Mn 40.0 5.59 d | 1.43,0.935, 0.744
5y, 5z 8Ni(p,a)**Co 7.8 175 h 0.931, 0.477
5z ®Ni(p,4p3n)®>*Mn 37.0 5.59 d | 1.43,0.935, 0.744

0.03) Gy/h at 10 cm and 28 cm from the pion beam, respectively. The
photon dose-rate close (10 ¢cm) to the pion beam was 6 times larger than the

measured dose-rate at the second position (28 cm).

2.2.2 ZT7-PS proton irradiation facility

The presence of damaging protons among other hadrons in the complex radi-
ation field created after the p—p collision in the LHC detectors will be signif-
icant, hence the importance of performing proton radiation damage studies.
This section presents the dosimetric characterization we have performed at
a proton facility located at the Proton Synchrotron (PS) at CERN using the
ZTT7 beam line (high intensity primary beam), with 24 GeV/c protons. This
proton beam was used to study the radiation hardness of silicon detectors.
Estimate of proton doses in alanine and silicon materials are also pre-

sented. These results have not been published previously.
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The ZT7 proton beam line

The ZT7 beam area is offering high proton intensities. It is located upstream
of the beam T7. As mentioned above, ZT7 offers a primary proton beam with
a momentum of 24 GeV/c, with either one or two spills (400 ms) of protons
delivered to the irradiation zone per supercycle. Two consecutive spills are
separated by at least 2.4 s during a 14.4 s supercycle. The irradiation position
was located about 3 m downstream of the vacuum pipe. The maximum
proton intensity was 2x 10! protons per spill.

Similarly to the experiment done at PSI (see section 2.2.1), an ioniza-
tion chamber (two parallel plates), a X-Y wire chamber and a luminescent
screen were installed in order to monitor the proton beam, and a box of
5x5%x25 cm® of volume was placed normal to the beam direction, contain-
ing silicon samples and interleaved aluminium foils, all of them mounted in
square cardboard frames. The aluminium foils were used to calculate the
proton fluences by measuring the gamma (1.368 MeV) activity from the cre-
ated isotope (**Na).

Silicon single diodes of n— and p~type with an area of 1 cm? and thickness
between 100 and 300 pm were irradiated.

Also, alanine dosimeters [33] were placed at the end of the box to measure
the proton absorbed doses in alanine in the beam line. In order to optimize
the box position in the beam, it was mounted on a table mobile along the

three space axes.

Dosimetric characterization of the ZT7 proton beam

The dosimetric characterization of the ZT7 proton beam (24 GeV/c) at PS

involves two steps: first, the proton beam measurements (in-beam), and
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secondly the particle flux density measurements close to the proton beam

(out-of-beam).

Proton beam measurements (in-beam)
Proton flur density measurements
The proton fluences were measured by activation of Al foils by proton through

the nuclear reaction
Al + p= 3pn + *Na.
The activation of graphite slabs via the nuclear reaction
20 4 p o= opn 4+ UG,

was used as a cross—check of the proton fluences given by the Al foils.
24Na decay emitting two gammas and '*C decay by a positron emission. The
activities from the isotopes created ?*Na and ! C were measured by a gamma
spectrometer, as it was explained in the section devoted to the measurements
at PSI section. The cross sections for these nuclear reactions in Al and C
were taken from [66]. The results obtained with Al and C foils were in agree-
ment within 5 %. The proton flux density was measured by activation of Al

foils. The proton flux density was equivalent to (2.7 & 0.15) x 10° p/cm?/s.

FEstimate of the proton dose in silicon

Using the above proton flux, one can estimate the proton dose-rate in sil-

icon. The estimate of proton dose-rate in silicon was (3.0 + 0.16) kGy/h

(the same procedure as in section 2.2.1). The conversion factor, CF, from
-2 —1

fluence-to-dose is equivalent to CF=1.09 4 Gy h™!/em™? s

The estimated proton dose-rate in silicon dioxide (SiOz) is the same as in
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silicon. This is because the ratios Z/A are equal (14/28 for Si and 30/60 for
Si0,).

Proton dose in alanine

The experimental proton dose-rates in alanine were measured again through
Electron Spin Resonance technique. The measured proton dose-rate in ala-
nine is (3.4 £ 0.08) kGy/h.

The estimated proton dose-rate in alanine is equal to (3.2 £+ 0.18) kGy/h.
Both results, the measured (experimental) and the estimated (theoretical)

proton dose-rates in alanine, show very good agreement.

Particle flux measurements close to the proton beam (out-of-beam)
In order to measure the contamination of hadrons (especially neutrons and
protons) close to the proton beam, Indium (In), Cobalt (Co) and Nickel (Ni)
activation foils were placed at different distances from the proton beam (X-
axis) along the Y- and Z- axes.

All three activation foils can react with neutrons, but Ni and Co also have

exclusive proton reactions. The positions are shown in Fig. 27.

The irradiation of the activation foils was performed simultaneously with
a group of silicon samples. The irradiation time was 7440 s. After irradia-
tion, the same procedure described in section 2.2.1 to measure the induced

activity in the foils was applied.

Neutron flur density measurements close to the proton beam (out-of-beam)

At this facility, seven neutron nuclear reactions were identified. The created
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radionuclei were: 'In™ and ''®*In™ from In activation foil, 5"Co, 58Co and

5Mn from Co activation foil, "Ni and 58Co from Ni activation foil.

O In, Co, Ni
z Alanine
Si, Al
cm
10
5 / X
O—O——

/ - Irradiation box

p beam

Figure 27: Set-up of the experiment at the ZT7 proton beam line at PS.

These neutron nuclear reactions are shown in Table VI with the corre-
sponding positions of the foils on the Y-axis and Z-axis, together with their
approximate effective threshold energy, half-life of the nuclei and energy of
the emitted gamma rays.

Similarly to the section 2.2.1, a correction for a possible proton contribu-
tion must be applied in the case of the isotopes 3"Co and *¥Co from Cobalt
and in the case of the isotope "Ni from Nickel. The effective neutron thresh-
old energy is 20.4 MeV for *"Co, 10.3 MeV for *®Co and 12.6 MeV for 5"Ni.
The effective proton threshold energy is 35.0 MeV for 3" Co, 15.0 MeV for *Co
and ®"Ni. The total activities of these isotopes (*’Co, *®*Co and 5"Ni) were
calculated in the same way as done in the section 2.2.1, via equation 2.12.

Then, the corrected neutron flux density can be obtained using equation 2.14.
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Table VI: Neutron reactions at different positions near the ZT7 proton beam

at PS.
Position Nuclear Effective | Half-life Energy
reaction threshold of of
energy | product gamma ray
(cm) (MeV) (MeV)
PS
5y, 5z, 10y, 10z | **In(n,y)'*®In™ | thermal | 54.0 min | 0.417, 1.097, 1.29
5y, 5z, 10z 1570 (n,n”) 1 In™ 0.5 4.5h 0.336
5y, 5z, 10y, 10z | *®Ni(n,2n)°"Ni 12.6 36.0 h 0.51, 1.37
5y, 5z *8Ni(n,p)*®*Co 1.3 71.3 d 0.51, 0.81
5y, 5z, 10y, 10z | *°Co(n,3n)*"Co 20.4 271.7d 0.122, 0.136
5y, 5z, 10y, 10z | *°Co(n,2n)**Co 10.3 71.3 d 0.51, 0.81
5y, 5z #9Co(n,a)**Mn 5.2 2.58 h 0.85

The estimated neutron flux densities are shown in Fig. 28. The cross sections

were taken from [70].

The neutron flux densities were estimated calculating the effective neu-

tron energy. The estimated neutron flux densities of four of the seven nu-

clear reactions found at ZT7-PS are shown in Fig. 28. As it was the case at

mE1-PSI, the dominant component of the neutron spectra were low energy

neutrons. This component was almost independent of the distance from the

proton beam. The values of the estimated neutron flux densities were de-

creasing from the first (5 cm from the proton beam) to the second irradiation

position (10 ¢cm from the proton beam). At 5 cm, the errors of estimated
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neutron flux densities were varying between 11% and 35% (depending on the

energy), and at 10 cm they were between 5% and 12%.
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Figure 28: Estimated neutron fluxes near the proton beam at ZT7-PS as a
function of the neutron energy and as a function of the distance from the

proton beam.

The errors related to the estimated neutron flux densities were obtained
by considering the errors associated to the activities (5 to 30%) and weights

(1.3 to 2.8 %) of the foils. The error on the activity is dominant.
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The estimated number of neutrons per incident proton as a function of
the neutron mean energy are shown in Fig. 29.
At 5 cm from the proton beam, the amount of neutrons created per incident
proton was decreasing with the neutron energy. At 10 cm, the amount of
neutrons created per incident proton was also decreasing with neutron en-

ergy, but more sharply at low neutron energy (2 — 14 MeV).
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Figure 29: Estimated number of neutrons produced per incident proton at
ZTT7-PS, at 5 cm (o) and at 10 cm (A) from the proton beam as a function
of the neutron mean energy. At 5 cm, the line represents the results of a fit
of the data to an exponential. At 10 cm, the curve is a fit to C 5/ E}-°, where

(15 is a fitted constant and F,, is the neutron energy

Proton fluz density measurements close to the proton beam

Four proton nuclear reactions were found out of the beam at this facility. The
radionuclei produced were: *?Mn and **V from Co activation, **Co and **Mn
from Ni activation. The proton nuclear reactions are shown in Table VII.

The proton cross sections were taken from [66].

The ratios of proton (out-of-beam) per incident proton (in—-beam), were



Table VII: Proton reactions at different positions near the ZT7 proton beam

at PS.

Position Nuclear Effective | Half-life Energy
reaction threshold of of
energy | product gamma ray
(cm) (MeV) : (MeV)
PS

5y, 5z, | °Co(p,3p5n)**Mn 40.0 5.59 d | 1.43, 0.935, 0.744
5y, 52 | ®Co(p5pTn)™V | 700 | 161d | 0.5,0.98, 1.3
5y, 52 | *Ni(p,a)®*Co 78 | 175h | 0931, 0.477
5y, 52 | ®Ni(p,4p3n)Mn | 37.0 | 5.59d | 1.43,0.935, 0.744

estimated considering a proton flux density equivalent to (2.7 & 0.15) x 10°
p/cm?/s and the mean value of the fluxes of created proton measured at the
same distance from the proton beam (for example, at 5y and 5z). Below is

an example of these calculations in the case of positions 5y and 5z:

wp(protonbeam) = (2.7 4 0.15) x 10°p /em?/s (2.17)
@p,(5y) = (2.88£0.1) x 10" p/em?/s (2.18)
@p(52) = (2.97 £0.08) x 107 p/em?/s (2.19)

Taking the average of the proton fluxes at the positions 5y and 5z, the
resulting value must be divided by (2.7 £ 0.15) x 10°p/em?/s, and it gives
(0.01080 + 0.00023) proton per incident proton (p/pinc )
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The ratio of the observed proton (out-of-beam) flux density to the proton
(in-beam) flux density given to the silicon samples at 5 cm are: (0.01080 +
0.00023) p/pinc above 7.8 MeV up to 164.0 MeV, (0.00612 + 0.00131) p/pinc
above 40.0 MeV and up to 370.0 MeV, and (0.01370 £ 0.00212) p/pin. from
70.0 MeV to 370.0 MeV.

The estimated proton flux densities are decreasing with the proton thresh-
old energy, but the dominant contamination proton component is above 70
MeV. The activation nuclear reactions used for these measurements were ex-
clusively proton reactions. They are listed in Table VII.

As it was the case for the estimated neutron flux density, the errors associ-
ated with the proton flux density were calculated by taking into account the
errors associated to the activities (15 to 40 %) and weights (1.3 to 2.8 %) of

the foils. The error on the activity is again the dominant error.

2.3 Results and conclusions: hadron facilities

The experimental part of this work has been performed during several years,
starting with the dosimetric characterization of the SARA facility, followed
by the measurements at PSI and PS facilities. The experiments in all the
facilities, including the contamination measurements around the main beams,
are original and have been designed and largely performed by the author.
Many details in the measurements and estimates have not been published
previously in any article.

The main results for the hadron facilities are:
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2.3.1 Neutron facility

The SARA neutron irradiation facility offers the possibility to carry out
neutron irradiation studies at both cryogenic and room temperatures. At the
same time the user can measure on-line the deterioration of the electronic
performance of the tested circuits. The dosimetric measurements allows one
to study the evolution of the damage with the absorbed dose (or fluence).
Another important purpose of this facility is to study the pollution of the
liquid argon under fast neutron irradiation due to the outgassing of materials
inside the cryostat [11, 12].

The FLUKA Monte-Carlo code allowed to estimate the neutron energy
spectrum inside the liquid argon cryostat. At the position of 10.3 cm from
the neutron source (2.15 cm in liquid argon), the total attenuation of the
neutron fluence inside the liquid argon cryostat was found equivalent to 22
% of the neutron fluence measured by TOF technique.

In the dosimetric characterization performed at SARA facility, the alanine
dosimeters allowed the measurements of the angular total dose distribution
from -45° to +45°. The total dose-rate at 0° and at 50 cm from the Be target
was 2.740.05 Gy/h/pA. It was found to be reasonably flat inside a cone of
~ 10°.

The combination of ®LiF (TLD-600) and "LiF (TLD-700) dosimeters
proved to be an effective method to separate neutron and photon doses in
a mixed field such as the SARA field. The experiment performed at SARA
using a polyethylene moderator with a pair of TL dosimeters fitted inside
was proposed and done by the author, as well as the experiment to measure
the dose distribution by alanine dosimeters, the Monte-Carlo simulation and

the estimate of doses in Si and Si0O,.
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A dosimetric characterization of the SARA facility shows that neutron
and gamma components of the mixed radiation field give rise to (78 £ 2)%
and (22 + 2)% of the LiF total dose, respectively. The photon contamina-
tion of the field at SARA was found equivalent to 1.20 Gy/h/uA dose-rate
and 4.24 Gy/h/uA for the neutron dose-rate, for a normalized neutron flux
density of 6.67 x 10'° n/cm?/h/uA at a distance of 50 cm from the neutron
source.

At the same distance from the neutron source, the estimated neutron
absorbed dose-rate in silicon was equal to 0.36 Gy/h/pA and 0.47 Gy/h/pA

for silicon dioxide.

