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Abstract

In high-radiation environments, such as those found in high-energy physics, space,
and ignition facilities, it is paramount to employ components and devices capable of
withstanding the stressful conditions imposed by these harsh settings. To understand
the radiation-induced effects and ensure the proper functioning of systems used
in these hostile conditions, preliminary tests of the devices against radiation are
necessary.

In this joint doctoral thesis, comprising work performed at La Sapienza University
of Rome, the Institut National de la Recherche Scientifique (INRS) in Canada, and
the ENEA Research Centers of Casaccia and Frascati in Italy, a study of radiation-
induced damage on electronic devices was carried out. Various radiation sources and
characterization methods were employed for this purpose.

At the Advanced Laser Light Source (ALLS) laboratory of INRS, laser-accelerated
protons with a broad energy spectrum were used to test electronics with a new and
innovative stress test source. More conventional sources for irradiation tests, such
as %°Co gamma radiation available at the Calliope facility of the ENEA Casaccia
R.C., and protons and neutrons from the TOP-IMPLART facility and the Frascati
Neutron Generator, respectively, located at the ENEA Frascati R.C., were also used.

To further enrich the characterization of the electronic devices, electron irradi-
ations are planned at the REX facility of the ENEA Frascati R.C. To determine the
most suitable irradiation conditions at REX, a dosimetric intercalibration between
the Calliope facility and the REX facility was performed within the framework
of the ASI Supported Irradiation Facilities (ASIF) program. The results of this
intercalibration are presented.

In the final part of the work, the radiation resistance properties of two types of
electronic devices were examined by performing parametric tests on the components
before and after irradiation with various radiation sources. Additionally, the Total
Ionizing Dose (TID) effect and the displacement damage caused by the Non-Ionizing
Energy Loss (NIEL) contribution were analyzed for all the stress tests performed.
Specifically, for each radiation source used, the dose deposited by ionizing processes
and the dose deposited by non-ionizing processes were calculated. This procedure
made it possible to determine the dose required by different types of radiation to
cause the same level of damage, allowing a comparison of the irradiation efficiency
of laser-driven protons with conventional radiation sources.



iv

Résumé

Dans les environnements a forte radiation, tels que ceux rencontrés en physique des
hautes énergies, dans ’espace et dans les installations d’ignition, il est primordial
d’utiliser des composants et des dispositifs capables de résister aux conditions stres-
santes imposées par ces milieux difficiles. Pour comprendre les effets induits par les
radiations et assurer le bon fonctionnement des systémes utilisés dans ces conditions
hostiles, des tests préliminaires des dispositifs contre les radiations sont nécessaires.

Dans cette these de doctorat conjointe, comprenant des travaux effectués a 1I’'Université
La Sapienza de Rome, & I'Institut National de la Recherche Scientifique (INRS) au
Canada, et aux centres de recherche ENEA de Casaccia et Frascati en Italie, une
étude des dommages induits par les radiations sur des dispositifs électroniques a
été réalisée. Diverses sources de radiation et méthodes de caractérisation ont été
utilisées a cet effet.

Au laboratoire Advanced Laser Light Source (ALLS) de 'INRS, des protons accélérés
par laser avec un large spectre d’énergie ont été utilisés pour tester des dispositifs
électroniques avec une nouvelle source de test de stress innovante. Des sources plus
conventionnelles pour les tests d’irradiation, telles que les radiations gamma %9Co
disponibles a I'installation Calliope du centre ENEA de Casaccia, et les neutrons et
protons du générateur de neutrons de Frascati et de I'installation TOP-IMPLART,
respectivement situés au centre ENEA de Frascati, ont également été utilisées.

Pour enrichir davantage la caractérisation des dispositifs électroniques, des irra-
diations électroniques sont prévues a l'installation REX du centre ENEA de Frascati.
Pour déterminer les conditions d’irradiation les plus appropriées & REX, une in-
tercalibration dosimétrique entre I'installation Calliope et I'installation REX a été
réalisée dans le cadre du programme ASI Supported Irradiation Facilities (ASIF).
Les résultats de cette intercalibration sont présentés.

Dans la derniére partie du travail, les propriétés de résistance aux radiations de
deux types de dispositifs électroniques ont été examinées en effectuant des tests
paramétriques sur les composants avant et apres irradiation avec diverses sources
de radiation. En outre, 'effet de la dose ionisante totale (TID) et les dommages de
déplacement causés par la contribution de la perte d’énergie non ionisante (NIEL)
ont été analysés pour tous les tests de stress effectués. Plus précisément, pour chaque
source de rayonnement utilisée, la dose déposée par les processus ionisants et la
dose déposée par les processus non ionisants ont été calculées. Cette procédure a
permis de déterminer la dose nécessaire pour que différents types de rayonnement
provoquent le méme niveau de dommages, permettant ainsi de comparer 'efficacité
d’irradiation des protons accélérés par laser avec celle des sources de rayonnement
conventionnelles.
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Introduction

Electronic devices are used for the production of electronic circuits employed in many
fields. The operational features of these devices can be damaged by the adverse
radiation environments present in several applications. For example, particle physics
high-luminosity accelerators, space environments and ignition facilities may affect
the functioning of electronics due to the high radiation levels. The damage caused
to the devices differs for each energy deposition process and consequently for the
different radiation sources (synchrotron radiation, cosmic rays, particles of different
origin). Both the high-luminosity machines and space environments are composed
of mixed particles. Therefore, it is of fundamental importance to characterize the
electronic devices and radiation detectors used in high radiation environments to
ensure their correct functioning during operation. This study is focused on the
effects of ionizing radiations. It is important to note that, although we refer to the
radiation as "ionizing", it is not the only way in which radiation deposits energy into
matter, as will be shown.

The main effects caused by the interaction of incoming particles and electronics
are atomic displacements and energy loss by ionization (or by collision). Atomic
displacements result from Non-Ionizing Energy Loss (NIEL) processes, where the
energy of the incoming particle causes the displacement of an atom or the dissipation
of energy in lattice vibrations. Ionization, on the other hand, involves the excita-
tion or emission of atomic electrons. The proportion of energy deposited by NIEL
processes compared to ionization processes varies depending on the particle type.
Radiation-induced defects can be categorized into two types: bulk damage, also
known as Displacement Damage (DD), caused by NIEL processes and quantified as
the Displacement Damage Dose (DDD) or NIEL dose, and surface damage, which
results from the trapping of free charges generated by ionizing radiation. The
accumulation of these trapped charges is quantified as the Total Ionizing Dose (TID),
which builds up as ionizing radiation produces electron-hole pairs, leading to charge
trapping in insulating layers, such as oxide layers in semiconductors. These defects
affect the electrical behavior of semiconductor devices and must be investigated after
irradiation.

To simulate the adverse radiation environments that an electronic device may
encounter during operation, irradiation can be performed in laboratories using
different particle sources. TID effects are typically achieved through exposure to
ionizing radiation, such as gamma rays or electrons. In contrast, DD is induced by
particles such as protons and neutrons. Protons are effective at displacing atoms in
the material crystal lattice due to their mass and charge. Neutrons, while uncharged
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and not directly causing ionizing effects, are especially effective at displacing atoms
due to their interactions with atomic nuclei.

In the last two decades, laser-driven particle acceleration, obtained by irradiating a
solid target with an ultra-intense (I > 10'® W/cm?) short-pulse (<1 ps), has been
extensively investigated due to its various potential applications in many fields. One
of the possible applications is related to the stress testing of materials. In particular,
laser-accelerated protons can be used in place of or together with protons from more
conventional sources because of their ability to produce damage on a very short time
scale.

In this thesis project, the investigation of the radiation hardness of two kinds
of electronic components is reported, with particular attention given to the demon-
stration of the effectiveness of dose delivery by laser-generated protons. Specifically,
two kinds of Bipolar Junction Transistors (BJTs), NPN and PNP, and optoisolators
were irradiated. The BJTs were subjected to gamma radiation, laser-driven protons,
protons and neutrons from conventional accelerator and the optoisolators to gamma
radiation.

The first part of this work provides an overview of radiation environments charac-
teristic of many research fields and their effects on electronics. Chapter [I] describes
the radiation levels that electronics must withstand in well-known experiments
and missions. Chapter [2] summarizes the main features of BJTs and optoisolators,
detailing radiation effects in semiconductors and the specific impacts on BJTs and
optoisolator parameters, with a focus on TID and NIEL dose deposition.

Chapter [3|reports on the facilities where irradiation tests were conducted. Specifically,
laser-driven proton irradiation was carried out at the Advanced Laser Light Source
(ALLS) laboratory of the Institut National de la Recherche Scientifique (INRS) in
Varennes, Montreal, Canada. In the section describing the ALLS facility, the most
routinely employed mechanism to accelerate ions using laser-plasma interaction is de-
tailed, along with the main features of the accelerated ions. Gamma irradiation tests
were performed at the Calliope gamma irradiation facility of the ENEA Casaccia
Research Centre in Rome, Italy. Along with the description of the Calliope facility,
an overview of the main dosimetric systems employed in this facility is presented.
Subsequently, the TOP-IMPLART facility of the ENEA Frascati Research Centre
in Frascati, Italy, where protons from a linear accelerator were used for the tests,
is presented. Following this, the Frascati Neutron Generator (FNG) at the ENEA
Frascati Research Centre, the facility where neutron irradiation was conducted, is
reported. Finally, the REX facility of the ENEA Frascati Research Centre, which
comprises a linear electron accelerator, is described.

The second part of this thesis focuses on a campaign of dosimetric measurements
performed within the framework of the ASI Supported Irradiation Facilities (ASIF)
program. One of the most effective dosimetric techniques used was alanine-EPR
dosimetry, which detects stable free radicals induced by ionizing radiation (e.g.,
gamma rays or electrons) in the crystalline L-a-alanine amino acid using Electron
Spin Resonance (EPR) spectroscopy. This method, due to its wide dose range and
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dose rate and energy independence for energies around a few MeV, is well suited for
REX electron beam dosimetric intercalibration. Dosimetric measurements for dose
rate distribution inside the REX chamber were performed using alanine-EPR dosime-
ters calibrated with the absolute Fricke solution at the Calliope facility. Specifically,
alanine dosimeters were irradiated at various points within the REX chamber with
different irradiation times and at varying distances from the electron source. The
obtained results are presented in Chapter [4]

The last part of the project presents the experimental results obtained after ir-
radiation. Chapter [5| initially provides a description of the experimental setup used
for electrical measurements of the devices. Afterward, the characterization of BJTs
before irradiation is shown. Subsequently, the results obtained after irradiation
with °°Co gamma radiation, laser-driven protons, and protons and neutrons from
conventional accelerators of BJTs are presented. Various device parameters were
characterized before and after irradiation to assess the radiation resistance properties
of the components. As described in Chapter [3] the irradiation facilities provided
irradiation conditions based on different parameters (e.g. number of shots, total
absorbed dose, particle fluence). To compare the different radiation sources and
to evaluate the dose delivery efficiency of the employed radiation source, with par-
ticular attention to the laser-driven protons source, a value of deposited dose after
irradiation was obtained for each facility. Chapter [5| details the procedure followed
to determine the deposited dose value. Finally, the results of optoisolators tests
conducted before and after irradiation with °Co gamma photons are presented.



Chapter 1

Radiation environments

Over the last century, significant efforts have been made across various research fields
to expand our understanding of the world around us. For instance, High Energy
Physics (HEP) experiments, such as those conducted at the Large Hadron Collider
(LHC), have contributed to a more precise comprehension of the subatomic realm,
while advancements in technology have enabled humanity to explore life beyond
Earth through space missions. However, both HEP experiments and space missions,
along with ignition facilities and nuclear reactors, operate in hostile environments
where different radiation sources are present. Consequently, specialized equipment
and devices are required to withstand these conditions, as high levels of radiation can
degrade their performance. The operational conditions are particularly demanding
for electronic devices and radiation detectors, as failures in these systems can
critically compromise the performance of machinery in particle physics and nuclear
experiments, or compromise the success of space missions.

The radiation effects on electronics vary depending on the device characteristics, the
type of radiation, and the radiation environment in which they operate. Adverse
environments are characterized by distinct types of radiation and energy distributions.
Below, a descriptions of high-luminosity machines, space radiation environments
and fusion reactors are provided.

1.1 High-luminosity accelerators

In a collider, various components of the detection equipment are exposed to radiation
from numerous sources, with intensity levels varying across different operational
areas. Dedicated activities are essential for developing and qualifying electronic
systems tailored to the experiment needs. The selection of electronics is guided
by evaluating radiation levels in different machine locations. This process involves
combining measurements from past experimental runs, simulations and considerations
to define the necessary specifications. For example, the radiation sources present in
accelerators like the Large Hadron Collider (LHC) are detailed in the following [I].
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1.1.1 The Large Hadron Collider

The LHC is the most powerful particle accelerator in the world and it is the last
element of the chain of CERN accelerators complex. It is a 27 km long ring that
has been designed to provide proton-proton collision with a center of mass energy
of 13 TeV, accelerating two proton beams, in contra-rotating directions, up to an
energy of 6.5 TeV each. The two beams collides in four points of the accelerator ring
corresponding to four of the main LHC experiments: A Toroidal LHC ApparatuS
(ATLAS), the Compact Muon Solenoid (CMS), A Large Ion Collider Experiment
(ALICE) and the LHC beauty (LHCb).
The fundamental figure to quantify collider performances is the luminosity £. It
is defined as the ratio of the interaction rate R to the total cross section or for a
particular interaction:

L=—. (1.1)

ar

So the instantaneous luminosity represents the potential number of collisions per
unit time and it depends on the kinematic and geometrical features of the beam.
For a collider such as LHC, it can be expressed as:

N2ny f
4\/ €x€y 30,

where N is the number of particles per bunch, n; is the number of bunches, f is the
revolution frequency and F(«) is a correction factor due to the angle at which beams
collide. The denominator represents the effective bunch section, where € denotes the
transverse emittance and §* is the amplitude function at the collision point.