2.3.2 Pion facility

The high fluence pion beam of the Paul Scherrer Institute (PSI) at Villigen,
was used to irradiate hundreds of silicon detectors of different types. The
7E1 beam line at PSI was set up specifically for silicon irradiation studies.
The results of the silicon irradiation studies can be found elsewhere [71].
The dosimetric measurements can be summarized as follows: the maxi-
mum pion flux density measured by aluminium activation at the focal point
of the beam optics (3.5 cm in the irradiation box) was (6.34 + 0.48) x 10°
7t /cm?/s. The cyclotron proton intensity was ~ 750 gA and the pion mo-
mentum was 350 MeV/c.
At the same position (3.5 cm in the irradiation box), the corresponding esti-
mated pion dose-rate in silicon and silicon dioxide was (691.1 + 52.3) Gy/h.
The experimental measured dose-rate (22.5 cm in the irradiation box)
from alanine dosimeter was (337.0 + 7.2) Gy/h. This was in reasonable

agreement with the estimate of the theoretical dose-rate in alanine of (262.0
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+ 13.6) Gy/h, considering the possible contribution of secondary particles
to fhe measured dose-rate in alanine. The dose-rate in silicon was (244.2 +
12.6) Gy/h at the same irradiation position as the alanine (22.5 cm in the
irradiation box).

The neutron and proton contamination flux densities were few percents of
the main pion flux density. At 5 cm from the pion beam, the ratio of neutrons
per incident pion shows a smooth decrease with increasing neutron energy
(consistent with an exponential shape). At 19 cm, the ratio of neutrons per
incident pion seems to behave approximately as the inverse of the neutron
energy (1/F,) (where E, is the neutron energy). At this distance the low
neutron energy component dominates.

In the case of the proton contamination, the protons were found only at
5 ¢cm from the pion beam and the estimated flux densities were decreasing as
a function of the proton energy; ¢.e. at low energy there are high contamina-
tion proton fluxes and at higher energies there are low contamination proton
fluxes.

The average contamination photon dose-rates measured were (5.0+ 0.8)
Gy/h and (0.74 + 0.03) Gy/h at 10 cm and 28 cm from the pion beam,
respectively.

Despite several complex phenomena that tend to complicate the relation-
ship between the actual dose and the flux of pions coming from the beam,
a simple relationship between measured doses and doses calculated from the
particle flux density has been established for the PSI facility as a result of the
author’s work; furthermore, there is evidence that flux densities from proton
and neutron contamination close to the pion beam remain within acceptable

small limits.
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2.3.3 Proton facility

The proton flux density measured by the aluminium activation technique
was found equivalent to (2.7 + 0.15) x 10° p/cm?/ s at the focal point of
the beam optics. The corresponding proton dose-rate estimated in silicon
and silicon dioxide was found to be (3.0 £ 0.16) kGy/h, using the concept
of minimum ionizing energy loss rate.

The measured proton dose-rate (experimental) in alanine was (3.4 + 0.08)
kGy/h and the corresponding estimated proton dose-rate (theoretical) was
(3.2 4+ 0.18) kGy/h. These values show good agreement between the exper-
imental and theoretical results.

The contamination of neutrons and protons close to the beam (out-of-beam),
were also a few percents of the proton flux density. At this facility, at 5 cm
from the proton beam the neutron contamination decreased slowly with the
neutron energy. At 10 cm, the neutron contamination component followed a
law 1/E}® (where FE, is the neutron energy).

This result is not far from an estimate done at stray fields in high-energy
proton accelerators, where the tail of high energy neutrons varies approxi-
mately as 1/E!7 [68]. The low energy component was found dominating.
Evidence of created protons was found only at 5 cm from the proton beam.
The dominant contamination proton energy is above 70 MeV.

The radiation damage results for the silicon samples irradiated simultane-
ously with the foils and dosimeters used in this work can be found elsewhere

[72).

The main conclusion of this chapter is the importance of the dosimetric

characterization of the irradiation facilities as part of any LHC radiation
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damage program. The accuracy of the measurements of the particle fluences
or doses are relevant when one needs to correlate these measurements with
the inflicted damage to the detector components and electronics under study.
When someone studies bulk damage effects in silicon, he must know the exact
number of particle per square centimeter, that interact with the irradiated
material. In other studies, such as studies of surface damage effects in SiO,

or GaAs, the exact measurement of the absorbed dose is crucial.



Chapter 3

Non-Ionizing Energy Loss

(NIEL) and hardness factor

The dosimetric characterization of the hadron irradiation facilities: SARA
facility for neutrons, mE1-PSI facility for pions and ZT7-PS facility for pro-
tons, was presented in the chapter 2. An important part of the research
program at these facilities was the study of silicon detectors under irradia-
tion. The radiation effects in silicon materiaté depend on the particle type
and on the particle energy. In order to compare the radiation damage re-
sults obtained with different types of particles at various energies, it is useful
to renormalize the particle fluence of a specific irradiation to the equivalent
fluence of 1 MeV neutrons. This renormalization is done through the Non
Ionizing Energy Loss hypothesis, which is based on the assumption that the
variation in the induced displacement damage in a material scales linearly
with the amount of energy imparted in displacing collisions.

The NIEL hypothesis applies to bulk damage, while surface damage effects
are not thought to obey NIEL scaling.
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This chapter briefly describes the NIEL scaling hypothesis and its appli-
cation to the calculation of the equivalent fluence of 1 MeV neutrons
and the hardness factor at the SARA, 7E1-PSI and ZT7-PS hadron irradi-
ation facilities. These results and estimates have not been published in any

of the attached publications (appendices C,D,E,F).

3.1 Non-Ionizing Energy Loss (NIEL) and hard-
ness factor

The main cause of bulk damage (or displacement damage) in silicon is due
to Non-Ionizing Energy Loss (NIEL) interactions with atoms. The silicon
atoms are being knocked-out of their lattice positions and in the case of
high-energy hadrons (e.g. neutrons or protons), they can also interact pro-
ducing silicon nuclear reactions where the reaction products move through
the lattice interacting with other atoms, knocking them also out of their lat-
tice locations. Light particles, such as electrons and photons, also produce
displacement damage in silicon, but the electrons and photons cross—sections
are much lower.

Therefore, instead of quoting NIEL, one frequently talks about displacement
damage cross—section or displacement kerma factor (DK (F)).

The NIEL value of silicon is usually given in [keV cm?/g] and for silicon (A=
28.086 g/mol) the relation between DK(E) and NIEL is: 100 MeV mb =
2.087 keV cm?/g [73].

Using the displacement kerma factor (DK (F)), it is possible to define

the equivalent fluence of 1 MeV neutrons (®;*V') which produces the same
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damage as any particle beam with a specific energy distribution and fluence

(Pmeas.)-
The equivalent fluence of 1 MeV neutrons is defined by:

LY = K Bpeas, (3.1)

where ®,,..;. 1s the measured fluence of the particle beam equal to:

Emaa:
S / o(E)dE
Emin

¢ is the particle flux density.

% 1s the hardness factor defined as:

1 fEm o(E) DK(E)dE
K =
DK(1MeV) Jgres o(EB)dE
where DK (1MeV') is the normalization factor equal to (95 + 4) MeV mb,

(3.2)

value recommended by the American Society for Testing and Materials (ASTM)
[74], and DK(FE) is the displacement kerma factor. DK(1MeV) is an aver-
age value of neutron displacement kerma factor near 1 MeV. This value is
difficult to determine because of sharp neutron cross section resonances in
that energy region. However, Namenson et al. have calculated this factor

using various tabulations of DK (FE) versus energy [75].

The silicon displacement kerma factor (DK (FE)) at energy, F, is given by
[76]:

DK(E) = zkj or(E) /clER ol E, Ep) P(ER) (3.3)

where the sum is over all the reactions between the silicon and the incident

particle, oy is the corresponding cross section of these reactions, fi(E, Eg) is
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the probability that a particle with energy, F, produces a recoil with energy,
ERg, through the reaction k, and P(FRg) is the partition function derived by
Lindhard [77]. The Lindhard function has been calculated in the LSS (Lind-
hard screened potential scattering) theory. Lindhard has studied the process
of partitioning the energy of a recoil nucleus between electrons (electronic ex-
citation or ionization) and elastic and inelastic collision that could produce
displacement atoms from their lattice sites (non-ionizing displacements).

This quantity (DK (FE)) has been calculated for the interaction of various
types of particles as neutrons, pions, protons and photons with silicon and

as a function of particle energy [56, 74, 76, 78, 79, 62, 58, 80].

3.2 7Equivalent fluence of 1 MeV neutrons”

for: SARA, "E1-PSI and ZT7-PS

3.2.1 SARA neutron facility

To calculate the "equivalent fluence of 1 MeV neutrons” for the SARA neu-
tron facility, first the hardness factor x was estimated using the neutron dis-
placement kerma factors (DK(E)) in silicon from references [56, 74, 76, 78].
A lower and upper bound of integration of 100 keV and 25 MeV were con-
sidered in equation 3.2, respectively.

The estimates of SARA hardness factor are shown in Table VIII.

The calculations of the hardness factors of the SARA facility, using silicon
displacement kerma factors from different authors, show small discrepancies
between them, of the order of 8% (see Table VIII). If one takes the mean
value of the hardness factors, one finds k = 1.53 £+ 0.13.



90

Table VIII: k hardness factor for the SARA neutron facility.

Neutron | E,.in | D g;’:‘;’” o(E)dE E k | Displacement

Facility x 1010 kerma
(MeV) | (MeV) | (n/cm?/h/pA) | (MeV) factors

SARA | 0.100 25.0 8.00 6.0 1.66 [56]
0.100 | 25.0 8.00 6.0 | 1.62 [74]
0.100 | 25.0 8.00 6.0 | 1.42 [76]
0.100 25.0 8.00 6.0 1.43 [78]

Then, the ”equivalent fluence of 1 MeV neutrons” per year for the
SARA facility at the maximum beam intensity (5¢A) and at 50 cm from the

Be source is:
@é?’!ev = 0.17 x 10" (ngy/cm?)

The LHC annual running time has been taken equivalent to 107 s (115

days) for the estimate of the equivalent fluence of 1 MeV neutrons.

3.2.2 7wE1-PSI pion facility

The "equivalent fluence of 1 MeV neutrons” and the « hardness factor for
the mE1-PSI facility are shown in Table IX.
In the case of 7E1-PSI, the estimate of the hardness factor was done using
the displacement kerma factors from references [56, 58, 80].

As can be seen in Table IX, the equivalent fluence of 1 MeV neutrons
for the 7E1-PSI facility depends on the reference value for the silicon dis-

placement kerma factors used for the hardness factor estimates. The value



91

Table IX: The equivalent fluence of 1 MeV neutrons (®})7¢) per year for the

mE1-PSI pion facility, and the x hardness factor.

Facility | Particle | Spectrum | Energy | & | Displacement @éy v
(MeV) kerma x 106
factors (neg/cm?)
PSI mt monoener. | 237.2 | 0.71 [56] 0.45
mt monoener. | 237.2 | 0.91 [58] 0.58
nt monoener. | 237.2 | 1.54 [80] 0.98

of the « factor is larger than one (1.54) only in one case, when Lazanu et al.
calculations were utilized. In the other two cases, the values of k are smaller
than unity (0.71 and 0.91), but differing in between them by 22%. If one
takes a mean value of these two last values, the hardness factor will be 0.81
+ 0.14 and the corresponding equivalent fluence of 1 MeV neutrons per year

will be:
oMY = 051 x 10" (neg/cm?)

The pion flux density is equal to 6.34 x 10® pion/cm?/s.

3.2.3 ZT7-PS proton facility

The estimate of hardness factor x for this facility was done using the dis-
placement kerma factors DK(E) at the energy of 9 GeV from reference [62],
because there exists no DK(E) value for the 24 GeV/c protons. The esti-

mated hardness factor is k = 0.51.
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The proton displacement kerma factors DK(E) in silicon has been also
calculated by other authors [56, 79]. The experimental damage results for
protons are in better agreement with Huhtinen et. al. calculations. This is
not the case with the tabulations by Van Ginneken [56], which have been
proven to be wrong at high energies (above 100 MeV) [81]. Then, it is rec-

ommended to use Huhtinen’s proton displacement kerma factors [82].

If one takes a hardness factor k = 0.51, the ”equivalent fluence of 1

MeV neutrons” per year for the ZT7-PS facility is:
CI)(li;weV = 1.42 x 10'®  (n,/cm?)

A proton flux density equal to 2.79 x 10° p/cm?/s has been taken.
In the literature, previous estimates of x were 0.93 [83] and 1.19 [84]. These

values were overestimated.

3.3 Conclusions

The ”equivalent fluence of 1 MeV neutrons” for SARA, #E1-PSI and
ZT7-PS hadron facilities were calculated. All of the ”equivalent fluence of
1 MeV neutrons” are of the order of 101°~10'¢ equivalent neutrons (n.,)

per cm? (similar to the fluence accumulated during ten years of LHC run-

ning).

The hardness factor x was estimated for all hadron facilities. The dis-
crepancies between the various values of the hardness factor x are mainly
due to the energy cuts in the particle spectrum, and to the displacement

kerma factors utilized. The hardness factor relates the NIEL of a particular
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particle to that of a 1 MeV neutron which has a displacement kerma factor

of 95 MeV mb.



Chapter 4

Conclusions

The main result of this thesis is the dosimetric characterization of hadron
facilities that can be used as reference for work in radiation damage studies
for LHC detectors. Using the present measurements of the particle fluences
and doses, the physicists can correlate quantitatively fluence or dose mea-
surements with the damage being observed in irradiated materials and equip-
ment. Three hadron facilities have been characterized: SARA for neutrons,
7E1-PSI for pions, and ZT7-PS for protons. Each facility provides acceler-
ated damage testing for specific LHC detector components: SARA makes
available high neutron fluences and a cryostat filled with liquid argon to test
the radiation hardness of liquid argon calorimeters parts and electronics un-
der cold conditions. It was important to know the relative contributions of
photons and neutrons at this facility, because the neutrons produce more
significant bulk damage than photons, creating cluster and point defects in
the silicon materials. 7E1-PSI provides high pion fluences in silicon detectors
around the delta resonance zone, a crucial energy region where the induced

damage on silicon could be enhanced; ZT7-PS allows the study of the radi-
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ation hardness of silicon detectors exposed to high-energy protons.

In the case of 7E1-PSI and ZT7-PS facilities, it was important to measure
the contamination around the pion and proton beams (out—-of-beam), be-
cause this contamination could contribute additional damage to the silicon

detectors under study.

Regarding the evaluation of the radiation hardness of the detectors in
preparation for LHC operation, the most important result from this thesis is
the confirmation that the hadron facilities deliver fluences and doses domi-
nated by the intended particle type, and the contamination out-of-beam is
not significant. The use of irradiation set—ups similar to these utilized in
the present work for future irradiation hardness studies of samples at these
facilities will certainly lead to meaningful results. This, we believe, is a non-

negligible contribution of the present work.

At 7E1-PSI and ZT7-PS, the daily fluence was 5.5 x 102 pions per cm?,
and 2.4 x 10'* protons per cm?, respectively. At SARA the daily fluence
inside the liquid argon cryostat was 1.48 x 10 neutrons per cm?, corre-

sponding to the fluence of about 10 years of LHC operation, as far as the

sensitive ATLAS electronics is concerned.

Another important result of this thesis was to show that the dose at SARA
was dominated by the neutron dose (78%n, 22%~). Depending on the Z of
the material, the relative doses will vary somewhat, but it is fundamental to
know that the neutron dose dominates when designing an irradiation set-up,

or while analyzing results. In the 7E1-PSI and ZT7-PS facilities, the beam
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was narrow and the contamination changed in character from a broad spec-
trum of energy and particle types at 5 cm from the beam to a steeply falling
energy distribution of neutrons (1/E) at 10 ¢cm from the beam and beyond.
However, these small contaminations of neutrons and protons remain within
acceptable small limits.

At the 7E1-PSI, neutrons were present representing a fraction of 0.2 — 0.8
% of the pion beam (thermal and above 500 keV) and protons representing
a fraction of 0.1 — 0.8 % of the pion beam (energy above 7.8 MeV). At the
ZT7-PS, neutrons were representing a fraction between 0.1 — 2.3 % (thermal
and above 500 keV) and between 0.6 — 1.4 % (energy above 7.8 MeV) of the
proton beam, respectively. Again, these results will guide the designers of
future irradiation experiments to take the appropriate precautions to deal

with beam contamination.

The particle fluence measurements at the charged hadron facilities and
the particle contamination measurements around the irradiation beams were
done by the activation technique. This is a reliable technique. It can be used
over a wide range of fluences, and is insensitive to the pulsed structure of
accelerator fields. The activity of the foils can be measured at convenience
after the experiment (considering both the half-life of the nucleus (or nuclei)
created and the activity of the foil).

Direct measurements of absorbed doses in the main beam of the hadron facil-
ities were performed with alanine dosimeters. They present a linear response
over a wide range of doses (50 Gy to 30 x 10® Gy), good time stability of the
induced free radicals, availability of a non-destructive read—out technique,

accuracy, repeatability and reproducibility of measurements.
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Alanine dosimeters can be recommended to measure absorbed doses at charged
hadron facilities and it can be used to measure total dose distribution, as for
example in the stray fields in the LHC tunnel.

Thermoluminescent dosimeters (TLD) were used to measure the photon ab-
sorbed doses around the beams, and the combination of two different kinds
of TLD fitted inside a moderator polyethylene sphere, allowed to separate
the neutron and photon components in the case of mixed fields. The moder-
ator sphere method proved to be an effective method to separate the neutron
from the photon component in a mixed field. These dosimeters also present

small size, easy handling and good accuracy in their responses.

Ultimately, it is the radiation damage inflicted to the detector compo-
nents, electronics and equipment which constitutes a major preoccupation
for the LHC physicists in their ambitious plan to discover the mechanism of
the origin of mass after operating the LHC detectors for several years.

For the ATLAS experiment, silicon is part of the detection systems and of
the read electronics and therefore deserves particular attention.

The expected bulk damage in silicon, dominantly caused by neutrons and
charged hadrons, does scale with the non-ionizing energy loss and is there-
fore characterized in terms of equivalent fluence of 1 MeV neutrons. There-
fore, the "equivalent fluence of 1 MeV neutrons” using the NIEL scaling
hypothesis, and the correct hardness factor for each facility were estimated
in chapter 3. Signal loss as a consequence of the liquid argon pollution is
another preoccupation for the ATLAS experiment. After 10 years of LHC
operation, without any replacement or any purification of the liquid argon,

the total calorimeter signal loss is expected to be lower than 1.5 %.
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The hadron facilities presented in this thesis were used during many
years. Thanks to the dosimetric characterization of these facilities, and others
around the world, the radiation damage research programmes of the differ-
ent R&D groups are ongoing, trying to cover their main objectives: predict
the radiation damage in the detector components, electronics and equipment
for LHC applications, and improve the radiation hardness especially of the

detector components.
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Appendix A

Dosimetry methods and

absorbed dose calculations

This appendix starts with a short description of the ESR and TLD dosimetry
methods used in the present work. Calculations of absorbed doses from

photons, neutrons, and charged particles are also presented.

A.1 Dosimetry techniques

A.1.1 ESR: Polymer-alanine dosimeters (PAD)

The alanine dosimeter uses the stable paramagnetic centers generated by
ionizing radiation in the a-amino acid: CH3-CHNH;-COOH. The created
free radicals (CHg—CH-COOH) are detected by the Electron Spin Resonance
Technique, and they represent a measure of the amount of the energy im-
parted to the material [85]. The peak-to-peak signal height is used as a dose

dependent parameter (see Fig. 30).
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Figure 30: ESR spectra of Polymer-alanine dosimeter (PAD) at 10®> Gy with
%Co. Recording conditions: temperature 18°C; microwave power 1.25 mW;
modulation amplitude 2.5 x 10~* Tesla; scan range 10~% Tesla; field set at
0.3295 Tesla; microwave frequency 9.425 GHz; time constant 0.3 s; scanning

time 60 s; gain 1.5 x 10%.

The dosimeter is based on a homogeneous mixture of 33% of polymer-
ethylene-propylene rubber (EP-rubber) and 67% DL-a alanine, by weight.
One of the advantage of this dosimetric technique for radiation-damage stud-
ies is its wide dose range: 10 Gy to 5 x 10° Gy [86]. The response is linear
over the range 50 Gy to 30 kGy, as shown in Fig. 31.
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Figure 31: Polymer-alanine dosimeter (PAD) calibration curve-(CERN). The

alanine dosimeters were calibrated using ®°Co gamma rays.

A.1.2 Thermoluminescence dosimetry

When a thermoluminescent crystals is exposed to ionizing radiation, electrons
are raised from the valence band to the conduction band and move freely
through the crystal. Normally, these electrons would fall back into the valence
band, but some are trapped by lattice defects and impurities. The electrons
will remain in these traps until they acquire sufficient energy to escape. This
energy is provided in the form of heat. Escape and return to the valence band
is accompanied by emission of one or more photons. Free positively charged
holes are produced along with the free electrons and may undergo a similar
process. The net result of the heating is recombination of the electrons and

holes. The resulting light emission occurs at temperatures corresponding to
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the depths of the traps.

The emission of light as a function of temperature is known as the glow
curve. The shape of this curve, and the heights of the peaks, are determined
by the intrinsic qualities of the basic phosphor and by the activator concen-
trations. Each TL phosphor has a characteristic glow curve (see Fig. 32). The
area of a glow peak is a function of the number of electrons released from

the corresponding traps, and it is proportional to the radiation absorbed dose.

The most important families of phosphors used for dosimetric purposes
are: lithium fluoride (LiF) [87], lithium borate (Li;B407), calcium sulfate
(CaS0y), and calcium fluoride (CaF;) [88]. A thermal treatment called an-
nealing is necessary in order to re—use the dosimeter. For LiF, the annealing
consists of: 1 hour at 400°C, followed by 2 hours at 100°C in air, and cooling

at room temperature.

glow intensity (relative)

temperature (C)

Figure 32: Glow curves of ®LiF (TLD-600) and "LiF (TLD-700) irradiated

by ®°Co gamma rays (main peak is normalized to unity at 210°C).



XXX

A.2 Absorbed dose calculations

A.2.1 Calculation of absorbed doses from gamma rays
The calculation of the photon absorbed dose is as follows:

2

1. First the photon flux density (¢; in cm™ s7!) is determined (or mea-

sured) at the point of interest;

2. ¢; is multiplied by the energy of the photons (E; in MeV) to obtain the

energy flux density;

3. energy flux density is multiplied by the mass energy absorption coeffi-
cient ((tten/p)E" in cm? g1) of the medium, to determine how much of

the energy is actually deposited at the point of interest;

4. finally, the appropriate constants are applied to convert the units to
Gray (Gy) and multiplying by the time ¢ during which the photon flux
density was present yields the absorbed dose [89].

Mathematically:

D(Gy) = 1.6 x 107 3" ©; E; (tten/p) 5 t (A.1)

When the photon absorbed dose is calculated by means of equation A.1,
charged particle equilibrium (CPE) is assumed at the point of interest, since
the mass energy absorption coefficient considers only the energy deposited by
photon interactions in the mass element at the point of interest. If charged
particle equilibrium is not achieved, one must somehow calculate the dif-
ference between energy entering and leaving the mass element on charged

particles.
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A.2.2 Calculation of absorbed doses from neutrons

The differential neutron fluence (or fluence spectrum) ®(E) (in neutrons per
MeV per square meter) is defined by ®(E) dE, the number of neutrons of
energy in the range E, E 4+ dE per unit area. The neutron absorbed dose D
(in Grays) is related to the fluence [90] by:

D= /0 “ ®(E)(E) dE (A.2)

where k(E) is the neutron kerma factor of the material (Gy m*/neutron).

Kerma factor

When the neutron does interact, it may undergo a variety of nuclear processes
depending on its energy. For energies up to 20 MeV, interactions are either
elastic ((n,n)), inelastic ((n,n’), (n,n’y)) scattering or they are simple (n,2n),
(n,p), and (n,o) reactions. The sum of the kinetic energies of all charged
ionizing particles produced in these interactions represent the kerma ! K.

For neutrons of energy E, one has [91]:

I(n(E) = (I)(E)E Z N; O'i,j(E) fi,j (A?))
1,J
where ® is the neutron fluence, NV; is the number of nuclei of the ith element

per unit mass, o0;; is the cross section of the reaction on the ith element

resulting in the charged particle j, and f;; is the average fraction of the

!The kerma (Kinetic Energy Released per unit MAss), is the quotient of dE:,. by
dm, where dFE;, is the sum of the initial kinetic energies of all charged ionizing particles
liberated by uncharged ionizing particles (or indirectly ionizing particles) in a material of

mass dm.
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energy that is transferred to kinetic energy in the particular process.

Equation A.3 can be rewritten as:

K. (E) = ®(E) k(E) (A.4)

where k(E) is the kerma factor per unit fluence. At low energies (less than
5 MeV) this quantity is dominated by the elastic scattering. When the
neutron energy increases, the contribution of inelastic scattering and two-
body nuclear reactions are more significant. At energies above 15 MeV,
the multiple breakup is dominant. The many-body cross sections are not
well known, and this gives a large uncertainty in the kerma factors above
20 MeV. In addition to the kinetic energy released by the nuclear reaction
products, some of these products are radioactive and their # decays make
an additional contribution to the kerma. The kerma does not include the
gamma ray contribution.

Kerma factors for many materials and compounds have been calculated by
[57, 92]. The kerma factors for silicon and silicon oxide are shown in Fig. 33.

The compounds kerma factors can be calculated using the following relation:

kcompound(E) = Zai kz(E) (A5)

where a; is the fraction by weight (atomic mass of the element divided by
the compound atomic mass) and k;(E) are the kerma factors corresponding
to each element at certain energy E. For example, in the case of SiO,, the

atomic mass of silicon is 28, and 16 for oxygen, then:

ksio,(E) = 28/60 x k' (E) + 32/60 x kP (E)
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Figure 33: Kerma factors per unit of fluence for silicon (Si) and silicon dioxide

(Si0y).

A.2.3 Calculation of absorbed doses from charged par-

ticles
For a particle fluence per unit of energy ®(FE) that enters a volume of cross
section area dA and depth dl, the dose for electrically charged particles is
defined as [89]:

D(Gy) =

1.6 x 107 /OE"' £ pyo(B)dE (A.6)

p de
where the beam of particles has a spectrum with a maximum energy E,,.

In this equation the stopping power, dE/dz, is in units of MeV cm™'. The

fluence ® is in units of particles cm~2 MeV~!, and the density p in units of
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g cm~3. The factor 1.6 x 107!° comes from 1 Gy = 6.24 x 10° MeV g1
In the case of high energy charged particles, as can be seen in Fig. 34, the
stopping power passes through a broad minimum where the rate of energy
loss in the region is 2 MeV cm? g™!. Charged particles in this energy range
are referred to as minimum ionizing particles or mip’s. An estimate of

the minimum ionizing energy loss rate, (dE/dz) taking into account the

min?

atomic weight A and the atomic number Z of the material being traversed,

is approximated by [64]:

(%ﬁ—;) =376 Z/A MeV em® g™} (A7)
) .

The energy loss is mainly deposited along the track of the particle, but
at very high energies, appreciable energy (a few MeV) can be transferred
to electrons (also called §—rays) that deposit energy away from the primary
track, effectively reducing the rate of energy deposition close to the charged
particle track.

The dose absorbed by a thin object placed in a charged particle beam
depends primarily on the rate of energy loss of the particles and their distri-
bution across the beam. As shown in Fig. 34, protons of energy greater than
about 600 MeV and muons and pions with energy above about 100 MeV
deposit energy at a rate of about 2 MeV cm? g~! in practically all target
materials. This so-called minimum ionizing energy loss rate can be con-
verted to absorbed dose per unit of fluence of high energy charged particle

(conversion factor CF) and is equivalent to:

3.76 Z pGy h™!
1.73 A em—2 51

where 1y Gy h™! = 1.73 MeV g~! s7! was used.

CF =
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Figure 34: The stopping power of protons and muons in water (solid curves)
and iron (dashed curves) as a function of the particle energy. The stopping

power for pions will be similar to that of muons.

For the purpose of calculating the dose in a charged particle beam, it is
conventional to express the particle flux density as particles per cm? per
second [64]. In which case, the appropriate factor (CF) to convert flux density

into absorbed dose-rate becomes (considering (‘;—f—) ~=2MeVcem?g!):

-1
6 pGyh

cm—2 51

CF =11 (A.9)

An example of this is the calculated absorbed dose in silicon material due

to proton fluences, shown in experimental results at ZT7-PS.
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Particle flux density

measurements

Particle flux density measurements require a careful selection of the reac-
tions considering both practical and physical constraints [27]. Usually, the
reactions are selected for a given type of particle, for a given range of en-
ergy, corresponding to the energy spectrum of the particles produced at the
irradiation facility, and well known cross-sections and characteristics of the
produced nuclei (half-life, decay mode, decay energy).