The instantaneous luminosity decreases during a data-taking according to the
exponential law:

L= Fl(a) (1.2)

E(t) = ﬁma:ce_é (1.3)

where 7 is given by the contribution of many effects that deteriorate the luminosity,
such as the growth of the emittance or the drop of beam intensity.

The integral over time of the instantaneous luminosity represents the integrated
luminosity:

Lint = /0 "Lyt (1.4)

The number of proton-proton collisions in a time interval is proportional to the
integrated luminosity. It is usually multiplied by the cross section of a specific
physics process to obtain the expected number of events for that process. It is
usually expressed in inverse femtobarns fb=!.

The LHC is made up of eight octants (as shown in Figure and the central
part of each octant is called Insertion Region (IR) and is connected to the next one
by a curved section known as arc. Each LHC arc has one Dispersion Suppressor (DS)
on each end that acts as a connection between the arc and the IR and consists of four
individually powered quadrupole magnets each separated by two dipole magnets [2].
Each IR within the LHC has a specific function. Four of these regions (IR1, IR2, IR5,

and IR8) correspond to the beams Interaction Points (IPs) and house the detectors



1.1 High-luminosity accelerators

Low B3 (pp)
High Luminosity

RF
& Future Expt.

Cleaning

(B physics)

High Luminosity

Figure 1.1. Scheme of the LHC ring [2].
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of the main four LHC experiments (ATLAS, ALICE, CMS and LHCb respectively).
IR3 and IR7 host the beam collimation systems, while IR4 is dedicated to radio
frequency cavities and IR6 is utilized for beam extraction and dump systems [1].
Some experimental facilities and equipment of the LHC are situated in shielded
areas outside the main tunnel. Consequently, the radiation field in the LHC is
characterized by a wide variety of particle types and energies, greatly depending on
the machine location.

The radiation environments near IP1 and IP5 (Fig. are particularly significant
concerning the performance requirements of electronics due to the high luminosity
and associated collision debris [2, 3], 4].

The upgrade of the LHC, known as the High-Luminosity LHC (HL-LHC) [5], will
introduce increased radiation levels that must be considered when selecting elec-
tronic systems. The HL-LHC aims to achieve a 14 TeV center-of-mass energy and an
integrated luminosity of 3000 fb~!, one order of magnitude higher than the nominal
LHC design value. Consequently, new equipment needs to be installed along the
LHC to accommodate the increased luminosity, which results in a higher number
of collisions and particles arriving on the accelerator components. The HL-LHC
is expected to produce between five and ten times more collisions than the LHC
during its previous runs, posing new challenges for machine equipment features.
The main radiation sources can be categorized into three types. The first is as-
sociated with the production of collision debris (mainly photons and pions) from
proton-proton inelastic interactions, generating approximately 120 secondary parti-
cles per single proton-proton collision [2], particularly relevant in the proximity of
the experimental regions. The second source arises from beam-machine interactions,
such as interactions with collimators and the beam pipe, generating a cascade of
secondary particles and serving as the primary radiation source in many areas of the
collider. The third source results from interactions between the beam and residual
gas molecules inside the vacuum pipe. Additionally, particles entering the so-called
debris collimators and the materials surrounding the detectors initiate hadronic and
electromagnetic showers that continue until most of the charged particles have been
absorbed, contributing to the radiation affecting the accelerator equipment.

To describe the radiation environment of the HL-LHC [1] concerning its impact on
electronic equipment, the following quantities are useful:

o Total Tonizing Dose (TID): this is the energy deposited through ionization
processes per unit mass of the target, expressed in Gray (Gy), with 1 Gy =1

J/kg;

o Silicon 1 MeV neutron equivalent (n.,) fluence (1 MeV n,): this
dedicated variable quantifies Displacement Damage (DD) in silicon. It is
defined as the fluence of 1 MeV neutrons needed to produce an equivalent
amount of DD as that caused by the physical particles under study. The
fluence is expressed in units of neutrons per cm™?;

» High Energy Hadron equivalent (HEH,,;) fluence: this represents fluence
of all hadrons with energies greater than 20 MeV, measured in hadrons per

cm™2. It also includes a contribution from intermediate energy neutrons
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Figure 1.2. TID values during LHC 2016 proton-proton runs in IP1 and IP5 [2].

ranging from 0.2 MeV to 20 MeV;

¢ Thermal neutron equivalent fluence: this quantifies the fluence of neutrons
at thermal energies (approximately 25 meV) with an additional contribution
from other energy ranges, typically to account for their overall impact on
materials.

TID and 1 MeV ng, refer to cumulative radiation effects, as described in detail in
Chapter [2| while the others are able to cause Single Event Effects (SEEs) generated
through indirect ionization and nuclear reactions for HEH and thermal neutron
fluence, respectively.

TID and 1 MeV ng, are typically expressed as expected integral values throughout
the full experiment lifetime. The typical range of interest for TID and 1 MeV n¢,
levels over the full HL-LHC operation period is 1 Gy - 10 kGy and 10%°-10'* n.,
cm~2 [I]. Tt has to be noted that the analysis of locations in the accelerator with
TID levels up to 10 MGy is very important for possible degradation of materials
such as polymers.

Measurements of the integrated TID levels during the LHC 2016 proton-proton runs
have been performed (the correspondent integrated luminosity is 40 fb~!) [2] and,
as reported in Fig. different radiation levels characterize the locations around
the interaction point and the TID value ranges from 10 kGy/year in the IR to ~1
Gy/year in the arc.

1.2 Space environment

Nowadays, the requirements of space missions and the constant evolution of elec-
tronic technologies utilized for payloads and spacecraft, coupled with the imperative
to adhere to space environment constraints, especially radiation, present significant
challenges for component engineers and designers.

The space radiation environment within the solar system is characterized by three
primary sources: Galactic Cosmic Rays (GCRs), primarily high-energy protons, solar
radiation, which includes a continuous solar wind of particles emitted by the sun
and sporadic solar flares and radiation belts composed of particles trapped around
planets [6].

The main radiation effects on electronics caused by the harsh space environment re-
sult from the accumulation of TID and Displacement Damage Dose (DDD), with the
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latter being specifically attributed to NIEL processes [6] [7], as well as Single-Event
Effects (SEEs). These effects depend on several factors, such as spacecraft orbits
(see Figure [1.3]), which vary in inclination, shape, altitude, and mission duration.

By inclination By shape
Inclined orbit

Satellite track covers range
of altitudes in Northem

and Southern Hemispheres

"3 Earth’s rotation

k Satalite orbit

Apogee
(farthest
distance)

Elliptical orbit Hﬁg

Equatorial orbit Earth at one
Satellite track focus of ellipss

over equator
Perigee

(closest distance)

Circular orbit

Earth at center

Polar orbit All points of satellite orbit
Satellite track covers all parts at about the same altitude
of Earth as planet rotates

By altitude

Orbital period of satellite equal to
rotational period of Earth

Satellite orbit inequatorial plane

Geostationary orbit (GEQ)
35,800 km (22,300 miles) altitude

Medium Earth orbit (MEOQ)
5,000-10,000 km (3,100-6,200 miles)
altitude (typical)

Low Earth orbit (LEQ)
About 100-2,000 km
(60-1,200 miles) altitude

Figure 1.3. Possible orbit kinds and relative properties [6].

The space between the stars, known as the interstellar medium, primarily consists
of hydrogen with a small fraction of helium and heavier elements. This interstellar
gas has an extremely low density ranging from 1074 to 10° atoms/cm?® and moves
in response to various processes such as magnetic, thermodynamic, gravitational
and radiation forces. At the boundary where the interstellar medium ends, the
interplanetary medium of the solar system begins. This transition occurs at the
outer extent of the Sun magnetic field and solar wind, known as the heliopause,
which encloses the heliosphere. The heliosphere is a spherical region encompassing
the Sun and the planets, acting as an electromagnetic shield against some of the
incident GCR flux. Approximately 75% of cosmic-ray particles are intercepted by
the heliosphere, primarily because they possess kinetic energies of less than ~50
MeV and are unable to penetrate the heliosphere barrier due to the energy of the
solar wind within it. GCRs are thought to be primarily accelerated by shock waves
resulting from supernova explosions propagating through the interstellar medium.
The composition of GCRs mainly comprises 89% ionized hydrogen (protons) and
9% ionized helium (alpha particles), with the remaining 2% consisting of heavier
ions and electrons. Most GCRs possess kinetic energies around 1 GeV, with the flux
decreasing as energy increases beyond this point. Below approximately 100 MeV,
the flux is deflected by the heliosphere. Additionally, the interplanetary magnetic
field plays a role in influencing GCRs within the heliosphere, making it challenging
for them to penetrate deeply into the inner solar system.
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The most intense source of radiation in the solar system is the sun, with its photo-
sphere and corona being significant contributors to solar radiation. The photosphere,
the visible layer of the sun, emits photons and is surrounded by a super-heated plasma
region known as corona [6]. Solar activity can be categorized into solar wind, solar
flares, and Coronal Mass Ejections (CMEs). The sun corona, with a temperature of
about 10° K, allows energetic particles that comprise the solar wind to escape. These
particles, including highly energetic photons, electrons, protons, helium ions and a
small number of heavier ions, continuously stream out of the corona in all directions.
Solar wind is generally less harmful to spacecraft electronics and crews compared to
sporadic solar storm phenomena, as the majority of the flux consists of lower-energy
particles ranging from a few eV to hundreds of eV, with a significant portion of
the lower-energy flux deflected and trapped by planetary magnetic fields. However,
solar flares and CMEs can pose significant risks to microelectronic reliability, as
particles are accelerated to much higher energies ranging from 10 keV to 1 GeV.
Flares occur as sudden, rapid, and intense variations in brightness, resulting from
the sudden release of built-up magnetic energy. During a solar flare event, radiation
is released across the full electromagnetic spectrum, from radio waves to gamma rays.
Additionally, solar radiation includes contributions from Solar Energetic Particles
(SEPs), comprising electrons, protons, and heavier ions with energies ranging from 1
MeV to 1 GeV, which are accelerated during solar flares or CME-induced shock waves.

Lower-energy GCRs and particles from the solar wind can be trapped by a planet
magnetic field of sufficient strength, forming radiation belts. The Earth magnetic
field traps protons and electrons, creating toroidal regions of trapped charged parti-
cles. These belts are thicker at the equator, where the magnetic field is stronger, and
they thin out towards higher and lower latitudes, eventually dissipating at the poles.
The inner belt contains electrons with kinetic energies in the range of approximately
1-5 MeV and protons with energies around 10 MeV, while the outer belt consists
mainly of electrons with energies ranging from 10 to 100 MeV. Particle fluxes within
the inner and outer belts reach values of approximately 10% to 10 particles per cm?
per second, while the flux of particles between the Earth surface and the inner belt is
around 10-100 particles per cm? per second. In the region between the two belts, the
flux is approximately 10® to 10* particles per cm? per second. The Earth magnetic
field is tilted about 11° relative to the rotation axis, causing the radiation belts to
be misaligned with the Earth surface. Consequently, over South America, off the
coast of Brazil, the inner radiation belt, typically extending from altitudes of 1000 to
12000 km, drops to heights between 200 and 800 km, forming what is known as the
South Atlantic Anomaly (SAA) [6, 8]. Particle fluxes in the SAA are significantly
higher than anywhere else in Earth orbit at that altitude. For example, most of the
radiation dose exposure that the International Space Station (ISS) receives occurs
while it flies through the SAA. Although electrons and protons trapped in the belts
have lower energies than most GCRs or Solar Energetic Particles (SEPs), they are
characterized by much higher fluxes and can be hazardous to crew and electronics
during extended missions. Therefore, mission paths are specifically designed to
minimize spacecraft exposure to radiation belts. In some cases, electronics are
powered down during passages through radiation belts to mitigate TID effects, which
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are worsened by the presence of electric fields.

Radiation doses during the lifespan of space missions can be estimated once the
type, energy, and flux of the particles in the radiation environment are known. For
instance, the International Space Station (ISS) operates in Low Earth Orbit (LEO)
and is used for research and technological development projects. The radiation envi-
ronment in LEO consists of a mixture of the previously described radiation sources.
Additionally, atmospheric radiation, made up of naturally occurring radioactive
isotopes, and spacecraft-generated radiation, which includes secondary electrons and
electromagnetic interference generated by spacecraft systems and their components,
must be considered for LEO missions [9]. Data obtained from dosimeters used
in experiments aboard the ISS during missions in LEO show that the expected
absorbed dose values inside the station range from approximately 10~2 Gy/year
to less than 3 Gy/year in the worst-case scenario [9]. Radiation environments in
interplanetary missions are more challenging for spacecraft and instrumentation.
For example, the expected TID for the JUICE mission [10] is about 10* Gy for a
typical aluminum shielding thickness of 1.5 mm, considering approximately 12 years
of mission duration, as reported in Figure In the case of the Solar Orbiter [11],
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Figure 1.4. Expected total dose values in silicon after 12 years of JUICE mission as a
function of aluminum shielding [9].

the estimated TID for the total mission duration (7 years) is around 1 kGy [9].
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1.3 Fusion reactors

Fusion reactors aim to use fusion reactions to produce nearly unlimited, COs-free
energy. Fusion occurs naturally in the Sun, where hydrogen atoms fuse at approx-
imately 15 million degrees Celsius due to the Sun strong gravitational forces. To
replicate fusion on Earth, deuterium and tritium atoms must be heated to tem-
peratures around 100 million degrees Celsius to achieve the necessary collisions
and subsequent fusion reactions. When these hydrogen atoms collide, they form a
plasma. In the deuterium-tritium fusion reaction, a deuterium nucleus fuses with
a tritium nucleus, producing one helium nucleus, one free neutron, and 17.6 MeV
of energy. Two approaches are used to achieve controlled nuclear fusion: Magnetic
Confinement Fusion (MCF) and Inertial Confinement Fusion (ICF). MCF relies on
magnetic fields to contain the hot plasma and sustain the fusion process, while ICF
uses rapid compression, typically through lasers, to heat and compress fuel pellets
to fusion conditions.