The duration of the irradiation to be monitored is another constraint to
consider. If the half-life of the measured isotope is very much longer than the
irradiation time, the reaction may be too insensitive. If, on the other hand,
the irradiation time is very much longer than the half-life of the reaction
product, the result obtained may be quite inaccurate.

In the high energy environment of accelerators, one must take special care
while selecting reactions because multiple reactions could take place with the

resulting production of many radionucleides.
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Another aspect to consider is that the component materials of the activa-
tion foil should be free of interfering impurities. The total size and thickness
should be small enough to avoid excessive self-absorption and attenuation of
the softest gamma-rays to be measured and it must present no unacceptable

handling difficulties.

Thermal neutrons are usually detected by (n,y) reactions. The choice
of the activation foil depends on the low energy neutron flux density to be
measured and the time over which it has to be measured [28, 29]. It is easy
to find (n,y) reaction with suitable half-life and absorption cross-section [70].
Medium and high energy neutrons are measured using threshold activation
foils [28, 30, 93]. Threshold activation foils require a minimum neutron energy
to initiate activation. They give no response below threshold. Above it, they
have a response proportional to the excitation functions of the activation foil.
Differences in the response function of activation foils [70] are the basis for
methods developed to determine spectra from activation data.

In reference [27] there are useful neutron and charged particles reactions
associated with their approximate effective threshold energy, half-life and

gamma energy emission of the created nuclei.

B.1 Analytical methods

B.1.1 Gamma spectrometry

A typical gamma spectrum consists of a number of peaks corresponding to
the gamma rays of the elements measured. The peaks are superimposed over

a continuous background originating from the Compton scattering of gamma
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rays in the detector (that can be Nal(Tl) scintillators, high purity Ge or
Si(Li) semiconductor detectors for instance) [38, 39]. The number of counts
in a peak, less the background, is a measurement of the activity of a specific
nuclei. Modern gamma spectrometers are linked to computers that perform
all the needed calculations according to a radionucleus data table stored in
it. A computer program such a INTERGAMMA [40], provides a reliable

printout of activities a few minutes after the end of the measurement.

B.2 Computation methods

This section briefly describes the computer programs used in activation anal-
ysis.

INTERGAMMA

This program permits the automatic processing of the spectra. It needs the
experimental efficiency curve and the nuclei table as inputs supplied by the
user. The output gives the photopeaks: their energy in keV, the identified
nuclei, the net area in counts, the FWHM (Full Width at Half Maximum),
the statistical error of the measurements and the activity corrected by decay
during the counting time, expressed in Bq [40].

ENNUI (Effective normalization for non-uniform irradiations)

ENNUI can be used in the case of accelerators, where fluctuations in the
intensity of the beam frequently happen. This directly affects the activity
produced in the foil. It is therefore necessary that the results of measure-
ment be normalized as to what they would have been in the case of uniform
irradiation. From a history of the fluences, ENNUI calculates the ENNUI

normalization factor [94].
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B.3 Source of errors in the activation mea-
surements

Impurities and errors in component masses and the effects of impurities are
small when high-purity materials are used. The uncertainties from these
effects are of the order of less than 1%.

Weighing of foils (during their use) is another source of uncertainties. In the
worse case, it gives errors of the order of 5%. This could happen when the
foils are cut mechanically and then, special care should be taken when small
foils are going to be used.

For threshold activation foils, neutron self-shielding effects are very small
if the masses of the foils are well below one gram. Related uncertainties are
below 1 %.

In the case of radiation damage studies, the activation foils used are
usually thin, with a well defined geometry. The attenuation in thin foils is
negligible, but in the case of thick foils with an emission of low energy gamma
rays, the attenuation can be estimated with great accuracy.

The errors in the gamma spectrum counting and analysis are due to
statistical variations in the pulse counts, errors in efficiency calibration, errors
in the peak area calculation, and errors in branching ratios and half-lives.

The largest source of error seems to be on the efficiency calibration of the
gamma spectrometer. These errors, however, can be reduced considerably if
calibration is performed frequently (three times a year, for example) or per-
formed specifically before a measurement. Then, when the gamma spectrum
is automatically processed, the total uncertainty in the activity determina-

tion can be obtained as the root of the sum of the squares of the errors on
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the various contributions and is typically about 5%.
Estimated uncertainties carried out by cross-sections are in the range 5

to 14% [95].
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Abstract

The SARA facility at Grenoble provides the possibility to carry out neutron irradiation studies at both cryogenic and room
temperatures, and permits at the same time to measure on-line the deterioration of the electronic performance of the tested
circuits. The cryogenic vessel consists of a 10 1 liquid argon cryostat placed behind the neutron source. A TOF technique was
used to measure the neutron energy spectrum produced by the collision of a 20 MeV deuteron beam on a thick Be target.
Alanine and thermoluminescent dosimeters were used to determine the neutron and photon doses. The results show that the
neutron and the gamma dose components are about 78% and 22%, respectively. The angular distribution of the dose was also

measured.

1. Introduction

The very large neutron fluences (up to =~ 10'3-10"
neutrons/cm?/yr) foreseen for the next generation of
hadron colliders, will create a high-level radiation environ-
ment and challenge the performance of the detectors and
their readout electronics. Furthermore, calorimetry using
liquid argon as an active medium will be certainly used and
raises the question of the radiation hardness of the detector
components at cryogenic temperatures.

Neutron sources based on- stripping of deuterons
(°Be(d,n)'°B) on thick beryllium targets have been used
for decades in studying the damage effects of neutrons on
various materials [1]. On light ion accelerators, this process
offers the most effective way of producing high intensity
-neutron fluxes at low cost. This neutron production tech-

nique is also particularly interesting in the context of the -

R&D efforts dedicated to the design of the LHC detectors.
Here, and at least for the ATLAS detector [2,3] high neu-
tron fluences under cryogenic conditions are required for
investigating realistically the deterioration induced by radi-
ation exposure. Cryogenic temperatures are hardly conceiv-
able in the environment of nuclear reactors that constitite

* Corvesponding author. Tel. +33 76 28 40 00, fax +33 76 28 40 04.
! Guest professor of Université Joseph Fourier. Permanent address: Faculté
des sciences Ain Chock B.P. 5366 Maarif Casablanca, Marocco.

2Kiilam Fellow.

0168-9002/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved
SSDI0168-9002(94)009485-1

the classical neutron sources, whereas they can be easily
achieved in the context of small accelerators. Another useful
property of this type of source is the fact that, as opposed to
nuclear reactors, they produce very few thermal neutrons.
This is due to the kinematics of the production reaction and
the reduced quantity of material needed to build a target as-
sembly. The absence of thermal neutrons drastically lowers
the undesirable activation of the exposed samples.

. We present in this article the main characteristics of a
neutron irradiation station that was recently installed at a
cyclotron located in Grenoble. It permits us to expose elec-
tronic circuits, opto-electronic components such as optical
fibers and LED’s, as well as mechanical parts at cryogenic
temperatures provided by a liquid argon cryostat. Real-time
measurements, especially of the electronic and optical per-
formance of the tested circuits, were also made possible.

A time-of-flight technique was used to measure the
neutron energy spectrum. Alanine and thermoluminescent
dosimeters were utilized to determine the neutron and
photon doses.

2. Description of the site

A thick beryllium target 35 mm in diameter (Fig. 1) con-
stitutes the neutron source, and is located at the end of one
of the SARA [4] beam lines. A 5 A beam of 20 MeV
deuterons is stopped on the Be disk producing a high neu-
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tron flux by stripping reactions. The Be thickness required
to absorb this beam completely is 1.6 mm. For safety rea-
sons, we decided to mount a 3 mm thick Be disk. The beam
power (100 W) released in the Be target is removed by a
water coolant flow that is placed in thermal contact with
the source through a brazed copper ring. At the full beam
power, the highest temperature on the target does not exceed
40°C. At the design level, some precautions have been taken
to maintain the Be disk electrically insulated, thus permit-
ting an on-line monitoring of the beam current that stops in
" it Because of the emission of secondary electrons from the
beryllium, the beam current as seen by the target is approx-
imately 20% higher than the real one. In order to ease the
tuning and the positioning of the beam on the target with a
radiation-robust system, a carbon ring segmented into four
separate sectors whose currents are independently read out,
was fixed a few centimeters upstream. It defines the allowed
external diameter (25 mm) in which the beam is focused.
The liquid argon cryostat consists of a cylindrical ves-
sel 30 cm in diameter, surrounded by a 5 cm thick external
thermal insulation. The vessel walls have been made of alu-
minum in order to minimize the neutron activation and con-
sequently to ease its handling after the exposures. It can con-
tain up to 10 1 of liquid argon kept cool by circulating pres-
surized liquid nitrogen through an internal heat exchanger.
As can be seen in Fig. 1, the cryostat is installed as close
to the Be target as possible, reaching a minimal irradiation
distance of 10 cm. Some feedthroughs allow us to bias the

Segmen?ed graphite ring
for beam centering

LN2 Condenser Cryostat
05"
Liquid ar
Printed circuit ) ——
0
Be Target /

Fig. 1. Perspective views of the installation. Upper part: Be target; lower
part: liquid argon cryostat with the target mounted in front.

exposed electronic circuits, to read their output pulses, and
to insert optical fibers used in opto-electronic tests. During
the room temperature immadiations, the cryostat walls are re-
moved, and an aluminum plate is installed to support the
exposed samples in front of the target.

The entire assembly is located in an imradiation casemate
which features 2 m thick walls of concrete loaded with bar-
ium ore. No noticeable neutron flux leakage was registered
outside the caserate when operating at full power.

3. Neutron yield and energy spectrum

In a previous dedicated experiment, we measured the neu-
tron yield in the beam direction, i.e. at 0°, from the thick
Be target. We utilized a conventional neutron detector con-
sisting of a NE213 cylinder (S cm thick, 10 cm in diam-
eter) [5] that was operated with a neutron threshold of
1 MeV. As the overall efficiency of such a detector depends
on the shape of the neutron energy spectrum, we were led to
determine this feature. This was accomplished in the same
experiment by recording the time of flight of neutrons over
a target-to-detector distance of 2.5 m. The neutron detec-
tor efficiency was computed as a function of the neutron
energy by the Monte Carlo program of Cecil [6]; it is pre-
sented in Fig. 2. Averaged over the energy spectrum, &, was
found to be 24% for a neutron threshold of 1 MeV. The neu-
tron yield at 0° was determined to be 4.8 x 107 (+15%)
neutrons (nA) ' sr~! s~! which is in good agreement with
other results (1] as depicted in Fig. 3. According to the
same references, the neutron yield only drops by less than
20% for emission angles around 10°. It has therefore been
assumed that the neutron flux available at 10 (30) cm away

- from the Be target, is approximately maximal and homoge-
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Fig. 2. Neutron detector efficiency as computed by the Monte Carlo program
of Cecil.



J. Collot et al./Nucl. Instr. and Meth. in Phys. Res. A 350 (1994) 525-529 527

-
<
o

T
P
v
Tm
T 4
2 ;
E
n
<
o 10
—
= .
3
Z "4 SARA
~ ‘-'
o
o
‘P 4
]
~1
10 b
ST T T T T T DT P
5 1 15 20 25 30 35 40 45

Incident deuteron energy (MeV)

Fig. 3. Neutron yield at 0° for a threshold of 1 MeV as a function of the
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neous on a disk of 7 (60) cm? area centered on the beam
axis. The homogeneity statement is reinforced if we take
into account the radial extension of the beam impact profile
on the target that presents a Gaussian shape of around 6 mm
in standard deviation.

The higher energy part of the spectrum shown in Fig. 4
is the result derived from the time-of-flight recording on the
NE213 detector. The horizontal error bars reflect the TOF
resolution that was estimated around 2 ns mostly due to
the deuteron burst duration. The low energy part down to
100 keV was measured by the same TOF technique applied
on a fission detector that offers the advantage to remain ef-
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Fig. 4. Neutron energy spectrum measured at 0° with a threshold of 100 keV.

ficient for observing slow neutrons. It consisted of a 35y
plate mounted a few mm in front of a cormmercial silicon
diode; this assembly being housed in a small evacuated ves-
sel. Neutrons were unambiguously identified by detecting
the fission products on the junction. The energy dependence
of the neutron efficiency for such a device is proportional
to the fission cross section which is precisely known in this
domain. The kinematic properties of the fission products are
not affected by the variation of the neutron incident energy.
Thus, the efficiency variation merely corresponds to the en-
ergy variation of the fission cross section. This detector was
placed at 70 cm downstream from the Be target to allow
100 keV neutrons to cover this distance in less than the burst
period (280 ns). This experiment was achieved with the
same typical TOF resolution of 2 ns.

A few irradiations both with and without liquid argon
were conducted and showed that, at 10 cm away from the
target, neutron fluences of = 2 x 10" neutrons cm™=2 were
obtainable within one day of operation. Fluences measured
in irradiations without liquid argon are in good agreement
with the predictions deduced from the neutron yield de-
termined at 0° in the TOF experiment, increased bv 15%
to take into account the part of the neutron spectrum be-
low 1 MeV (except for target-to-sample. distances lower
than 6 cm where the source transverse size has to be con-
sidered). The neutron fluences were measured using an
activation method based on the charge exchange reaction
on *Ni (**Ni(n,p)**Co) contained in natural Ni samples
4 mm in diameter and 125 um thick. For our neutron spec-
trum at 0°, the mean activation cross section is 377 mb.
The neutron fluences are deduced from the *¥Co activities
measured on the iradiated Ni samples by the expression:
@ = 1.24(+15%) x 10" [ A/nCi} /[ M/mg] neutrons cm 2
where A and "M refer to the ¥Co activities and the Ni sam-
ple masses, respectively. The same method was applied to
measure fluences obtained in irradiations with liquid argon
in the cryostat. Here, the Ni disks were locally glued on

‘the tested samples. At 11 cm from the Be target, we mea-

sured 4.3(£15%) x 10™ neutrons cm ™2 for an irradiation of
1.04 C of deuterons. For such a charge, the expected value
in air (no cryostat) was 4.7(+15%) x 10" neutronscm 2.
Using the FLUKA Monte Carlo program [ 7], we computed
the neutron flux attenuation and distortion in the liquid argon
cryostat (the mean free path of 6 MeV neutrons in liquid
argon is 12.4 cm). At the 11 cm position (2 cm in liquid ar-
gon), we found almost no distortion of the energy spectrum
and a flux global attenuation of 25%(+5%). The neutron
flux reduction reaches 60% at 20 cm from the target. Given
this, the predicted fluence in liquid argon (at 11 cm) was
3.6(15%) 10" neutrons cm™2, which is compatible with
the measured value quoted above.