Examples of fusion reactors using MCF include Tokamaks (derived from the Russian
"toroidal magnetic chamber"). They are donut-shaped machines used for controlled
thermonuclear fusion to contain the hot plasma.

At the core of a tokamak fusion reactor lies a complex interplay of magnetic fields
essential for confining the superheated plasma where fusion reactions occur. These
magnetic fields come in three forms:

o Toroidal fields: generated by toroidal coils to guide the plasma along the
machine axis of symmetry;

e Vertical fields: Produced by external coils to control plasma positioning;

¢ Poloidal fields: induced by electric currents within the plasma itself to
maintain equilibrium.

A schematic of the functioning principle of a tokamak is shown in Figure To
maintain plasma stability and prevent contact with the reactor walls is fundamental,
as any contact would result in a sudden temperature drop and plasma disruption.
Once the plasma is established through electric current heating, additional methods
such as microwave irradiation or injecting energetic neutral particles using special-
ized accelerators can be employed for heating. Sustaining the plasma temperature
requires continuous energy input. However, once fusion reactions start at the requi-
site temperature, they generate the majority of the energy necessary to maintain
the plasma heat. Consequently, in a functioning reactor, only a fraction (around
10%-30%) of the energy input is needed to sustain the plasma temperature [13], [14].
Inertial Confinement Fusion facilities utilize high-energy lasers or particles to rapidly
compress and heat a tiny target, initiating fusion reactions in a controlled manner
[15, [16} [17]. Examples of ICF facilities include the National Ignition Facility (NIF)
located at Lawrence Livermore National Laboratory in Livermore, California, USA
[18], and the Laser Mégajoule (LMJ) near Bordeaux, France [19].

In ICF, a small spherical target containing the fuel, a mixture of deuterium and
tritium (D-T), is prepared. Two approaches can be followed for ICF: laser direct drive
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and laser indirect drive, schematized in Figure In the indirect-drive method,
lasers hit the inner surface of a hollow cylinder surrounding the fuel capsule, creating
X-rays that transfer energy to the fuel capsule. In the direct-drive method, powerful
lasers strike directly on the target. In both cases, the laser system, consisting of
multiple precisely controlled beams, is aimed to compress and heat the target to the
extreme conditions required for nuclear fusion. The outer layers of the target rapidly
heat and expand, generating a shockwave that travels inward. As the shockwave
converges at the center, it compresses the D-T mixture to very high densities and
temperatures, causing the deuterium and tritium nuclei to collide and fuse, releasing
energy as high-energy neutrons and alpha particles. The goal is to achieve ignition,
where the energy released from fusion exceeds the energy input, sustaining the fusion
reactions.

In December 2022, the NIF reached a significant milestone in nuclear fusion research
[21]. Using 192 high-powered lasers, a small fuel pellet containing the D-T mixture
was compressed, producing a fusion reaction that generated more energy than was
used to initiate the reaction. Specifically, the experiment produced 3.15 megajoules
(MJ) of output energy from an input of 2.05 MJ, achieving a net energy gain of
approximately 54%. This accomplishment demonstrates the feasibility of creating a
controlled fusion reaction that can produce more energy than it consumes, a crucial
requirement for a viable fusion power plant.

One significant advantage of fusion energy is that, unlike conventional power plants,
fusion reactors produce helium as a harmless byproduct without emitting COs2 or
toxic fumes. Deuterium-tritium fuel was chosen for fusion because it reaches fusion
conditions at a lower temperature compared to other elements, simplifying reactor
design. This choice, coupled with the abundance of deuterium and the prospect of
tritium generation from lithium, underscores the immense promise of fusion energy
as a clean, virtually limitless power source. Despite current engineering challenges,
ongoing research in fusion energy holds great potential for future sustainable energy
solutions.

In such an adverse environment, electronic devices are exposed to high-intensity
transient electromagnetic components in the radiofrequency and microwave regime,
known as Electromagnetic Pulses (EMPs), as well as irradiation from various sources
such as neutrons, electrons, X-rays, gamma rays, and UV radiation, all of which
can lead to system malfunctions. Moreover, electronics maintenance during an
experiment is often not feasible. Therefore, it is paramount to thoroughly test
electronic systems used in fusion reactors prior to putting them into operation [22].
Currently, experimental facilities are being developed to demonstrate the potential
of fusion reactors. Both MCP and ICF approaches are part of ongoing efforts to
harness fusion energy as a clean and abundant source of power for the future. As an
example, the expected radiation environment in the Divertor Tokamak Test (DTT)
facility will be briefly described.

1.3.1 Divertor Tokamak Test facility

The Divertor Tokamak Test (DTT) facility [23] 24] is a significant fusion experi-
ment currently under construction at the ENEA Frascati Research Center in Italy.
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The DTT plays a crucial role in advancing fusion research, with a primary focus
on investigating and developing innovative solutions for managing and extract-
ing the heat generated by the fusion process. A 28-year experimental program is
foreseen, with 6 months of operation alternating with 6 months of shutdown per year.

DTT will operate in high-performance (H-mode) conditions, expecting a 2.5 MeV
neutron yield rate of 1.5 - 1017 n/s from Deuterium-Deuterium reactions. Addition-
ally, high-energy neutrons at 14 MeV will be generated from Deuterium-Tritium
reactions, with a projected maximum neutron yield rate of 1.5 - 10'° n/s. The design
of the tokamak components is significantly influenced by the intense neutron and
gamma irradiation and high neutron-induced activation [25].

The magnet system consists of 18 Toroidal Field (TF) NbsSn coils, operating
at a peak field of 11.8 T and a conductor current of 44.0 kA, six independently fed
Central Solenoid (CS) modules operating at 13.2 T and 29.9 kA, and six Poloidal
Field (PF) coils, with two operating at 8.5 T and 35.0 kA and the other four at
lower fields and currents. The PF system also includes six copper in-vessel coils.
The Vacuum Vessel (VV) is constructed with a double-wall structure featuring 15
mm thick ribs separated by a neutron shield [26]. It will be situated inside the
main magnet system, providing a vacuum environment for the plasma. Its main
components include the main vessel, port structures, and the supporting system. The
main vessel has a toroidal shape with a D-shaped cross-section. The primary out-
vessel components are the port collars, thermal shield, and cryostat. The Cryostat
Vessel (CV) is a vacuum-tight container surrounding the entire tokamak, providing
the vacuum necessary for the superconducting magnets [27]. A three-dimensional
cross-section of the DTT is shown in Figure
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Figure 1.7. 3D cross-section of DTT [28].

The three dimensional spatial distributions of neutrons and secondary gamma rays
inside the building during H-mode operation are reported in Figure [26].
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high-performance phase [26].
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At the cryostat level, the neutron flux is approximately 10'° n cm™2 s~! and the
gamma, flux is about 10° v cm™2 s~!. At a distance of about 10 meters from the
center of the machine, the neutron flux decreases to below 5 - 10 n cm™2 s~! and
the gamma flux to below 7.5 - 108 v em~2 s~!. The maximum absorbed dose due to
neutrons and gamma radiation in the in-vessel coils and TF coil insulator at the end
of life are approximately 1.2 MGy and 90 kGy, respectively. In the building outside
the cryostat, the dose rate in silicon due to neutrons and gamma radiation ranges
from 2 - 1072 Gy/s to 1 - 1072 Gy/s depending on the position, which corresponds
to a cumulative absorbed dose of 0.5-2.5 kGy that the electronics must withstand
by the end of the experiment, considering 2.49 - 10° s of continuous operation at full
power [25]. As described in this chapter, radiation levels in High Energy Physics are
typically reported in the literature in terms of TID and 1 MeV neutron equivalent (1
MeV n.q) fluence levels [1]. For space missions and fusion reactor environments like
the Divertor Tokamak Test facility, total ionizing dose and total absorbed dose values
can be found in the literature [9, 25, 29] [30], accounting for the contributions of
different particle types. In summary, the radiation levels characterizing these harsh
environments, which electronics must withstand over their lifetime, are detailed
in Table This table provides an overview of radiation levels encountered by
electronics in demanding environments, presented as examples. The importance of
robust design and materials capable of withstanding high levels of TID and neutron
fluence becomes evident. This capability is crucial for ensuring the reliability and
longevity of electronic systems in such challenging conditions.

Table 1.1. Radiation levels characterizing high radiation environments. The value of 1 MeV
neutron equivalent fluence for HL-LHC is extimated over the full experiment lifetime.

Radiation levels

HEP: HL-LHC TID:
1 Gy/year - 10 kGy /year
1 MeV neutron equivalent fluence:
1010-10' n.,/cm?

Space: aboard ISS in LEO TID:
0.01 - 3 Gy/year
Space: JUICE interplanetary mission TID:

~ 1 kGy/year

Fusion reactors: DTT facility Total dose:
21073 -1-1072 Gy/s
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Chapter 2

Radiation effects on electronic
and optoelectronic devices

Electrical, Electronic and Electromechanical (EEE) components are the foundational
pillars of any electronic system and, therefore, are employed even in harsh environ-
ments. It is crucial to understand how these components behave in environments
where they may be exposed to various types of damage from ionizing radiation and
electromagnetic waves.

When an electromagnetic wave interacts with semiconductor devices, it creates what
are known as Electromagnetic Pulse (EMP) effects. EMP phenomena span a wide
range within the electromagnetic spectrum, from very low frequencies below one
hertz to ultrahigh frequencies (up to 3 GHz). This interaction can induce harmful
current and voltage surges in electrical and electronic systems, potentially causing
electrical or thermal breakdowns [31, [32]. These effects can be temporary, with
systems often returning to normal operation once the radiation pulse has ended [33],
or they can lead to permanent damage, potentially destroying the electronics.

The ionizing radiation effects in electronic devices are broadly divided into two main
categories: Single Event Effects (SEEs) and gradual cumulative effects [6], 34} 35 36].
Cumulative damage results from the dose accumulated over the entire lifetime of
the electronics exposed to a radiation environment. These effects are significant
when devices are exposed to radiation for extended periods. Cumulative effects
are categorized into Total Ionizing Dose (TID) and Displacement Damage Dose
(DDD), as previously described. When a device sensitive to TID or DDD reaches its
maximum tolerance of accumulated TID or DDD, it will exhibit damage. Therefore,
it is crucial to characterize a given component before deploying it in a radiation
environment to ensure its quality and durability throughout the experiment or to
predict when failure will occur. Conversely, SEEs are critical in real-time applications.
They are failures resulting from the passage of a single particle that deposits energy
in the electronic device. Hence, they can occur at any moment from the beginning
of the operational period in a radiation environment [37]. SEEs can be destructive
or non-destructive and include various phenomena such as memory upsets, latchup,
or burnout.

Based on the radiation resistance properties guaranteed during manufacturing, EEE
components can be categorized into different classes, as described in the next section.
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In this work, Bipolar Junction Transistors (BJTs) and optoisolators were char-
acterized before and after irradiation with several radiation sources to evaluate
their radiation resistance properties, as well as the dose delivery and efficiency of
laser-accelerated particles, an innovative radiation source, compared to conventional
and well-established stress test sources such as gamma rays, neutrons, and protons
from linear accelerators. BJTs and optoisolators, when exposed to radiation, can be
subjected to the aforementioned types of damage. Specifically, the damage due to
TID and DD dose effects will be investigated in this thesis project.

Semiconductors, typically silicon, form the basis of electronic devices such as diodes,
transistors, integrated circuits and optoelectronic devices. The first part of this
chapter qualitatively discusses the electronic properties of intrinsic and extrinsic
semiconductors and introduces the basic principles of PN junctions, which are crucial
for understanding the fundamental of semiconductor devices, particularly their role
in transistor operation. Following this, the main parameters and operating principles
of BJTs and optoisolators are presented.

The second part of this chapter focuses on the radiation-induced effects in semicon-
ductors, specifically on BJTs and optoisolators.

2.1 Electronic devices

Electronic devices can be classified into three main categories based on their guaran-
teed radiation performance: Commercial Off-The-Shelf (COTS), radiation tolerant,
and radiation hardened (rad-hard) components. All these types of components are
used in space applications, high luminosity machines and fusion reactors.

COTS electronics include any electronic device that is not certified to be radiation
tolerant or rad-hard. According to NASA, COTS are defined as “parts where the
manufacturer solely establishes and controls the specifications for performance, con-
figuration, and reliability" [38]. They are much cheaper than the other types, readily
available, and exhibit good electrical performance. Radiation tolerant electronics
can handle higher radiation levels than COTS devices but can tolerate less radiation
exposure than rad-hard components. Radiation hardened devices can be employed
in very harsh environments with a low probability of malfunctioning during their
use. Since they are designed to withstand high levels of radiation, they require
additional time and manufacturing processes to be realized, making them more ex-
pensive and harder to procure than COTS and radiation tolerant components [39, [40].