The displacement damage power of a given neutron source
is commonly characterized by a standard equivalent 1 MeV
neutron fluence defined by [8]
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where @ is the equivalent | MeV neutron fluence, ®(E)
is the spectral fluence of the neutron source at the spec-
ified meutron energy E, D(E) is the kerma displacement
cross section of the considered material, D(1 MeV) is the
kerma displacement cross section averaged in the vicinity
of 1 MeV, and M is the equivalent factor.

D(1 MeV) was computed according to the method de-
scribed in Ref. [9] and the kerma displacement cross sec-
tions recently published for GaAs and Si [10]. The val-
ues which we found for Si and GaAs are D(1 MeV) =
92 MeVmb and 70 MeV mb, respectively. Putting these
results in the expression above, we finally obtained M =
1.5(40.2) and M = 2.3(10.3) with respect to Si and GaAs.

4. Gamma dosimetry

This neutron source, as all fast neutron sources, is con-
taminated with some photon radiation. The precise relative
contributions of photons and neutrons to the total dose are
not easy to measure, especially if we consider that it is diffi-
cult to find dosimeters exclusively sensitive to a single type
of radiation. Polymer-Alanine dosimeters (PADs) were es-
sentially used to measure the angular distribution of the to-
tal dose [11,14]. The neutron to photon dose ratio was de-
termined through the combined irradiation of two types of
thermoluminescent dosimeters (°LiF, "LiF) [12,15).

After irradiation, the Alanine dosimeters were measured
by means of a VARIAN-E3 ESR spectrometer. The dosime-
ters (4.8 mm in diameter, 30 mm long, trade name: El-
cugray) were based on a homogeneous mixture of poly-
mer and Alanine (33%-67% in weight). The dosimeters
showed a good reproducibility and a very satisfactory dose
response when they were calibrated with a ®Co source in
the range of 10 to 5 x 10° Gy. The dose response of PADs
depends on the radiation type: their relative sensitivity is

close to 1 for photons and approximately 0.5 for fast neu-

trons. In addition, PADs have a neutron sensitivity thresh-
old at around 1 MeV [13,16]. The Alanine dosimeters were
mounted on a semi-circular support presenting a radius of
34.5 cm. The whole assembly was centered on the Be tar-
get so that the dosimeters effectively measured the angular
distribution of the dose. They were imradiated with a total
charge of deuterons of 43 mC.

Lithium fluoride dosimeters have many advantages as
TLDs for photons, particularly due to their effective atomic
number which is close to that of air. They also present a
typical response to neutrons, since the lithium element has
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Fig. 5. Angular distribution of the total dosc rate normalized at 50 cm from
the Be tasget. .

two stable isotopes (°Li and "Li) which have very differ-
ent thermal neutron cross sections. To determine the neutron
and photon sensitivity of both thermoluminescent dosime-
ters, a photon source of ®Co and a Pu-Be neutron source
were used at CERN. The calibration was done using a high-
density polyethylene moderator sphere of 5 in. of radius in
order to slow down and thermalize the neutrons. This sphere
provided a cavity into which the SLiF-"LiF dosimeter pairs
were fitted practically without air gap. In this study we have
used 3.2 x 3.2 x 0.98 mm® chips of TLD-600 (95.6% °Li,
4.4% "Li) and TLD-700 (0.01% °Li, 99.99% Li) from a
single batch of Harshaw Chemical Co. At the irradiation fa-
cility, the sphere moderator containing the TLD dosimeters
was placed at 50 cm from the Be target. They received an
irmadiation of 132 uC of deuterons. A standard annealing
(1h at 400°C, then 2h at 100°C) was performed before the -
irradiation. Following the neutron exposure, a pre-readout
annealing (25 mn at 85°C) was accomplished. For the read-
out, a Harshaw 2000 TLD reader was coupled to a Harshaw
TLD glow-curve analyzer using a linear heating rate from
room temperature to 280°C.

The results are shown in Table 1, where the dose rates are
given at an angle of 0° and at 50 cm from the Be target for
a deuteron beam current of 1 uA. The angular distribution
of the dose rate, measured by Alanine dosimeters, is dis-

Table 1
Dosc rates at 0° and 50 cm from the Be target

DI (Gy/b/uA) 1204003
DML (Gy/h/uA) 4244019
DPAR (Gy/h/uA) 2.70 4+ 0.05
DEAD(Gy/h/pA) (En > 1| MeV) 3.1040.16
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played in Fig. 5. It shows a bell shape, close to a Gaussian.
Photon and neutron doses were deduced from the TLD mea-
surements (D7 and DI'®, respectively in Table 1 ). Since
both dosimeter types have approximately the same response
to photons, the neutron dose can as well be derived by sub-
tracting the TLD photon dose from the total dose (DD
given by the PAD dosimeters, and by doubling the resulting
value to take into account the fast neutron relative sensitiv-
ity of PADs which is 0.5. The obtained dose is a factor 14
lower than the TLD result. The reason is that SLiF TLDs are
sensitive to all neutrons while PADs only react to neutrons
above 1 MeV. These results show that the dose at 0° in the
mixed radiation field at SARA comes for about 22% from
photons and for about 78% from neutrons. In silicon, if the
mean energy of the gamma spectrum is lower than 150keV,
the photon absorbed dose could be larger than the one ob-
tained here, while for neutrons it strongly depends on the
incident energy and is in general much lower, For instance,
it is reduced by a factor of about 12.5 at 6 MeV [17]. Direct
measurements using silicon diodes are currently under way,
and their results will be communicated later. Nevertheless,
we can already conclude that the photon dose is practically
negligible when compared to the neutron fluence on the ba-
sis of their relative induced damage effects.

5. Conclusion

At the irradiation facility presented in this paper, neutron
exposures at both cryogenic and room temperatures of front-
end preamplifiers, mechanical parts, and of opto-electronic
devices have been performed with fluences up to 4 x 10"
neutrons cm ™2 on a fiducial area of ~ 10 cm?,
This neutron-source is now well characterized, and its
- photon contamination is low: 3.6 kGy for 2 x 10" neutrons
cm ™. The equivalent 1 MeV neutron fluence in S (GaAs)
is 1.5 (2.3) times larger than the real value measured by Ni
activation. Because the thermal component of the neutron
flux is small in this type of source, very little material acti-

~ vation is induced. This substantially facilitates the handling
of the exposed samples.

Real-time measurements of the performance of the tested
devices were made possible. They are of special interest
when studying the evolution with the imparted neutron flu-
ence of either the electronic noise of complex circuits, or

-the characteristics of transistors. Transient effects induced
by neutron interactions in the active regions of the circuits
may also be observed and investigated at this facility.
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The SARA facility at Grenoble provides the possibility to carry out neutron ir-
radiation studies at both cryogenic and room temperatures. Neutrons are produced,
at this facility, by collision of a 20 MeV deuteron beam on a thick Be target. This
fast neutron source is unavoidably contaminated with a pheton component. SLiF
and " LiF dosimeters were used to determine the neutron and photon doses. The neu-
tron and gamma dose components of the mixed radiation field were measured to be
(78 = 1)% and (22 * 1)%, respectively. The photon contamination was found to be
equivalent to 144 Gy for 8 X 1012 neutrons/cmz, at a deuteron beam current of 5
I A and at 50 cm from the enutron source.

Key words: neutron and photon dosimetry, dosimeters:
8LiF, 7 LiF, radiation damages

INTRODUCTION

The future Large Hadron Collider (LHC)
will be put into operation at the beginning of
the next century at CERN (Centre Europeen
pour - la ~ Recherche Nucléaire),
Switzerland. It will bring protons into headon

Geneva,

collisions at the centre-of-mass energy of 14.0
Tev.!

*Killam fellow

The conditions of operation of the LHC
will create a high-level radiation environment
with very large neutron fluences (up to = 1013 —
10'* neutrons/cm? /year) and doses (= 104 — 108
Gylyear). Such an environment will challenge
the performances of the detectors and of their
readout electronics. In order to assess the radi-
ation hardness of these components, neutron ir-
radiation facilities become, then, essential tools
as they may reproduce the neutron fluences and
doses expected at the LHC. Furthermore, the
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foressen use of calorimeters using liquid
argon,2 as active medium, raises the question
of radiation hardness at cryogenic tempera-
tures.

The SARA(Service Accelerateur Rhone-
Alpes) neutron facility installed at Grenoble
allows irradiation studies both at room and
cryogenic temperatures. It permits to expose
various types of detectors, readout electronics
and mechanical parts to high fluences of
neutrons. The cryogenic conditions are pro-
vided by a 10 liters liquid argon cryostat.

A combination of thermoluminescent
dosimeters (TLD), 6LiF and "LiF, is used to de-
termine the neutron and photon doses. The nen-
tron energy spectrum is measured by a standard
time-of -flight technique.

BRIEF DESCRIPTION OF
THE SARA FACILITY

A 3 mm thick beryllium target, 35 mm in di-
ameter, is the neutron source, located at the ex-
tremity of one of the SARA beam lines. A5 A
beam of 20 MeV deuterons is stopped on the Be
disk, producing a high neutron flux by stripping
reactions. The cryogenic environment, when
needed, is provided by a liquid argon cryostat
consisting of a cylindrical cryogenic vessel that
may contain up to 10 liters of liquid argon.’

The neutron yield at 0° (i.e. in the beam di-
rection) was measured with a NE213 scintillator
detector, and was found equivalent to 4.8 X 107
( £ 15%) neutrons (nA)! Sr'! s°! for a neutron
energy threshold of 1 MeV. The shape of the
neutron energy spectrum was determined by
recording the time-of-flight (TOF) of neutrons.
The mean neutron energy of the energy spec-
trum is 6 MeV. Further details may be found in
Ref.(3).

DOSIMETRY

The d + Be neutron source, as all fast neu-

tron sources, is contaminated with some photon
radiation. The precise neutron and photon rela-
tive contributions to the total dose are not easy
to measure, specially considering that it is diffi-
cult to find dosimeters exclusively sensitive to
a single type of radiation.

The use of TL phosphors, in a mixed field
of neutrons and photons, has been proved to be
successful. The phosphors which have been
shown to have the highest thermal neutron
responses are: 6LiF:Mg, Ti (main isotopic com-
position SLi) known as TLD-600, Li;B,0,:Mn
and CaSO, Mn, SLi. Because the unavoidable
and variable photon contamination of the neu-
tron beam, the use of TLDs in neutron dosim-
etry imposes to have also phosphors with low
neutron sensitivity, such as 7LiF: Mg,Ti (main
isitopic composition TLi, known as TLD-700,
CaSO,: Dy and CaSO,: Tm; in order to perform
correct mixed field dosimetry measurements. 4’

Lithium fluoride dosimeters have many
advantages as TLD for photons, particularly
due to their effective atomic number which is
close to that of the air. They also present typi-
cal responses to neutrons, since the lithium el-
ement has two stable isotopes Li and "Li)
which have very different thermal neutron
cross sections.

Both thermoluminescent phosphors have a
characteristic "glow curve”, with its main
dosimetric peak (peak 5) around 200 °C and its
secondary peaks, 6 and 7, around 260°C.

The neutron to photon dose ratio has been
determined through the combination of two
types of TLDs (TLD-600, TLD-700).8-12 Chips
of 32 X 32 X 098 mm’ of TLD-600
(approximately 95.6% OLiF, 44% ’LiF) and
TLD-700 (~0.01% 6LiF, ~99.99% ’LiF)from a
single batch of Harshaw Chemical Co, were
used in this study.

Several factors must be considered in neu-
tron dosimetry: the photon contamination,
fluctuations in the deuteron beam in the present
case, and variation of the neutron energy depen-
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dence of the dosimeter material.
Calibration of the Dosimeters

A photon source of 60Co and a Pu-Be neu-
tron source [calibrated by means of secondary
standard ionization chambers (LSO1, LS10) and
Precision Long Counter (De Pangher PLC)!3)
were used, at CERN, to determine the photon
and neutron sensitivity of both TLD, 6LiF and
TLiF. The calibration was done by using a high
-density polyethylene moderator sphere. This
choice was driven by the following consider-
ation. If a thermal neutron detector is sur-
rounded by increasing thickness of an efficient
moderator (e.g. polyethylene), its response
increases to some optimum value at which the
production of thermal neutrons is maximum.
Beyond this optimum thickness, the response
declines because of increasing attenuation of
the incident fast neutrons in the moderator.
This "buildup”, and subsequent reduction in
response, depends upon the average energy of
the incident neutron spectrum. '

A sphere of 12.7 cm of radius was chosen.
This value of the radius shows the highest
response to neutrons with mean energies be-
tween 4 to 6 MeV (as it is the case for the Pu-Be
and SARA neutron energy spectra). The same
procedure was applied with 60Co, in order to re-
produce the same experimental conditions and
to include the photon attenuation within moder-
ator in the calibration procedure. This sphere
provided a cavity into which the SLiF-7LiF
pairs were fitted practically without air gaps, in
order to reduce the perturbations of the fluence
in the medium.

An additional irradiation in free air with
60Co was done in order to compare the TLD's
responses.

The thermoluminescent dosimeters were an-
nealed before each irradiation through a ther-
mal treatment of 400°C for one hour, followed
by two hours at 100 °C . Following the photon

and neutron exposure, a pre-readout annealing
was performed (85 °C for 25 min) to erase the
low temperature peaks.

A Harshaw 2000 TLD reader, utilized for
thermoluminescent (TL) evaluation at the
Radioprotection Site & Services Section, at
CERN, was coupled to a Harshaw TLD glow-
curve analyzer model 2080, using a linear
heating rate from room temperature to 280°C, at
arate of 7°C/s.

Three different calibration doses were
used from both sources. Figure 1 shows the ther-
moluminescence response of peak 5(C) and peak
7(\) in nanocoulomb (nC) as a function of the
calibration dose in milligray (mGy). The photon
contamination from the Pu-Be neutron source
(measured by Liguid Scintillator and GM coun-
ter13) was taken into account.