Nowadays, COTS components are widely used due to their advantages, such as low
cost, high performance and ease of availability, even in the LHC equipment [2} 41, [42]
and in space environments [38] [43] [44]. Therefore, they need to be carefully qualified
and characterized against radiation effects to properly evaluate the risks associated
with their use.

In this work, both COTS and radiation tolerant components radiation resistance
properties have been investigated. Specifically, the studied BJTs are commercial
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off-the-shelf devices while the optoisolators are qualified as radiation tolerant.

2.1.1 Intrinsic and extrinsic semiconductors

Intrinsic semiconductors, such as silicon (Si) or germanium (Ge) in their crystalline
form, exhibit specific properties due to their atomic structure. Each silicon atom
in the crystal lattice forms covalent bonds with four nearest neighbors, creating a
stable lattice structure (Figure [2.1).

a)

Silicon

Figure 2.1. Two-dimensional (a) and three-dimensional (b) covalent bonds in silicon lattice

[3).

At room temperature, the behavior of charge carriers in intrinsic semiconductors is
primarily influenced by thermal energy. These materials possess a band gap between
the valence band (where electrons are bound to atoms) and the conduction band
(where electrons can move freely as charge carriers). At absolute zero temperature (0
K), all electrons occupy the valence band, and the conduction band remains empty
due to the band gap energy.

As thermal energy is introduced (room temperature being approximately 300 K),
some electrons gain enough energy to transition across the band gap from the valence
band to the conduction band, breaking covalent bonds in the process. This creates
electron-hole (e™- h™) pairs, where an electron moves to the conduction band, leaving
behind a hole in the valence band (Figure [2.2).

These thermally generated electron-hole pairs act as charge carriers, significantly
contributing to the electrical conductivity of intrinsic semiconductors [46].

Semiconductors are essential in electronics because their electrical properties can be
precisely adjusted by introducing impurities. Extrinsic semiconductors are semicon-
ductor materials intentionally doped with specific impurities to alter their electrical
characteristics. This intentional doping disrupts the natural balance between elec-
trons and holes, which is characteristic of intrinsic semiconductors.

In intrinsic semiconductors, the number of electrons and holes is equal due to thermal
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e

Figure 2.2. Two-dimensional broken covalent bonds in silicon lattice. An electron-hole
(e~ h™) pair is created due to thermal energy.

generation processes. However, doping with impurities in extrinsic semiconductors
introduces additional charge carriers.

For example, doping semiconductor materials like silicon or germanium (Group IV
elements) with elements such as phosphorus (P) or arsenic (As) from Group V of
the periodic table introduces additional electrons. These Group V elements have
one more electron compared to Group IV elements, leading to an excess of negative
charge carriers and converting the material into an N-type semiconductor. This
doping effect can be visualized in Figure In Figure the pentavalent impurity
(Group V element) replaces one of the Group IV atoms in the semiconductor lattice.
Four of the five valence electrons of the impurity form covalent bonds with neigh-
boring atoms, while the fifth electron remains weakly bound to the impurity atom.
This weakly bound electron acts as a free electron, contributing to the increased
conductivity of the n-type semiconductor.

Conversely, doping with elements like boron (B) or gallium (Ga) from Group III
introduces holes, resulting in a surplus of positive charge carriers, converting the
material into a p-type semiconductor.

This deliberate modification of semiconductor properties through doping is crucial
for tailoring conductivity, mobility, and other electrical characteristics, making
semiconductors versatile for various electronic applications.

2.1.2 PN junctions

A PN junction is one of the simplest and fundamental semiconductor structures,
playing a crucial role in various electronic devices. PN junctions are created by
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Figure 2.3. Two-dimensional representation of a silicon lattice with one atom substituted
by a phosphorus (P) impurity (Group V element). The excess electron (e™) acts as a
free electron.

joining p-type and n-type semiconductor materials, which have different doping
characteristics.

When a p-type semiconductor is joined with an n-type semiconductor, charge carriers
undergo diffusion: electrons move from the n-type region to the p-type region, and
holes move from the p-type region to the n-type region. As electrons and holes diffuse
across the junction, they recombine, leaving behind positive charged ions in the
n-type region and negatively charged ions in the p-type region. This process creates
a depletion region around the junction, depleted of free charge carriers (electrons
and holes).

Across the depletion region, an electric field is established due to the difference in
charge between the ionized atoms, creating a potential barrier (built-in potential
barrier) that prevents further free carrier diffusion. Figure illustrates a schematic
of a PN junction, depicting the depletion region and the resulting potential barrier.
A PN junction can be forward biased if a positive voltage is applied to the p-type
region and a negative voltage to the n-type region. This configuration reduces the
width of the depletion region, allowing current to flow as electrons and holes are
pushed towards the junction.

Conversely, if a positive voltage is applied to the n-type side and a negative voltage
to the p-type side, the PN junction is reverse biased. This increases the width of
the depletion region, preventing current flow as the potential barrier is heightened.

Band diagram representation

In both the p-type and n-type materials, the valence band is filled with electrons
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Figure 2.4. PN junction and potential barrier due to the charge difference. Adapted from

[47].

at lower energy levels, while the conduction band is empty or partially filled with
electrons at higher energy levels. The band diagram of a PN junction shows that the
energy bands of p-type and n-type regions align differently across the junction: in
the p-type side, the Fermi level (which represents the highest energy level occupied
by electrons at absolute zero) is closer to the valence band due to the excess holes.
In the n-type side, the Fermi level is closer to the conduction band due to the
excess electrons. When the p-type and n-type materials are joined, the energy bands
bend at the junction, aligning the Fermi levels. A scheme of the band diagram at
equilibrium (no bias applied to the p-type and n-type regions) is presented in Figure
The potential barrier is visible in the energy band diagram, showing the energy

Depletion °‘.II‘°
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Figure 2.5. Band diagram of a PN junction at equilibrium. The upward direction in the
diagram represents increasing electron energy [48].

difference that charge carriers must overcome to move across the junction.
When the PN junction is forward biased, the energy bands flatten out as the external
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voltage reduces the built-in potential barrier. Electrons in the n-type region gain
enough energy to cross into the p-type region, and holes in the p-type region move
into the n-type region. A scheme of a band diagram of a forward biased PN junction
is shown in Figure [2.6
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® 5 050 000000000800

0000000000000 0O0

p-n junction

Figure 2.6. Band diagram of a forward biased PN junction. The upward direction in the
diagram represents increasing electron energy [48].

When the PN junction is reverse biased the energy bands bend further, increasing

the potential barrier. Charge carriers are repelled from the junction, preventing
current flow. The bands diagram of a reverse biased PN junction is depicted in

Figure 2.7
- o]
e
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Figure 2.7. Band diagram of a reverse biased PN junction. The upward direction in the
diagram represents increasing electron energy [48].

This ability to control current flow through biasing makes the PN junction crucial for
the operation of semiconductor devices such as diodes, transistors, and optoelectronic
components. Understanding and managing these biasing conditions are fundamental
in designing and utilizing these devices effectively in electronic circuits.

2.1.3 Bipolar junction transistors

Bipolar Junction Transistors (BJTs) are among the most important semiconductor
devices, widely used in electronic systems due to their high performance. They are
employed in various applications, including high and low power systems, switching,
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amplification, and general purposes. BJTs are particularly valuable in Bipolar Com-
plementary Metal-Oxide-Semiconductor (BiCMOS) circuits and analog Integrated
Circuits (ICs) due to their characteristics [49]. These characteristics enable their
use across a wide range of temperatures [50] and in diverse applications [511 [52].

A BJT is defined as bipolar because both electrons and holes are involved in the
conduction process. It has three terminals and consists of three doped semiconduc-
tor regions separated by two PN junctions. The three terminals are connected to
semiconductor regions, namely the Collector (C), the Base (B) and the Emitter (E).
BJTs can be of two types: NPN and PNP, according to the doping of the three
regions.

In an NPN BJT, the thin p-type semiconductor (base) is sandwiched between the
two n-type regions (emitter and collector), while in a PNP BJT, the thin n-type
base is enclosed between the p-type emitter and collector. In both cases, the emitter
region is heavily doped compared to the other regions.

A schematic of an NPN BJT is provided in Figure as an example. In a simplified

n-type p-type n-type
Emitter Collector
(E) O— Emitter Base Collector L O (C)
region region region
/ \
Emitter-Base Collector-Base
Junction Base Junction
(B)

Figure 2.8. Scheme of an NPN BJTs.

scheme, when no voltage is applied to the BJT, there is no flow of current between
the two junctions. When both junctions are polarized, current flows through the
BJT. In particular, a properly biased transistor that conducts correctly, has the
base-emitter junction forward biased (the voltage between the base and the emitter
Vg is positive) and the collector-base junction reverse biased (the voltage between
the collector and the emitter Vo g is positive). The junctions of a BJT can be biased
in three different ways: common emitter, common base and common collector. The
most common BJT connection is the common emitter configuration (Fig. 2.9). In an
NPN BJT, negative current carriers (electrons) are injected from the emitter to the
base region and holes go from the base to the collector: this constitutes transistor
action. Since the base-collector junction is reverse biased, the current that flows
in the junction is low. The electrons going from E to B are minority carriers in
the B and, if the base layer is sufficiently thin, they can diffuse toward the base
collector junction without recombining with the majority carriers (holes) in the B.
Therefore, the electrons flow in the collector will be similar to that in the emitter.
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Figure 2.9. NPN BJT common emitter configuration [53].

The standard equation for currents flowing in a transistor is given by: Ig = Ip + I¢,
where Ig, Ip and I are the emitter, base and collector currents, respectively. The
conventional current flow in a BJT is represented by arrows, as shown in Figure [2.10
for both PNP and NPN BJTs. In the following, some parameters of NPN BJTs are

PNP NPN

Emitter Collector
P+ 4 +
VBE I VBC ?I 1
E C
\4 A\
- IB - IB
Base V Base V
+ ) CE + ) CE
2 IC v IE
VBC v VBE \ 4
o- o-
Collector Emitter

Figure 2.10. Scheme of voltage drops and of currents flowing in PNP and NPN BJTs [54].

described.

The base current I is made up of three components: Ig = Ig, + Ic, + Ipp, where
I, represents holes that flow from B to E, I¢, is the current corresponding to the
holes going from C to B and Ipp is the recombination current due to the holes that
enter the base through the B terminal to replace the holes that recombined with the
electrons coming from the emitter region. Ipp can be expressed as: Igg = Ig, +1c, .
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To characterize BJTs, some important parameters can be defined:

¢ Common-base current gain «y: it is given by the ratio between the electron
current at the collector and the emitter current: ag = %" and it is ag ~1 for

a well-made transistor;

o Emitter efficiency +: it is the ratio between the electrons current injected

in the base and the emitter current: v = Ifg = IEIinIE and it holds v =1;
n P

e Transport coefficient of the emitter current ap: it is the ratio between
the current due to the electrons that reach the collector and the current given
by the electrons injected into the emitter: ap = 7<=

I .
7. For a good transistor
E.

n

with a thin base layer, ar ~1.
The above described parameters are linked by the relation:

-~ Ig  Ip,+Ig, Ip, Ip,+Ig,

Qg ary (2.1)

By considering that the reverse current of holes from C to B (I¢,) is negligible
compared to forward current of holes from B to E (Ig,) and using the definition of
ar, it is possible to rewrite the base current as follows:

Ip =1Ig, + (Ig, — Ic,) — Ic,

P

~Ig, + (g, — Ic,)

= IEp + (1 + aT)IEn (2.2)

The two terms in the last row have similar intensities since Ig, > Ig,, due to the
heavier doping of the emitter compared to the base. However, Ig, is multiplied by
(1+ ar), where ar ~1.

BJTs can be used as an amplifier or as a switch. When used as an amplifier,
the collector current can be controlled by adjusting a low base current. In this
configuration, the most important feature to characterize the BJT functioning is the
transistor current gain 3, defined as:

e
== 2.3
f=1 (23
By considering Equation and the relation Ic~I¢, (since I¢, > I¢,), the current
gain can be expressed as:

Ie g, Ic,
B="r~ = (2.4)
Ip Ip IEp—i-(l—aT)IEn
By using the definitions of a7 and -, it holds:
arlg, ary
p= (2.5)

(Ig, + Ig,) —orlg, 1—apy
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Figure 2.11. Block diagram of a typical optocoupler [55].

Therefore, for a good transistor for which holds a7y &1, the gain is high (8 ~100-
250) [46] and varies according to the BJT type and manufacturer (as will be shown
in Chapter .

BJTs can also be used in digital mode as a switch. In particular, it is consid-
ered to be "on" when it is in saturation state (BE and BC junctions are forward
biased allowing the maximum current flow from collector to emitter), where an addi-
tional increase in the base current does not cause any further increase in the collector
current. In saturation, the current gain [Ss4; is significantly reduced compared to the
active region. It is typically around 10-20% of the active region 3. Conversely, the
BJT is "off" when it is in cutoff mode (BE and BC junctions both reverse-biased)
and no current is flowing. In cutoff mode, both the collector current I and the
base current Ip are effectively zero and the concept of current gain (8 = %> does
not apply in a meaningful way.