The neutron and photon sensitivities of
peaks 5 and 7 for both TLDs were calculated by
solving the equations:

{ RS.(p)=S$, (), o

6 6 6
er' +n(p)=S7' (D)D7' +Sn (p)Dn
and

R)(p)=S)(p)D,
7 7 7 } @)
RT‘ +n(p)=87' (D)D'r' +Sn(D)Dn .

with the approximation:

Ss(p)=St. (p)

7 7 3
S, (p)=S§,. (p)
where the superscripts 6 and 7 are for TLD-600
and TLD-700, respectively, and
6 7
R,(p), Ry(p) =dosimeter responses to 60Co
gamma source expressed in nC,
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6 7 _
Ry (P Ry, (p) =dosimeter responses to
Pu-Be neutron source
expressed in nC,

6 7
S, (p). Sy (p) =photon sensitivities

expressed in nC/mGy,

6 7
Sy-(p), Sy (p) =photon contamination
sensitivities expressed in

nC/ mGy,

=neutron sensitivities
expressed in nC/mGy.

SS(p). 5. (p)

D, = photon calibration ab-
sorbed dose expressed in
mGy,

D =neutron calibration ab-
sorbed dose expressed in
mGy,

P = peak number (5 and 7).

The solutions to Eqs. (1)and (2) are shown
in Table 1. They are expressed as the mean
value of the responses of the four samples for
each TLD type and for each calibration dose.
The given uncertainty corresponds to a one stan-
‘dard deviation.

After the determination of the sensitivites,
the calibrated dosimeters could be placed in the
mixed = radiation field to measure its
components.

EXPERIMENT AT SARA

At the irradiation facility, the sphere mod-
erator, containing the TLD-pairs (4 samples of
each type), was located at 50 cm from the Be tar-
get. The samples were irradiated for 22392 s,
with a mean current of 5.9 nA, in the beam direc-
tion.

The response of the dosimetérs located in
the mixed radiation field obeys the equations:

{ R (p)=S (p)D, + St (2D, }

R'(p)=S, (p)D, +S.(p) D, @

The chips were annealed at 400 °C for one
hour, followed by two hours at 100 °C . The
irradiated samples were post-annealed at 85°C
for 25 min, to eliminate the low temperature
peaks.

A Harshaw 2000 TLD reader coupled to a
Harshaw TLD glow-curve analyzer model 2080,
was used for TL evaluation. The heating rate
was 7°C/s and the maximum read-out tempera-
ture was 280°C.

RESULTS

The gamma attenuation and the fast neu-
tron thermalization effects in the sphere were

Table 1 Neutron and 7 sensitivities for TLD-600 and TLD-700. [Sy (p) and S_(p)
are the photon and neutron sensitivities of peak p, respectively.]

8,(5)
(nC/uGy)

S, (7)
(C/aGy)

§,(5)
(nC/mGy)

8a ()
(nC/uGy)

TLD-600 0.9988+0.047 0.0702=0. 006

23.750+0.5145 11.563%1.544

TLD-700 0.9952%0.007 0.0798=£0.006 0.244*0.0004 0.047410. 022
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considered. Both effects were taken into ac-
count during the calibration in the radiation
field of %9Co and Pu-Be, respectively. Small
corrections were then applied, for the relative
effective efficiencies given the fact that the en-
ergy spectra are different. In the case of
photons, the variation of efficiency with energy
was sufficiently small, so that this effect could
be neglected. Typically, for energies between
1173 and 1332 keV from 60Co, the attenuation
is corresponding to a 27% reduction, and given
the low Z, this attenuation does not vary very
much with energy.

To take into account the effect of the (n,
7 ) reaction produced with the hydrogen in the
volume of the sphere, we have computed the
ratio between the effective efficencies for both
neutron spectra, as follows:

E
SBain € (B)Ppy-pe(E)
= total )
¢Pu-Be
Emax
SEnin E(E)¢Sara(E) -1
) ®
¢ total
Sara
where:
E =Efficiency of the sphere over the neu

tron energy range in each case,
& p..g. = Differential flux for Pu-Be source,
® g..a =Differential flux for SARA facility,

total
@ > j‘ =]Integral flux for Pu-Be source,
Pu-Be 4

total

¢ sara —Integral flux for SARA facility.

The € of the sphere was taken from Ref.
(14). The ratio of the effective efficiencies was
found to be 1.1.

In the process of the photon calibration of
the TLDs, it was observed that peak 7 did not
exhibit a linear dose response (uncertainties of
the oreder of 8% to 50%) as shown in Fig.l,
while peak 5, or main dosimetric peak for both

TLDs, shows a very good linear dose response
(uncertainties of the order of 1% to 5%).

For the TLDs, there exist differences be-
tween the thermoluminesecnce induced by
photons and that induced by neutrons. In the
interaction with neutrons, the thermoluminesce-
nce is induced by triton and @ particles or 6Li
and F recoiling nuclei in SLiF (TLD-600), and
by 7Li and F recoiling nuclei in TLiF (TLD-
700).

For the neutron calibration, differences
are observed between TLD-600 and TLD-700
responses. The main difference is peak 7,
around 260 “C . TLD-700 does not show a well
defined peak, while TLD-600 shows a
pronounced peak that could be induced mainly
by the SLi(n, a )t reaction. Peak 5 of TLD-600
shows good linearity at all calibration doses,
while peak 5 of TLD-700 is rather small,
compared with that of the TLD-600’s, due to its
poor neutron sensitivity. '

All these differences, discussed above, are
expressed in the sensitivities shown in Table 1.
In order to avoid all these discrepancies, related
to peak 7, only peak 5 is taken into account for
the calculations. This simplifies the solution to
Eq. (4). Also the neutron sensitivity for TLD-
700 (S;’l (p)) is not taken into account, because it
is negligible if compared with the neutron sensi-
tivity of TLD-600 (S‘f1 (p))and with its gamma
sensitivity (S; (p)). Then, the photon absorbed
dose, D, , is only expressed as a function of
S; (5) in Eq. (4)as:

R7(5)
Dy=

©)
§;(5)

while the neutron dose, Dn, is expressed as:
6
Sy(5)

RT®ISL (5T D
$7(5)

D, =[R¥(5)—
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Fig.1 Thermoluminescence response in nanocoulombs (nC) of TLD-600 and TLD-700 to
different calibration doses in mGy from 60Co and Pu-Be [peak 5( ° ), peak 7(Q)].

Figure 2 shows the TLD glow-curves from
irradiations performed at SARA. They confirm
the poor neutron sensitivity of TLD-7QO and, at
the same time, the relative smallness of the pho-
ton component at that facility.

The dose rates, at 50 cm from the Be target
and at an angle of 0° (i.e. in the beam direct-
ion), are shown in. Table 2 for a deuteron beam
current of 1 1 A, Thsese results show that the
dose at 0° , in the mixed radiation field at
SARA, comes for about (78 * 1)% from
neutrons and (22 * 1)% from photons. The
quotted errors are statistical.

The neutron fluence within one day of op-
eration, at 50 cm from the source, is equivalent
to 8 X 1012 n/cm? at full intensity (i.e. for a deu-

teron beam current of 5 £ A) corresponding to
509 Gy and 144 Gy of neutron and photon doses,
respectively. : -

The measurement of doses, in Si and SiO,
materials, is of great interest since silicon will
be extensively used as active medium of
detectors in the experiments to be performed at
the LHC. Therefore, the doses must be
measured in such material. However in this ex-
periment, the doses are measured in TLD
materials, Then, it becomes necessary to check
how these doses will change for the Si and SiO,
cases.

The neutron doses in Si and SiO, strongly
depend on the neutron energy. At the neutron
mean energy of 6 MeV, as measured at SARA,
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the neutron dose will decrease by a factor of
12.5 = 2.5 compared with that measured in this
experiment, according to Ref. (15) which takes
into account the energy absorbed by Si and SiO,
materials in Gy per unit of fluence, through the
kinetic energy and the cross-section for elastic
scattering of the neutrons.

3 100
=
o
z sor
g
080-
o
E b
60-
50 ¢
30k
20F TLD-700
X 40
10}
0 4 I 1 L

L i
0 50 100 150 200 250 300 350 400
- T(C)

Fig.2 Glow-curves in arbitrary units (a.u.) as
function of the temperature in degrees
centigrades, of TLD-600 and TLD-700
irradiated at SARA. [The original TLD-
700 curve has been multiplied by a
factor of 40.]

Table 2 Dose rates at 0° and at 50cm
from the Be target.

D,(Cy/h/1A) D (Gy/h/ 1A)

1.20%0.03 4.24%0.19

The gamma spectrum at SARA is presently
unknown, but its measurement is contemplated
in a near future. However, some comments can
be made prior to that measurement. The
measured photon dose at SARA will be
increased, by a factor of 1.6 0.4 and 1.31£0.2
for Si and SiO,, respectively, if the photons
have a mean energy of less than 150 keV. Above

150 keV and up to 8 MeV, the differences in Si
and Si0, will be small, and the respective doses
will be slightly modified by a factor of 0.96 *
0.04 and 0.95 = 0.02. At energies above 8 MeV,
the doses will be increased by a factor 1.2 *
0.05 in the case of Si and by a factor of 1.1 =
0.06 in the case of SiO,. -

The above calculations are made according
to Ref. (15) which takes into account the energy
absorbed by Si and SiO, materials, through the
mass energy absorption coefficient of each con-
stituent in the material relatively to the mass en-
ergy absorption coefficient of air, at different
photon enérgies. The corrections factors only
serve as in dicators since large errors are at-
tached to them.

CONCLUSIONS

The combination of SLiF (TLD-600) and
TLiF (TLD-700) dosimeters is a convenient
method to measure gamma and neutron doses in
a mixed radiation field.

A dosimetric characterization of the SARA
facility has, then, been performed in view of
radiation damage studies. The results showed
that neutron and gamma dose components of
the mixed radiation field were (78 = 1)% and
(22 * 1)%, respectively. This makes a conve-
nient "neutron source" for radiation damage
studies, because its photon contamination is
relatively small and found equivalent to 144 Gy
for 8 X 10!2 nfcm? at full intensity (i.e for a deu-
teron beam current of 5 £ A), and at 50 cm from
the neutron source.
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This paper briefly describes the pion irradiation facility used by the SIRAD (Silicon Radiation) Collaboration
in mid-1994 at the Paul Scherrer Institute (PSI) in Villigen, Switzerland, and reports the fluence measurements
carried out with the Al activation technique during silicon detector irradiations. Calibration factors were deter-
mined as a ratio between the fluence and the number of counts from an ionization chamber. Some dosimetric
measurements were also performed using alanine and thermoluminescent dosimeters, which allowed the 7 and the
« dose rates to be determined. '*°In activation was also used to determine the neutron contamination around the

w-beam.

1. INTRODUCTION

The Large Hadron Collider (LHC), operational
by the beginning of the next century at CERN,
will bring protons into head-on collisions at a cen-
tre of mass energy of 14 TeV with an expected
peak luminosity of 1.7 x 1034 cm=2 sec™'. The
LHC operating conditions will create a high-level
radiation environment producing radiation dam-
age in detectors and their associated electronic
components. Silicon is expected to be used as
the active medium for several detectors in the fu-
ture LHC experiments. As a consequence, de-
tailed studies are under way to understand the
behaviour of the silicon detectors in such an ad-
verse environment.

The irradiation modifies the crystalline struc-
ture of the silicon detectors as well as their elec-
trical characteristics. The charge collection ef-
ficiency is reduced and the leakage current in-
creases. The effective doping concentration also
changes. Generally speaking, the degradation
phenomena can be described in terms of minority
carrier lifetime reduction, acceptor creation and
carrier mobility reduction.

The establishment of a correlation between
damage and irradiation primarly requires a good
understanding of the environmental conditions.
This knowledge is provided by a precise deter-
mination of the particle fluxes and/or absorbed
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doses involved during irradiation of the silicon de-
tectors. The aim of this paper is to give a brief
description of the pion irradiation facility used
by the SIRAD (Silicon Radiation) collaboration
in mid-1994 at the Paul Scherrer Institute (PSI),
Villigen, and to present the results of the fluence
and dosimetric measurements.

2. EXPERIMENTAL SET-UP

The high intensity PSI pion beam (II-E1) has
a momentum range from 100 to 450 MeV/c. Pi-
ons, produced by the collision of the cyclotron
proton beam with a graphite target, are guided
via a beam line down to the irradiation zone.
The maximum proton current of the cyclotron is
~ 800 uA. After the production target, the pion
beam is contaminated with a large number of pro-
tons filtered by means of graphite plate absorbers.
Proton interactions in graphite produce a yield
of neutrons which must be measured. The lepton
contamination of the pion beam at the irradiation
position (estimated to be ~ 10%) is expected to
induce damage in silicon of at least one order of
magnitude lower than that of hadrons [1]. There-
fore, the damaging effect of leptons can be safely
neglected to a first approximation.

The irradiation position is located ~ 1 m down-
stream of the last quadrupole magnet at a height
of ~ 1.5 m. A sketch of the experimental set up
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Table 1

List of the activation detectors used during the pion irradiations and their main characteristics

ACTIVATION DETECTORS
MATERIAL | AREA | THICKNESS REACTION HALF LIFE vy EMISSION RADIATION
(mm?) (mom) (Ty/2) DETECTED
Aluminium | 10 x 10 0.1 SCAL(n®,xN)**NA 15.06 h 1369 keV (99%)
8x8 0.1 L
5x5 0.1
6 x 12 0.1
Carbon 10 x 10 1 HC(xE,xN)IIC 20.39 min | 511 keV (200%) «
Tndium 8.3 03 T5Tn(m, n') 5% Iy 150 h 336 keV (46%) | n(0.5-14.0 MeV)
Us1n(n,y)116m]n 54.0 min 417 keV (29%) | thermal neutrons
1097 keV (56%)
1294 keV (85%)

is shown in Fig. 1. An ionizing chamber, an X-
Y chamber and a luminescent screen were used
to monitor the beam. The ionization chamber
was present during the whole period of irradia-
tion and the digitized induced current, Njc, (pro-
portional to the total pion beam intensity) was
used to record the fluence during the irradiation
periods (see Section 5). The X-Y chamber was
moved along the beam direction to measure the
vertical and horizontal FWHM beam profile at
each position of irradiation. The transverse beam
density, expressed as 1/{(FWHM)g - (FWHM)y],
was then calculated at each position. Figure 2
shows the transverse 7t beam profile and density,
as a function of longitudinal position, obtained at
350 MeV/c.

Figure 1. Diagram of the beam and irradiation
set-up

The technique of activation was chosen to mea-
sure the fluences during the irradiations. The
activation detectors and their characteristics are

summarized in Table 1. Table 2 lists the type of
dosimeters used to estimate gamma and neutron
production during the 7t irradiation.

g

P™ = 350 MeV/c

&
T

FWHM (mm)
s
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200 300J
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Figure 2. Transverse 7 beam profile and density
versus longitudinal position at a momentum of
350 MeV/c

Figure 3 shows the respective positions of the
activation detectors and the dosimeters in the ir-
radiation box.

The activation detectors were Aluminium, Car-
bon and Indium foils, mounted in cardboard
frames. The Al foils had the same area as the
detectors to be irradiated and were located in the
irradiation box between the groups of silicon de-
tectors. The box was mounted on a table movable
in three dimensions (x, y, z) to optimize its posi-
tion in the beam.
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Table 2 ;
List of dosimeters used during the pion irradiation and their main characteristics
DOSIMETERS
MATERIAL | AREA | THICKNESS | PHYSICAL | TECHNIQUE OF | MEASURED | RADIATION
-~ (mm?) (mm) EFFECT | MEASUREMENT | QUANTITY | DETECTED
LiF:Mg, Ti 9 0.9 Electron Heating Light ¥
(TLD-700) excitation
Alanine 144 4.8 Free radical Electron Spin Free radical T
(PAD) production Resonance number
Thermoluminescent (TLD) and polymer- 3. FLUENCE MEASUREMENTS

alanine (PAD) dosimeters were inserted in plas-

- tic bags. The TLDs were located out of the beam
line because this type of dosimeter is not suitable
for high-level dosimetry (the linearity of the ab-
sorbed dose is only valid up to about 1 Gy); on the
contrary the PADs were positioned in the beam
because their dose range is linear up to about
50 kGy. The dose rate due to pions is estimated
to be of the order of 180 Gy/h in water and about
one order of magnitude lower in silicon.

P
Beam direction

Figure 3. Diagram of the irradiation box and the
dosimeter positions

Before irradiation of the silicon detectors, a
range of photographic films were exposed in the
beam in order to determine the exact position of
the beam spot for aligning the irradiation box.
The films were fixed at the front and the rear of
the box.

The fluence measurement required is the inte-
grated flux of specific particles over the irradia-
tion time. The fluence can be determined from
the activity, A, induced in the given materials,
and a brief description of the techniques is given
below. : ’

3.1. Mathematical treatment
The activity of the irradiated material at the
end of the irradiation is given by:

A = -0 -No[l —exp(-At))] , 1)

where ¢ is the particle flux, o is the activa-
tion cross-section, and Ng = N-P - W/M, is
the number of atoms in the target element, with
N = 6.022 x 1023, the Avogadro constant, P the
isotopic abundance, M the atomic mass of target
element, and W the weight of target element.

The expression in brackets is the correction fac-
tor for decay during irradiation, where t; is the
irradiation time, A = In 2/T/; is the decay con-
stant, and T;/, is the half-life of the radioactive
nuclei.

The saturation activity, A, is the asymptotic
value achieved, within 1%, at about seven times
the half-life:

Amch'a.NO' (2)

As the sample activity is measured by a spec-
trometer at a time t. (elapsed time) after the end
of the irradiation and during a time t. (counting
time), two more factors have to be taken into ac-
count:

a) a factor depending on the elapsed time t.:

exp (—A-te) , 3)
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b) a factor depending on the counting time t:
AN te/[1 —exp (-A- te)] 4)

where A, the activity measured by the spectrom-
eter, is given by:

A = counts/[t. - 1% - %] , (5)

7n being the emission probability and € the detec-
tion efficiency of the HPGe(p)—y spectrometer.
Combining all the previous expressions:

Aw = A-A-te-exp (A te)/
{[t —exp (=2 do)]
(1 —exp (=A-t:)]} . (6)

The flux expression is then given by

0 = AXteap (At M/
{NA-P-W-(T- (7)
(1 —exp (=2 te)]
(1 —exp (=X t:)]}

and the fluence is the flux times the irradiation
time t;, hence

=¢p-t; . (8)

3.2. Fluence from Aluminium foils

The production of ?!Na from 27Al [*7Al(n?%,
xN)?4Na] was used to measure the fluence of
7+ and 7~ in the energy range of about 50—
350 MeV. 2*Na decays through 8 and v emis-
sions. The ?*Na activities were measured by a
HPGe(p)-—y spectrometer selecting the 1369 keV
v-rays with a resolution of about 2.0 keV at
FWHM. The collected spectra were computed by

the INTERGAMMA code, giving sample activ- .

ity. The activities at saturation and, then, the
corresponding fluences, were calculated by using
Egs. (7) and (8) with the reaction cross-sections
obtained from Ref. [2].

3.3. Fluence from Carbon foils

Graphite foils were used to provide a cross-
check of the pion fluence values obtained by Al
foils. The graphite foils were used in tandem
with Al foils. The activity of !*C produced by
the 12C(n*,xN)!1C reaction was measured by de-
tecting the 511 keV ~-ray decay with the spec-
trometer mentioned above. The cross-section is
taken from Ref. [2]. Due to the frequent beam

stops and short half life of !C (20.39 minutes),
graphite foils were not routinely used. The re-

sults obtained with Al and C were in agreement
to within 5%.

3.4. Fluence from Indium
5In disc shaped samples were used to detect
the neutron contamination around the pion beam.
The neutron activation technique based on the
115In(n, n)In™ reaction is well suited for flu-
ence measurements of neutrons with an energy
above 500 keV for several reasons:

e the activation cross-section is large, and
well known (3];

o the threshold at about 500 keV prevents ac-
tivation by low-energy neutrons;

e the halflife of 4.50 hours is convenient for
the periods of irradiation considered;

e the activity of 115In™ is determined by its
336 keV gamma ray decay. The technique
based on the '°In(n, 7)6In™ reaction has
been also used to detect thermal neutrons.
The activity of 1'6In™ is measured by the
detection of 416.9, 1097.3 and 1293.5 keV
gamma rays.

The 'In discs were located on the Y and Z
axis, at 5 cm from the beam line (See Fig. 3).

4. DOSIMETRIC MEASUREMENTS

Dosimetric measurements were performed to
evaluate the pion doses in the beam and the
gamma doses around it.

4.1. Thermoluminescent dosimeters
(TLD)

Thermoluminescent materials have the capabil-
ity of storing part of the energy absorbed with
sufficient stability when exposed to a radiation
field. Impurities intentionally added to a host
lattice create new energy levels within the band
gap between the valence and conduction bands.
These new levels can act as traps for electrons
and/or holes created during material irradiation,
preventing prompt recombination. If after irradi-
ation the material is heated up to an adequately
high temperature, the trapped charges will re-
ceive sufficient thermal energy to be liberated.
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This liberation provokes recombinations that re-
store the pre-irradiation lattice conditions. The
energy liberated upon heating (thermolumines-
cence measurement or readout) is converted into
light proportional to the dose absorbed during ir-
radiation.

The TLDs used in the present experiment are
based on lithium fluoride activated by Mg and
Ti. They are produced by Harshaw Co. (USA)
in solid form (ribbon) with the commercial name
TLD-700. They were used to estimate the gamma
ray contamination during the pion irradiations.
The dimensions of the TLDs are 3 x 3 x 0.9 mm3.
They were located in two different positions along
both the Y and Z axes, at 10 and 28 cm from the
beam direction, as shown in Fig. 3.

4.2. Polymer-Alanine Dosimeters (PAD)

In Electron Spin Resonance (ESR).dosimetry,
the ionizing radiation leads to the production of
paramagnetic centres, which give rise to a char-
acteristic ESR signal. The number of paramag-
netic centres, and in turn the amplitude of the
corresponding ESR signal, is proportional to the
dose. In the present case, standard polymer-
alanine dosimeters (PAD, 4.8 mm in diameter
and 30 mm long) are cut from the Elcugray cable
which uses ethylene-propylene rubber as a binder.
The PADs were positioned on the back of the ir-
radiation box to measure the pion dose. After
irradiation they were read out by the ESR tech-
mnique on a Varian E-3 spectrometer.

5. RESULTS

Because the pion beam size varied strongly
along the beam direction (Fig. 2), several Al foils
were used to measure the fluence along the ir-
radiation box. During the irradiation runs, the
Al foils were located at the relevant positions in
front of each group of silicon detectors. The flu-
ence obtained from these foils can therefore be
used directly as a measure of the fluence received
by the silicon detectors. To get more accurate
measurements, the foils to be counted were sand-
wiched between two foils of the same material so
that recoils leaving the foil are replaced by recoils
from the cover foils. It must be noted that the
duration of an irradiation is calculated from the
start and stop times and does not take into ac-

count periods when the beam was off. In fact,
the beam-off periods were always very short com-
pared with the half-life of 2*Na (15 hours), so that
no correction to the flux calculations was neces-
sary. Figure 4 shows the flux normalized to the
cyclotron intensity as a function of the position
along the beam line for various 7 momenta. The
maximum flux was obtained in the region of 300~
350 MeV/c. The momentum of 350 MeV/c was
selected for the high fluence accumulation runs.
This momentum is close to the energy of the A
resonance, which could enhance the damage in-
duced by pions in silicon (4, 5].
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Figure 4. Normalized flux as a function of the
irradiation positions along the beam line at dif-
ferent pion momenta

5.1. 7+ beam profile at 350 MeV /c

Figure 5 shows the average flux as measured
with Al foils for the 350 MeV beam as a func-
tion of various positions along the irradiation box.
The flux strongly decreases from the front to the
back of the box. The beam density obtained from
the XY profile chamber (see section 2) is shown in
the same figure. Both measurements are in very
good agreement.

5.2. Pion fluence calibration during irradi-
ation runs

The pion accumulation runs were performed

at a momentum of 350 MeV/e, up to fluences

of ~ 10" e¢m~2 for 7+ and 10 cm~2 for 7.
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profile at a momentum of 350 MeV /c as obtained
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It would not have been possible to have an alu-
minium foil in front of each irradiated silicon de-
tector due to the amount of time needed for ac-
tivity measurements. Therefore, four aluminium
runs were performed during the 7t accumulation
period. For each run, Al foils of the same area
were located in front of each group of silicon de-
tectors. The Al-runs were then used to calibrate
the ionization chamber (see Chapter 2). Figure 6
shows an example of the fluence measured with
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Figure 6. Examples of calibration factors deduced
from Al fluence measurements versus ionization
chamber counts
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the Alfoils as a function of the ionization chamber
counts for two different positions in the irradia-
tion box. The points were fitted and a calibration
factor k was obtained at a given position in the
irradiation box. The calibration factors can then
be used to calculate the fluence, ®, received by
any silicon detector irradiated during the accu-
mulation runs using the equation

kj = ®;/Nic , (9

where j denotes the longitudinal positions of the
detectors, ®; is the fluence at the position j re-
ceived by each detector, and N;¢ is the number of
counts from the ionization chamber.

Figure 7 shows the flux as a function of the Si
detector irradiation position in the box, for the
four succesive runs.
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Figure 7. Positive = flux as a function of Si-
detector irradiation positions for succesive runs

A similar calibration of the ionization chamber
was performed for the negative pion accumulation
run.

5.3. Results from Indium activation

The activation of !'5In allowed the neutron
contamination around the positive pion beam line
to be measured. The activation of 1'°In produces
two isotopes (see Table 1). Considering the neu-
tron energy at which the two nuclear reactions
can be produced and using the corresponding
cross-sections, the thermal and fast neutron con-
taminations around the 7+ beam were estimated.
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At 5 cm from the beam, the thermal and fast neu-
tron contaminations varied respectively from 0.3
t0 0.8% and from 0.2 to 0.5% of the positive pion
flux.

5.4. Results from the dosimetry

The 350 MeV/c nt dose rate measured by
the Alanine dosimeters (PAD) located in the
beam was 337 + 72 Gy/h. The thermolumines-
cent dosimeters (TLD), measured the v dose.
At 10 cm from the beam axis a dose rate of
5.0 + 0.8 Gy/h was obtained. At 28 cm the dose
rate fell to 0.70 + 0.03 Gy/h.

6. CONCLUSIONS

The Aluminium activation technique permitted
the 7+ fluences to be measured to within 5%. As
a result, the ionization chamber was calibrated
to measure fluence as a function of the beam in-
tensity. The Al activation fluence measurements
were extensively used by the SIRAD collabora-
tion at PSI. The use of different types of radi-
ation detection materials, such as Indium, ther-
moluminescent and alanine dosimeters, was very
useful to determine the n and v contamination
during the pion irradiation runs. With the In-
dium, a maximum neutron contamination of 0.8%
was estimated; the thermoluminescent detectors
(TLD) gave a vy dose rate of 5 Gy/h at 10 cm and
0.7 Gy/h at 28 cm from the beam axis. Finally,
the combined use of various kinds of dosimeters
proved to be necessary to properly characterize
the beam and its environment.
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Particle Contamination Measurements around Hadron Beams used
for Irradiation of Silicon Detectors for the LHC.
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Abstract

While LHC silicon detector prototypes
were irradiated with pions and protons for ra-
diation damage studies at Villigen-PSI and
CERN-PS, the nearby beam contaminations
by neutroms, protons and photons was mea-
sured by means of various activation foils and
dosimeters. The estimated fluxes due to neu-
tron and proton contamination are a few per-
cents of the pion and proton fluxes given to the
silicon detectors. In all cases, the low energy
neutron component is found to be dominant.

I. INTRODUCTION

Detectors and associated electronic com-
ponents used in high-level radiation environ-
ment are subject to radiation damage. An
example of such an environment is provided
by the Large Hadron Collider (LHC), where
head-on collisions of 7 TeV protons at a peak
luminosity of 1.0 x 103* cm~2s~! will produce
high fluences of particles. Irradiation tests will
be performed at dedicated facilities to evaluate
the damage to be expected at LHC. The mea-
surement of the particle fluences and absorbed
doses available at these facilities is necessary
to establish a correlation between the nature
of damage inflected to a given material and
the type and level of irradiation it has been
exposed to.

Two charged beams were used to study the
radiation damage effects in silicon detectors:
a high intensity beam of pions (7E1) at the
Paul Scherrer Institute (PSI-Villigen) with a
particle momentum of 350 MeV/c and a beam
of protons at the Proton Synchrotron (PS)
at CERN with a particle momentum of 24
GeV/c.