2.1.4 Optoisolators

Optoisolators (or optocouplers) are used in several electronic systems because they
are able to provide efficient electrical isolation of microelectronic signals and are
useful for circuit that need to be isolated from each other for safety. An optoisolator
is made of a photodetector and an amplifier, usually a phototransistor, optically
coupled with a Light-Emitting Diode (LED). In Figure a typical optocoupler
block diagram is shown. A current is first applied to the LED, which emits light
(visible or infrared) proportional to the current flowing through the device. When
the light hits the photodetector, it starts to conduct. The optocoupler provides a
very high degree of isolation between the electrical signal that drives the LED and
the output of the amplifier because there is no direct electrical connection between
them, only the optical signal [55]. It can be realized in two different configurations:
sandwich structure and lateral structure. In the former, the LED is directly placed
on the photodetector silicon die with just a thin layer of optical coupling medium
between them (Fig. [2.12h). The latter consists of a side-emitting LED and a
photodetector that are coupled by means of a coupling material, and its functioning
relies on total internal reflection from the coupling compound (Fig. 2.12p).

The main parameters [56] of an optoisolator are:

e Forward current Ip: it is the maximum current that can flow through the
LED when it is forward-biased;

e« Reverse voltage Vg: it specifies the maximum reverse voltage that can be
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Figure 2.12. Diagram of two optoisolator configurations [55].

applied to the LED terminals without causing damage;

¢ Collector current I-: it refers to the output current from the phototransistor
when it is activated by the LED. It depends on the amount of light emitted by
the LED;

¢ Collector to emitter voltage Vp: when a forward current I is applied
to the LED, it emits light, which in turn activates the phototransistor. Vo g is
the voltage drop between the collector (C) and emitter (E) terminals of the
phototransistor when it is conducting;

¢ Current Transfer Ratio CTR.: it is defined as the ratio between the output
collector current (I¢) and the input LED current (Ir). It is the equivalent of
the BJT gain and indicates how efficiently the optoisolator transfers current
from the input to the output.

Optocouplers rely on components with specific features and well-defined microscopic
structures, making them highly sensitive to even slight changes in their characteristics.

2.2 Radiation effects in semiconductors

Semiconductor materials, typically silicon, serve as the fundamental elements of
electronic devices and are commonly employed as radiation detectors for position
and energy measurements. Radiation-induced defects refer to lattice imperfections
caused by high-energy radiation, which can significantly impact the electrical and
optical properties of semiconductor crystals. Various forms of damage, including
surface or lattice defects, occur when incoming particles deposit their energy into
silicon.

The interaction between incoming particles and matter primarily involves two mecha-
nisms: energy loss due to ionization (or collisions) and NIEL processes. In ionization,
incoming particles interact with atomic electrons, causing their excitation or ejection.
In contrast, NIEL processes involve interactions where the energy transferred by
the incoming particle leads to atomic displacement or collisions that displace atoms
from their lattice positions, resulting in energy dissipation through lattice vibrations.
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Damage to silicon devices from ionization typically affects surface layers, whereas
bulk damage mainly arises from NIEL processes (displacement damage). Generally,
energy deposition through non-ionizing processes is lower compared to ionization
[57].

One of the simplest radiation-induced bulk defects in a crystal is a vacancy or an
atom displaced to a relatively stable position within the interstice. These defects,
consisting of a vacancy and interstitial atom pair, are known as Frenkel Pairs (FP) or
Frenkel defects and are classified as point-like defects [58, 59, [57]. The creation of a
Frenkel defect is associated with a threshold energy, denoted as E4, which represents
the energy required to displace an atom into an interstice. Clusters of defects form
when incident particles, such as fast neutrons, impart sufficient energy to recoil
atoms, resulting in extensive cascades of displacements.

The importance of damage caused by a particular process depends on its relative
cross-section compared to other potential processes.

Bulk damage effects caused by energetic particles have been shown to be proportional
to the displacement damage cross-section, equivalent to the NIEL. This proportion-
ality, known as the NIEL scaling hypothesis, depends on the NIEL-value, which
varies with particle type and energy. However, deviations from the NIEL scaling
hypothesis have been observed in oxygenated silicon and for low-proton energies (<
10 MeV) in standard silicon [60].

Regions damaged by radiation in the silicon bulk act as electrically active defects
with deep levels within the band gap of silicon. The generation of these additional
traps causes a decrease in carrier lifetime and an increase in reverse current [59].

2.2.1 Non ionizing energy loss

Displacements occur when the primary interaction causes a recoil atom to be
displaced from its lattice position. These displaced atoms, known as Primary Knock-
on Atoms (PKAs), primarily generate Frenkel defects, which consist of a pair of point
defects (highly localized imperfections emerging within a crystal) where a vacancy
(V) exists alongside an atom positioned in an interstitial site (I), as illustrated in
Figure 2.13] In collisions with sufficient transferred energy, PKAs can collide with
other lattice atoms, generating additional V-I ions. At thermal equilibrium, recoil
atoms typically reside in interstitial positions, unless some recombine with vacancies.
While some point defects remain isolated, when recoil energies significantly exceed
the displacement threshold energy (E;), cascading displacements occur, leading
to the formation of closely grouped defects termed clusters [61]. Thermal energy
facilitates the migration of some defects throughout the crystal, eventually allowing
for their annihilation through the recombination of V-I pairs or the creation of stable
defects in conjunction with pre-existing impurities or induced defects. The presence
of defects and clusters thereof induces alterations in the semiconductor properties.
In radiation-induced defects, the value of the displacement threshold energy Eg in
silicon typically ranges from about 13 to 33 eV and an isotropic value of 25 €V is
often assumed [59)].

The displacement damage cross section D(E), which accounts for both particle-
semiconductor (e.g. silicon) interactions and the energy released in creating atomic
displacements, is used to express the damage effects caused by energetic particles in
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Figure 2.13. Illustration of a Frenkel defect in a crystal lattice consisting of a vacancy
(white) and an interstitial ion (gray) pair [6].

the bulk of any material [62]. It is defined as:
D(E) = Y 0w(E) [ fulB. Er)Pe(En)dEr (2.6)
k

Here, E represents the energy of the incoming particle, o, (E) is the cross section
for the k-th nuclear interaction, fy(E, Er)dERr denotes the probability that the
recoil atom generated during the k-th reaction has kinetic energy between Er and
Er+dER, and Py(ER) is the partition energy for the k-th recoil nucleus, representing
the fraction of the recoil energy deposited through displacement [59].

The displacement function is proportional to the NIEL function according to the
relation:

NIFEL(E) = % -D(FE) (2.7)
where N4 is the Avogadro constant and A the atomic weight of the considered
medium.

The function D(E) is tipically expressed in units of MeV - mb whereas the NIEL-
value is given in MeVem? - Their values depend on the particle type and energy. For
silicon with A = 28.086 —%, the relation between D(E) and the NIEL value is: 100

MeVmb = 2.144-1073 %’”2 The value of D(E) for 1 MeV neutron is the ASTM
standard Dpeytron(1MeV) = 95 MeV mb.

Moreover, based on the NIEL scaling hypothesis, which assumes a proportionality
between NIEL value and damage effects, the damage efficiency of any particle with
a given kinetic energy E can be described by the hardness factor k. The hardness
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factor kparticie for a specific particle type is defined as [57, [62]:

Dyarticl
k ) E) = particle 28
particte (E) Dieutron(1MeV) (28)

Therefore, instead of D(E), the normalized values % are often used. The
behavior of % as a function of the particle energy is shown in Figure |2.14

for neutrons, protons, electrons and pions [62]. The hardness factor k can also be
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Figure 2.14. Trend of the normalized displacement damage function % for silicon

as a function of the particle energy for neutrons, protons, electrons and pions [62] 63].

derived by normalizing the particle fluence ®,4,4ice to the equivalent fluence of 1
MeV neutrons ®1revn,,, as expressed by [59]:

q)lMeVne = particleq)particle (29)
q

The energy deposited through atomic displacement per unit volume, denoted as Egy;,
can be calculated using Equation [2.6] For silicon, this quantity is expressed as:

Egis = nsi /E D(E)$(E)dE (2.10)

min

MeV
cm3 )

required to displace a silicon atom, ng; = % psi is the atomic density expressed

where Eg;s is expressed in FEpin is the minimum impinging particle energy
in number of atoms per cm? in the silicon bulk, Ag; and pg; are the atomic weight
and the density of silicon, respectively, and ¢(E) is the spectral fluence in -22rtcle

MeVcem?
159, 62].
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Moreover, the displacement threshold energy E; can be used to estimate the con-
centration of Frenkel pairs generated per cm? when an incoming particle transfers
energy Eg;s to the lattice. This estimation is commonly performed using Equation
and the modified Kinchin-Pease formula [64), 65] which provides a model for
calculating the number of FP produced in a displacement cascade in crystalline
materials as a result of atomic displacements [66]. The relation is expressed as
follows:

Edis

FP ~
2.5E,

(2.11)

The initial damage, i.e., the number of atoms directly displaced and their en-
ergy spectrum, induced by incident radiation on a semiconductor, depends on the
type of interaction and the nature and energy of the incoming particles. The primary
displaced atoms can subsequently trigger a cascade of displacements upon complete
dissipation of the primary recoil energy (secondary interactions). Within this cascade,
energy dissipation involves a combination of elastic interactions (known as nuclear
or elastic energy loss), primarily resulting in displacements and inelastic processes
(referred to as electronic or inelastic energy loss), wherein moving displaced atoms
excite or ionize atomic electrons during their passage.

The primary recoil energy is deposited by the ionization energy E; s (including
that deposited by recoiling atoms in the cascade, when it occurs) and the damage
energy (also known as partition or defect-producing energy) E4., accounting for
displacements and sub-threshold collisions, which transfer energies lower than the
displacement threshold energy E4. In these latter interactions, the knock-on atom
cannot escape from its lattice position, and the energy is dissipated in lattice
vibrations. For a recoil silicon nucleus with kinetic energy Eg; and atomic number
Zg; = 14, the corresponding energy Eg4. is determined using the following relationship:

Es;

E,, = —
9T 1 ¥ kag(eq)

(2.12)

where 5 = 2.147 - 10 ° Eg;, g(eq) = €q + 0.40244€7* + 3.4008¢%° and kq = 0.14620

are all dimensionless factors. From Equation [2.12] it is possible to derive the
expression for the fraction of energy deposited by ionizing (fion) and non-ionizing
(fniel) processes:

Ege 1
I - - 2.13
Fuiel Esi 1+ kqg(eq) (2:13)
E E k
fi(m - loss =1- de - dg(Ed) (214)
Eg; Egi 1+ kqg(eq)

The trends of f,;e; and fion for neutrons are represented in Figure [2.15

Radiation causes the formation of several structures of primary defects in silicon,
with configurations that differ depending on the charge state of the defect. At room
temperature, these defects exhibit mobility with low activation energies for their
movement. For instance, activation energies for vacancy migration vary for n- and
p-type materials, influenced by resistivity, typically ranging from 18 to 45 meV [59].
Consequently, not all primary defects lead to stable secondary defects or defect
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Figure 2.15. NIEL and ionization energy loss processes fractions of recoil silicon [59]
(experimental data are from [67]).

complexes, as a significant fraction may anneal, such as through interstitial filling of
a vacancy. Nevertheless, these defects can also combine with other point defects and
impurities (interstitial and substitutional) to form more stable defects. Examples
include the divacancy (midband trapping center [68]), known as the G7-centre (V-V
or V2), where two adjacent lattice sites are vacant; vacancy—oxygen complexes
termed A-centre or Bl-centre; vacancy—dopant impurity complexes (e.g., V-P or
V-As in n-type silicon) known as E-centre or G8-centre and others. In Figure
an A-centre and an E-centre in silicon are shown. The complex defects are mainly
E-centres localized 0.4 €V below the conduction band, while the divacancies generate
entrapment and trap levels 0.35 eV below the valence band and create many trap
levels in the center of the forbidden band. In Table the main induced defects in
silicon and their energy positions are reported [69].

Electrically active radiation-induced defects have been thoroughly investigated using
various experimental techniques, such as Electron Paramagnetic Resonance (EPR)
spectroscopy, Thermally Stimulated Current (TSC), photoluminescence and Deep
Level Transient Spectroscopy (DLTS) [58, [59].

The radiation-induced bulk defects can be partially or totally recovered after anneal-
ing treatments [69] [70].

Radiation damage in materials is often quantified using a measure known as Dis-
placements Per Atom (DPA), which indicates how frequently atoms are displaced
from their original lattice sites due to incoming particles. This metric is crucial in
facilities such as inertial and magnetic confinement fusion facilities, where materials
are subjected to intense radiation environments. DPA is calculated using the formula:

DPA = ¢o (2.15)

where ¢ is the beam fluence (number of incident particles per unit area in cm~2)
and o is the cross-section of the displacement process (probability of interaction
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Figure 2.16. A-centre (association of a vacancy with an oxygen atom) in silicon (a) and
E-centre (association of a vacancy with a donor impurity atom) in silicon (b). Adapted
from [58].

Table 2.1. Energy levels in silicon forbidden band and radiation able to induce them [69].

Position of energy levels (eV) Kind of radiation
E.-0.17 Neutrons (back-scattered, fast)
E.-0.15 Electrons (0.5 MeV, 1.5 MeV)

60Co 7 rays
E.-0.4 Neutrons (back-scattered, fast)
Electrons (0.5 MeV, 1.5 MeV)
E.-0.54 Electrons (0.5 MeV, 1.5 MeV)
60Co v rays
E,+0.45
E,+0.43 Electrons (0.5 MeV, 1.5 MeV)
E,+0.4
E,+0.35 Neutrons (back-scattered)

E,+0.3 Electrons (0.5 MeV, 1.5 MeV)
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between incident particles and material atoms). DPA values directly correlate with
the creation of Frenkel Pairs. To determine the actual number of displaced atoms
from a given DPA value, one would multiply the DPA value by the total number of
atoms in the material sample or detector [71, [72].

While both DPA and NIEL quantify radiation damage, they serve distinct pur-
poses in assessing and mitigating the effects of radiation in various technological
contexts. In summary, DPA quantifies physical displacement in structural materi-
als, while NIEL measures energy deposition in semiconductors. Both metrics are
essential for understanding and managing radiation effects in different technological
applications.

As reported in [72], a simulation was carried out to evaluate DPA and NIEL results
in a silicon detector 400 pm thick. The ratio of DPA/NIEL as a function of the
energy of the impinging particle is shown in Figure for protons, neutrons and
pions. From Figure [2.17] it is evident that high energy pions show the same ratio as

2.0
= Proton
==== Neutron
1.5 <=+ Pion+

1.0

0.0
10

102 102 10" 10° 10' 102
Kinetic energy [GeV]

DPA / NIEL (normalised to 24GeV proton)

Figure 2.17. Simulated results of the ratio DPA/NIEL for a 400 pum thick silicon detector
as a function of the kinetic energy of the impinging particle. The curves are normalized
to the value for 24 GeV protons [72].

protons, while neutrons lead to more damage in terms of DPA [72].

2.2.2 Jonization damage

Charged particles, such as electrons, positrons, protons and « particles, lose their
energy primarily due to the interaction between the electric fields of the charged
particles and the electrons of the atoms in the medium. Since the radiation damage
induced in electronic devices by charged particles and high-energy photons is mainly
related to energy deposition processes via collision-energy losses, specifically, by
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the excitation and ionization of atoms near the particle path, which creates free
electron-hole pairs [69, (9, 58], these energy losses are referred to as ionization
losses. The electrons generated after ionization can further ionize atoms through
electron-atom collisions or cause displacement damage. Notably, collision energy
loss is the dominant process at energies below the so-called critical energy, while
above this energy, the primary interaction is due to radiation energy loss (emission
of photons).

The main effects associated with ionization processes are increased conductivity of
the semiconductor material and charge trapping. In silicon, the energy required
for the creation of an electron-hole pair is 3.6 eV, which is three times greater
than the silicon energy gap (1.1 eV). The mean energy required for the creation
of an electron-hole pair in several semiconductors and insulators as a function of
the bandgap energy is shown in Figure [69, [73]. Regarding the number of
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Figure 2.18. Mean energy needed for the creation of electron-hole pair as a function of the
bandgap energy for several crystals [74].

electron-hole pairs created per incident radiation absorbed in the material, it is
approximately 4.05 - 10'3 per cm?-rad(Si) in silicon [74], where rad(Si) refers to the
dose deposited in silicon, measured in units of rad, as explained below. Displaced
silicon atoms can dissipate their energy within the medium through both electronic
and nuclear energy losses. Consequently, neutrons can also lead to ionization and
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excitation processes since they deposit energy by causing recoil silicon atoms to
interact with the medium atoms.

Tonizing radiation can also cause an effect known as "surface damage." This occurs
due to the presence of charge carrier trapping sites at the interface between the
silicon and the silicon oxide (SiO2) gate insulator layer. When ionizing radiation
deposits energy in the oxide, electron-hole pairs are generated and move in the
electric fields. Electrons are quickly collected at the positive electrode, while holes
migrate toward the Si-SiOs interface. Along their path, holes encounter a region
with a high trap density, particularly near the interface, leading to the entrapment
of several holes. This entrapment generates a positive charge storage, modifying the
operating features of the device [59) 69].

2.2.3 Deposited dose

The physical quantity that provides a quantitative correlation between radiation

and its effects is the absorbed dose D. It is defined as the ratio of the energy dE

released from radiation in a certain volume of matter to the mass dm contained in
that volume [75]:

dFE

D=— 2.16

- (2.16)

In the International System of Units (SI), the absorbed dose is measured in Grays

(Gy):
1Gy = 1i (2.17)
y - kg .
The absorbed dose per unit of time represents the dose rate.
The dose deposited in electronics is often expressed in rad. The relationship is as
follows:

1rad = 0.01Gy (2.18)

In the absence of nuclear transformations, the absorbed dose in silicon devices is
attributed to the energy deposited by the ionizing energy-loss processes of primary
particles, recoil atoms (i.e. the PKAs generated within the semiconductor medium),
and NIEL processes.

For neutrons in nuclear reactors, the contribution of NIEL processes to the absorbed
dose (DVTEL) can be calculated by means of Equation For a silicon medium,
it holds:

Eg4
NIEL dis
D = T g lGY (2.19)

with Eg;s in MeV/cm3. For instance, in the Triga [76] reactor, where fast neutrons
(with kinetic energies above 10 keV and a fluence of 2.33 - 10'3 n cm™2) are present,
the deposition of energy through ionization and non-ionization processes differs by
10-11% [59, [77].

In the case of incoming ions, such as those encountered in the space radiation
environment, the energy deposited by ionization significantly exceeds that deposited
by NIEL processes. Specifically, ionization doses are nearly 4 orders of magnitude
larger compared to those from NIEL processes.

As outlined in [59], for particle energies typical of space and high-energy physics
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environments, the energy deposited by ionization is about 3—4 orders of magnitude
greater than that deposited by damage energy for charged particles and isotopes.
However, for fast neutrons, the difference is marginal.

2.2.4 Radiation effects on bipolar junction transistors

Radiation-induced defects significantly impact the bulk properties of silicon, which
can be investigated through the electrical behavior of semiconductor devices post-
irradiation. After irradiation, centers with energy levels near the mid-gap (proximate
to the intrinsic Fermi level) play a crucial role in carrier generation, thereby elevating
leakage current within the depleted region of silicon devices. These centers function
as generation-recombination centers, thereby influencing the semiconductor material
overall behavior. Specifically, when these defect centers capture free carriers, they
facilitate electron—hole recombination, occurring in two stages: first, a free carrier of
one type (electron or hole) is captured by the defect center, followed by the capture
of a carrier of the opposite type. This two-step process is pivotal in reducing the
minority-carrier lifetime in the material.

This reduced lifetime significantly contributes to the performance degradation of
semiconductor devices, particularly bipolar junction transistors. In BJTs, the gain
B is greatly influenced by the minority-carrier lifetime. With irradiation introducing
more recombination centers, the minority-carrier lifetime decreases, resulting in a
decline in the common emitter current gain § of the transistor and an elevation of
the saturation voltage Vo (sar)- The degradation of 8 is a primary concern regarding
the reliability and performance of such devices. The minority carrier (recombination)
lifetime (7) in semiconductors is a critical parameter that quantifies how long a
minority carrier (electron or hole, depending on the type of semiconductor) persists
before recombining. The recombination process can occur through various mecha-
nisms, such as radiative recombination, Shockley-Read-Hall (SRH) recombination,
or Auger recombination [78].

In the context of irradiation effects on semiconductors, the degradation of elec-
trical properties is often described using a damage coefficient, which represents the
rate at which these properties deteriorate due to exposure to radiation. For the
minority carrier lifetime, this relationship can be expressed as follows:

1 —l:A(%):K-@ (2.20)

Tirr 70

where 7;-- is the minority carrier lifetime after irradiation, 7y is the initial minority
carrier lifetime before irradiation, K is the lifetime damage coefficient, typically
measured in cm?/s, and @ is the irradiation fluence, representing the number of
incident particles per unit area. In this equation:

. % represents the intrinsic recombination rate before irradiation;

e K - ® accounts for the increase in recombination centers due to irradiation,
which enhances the recombination rate and thus decreases the carrier lifetime.

The damage coefficient K depends on the type of radiation (e.g., protons, neutrons,
gamma rays), the energy of the radiation, and the specific semiconductor material.
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Charged particles induce both surface and bulk damage in transistors, resulting in
current gain degradation. The reciprocal of current gain can be modeled as [68, [79]:

11 1 1 sWAs  oWp W3

1t 1t 1 + + 2.21
B 60 /3.5' 63 DpA. OclLe 2DpTR ( )

where s is the surface recombination rate, Ay is the area for surface recombination,
Wpg is the base width, Dpg is the minority carrier diffusion constant in the base, A,
is the cross-sectional area of the conduction path (roughly the same as the emitter
junction area), o, and o, are the base and the emitter conductivities, respectively,
L, is the minority carrier diffusion length in the emitter and 7 is the minority
carrier lifetime in the base [49] 68].

The first term on the right side of Equation [2.21] represents the contribution from
surface recombination, the second term relates to emitter efficiency, which typically
determines the initial current gain, and the third term corresponds to volume
recombination. The first two terms are only slightly affected by displacement damage,
while the third term primarily governs the degradation under high displacement
damage dose conditions. As evident from Equation , the term %3 is the only
one that depends on lifetime. For a homogeneous doping profile of the base, it can
be shown that the transit time (74,-) of the minority carrier injected from the emitter
to the collector through the base is given by [59]:

_ W3
- 2Dp

Tir (2.22)

Therefore, the dependence of 6%3 on the carrier lifetime can be expressed as follows:

1 Ttr

— == 2.23

Be B (2.23)

After irradiation, assuming that the transistor maintains a significant common
emitter gain g and that the diffusion constant (Dpg) of the minority carriers in

the base remains nearly unchanged, 7, stays almost constant. Therefore, g ;, can

be expressed as as:

1 Ttr
= 2.24
ﬂB,irr TB,irr ( )

where 7p ;- is the lifetime of the minority carriers after irradiation.
Therefore, by combining Equation 2.20, Equation [2.:23]and Equation [2:24] the change
in the reciprocal of the current gain caused by displacement damage, given by the
Messenger-Spratt equation, can be obtained [80]:

1 1 1 1 1 P

A(B)B - /BB,irr ; 573 = Ttr(TB,irr a %) - KE (225)

where Bp i is the current gain after irradiation due to bulk recombination, 8p
is the current gain before irradiation and wr = % = QVIVDQB is the cutoff angular
frequency and corresponds to the frequency at which the c%mmon—emitter current
gain drops to unity. Thus, the Messenger-Spratt equation, which provides a model




2.2 Radiation effects in semiconductors 38

for understanding the degradation of current gain in BJTs after irradiation, is often
employed for characterizing radiation-induced damage in BJTs.

When saturation effects are absent, the concentration of recombination centers in
silicon can be assumed to be proportional to the energy released during atomic-
displacement processes, particularly through NIEL processes. This correlation
suggests a direct relationship between the number of recombination centers and the
concentration of Frenkel pairs generated by these displacement processes. Conse-
quently, Equation can be formulated as [59, 57, [77]:

1 A

A(B)B = EFP (2.26)
where A is almost independent of the incoming particle but depends on the kind and
on the doping profile of the base region. Equation [2:20]is the so-called generalized
Messenger-Spratt equation and it is used to describe the degradation of the common-
emitter current gain £ in bipolar transistors due to displacement damage from
high-energy particles. It predicts a linear dependence of the inverse of the gain
variation on the concentration of Frenkel Pairs generated by these particles, reflecting
an approximate NIEL scaling. A key point is that the degradation in current gain
B is inversely proportional to the energy deposited by NIEL processes, providing a
valuable tool for predicting the performance of bipolar transistors in radiation-rich
environments [81].

Tonization damage in NPN transistors leads to the formation of interface traps
and net positive charges in the oxide layer overlying the emitter-base junction. This
damage has significant effects on the device characteristics, primarily increasing
the base surface current. This increase in base current is attributed to two main
factors: increased surface recombination rate and spreading of the emitter-base
depletion region. The surface recombination rate increases due to the formation of
recombination centers at the Si/SiO2 interface covering the emitter-base junction.
These recombination centers serve as sites where electron-hole pairs recombine, which
increases the surface recombination velocity. The increased surface recombination
velocity directly affects the minority carrier lifetime and the overall recombination
dynamics within the device. The ionization-induced spreading of the depletion region
reduces the effective base width, which can impact the injection efficiency of carriers
from the emitter to the base. As the depletion region extends further into the base,
more of the base region becomes depleted of carriers, effectively increasing the base
current required to maintain a given collector current [49, [79, [82]. An illustration of
the base-emitter junction of an NPN BJT is reported in Figure [2.19
In general, for a mixed radiation damage, the total variation in reciprocal of the
current gain is given by the variation due to surface and bulk contribution, that can
be regarded as independent of each other, as follows [79]:

1 1 1
A=) = A(2) g+ A(=)g 2.27
( ﬁ) ( ﬁ) ( ﬁ) (2.27)
where A(%) s = % — ,81—0 is the change in the reciprocal of gain caused by surface

damage.
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Figure 2.19. Scheme of an NPN BJT emitter base junction before (a) and after (b)
irradiation [79].

2.2.5 Radiation effects on optoisolators

Optocouplers, also known as optoisolators, are composed of highly precise and
meticulously grown microscopic structures that exhibit very low tolerance for even
slight changes in their characteristics. When these components are exposed to
radiation, the radiation transfers energy to the materials of the components, thereby
altering the localized material properties. These changes can significantly affect the
functionality and parametric performance of the components, with the extent of the
impact depending on the type of radiation and the location within the optocoupler
where the energy is deposited.