The unavoidable contamination of these
sources by other types of particles, generated
by the interaction of the pion and proton
beams with the Si samples and surrounding
materials, yields a situation of mixed fields
that contributes additional damage to the sil-
icon samples under study.

For the first time, a direct confirmation of
this contribution is obtained with a simulta-
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neous irradiation of Si detectors and charac-
terization of the radiation field. The particle
fluxes and absorbed doses near the beam were
measured with alanine, LiF dosimeters and ac-
tivation of metal foils (via nuclear activation
reaction in In, Co and Ni). The pion and pro-
ton fluxes on the beam axis were measured by
activation of Al and C foils.

II. FACILITIES

A. PSI

The 7E1 beam line at PSI [1] supplies
high intensity pion and muon beams. Pions
are produced in the collision of the intense pro-
ton beam (maximum current of 800 pA) with
a graphite target. They come out with mo-
menta ranging from 100 to 450 MeV/c and are
guided via a beam line down to the irradiation
casemate. After the graphite target, the pres-
ence of a large number of protons is eliminated
by means of graphite plate absorbers.

At the irradiation position, the pion beam
is polluted by muons and electrons. Damage
in silicon by leptons can be neglected, being
one order of magnitude lower compared with
damage inflicted by hadrons [2].

B. PS

The PS is at the heart of the complex
of the CERN accelerators. It provides dedi-
cated beams to test detectors in a variety of
conditions, such as the T7, T9, T10 and T11
test beams available in the PS East Hall. The
PS measurements reported in this article were
performed using the T7 beam line. It offers a
primary beam with a momentum of 24 GeV/c
with from one to two spills of protons deliv-
ered to the irradiation zone per supercycle. A
spill consists of a burst of protons for typi-
cally 400 ns. Two consecutive spills are sepa-
rated by at least 2.4 s during a 14.4 s supercy-
cle. The maximum proton intensity is 2x10!!
protons per spill. No beam pollution was ex-
pected since the beam is coming directly from
the synchrotron.
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III. FLUX AND DOSE

A. Set-Up of the Ezperiments

At PSI, the irradiation position was lo-
cated 1 m downstream of the last quadrupole
magnet. The pion momentumwas 350 MeV/c.
At PS, the irradiation position was about 3 m
downstream of the vacuum pipe and the pro-
ton momentum was 24 GeV/c.

An ionization chamber, a X-Y chamber and
a luminescent screen were used to monitor

both the 7+ beam at the PSI and the p beam -

at PS. The Si samples were mounted inside
square cardboard frames. These frames were
stacked, normal to the beam direction, in a
box volume of 5x5x 25 cm®. At the same time,
aluminium foils cut to the same shape as the Si
samples were interleaved with the tested mate-
rial. The box was mounted on a table, mobile
along the three space axes (z,9,2) in order to
optimize its position in the beam.

1) Neutron Fluz Measurements:

Indium (In), Cobalt (Co) and Nickel
(Ni) activation foils (3] were placed at differ-
ent positions along both transverse axes for
measuring the neutron contamination near the
xt+ and p beams. The positions are shown in
Fig. 1 and Fig. 2. Indium activation foils were
chosen because of their very large cross sec-
tions for neutrons of thermal energies up to a
few MeV that allows to quantify this particu-
Jar component of the contamination responsi-
ble for a large part of damage to Si. To com-
plete the understanding of the neutron spec-
trum of the contamination, Ni and Co foils
were used with their dominant activation cross
section at neutron energies of a few MeV and
a few tens of MeV, respectively.

2) Proton Fluz Measurements:

Ni and Co foils were used to quantify
the proton contribution at PSI and at PS,
since they present some reactions that are ex-
clusively proton reactions. The positions of
the foils are shown in Fig. 1 and Fig. 2.

3)Photon and Hadron Dose Measure-
ments:

LiF:Mg,Ti (TLD-700) dosimeters were
used to measure the photon absorbed doses
near the 7+ beam, as shown in Fig. 1. TLD-
700 was selected, with its main component of
7Li of high photon sensitivity and negligible
peutron sensitivity. Polymer alanine dosime-
ters (PAD) were placed at the rear of the box
in order to measure the pion and proton ab-
sorbed doses in alanine in the beam line. They
are the sole dosimeters which provide linearity
in a very large dose range (up to 30 kGy) [4]-

PSI

Figure 1: Set-up of the experiment at PSI

IV. RESULTS

The activation of aluminium foils by
27A)(at xN)?*Na and 27Al(p,3pn)**Na reac-
tions allowed the measurement of the pion and
proton fluences. Graphite foils, activated by
120(x+ ,#N)!C and 12G(p,pn)!C reactions,
were used to provide a cross-check of the pion
and proton fluences given by the Al foils. The
cross sections for these nuclear reactions in Al
and C were taken from [5, 6] for pions and from
[7] for protons. The results obtained with Al
and C foils were in agreement within 5 %.

The pion fluxes measured at PSI by means
of Al foils along the irradiation box are shown
in Fig. 3, the calculated pion dose-rate 1n sili-
con at the maximum pion flux is (691.1 £ 52.3)
Gy/h.
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Figure 2: Set-up of the experiment at PS

The proton fluence-rate measured at PS, by
Al foils was equivalent to (2.7 £ 0.15) x 10° p
ecm~2 57! and the proton dose-rate in silicon
was (3.0 &+ 0.16) kGy/h. The calculated value
uses the concept of minimum ionizing energy
loss [8].

g

8
T

PSt

P = 350 MeV/c

Flux (10" t'em™ s7")
&
Y

8
T

P

40 - ’

0 i i 3 i 1 i L 1 '
@ 25 S 75 0 125 5 175 20 225 25
Position along box {(cm)

Figure 3: Pion fluxes at PSI

A. Neutron Flur Measurements

The irradiations of the activation foils at

both facilities were performed simultaneously

“with a group of Si samples. The irradiation

time at PST was 28920 s while at PS it was
7440 s.

After irradiation, the activation foils were
removed and the induced activities were mea-
sured with a high purity Ge(p)-y spectrom-
eter. The gamma spectra were analyzed by
using the INTERGAMMA code [9] permitting
the identification of a variety of created nuclei.

A total of four radionuclei coming from
neutrons, were identified at PSI: two nuclei
from In (*'6In™, 5In™), one nucleus from
Ni (°Ni), and one nucleus from Co (57Co).
A total of seven radionuclei coming from neu-
trons, were identified at PS: two nuclei from In
('*8In™, 115In™), three nuclei from Co (57Co,
%8Co, Mn), and two nuclei from Ni (°7Ni,
8Co).

The neutron fluxes were estimated by con-
sidering the cross sections associated to the
most probable neutron energy at which the
nuclear reaction can be produced. The esti-
mated neutron fluxes are shown in Fig. 4 for
PSI, and in Fig. 5 for PS. The cross sections
were taken from [10].
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Figure 4: Estimated neutron fluxes near pion
beam at PSI

1) Results at PSI:

103



o PS o PS

- Pr=24 Gev/e k- f P*=24 GeV/c

5 0k S (L33

) LI o

= =

» »x

2 2

c 'fF c 'r 8

o o

= =

3 3

- »

z z {

L} -1
10 10
i i i Y 1 i 'y L
o 5 0 AL 2 5 1] 5 1 5 20 5

mem SEELY ™) remas LA M)

o P o S

- P*=24 GeV/c b P*=24 GeV/c

5 0 5 w0t

° 2

g =

2 ]

T ' F T 'k

4 2

H s H

-4 z

w'k $ w't f

i L ' t A

1
L S s 20 ;s

° 5 10 [E] ;0 3
rrom 12D E D rrom 2 YIREER LS

Figure 5: Estimated neutron fluxes near pro-
ton beam at PS

As shown in Fig. 4, the estimated neu-
tron fluxes are decreasing with the distance
from the pion beam axis and are generally de-
creasing with increasing threshold neutron en-
ergies. The low energy neutron component ap-
pears to be almost independent of the distance
from the pion beam. The statistical fluctua-
tions of these fluxes at the same distance from

the beam are varying between 6% to 27% at

5cm and between 16% to 19% at 19 cm.

2) Results at PS:

Fig. 5 shows the estimated neutron
fluxes of four of the seven nuclear reactions
found at PS. The low energy neutron com-
ponent is almost independent of the distance
from the proton beam and, in general, the es-
timated neutron fluxes are decreasing from a
distance of 5 to 10 cm from the proton beam.

The statistical fluctuations of these fluxes at
the same distance from the beam are varying
between 11% and 35% (depending on the en-
ergy) at 5cm, and between 5% and 12% at 10
cm.

The errors associated to the estimated neu-
tron fluxes at PSI and PS were calculated by
taking into account the errors associated to the
activities and weights of the foils. The error
on the activity is the dominant error.

Fig. 6 and Fig. 7 show the estimated num-
ber of neutrons per incident pion at PSI and
the estimated number of neutrons per inci-
dent proton at PS as a function of the neu-
tron mean energy of the nuclear reaction.
The number of neutrons created per incident
hadron is observed to decrease exponentially
with the neutron energy at 5 cm from the
hadron beam. At 19 cm and 10 cm, the num-
ber of neutrons created per incident hadron
is following the inverse of the neutron energy.
The figure also shows that the main compo-
nent of the neutron spectra is made of neu-
trons of low energy at both irradiation facili-
ties.
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Figure 6: Estimated n per 7+ at PSI

B. Proton Fluz Measurements

A total of three radionuclei, coming from
protons, were identified at PSI: one nucleus
from Co (*2Mn), and two nuclei from Ni (3%Ceo,
52Mn), while at P'S four radionuclei were iden-
tified: two nuclei from Co (32Mn, *®V), and
two nuclei from Ni (3°Co, *Mn).
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The proton fluxes were estimated by consid-
ering the cross sections associated to the most
probable proton energy at which the nuclear
reaction can be produced. The cross sections
were taken from [7]. '

1) Results at PSI:

No radionucleus was found at 19 cm from
the pion beam. The results are obtained only
from the radionuclei produced in the sample
positionned at 5 cm from the beam. This is
possibly due because protons have a smaller
mean free path in air. At this distance from
the pion beam, the estimated proton fluxes are
decreasing with the proton threshold energy.

The ratios of the observed proton fluxes to
the maximum pion flux given to the Si sam-
ples, at 5 cm are: (0.00861 + 0.00325) proton
per incident pion (p/7inc) above 7.8 MeV up
to 164.0 MeV, and (0.00158 & 0.00089) p/7;n.
above 40.0 MeV up to 370.0 MeV.

2) Resulls at PS:

The estimated proton fluxes at PS are
decreasing with the proton threshold energy,
but the more important proton component is
above 70 MeV.

The ratios of the observed proton fluxes to
the main proton flux given to the Si samples,
at 5 cm are: (0.01080 £ 0.00023) proton per

incident proton (p/pin.) above 7.8 MeV up to
164.0 MeV, (0.00612 + 0.00131) p/p;n. above
40.0 MeV up to 370.0 MeV, and (0.01370 +
0.00212) p/pin. above 70.0 MeV up to 370.0
MeV. As it was the case for the estimated neu-
tron fluxes, the errors associated to the proton
fluxes estimated at PSI and at PS were calcu-
lated by taking into account the errors associ-
ated .to the activities and weights of the foils.
The error on the activity is again the domi-
nant error. The activation nuclear reactions
used for these measurements are exclusively
proton reactions.

C. Photon and Hadron Dose Measure-
ments

LiF dosimeters, read by a standard TLD
reader, were giving the photon contamination
at PSI. The average photon absorbed doses in
LiF are: (5.0 & 0.8) Gy/h at 10 cm, and (0.74
+ 0.03) Gy/h at 28 cm from the pion beam.
It is observed that the photon dose fell by a
factor 6 from the first to the second position.

The photon dose in Si were not determined,
but by assuming that Si would replace LiF in
the same field, the doses would not change
very much. If the photons have a mean en-
ergy of less than 150 keV, the photon dose
measured in LiF will be increased by a fac-
tor of (1.6 £ 0.4) for Si. Above 150 keV and
up to 8 MeV, the dose in Si will be slightly de-
creased by a factor of (0.96 + 0.04) compared
with LiF. At energies above 8 MeV, this dose
will be moderately increased by a factor (1.2 +
0.05). These factors (1.6, 0.96, and 1.2) were
calculated by taking into account the electro-
magnetic energy per unit of exposure (roent-
gen) absorbed by the Si material [11].

The alanine dosimeters were measured
through Electron Spin Resonance technique,
giving the pion and proton dose-rates in ala-
nine. At PSI, the measured pion dose-rate
is equivalent to (337.0 & 7.2) Gy/h in alanine
and the corresponding calculated value that
uses the concept of minimum ionizing energy
loss is equal to (262.0 + 13.6) Gy/h. At PS,
the measured proton dose-rate is (3.4 + 0.08)
kGy/h in alanine and the corresponding cal-
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culated value is equal to (3.2 + 0.18) kGy/h.
The fact that the measured pion and pro-
ton dose-rates in alanine are larger that those
calculated can be explained by the presence of
other type of particles (neutrons, electrons and
photons ) that contribute to the dose-rate.

V. CONCLUSIONS

At PSI, the additional fluxes due to the
contamination from neutrons and protons are
a few percents of the main pion flux. The neu-
tron contamination does not depend strongly
on the energy at 5 cm from the pion beam
and follows an exponential shape. At 19 cm,
it is strongly dependent on energy following
the inverse of the neutron energy (1/E) and
the low energy component dominates. Proton
contamination was found only at 5 cm from
the pion beam and the fluxes are decreasing
as a function of the proton energy. The av-
erage photon doses measured are (5.0 + 0.8)
Gy/h and (0.74 + 0.03) Gy/h at 10 cm and 28
cm from the pion beam, respectively.

At PS, the contamination of neutrons and
proton are also a few percents of the main pro-
ton flux. In this case, the neutron contamina-
tion at 5 cm from the proton beam is decreas-
ing exponentially with neutron energy and, at
10 cm, the neutron spectra behave as 1/E'*
(where E is the neutron energy). The low en-
ergy component dominates. Proton contami-
nation was found only at 5 cm from the proton
beam and the dominant proton energy is above
70 MeV.

This first measurements of contamination
around the irradiation beams gives a quanti-
tative understanding with regards to the type
and level of radiation damage of silicon detec-
tors investigated simultaneously.

The radiation damage results for these Si
samples can be found elsewhere [12].
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