Optoisolators are sensitive to SEEs, TID and DD dose. The former can occur in the
photodetectors and amplification circuitry of the optocoupler. Single Event Tran-
sients (SETs) are transient disruptions caused by a single ionizing particle striking
the device, leading to temporary malfunctions or signal distortions. In photode-
tectors, SETs can cause spurious signals, while in amplification circuitry, they can
induce noise or glitches. TID effects result from the cumulative exposure to ionizing
radiation, which can cause gradual degradation of the optocoupler performance. This
includes shifts in threshold voltages, increased leakage currents, and degradation of
CTR. TID effects typically impact the long-term reliability and functionality of the
device. DD dose effects are caused by non-ionizing energy loss, where the radiation
displaces atoms in the crystal lattice, creating defects. This leads to changes in the
electronic properties of the materials, such as reduced carrier lifetimes and mobility.
In optocouplers, DD can degrade the efficiency of light emission and detection, as
well as affect the amplification properties.

The performance degradation mechanisms that are most important for each com-
ponent of the optocoupler are summarized in Table 2.2 Radiation can reduce

Table 2.2. Performance degradation mechanism for each component of an optoisolator [55].

Component Degradation mechanism
LED DD dose
Photodetector TID, SET
Amplification circuit TID, SET

Coupling medium TID
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the efficiency of LEDs by creating defects that act as non-radiative recombination
centers, thereby reducing the light output [83]. The effects induced on the photode-
tector are: increased dark current and noise that in turn reduce the signal-to-noise
ratio and overall sensitivity. Radiation-induced shifts in transistor parameters (e.g.,
threshold voltage, gain) can lead to reduced amplification performance and increased
noise. lonizing radiation induces the entrapment of charge by defects within the
optical medium, resulting in the formation of color centers. Subsequently, these
color centers absorb signal photons, leading to a degradation in light transmission
efficiency [84]. Nevertheless, this degradation is not necessarily permanent, color
centers can heal through annealing. The formation and annealing of color centers
take place simultaneously, and the degree of optical medium degradation depends
on the relative rates of these processes.

In conclusion, radiation can significantly affect optocouplers by modifying material
properties and compromising component performance [55].
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Chapter 3

Experimental setup and facilities

This thesis project investigates the radiation resistance properties of two types
of electronic components: bipolar junction transistors and optoisolators, with a
particular focus on demonstrating the effectiveness of dose delivery using laser-
generated protons. The BJTs were subjected to innovative radiation sources such
as laser-driven protons, as well as conventional sources including gamma radiation,
protons, and neutrons from standard accelerators. Optoisolators, currently, have
only been tested with gamma radiation. The following sections provide detailed
descriptions of the facilities where these irradiation tests were performed. Firstly,
this chapter presents an overview of the Advanced Laser Light Source (ALLS) facility
at the Institut National de la Recherche Scientifique (INRS) in Varennes, Canada,
where laser-accelerated proton irradiation took place. Subsequently, the mechanisms
involved in ion acceleration under specific laser-plasma interaction conditions are
described, along with the main characteristics of the accelerated particles.
Irradiations using conventional sources were conducted at various laboratories within
the ENEA agency. Gamma irradiation was performed at the Calliope Gamma
Irradiation Facility, located at the ENEA Casaccia Research Center in Italy. A
comprehensive overview of this facility, along with the dosimetry systems used and
an introduction to Electron Paramagnetic Resonance (EPR) theory, is provided.
Proton and neutron irradiations were conducted at the TOP-IMPLART facility and
the Frascati Neutron Generator (FNG), respectively, at the ENEA Frascati Research
Center in Italy. Detailed descriptions of these facilities are also included.

Future steps of this thesis project include electron irradiation of electronic devices at
the REX facility of the ENEA Frascati Research Center. An overview of this facility
is provided at the conclusion of this chapter.

3.1 Advanced Laser Light Source laboratory

The Advanced Laser Light Source Laboratory (ALLS) is located at the Institut
National de la Recherche Scientifique (INRS) in Varennes, Québec, Canada [85]. It
hosts a 150 TW Ti:Sapphire laser system that operates at a maximum repetition
rate of 2.5 Hz with a central wavelength of Ay = 800 nm. This system features a
double-Chirped Pulse Amplification (CPA) [86] configuration capable of delivering
up to 3.3 J in a pulse duration of 22 fs [87]. The laser beamline employs a cross-wave
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polarizer as part of a beam-cleaning technique before injection into the second CPA.
This results in an Amplified Spontaneous Emission (ASE) pre-pulse contrast of less
than 1070 at 100 ps before the main pulse and a steep power rise with a contrast
of less than 1076 at -3 ps. The main features of the laser system are detailed in
Table 3.1] The beam can be focused on solid or gaseous targets and laser—matter

Table 3.1. Main ALLS laser beam parameters.

Laser beam peak power 150 TW

Central wavelength 800 nm
Pulse repetition rate 2.5 Hz
Energy per pulse Up to 3.3J
Pulse duration 22 fs
Beam diameter 170 mm
Picosecond contrast ~1-10710

interactions under such conditions lead to the generation of secondary sources with
unique properties. Ions can be accelerated by irradiating a solid target with an
ultra-intense laser using the Target Normal Sheath Acceleration (TNSA) mechanism,
which will be explained in the next section. In particular, protons (H") with a
broad energy spectrum can be generated. A picture of the bunker with the ion
acceleration beamline used for the irradiation tests performed in this work is shown
in Figure 3.1l The laser-driven acceleration occurs in vacuum inside the red chamber
(Fig. [3.1). This chamber hosts the solid target onto which the laser impinges. A
400-holes target holder (Fig. can be employed, allowing for 400 shots per each
pumping cycle, with approximately 4 pumping cycles per day. The target holder is
mounted on a system that allows shots to be performed automatically at a maximum
repetition rate of approximately 0.625 Hz, which corresponds to one shot every
four laser pulses. The laser beam, 100 mm wide, is focused down to a spot size
of wpwy g = 5 pm, resulting in a peak intensity of Iy ~ 1.3 - 102 W/cm?. The
p-polarized laser pulses strike the target at an angle of 20° with respect to the
target normal. At the end of the ion acceleration beamline, there is a Thomson
Parabola (TP) spectrometer placed at 0° with respect to the target normal axis,
with a Microchannel Plate (MCP) serving as the main ion detector [88], enabling
high repetition-rate shots. A schematic of the setup inside the irradiation chamber
and of the Thomson spectrometer is shown in Figure [3.3]

As depicted in Figure the ions enter the TP through a 500 pm pinhole positioned
1.8 m away from the solid target. They then pass between two 6 cm long copper
electrodes, separated by 2 cm and operating at £7.5 kV, and traverse a 0.46 T
magnetic field generated by 10 cm long permanent magnets. Subsequently, the ions
drift for 7.5 cm before being collected by the MCP detection system.

The spectra of the ions accelerated through laser-plasma interaction can be retrieved
from the parabolic traces obtained from the TP spectrometer image. A typical TP
image, showing the mentioned parabolic traces, is presented in Figure [3.4] along
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Figure 3.1. Picture of the ion acceleration beamline (from right to left): chamber where the
laser-solid target interaction takes place (red chamber), proton beam axis and Thomson
Parabola.

Figure 3.2. Picture of the target holder. The grid is a 47.5 mm x 47.5 mm square. The
picomotors A (®,) and B (®,) allow to move the target holder in the x and y directions.
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Figure 3.3. Schematic of the irradiation chamber and Thomson parabola. The assembly
of the TP spectrometer consists of Ly = 6 cm long copper electrodes and L = 10 cm
long permanent magnets. The drift Dg between the end of the magnets and the MCP

measures 7.5 cm.

with the assignment of the most intense traces to the ion species. [88].

Electric deflection

Magnetic deflection

Figure 3.4. A typically obtained TP image. The unlabeled parabola were not considered

due to their too low intensity.

On the proton axis, there is also a mini-chamber that allows for carrying out
experiments that require irradiation of samples in a dedicated chamber. The
chamber is for example used for laser-Particle Induced X-rays Emission (laser-PIXE)
experiments [89, 00]. Laser-PIXE is a specific application of conventional PIXE
techniques, which are used for elemental analysis of materials. In conventional PIXE,
high-energy particles such as protons or alpha particles are directed onto a sample.
In laser-PIXE, the high-energy particles are generated using a laser instead of a

conventional particle accelerator.
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3.1.1 TNSA mechanism

The most routinely employed acceleration mechanisms, according to which ions are
accelerated during the interaction of an ultra-intense (I > 10'® W/cm?), ultra-short
(< 1 ps) laser pulse irradiating a thin solid target of micrometric thickness, is the
target normal sheath acceleration [91], [92].

Lasers with intensities exceeding 10'® W/cm? are characterized by electric fields
of an order of magnitude higher than those binding electrons to atoms. Thus,
when this kind of laser impinges onto a gaseous or solid target, it can induce rapid
photoionization. Laser-induced ionization is possible with a laser intensity larger
than the atomic intensity I, = 3.5 - 10'® W/cm?. However, complex phenomena
such as tunnel ionization and multi-photon ionization allow solid target ionization
even by lasers with intensities that are orders of magnitude lower than I, [93, [94].
For this thesis project, laser-accelerated protons obtained from irradiating a solid
thin foil target were utilized. Therefore, the subsequent discussion will focus on the
case of a solid thin foil target.

The process begins with a thin target being irradiated by a high-intensity (I >
10*® W /cm?) laser. When the laser radiation hits the front side of the target, it
ionizes and heats the material, causing it to become a plasma. This plasma forms
due to the intense energy deposition from the laser. A plasma is a system of N
charges coupled to one another via their self-consistent electric and magnetic fields
[95], in which the forces acting between nearby charges are much lower than the
long-range Coulomb force [96]. Furthermore, thanks to the charge compensation
mechanism, a plasma presents a globally neutral behavior on large volumes and
timescales that fail at distances larger or of the order of the Debye length Ap, defined

as:
[eokpT,
Ap = | B e _ Tk (3.1)
Neqg U.)p

where €g is the vacuum permittivity, kp is the Boltzmann constant, T, is the
electronic temperature, n, is the electronic plasma density, q. is the electronic
charge, and vy, is the electron thermal velocity. Typically, the Debye screening
length in laboratory plasmas can range from hundreds of angstroms up to hundreds
of micrometers. The quantity w, is related to the so-called plasma frequency f, by
the relation f, = w,/2m. It represents the natural frequency at which electrons in
the plasma oscillate collectively.

In the approximation of a non-collisional plasma (or collisionless plasma), where the
mean free path of particles due to collisions is much larger than its characteristic
length scales, electromagnetic forces dominate the plasma dynamics. According to
[96], an electromagnetic wave, such as a laser pulse, can propagate in a plasma with
uniform density only if its frequency w is higher than the plasma frequency wy,. This
condition arises because the plasma responds to electromagnetic waves differently
depending on their frequency relative to wy:

o if w < wp, the plasma is opaque to the electromagnetic wave, meaning the
wave is quickly absorbed or reflected by the plasma;

o if w > wy, the electromagnetic wave can propagate through the plasma with
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reduced absorption.

This can be expressed in terms of the critical density n... The critical density is the
electron density (n.) at which the plasma frequency w, equals the frequency wy, of
the electromagnetic wave (e.g. laser pulse). It is given by:

meegw% L1 102! o3 (3.2)
g2 (ALlpm])?

where Ay, is the wavelength of the laser in micrometers, m, is the electron mass, €q is
the vacuum permittivity and q. is the electron charge. When n, > n.,, the plasma
is called overdense, and the incident electromagnetic wave cannot propagate and
becomes evanescent. Conversely, when n. < n.., the plasma is called underdense,
and the incident electromagnetic wave can propagate [97, [98].

It is worth mentioning that when the laser pulse hits the plasma surface perpendic-
ularly, the conditions described apply directly. However, when the laser impinges
on the plasma at an angle 6, the effective critical density must be adjusted by the
angle of incidence, specifically by a factor of cos?d. This means the critical density
for oblique incidence is effectively increased by cos?6 [96].

Ner =

After formation, the plasma expands into the surrounding vacuum. The plasma
density profile is characterized by a steep gradient at the front, caused by the rapid
motion of ablated material, inducing a shockwave. Behind this front, the density
gradually decreases as the plasma plume expands, spreading its material over a
larger volume [99]. Therefore, laser-plasma interactions differ depending on whether
the laser features short (picoseconds-femtoseconds) or long enough pulses (hundreds
of nanoseconds). Indeed, the primary interaction of a high-intensity short laser pulse
with a solid target strongly depends on the contrast of the laser pulse, defined as
the ratio of unwanted preceding laser light to the main pulse [91]. This preceding
light is capable of generating a plasma and can be due to:

« Amplified spontaneous emission that is characterized by a contrast in the
range 1076-10710 and lasts few nanoseconds;

« Laser pedestal that provides 1074-10~7 times the intensity of the main laser
pulse and can last picoseconds or nanoseconds.

Hence, the main laser pulse will interact with an expanding plasma featuring a
smoother density profile. To ensure the plasma generated by the laser-matter inter-
action remains relatively unexpanded upon the main pulse arrival, a high prepulse
contrast ratio of at least 107% compared to the maximum intensity must be upheld
up to nanoseconds before the interaction. Additionally, to avoid perturbing the rear
face of the target before the arrival of the main pulse, it is crucial that the prepulse
energy remains sufficiently low.

Laser ion acceleration begins with the creation and penetration of hot electrons,
whose energy spectrum is dependent on the laser intensity, within the thin solid
target. The focused laser pulse propels these electrons from the front surface of
the target in the forward direction through relativistic ponderomotive force. With
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sufficient energy, these electrons can escape the target and, due to multiple small-
angle scatterings with the target material, reach the vacuum at the rear side with
a maximum half-opening angle of 20-25° (the full-cone angle of the electron dis-
tribution depends on the target thickness [91]), resulting in the formation of a
dense charge-separation sheath. Subsequently, a quasi-static longitudinal electric
field, extending over a distance on the order of the Debye length Ap, is established
following the formation of the hot electron sheath due to the retention of electrons
near the back surface of the target.

The electric field generated is comparable to the laser electric field (approximately
in the range of TV/m) and is sufficiently robust to deflect electrons back into the
target, inducing their recirculation, and to ionize atoms at the rear surface of the
target. As atoms become ionized, they are accelerated by this electric field. Since
electrons are re-accelerated back into the target within a few femtoseconds, they
are always present outside the rear surface of the target, resulting in a quasi-static
electric field, considering the ion acceleration time. This electric field, perpendicular
to the target rear side, facilitates the acceleration of ions normally with respect to
the target. The processes leading to ion acceleration are schematically depicted in
Figure [3.5] [91].

The accelerated particles are mainly protons and heavier ions, contained in contam-
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Figure 3.5. Target normal sheath acceleration scheme. When a thin target is irradiated
by an intense laser pulse, a preplasma is created at the front side of the target by the
laser prepulse. Thus, the main high-intensity laser pulse interacts with the plasma and
accelerates hot electrons, mainly in the forward direction. The electrons propagate
through the target with a full-angle diverge that depends on the target thickness. When
the electrons leave the target, generate a dense sheath at its rear side and, as a results
of the charge separation, an electric field is created. This field is high enough to ionize
the rear surface atoms and to accelerate the ions in the target normal direction [91].

inants located on the back surface of the target (e.g. organic compounds created by
the vacuum pumping process).
The features of the laser-accelerated ions are described in the following subsection.
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3.1.2 Laser-driven ions characteristics

The target normal sheath acceleration mechanism primarily accelerates light ions,
such as protons, located on the back side of the thin foil target, as previously
described. Each laser shot results in the emission of ion bunches, ranging from 108
to 10'2 protons per shot, exhibiting a broad energy spectrum and a well-defined
cut-off energy spanning from a few MeV to several tens of MeV. Laser-accelerated
ions features distinctive characteristics, including cut-off energy, energy spectrum,
ion source size and opening angle, which have been extensively investigated and
enable laser-driven ions to be applied across various ion beam analysis techniques,
such as Particle Induced X-ray Emission (PIXE) [100} 92} 1011 102} 89].

In recent years, numerous experiments have been conducted to characterize the
primary features of laser-driven ion beams and explore laser parameters, target
composition, and geometry to achieve higher maximum energy and optimize the
acceleration regime [103]. Indeed, factors such as the polarization state of the laser
[100], the duration of the laser pulse and the selection of the target material and
thickness are of paramount importance in obtaining the desired ion characteristics
tailored to specific applications [86l 104 105} 106, T07].

Energy spectrum

The typical ion energy spectrum resulting from the TNSA mechanism is char-
acterized by an exponential broad energy distribution that decreases in intensity as
the energy increases. It features a cut-off energy dependent on the driving electron
temperature. Regardless of the target composition, protons are accelerated first
due to their higher charge-to-mass ratio. These protons originate from water vapor
and hydrocarbon contamination present on the target surface due to constraints in
achieving optimal vacuum conditions [91].

In the field of laser-driven ion acceleration, the primary focus has often been on
achieving the highest possible maximum energy and charge for ion bunches. Several
experimental efforts have been made to optimize various aspects of the target used
in these laser interactions. Key parameters that have been explored include:

¢ target composition: different materials can affect the efficiency of energy
transfer from the laser to the protons [106];

e target thickness: this can influence the dynamics of the ion acceleration
process. There is a slight increase in the maximum energy of the accelerated
protons for thinner targets [106]. However, to expose ultrathin (hundreds of
nanometers) targets to relativistic intensities in laser-driven ion acceleration
experiments, the level of amplified spontaneous emission and pre-pulses intrinsic
to chirped pulse amplification laser systems must be lowered to prevent early
heating and deformation of the target;

e target shape: various geometrical configurations can help in focusing or
dispersing the laser energy more effectively;

o surface texture: surface modifications, such as nanostructuring, can enhance
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the absorption of the laser pulse, leading to more efficient ion acceleration.
Recently, the use of flat foils perforated with nanometric holes as TNSA target
has also been investigated [10§].

The maximum proton energy achieved from laser-irradiated targets in experiments
using different laser systems (characterized by various parameters [109, 110]) is
shown in Figure [3.6] as a function of the laser intensity.
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Figure 3.6. Maximum proton energies observed experimentally as a function of laser
intensity. Adapted from [I10].

In relation to the TNSA mechanism, theoretical studies predict that the energies
of accelerated ions could reach several hundred megaelectronvolts. However, exper-
imental validation of these predictions has not yet been achieved, as the highest
proton energy attained is approximately 100 MeV [111], [112].

Another crucial characteristic of accelerated ion beams is the particle number,
which is linked to the laser-to-proton conversion efficiency. Currently, experiments
have detected up to 6 - 1013 particles for proton energies exceeding 4 MeV [91].

Beam size and opening angle

The spatial and spectral distribution of the ions can be measured using Radiochromic
Films (RCFs) [101), 113| [IT4] which increase their optical density when exposed to
ionizing radiation [115].

The ion beam source size emerging from the rear surface of the target is typically
wider than the laser spot size impinging on the front surface of the target. For
example, in Figure data obtained from three different experiment (Trident,
LULI-100 TW and Z-Petawatt) are shown for the energy distribution as a function
of the source radius. The source radius was observed to be a few micrometers
for higher proton energies and hundreds of micrometers for lower energies. The
energy-source-size distributions depicted in Figure [3.7) are well-fitted by a Gaussian
function, enabling the characterization of the energy dependence on the source size
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Figure 3.7. Energy-source-size distribution data from Trident (blue circles), LULI-100 TW
(green circles) and Z-Petawatt (red circles). The y-axis is normalized to the maximum
energy of the corresponding proton beam: 19 MeV for Trident, 16.3 MeV for LULI-100
TW and 20.3 MeV for Z-Petawatt. [91].
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E=e o2 (3.3)
where 20 is the Full Width Half Maximum (FWHM).
Furthermore, the beam divergence angle was observed to be energy-dependent
[91), 114} 116], notably decreasing with increasing proton kinetic energy. Figure
displays the results obtained for the half opening angle distribution as a function of
the normalized proton energy for the laser systems depicted in Figure [3.7] Higher-
energy protons exhibit the smallest opening angles. The laser systems described
are characterized by a parabolic dependency (LULI-100 TW and Z-Petawatt) and
a linear dependency (Trident) regarding the opening angle as a function of energy.
This dependency arises from the initial shape of the hot electron sheath at the target

surface [91], [117].
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Figure 3.8. Half-opening angle distribution as a function of proton energy for data from
Trident (blue circles), LULI-100 TW (green circles) and Z-Petawatt (red circles). The
x-axis is normalized to the maximum energy of each proton beam: 19 MeV for Trident,
16.3 MeV for LULI-100 TW and 20.3 MeV for Z-Petawatt [91].

3.2 Calliope gamma irradiation facility

The Calliope gamma irradiation facility of the ENEA Casaccia R.C. is a pool-type
facility equipped with a °Co radio-isotopic source array in a large volume (7.0 x
6.0 x 3.9 m) shielded cell [I18]. The source rack is composed of 25 ®°Co source rods
(with an active area of 41 x 90 cm?) placed in a planar geometry (Fig. [3.9).

Figure 3.9. a) Calliope source rack in the pool and b) source rack within the irradiation
cell (picture acquired by remote camera).

In a simplified decay scheme of ®°Co, two photons of 1.17 MeV and 1.33 MeV are
emitted in coincidence (Fig. [3.10]).

The 50Co radioactive isotope of cobalt is characterized by a half-life T /2 of 5.27
years. For a radioactive isotope such as ®°Co, given its half-life, it is possible to
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Figure 3.10. Simplified 5°Co decay scheme.

define the activity, which is the number of decays per unit time:

AN _In(2)
dA — Typ

A= (3.4)

where N is the number of atoms in the source. The current activity for the Calliope
plant is 1.97 - 10" Bq.

By positioning a sample at various distances from the source rack within the irra-
diation cell, it is feasible to irradiate it at different dose rate values. Specifically,
the maximum available dose rate is 6.2 kGy/h (as of June 2024) near the source
rack. A steel platform, depicted in Figure [3.9p, is installed to perform irradiation at
high dose rate values. The storage pool dimensions are 2.0 x 4.5 x 8.0 m? with two
separate emergency-storage wells at the bottom.

Additionally, the Calliope facility houses a characterization laboratory and a dosi-
metric laboratory. Various dosimetric systems are used, depending on the absorbed
dose range of interest. All dosimeters undergo periodic calibration using the Fricke
absolute dosimeter and are employed when the latter is not applicable, as detailed
in the following subsection.

3.2.1 Calliope facility dosimetric systems

At the Calliope facility, various dosimetric systems are employed, each suited to
different absorbed dose ranges: Fricke solution (20-200 Gy), Red Perspex (5-50 kGy),
radiochromic (1 kGy-3 MGy), alanine-Electron Paramagnetic Resonance (alanine-
EPR) (1 Gy-500 kGy), Thermo Luminescent Dosimetry (TLD) (0.1 mGy-100 Gy),
and electronic RADFET (0.01-1000 Gy) dosimeters. The Fricke solution serves
as an absolute dosimeter, while the relative solid-state and electronic dosimeters
(alanine-EPR, Red Perspex, TLD, and RADFET) are periodically calibrated with
it. These relative dosimetric systems are used to determine the dose rate when
the Fricke solution is not applicable. In the following, the Fricke and alanine-EPR
dosimetry systems are described, along with the procedure and methodology used
to calibrate alanine dosimeters using the absolute Fricke solution.
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Fricke dosimetry system

The Fricke dosimeter consists of an acidic solution of FeSOy4, operating on the
principle of radiation-induced oxidation of ferrous ions (Fe?*) to ferric ions (Fe?")
in low pH conditions and in the presence of oxygen. The Fricke dosimeter exhibits
a linear response in the 20-200 Gy dose range. Its response remains unaffected by
radiation energy in the range of 0.1-16 MeV and by dose rates ranging from 0.2
to 1 x 107 Gy/s. During irradiation, temperature variations between 1 °C and 60
°C have negligible effects on the dosimeter’s response. The limited absorbed dose
range (20-200 Gy) is due to inaccurate measurements below 20 Gy and oxygen
consumption at higher absorbed doses.

The Fricke dosimeter is considered an absolute dosimeter because it directly provides
the absorbed dose by measuring the change in absorbance, also known as Optical
Density (OD), of the solution due to irradiation. The absorbance measurement is
often used to determine the concentration of a substance in a solution based on the
Beer-Lambert Law that describes the relationship between the absorption of light by
a substance and the properties of that substance [I19]. The absorbance is defined as:

A= LOQIO(I_](-)) (3.5)

where [ is the incident light intensity and I is the intensity of light transmitted
after traversing the sample.

To quantitatively analyze the concentration of Fe3* produced by irradiation in the
Fricke dosimeter, the absorbance of the solution at 304 nm is measured using a UV-
Vis spectrophotometer. Figure[3.11]illustrates an example setup of this measurement.

Frickes.
solution

Figure 3.11. Example setup of Fricke dosimeter measurement using a UV-Vis spectropho-
tometer. I represents incident light intensity (red arrow) and I is transmitted light
intensity (green arrow) after passing through the cuvette containing Fricke solution.

The relationship between the absorbed dose (in Gy) and the optical density (OD)
for the Fricke dosimeter is given by:

D=A(OD)-¢-GFe*T)-p-1 (3.6)
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where A(OD) is the change in the solution’s optical density due to irradiation, € is
the molar extinction coefficient of ferric ions at 304 nm (e(Fe3*) ~ 220 m?/mol),
G(Fe3T) is the number of ferric ions produced per unit of absorbed energy (G(Fe3*)
= (1.61 £ 0.03) x 10° mol/J for a °Co source), p is the density of the irradiated
solution (p = 1024 kg/m?), and [ is the optical path length (I = 1 cm).

Alanine-EPR dosimetry system

The alanine-EPR dosimetry system is suitable for gamma rays, electrons, and
X-rays, offering several advantages: it features high signal stability, a wide absorbed
dose range (20 Gy — 200 kGy), and is nearly independent of dose rate and energy. It
is also relatively insensitive to environmental factors such as light, humidity, and
temperature. The alanine-EPR dosimetry system is considered one of the most
effective dosimetric techniques and is based on detecting stable free radicals induced
by ionizing radiation in the crystalline L-a-alanine amino acid through Electron
Paramagnetic Resonance (EPR) spectroscopy [120]. When alanine amino acid (CHs-
CHNH,-COOH) is irradiated, it forms a stable CH;-CH-COOH free radical at room
temperature.

At the Calliope facility, alanine-EPR, dosimeters are calibrated using absolute Fricke
dosimetry. The calibration process involves several steps:

¢ Measurements of absorbed dose rate: the absorbed dose rate at specific
positions in the irradiation cells is measured using the Fricke method;

¢ Alanine irradiation: alanine pellets are then irradiated in the same positions
within the irradiation cell where the dose rate was measured using Fricke
dosimetry;

e Calculation of absorbed dose: the absorbed dose is determined by consid-
ering the dose rate measured by the Fricke method (corrected for the decay of
the %°Co source which accounts for the decrease in radioactivity of the °Co
source over time) and the irradiation time of the alanine pellets;

¢ Calibration curve determination: after irradiation, each alanine pellet
is analyzed to investigate the quantity of free radicals induced by ionizing
radiation. These measurements are used to establish a calibration curve
correlating the quantity of free radicals with the absorbed dose.

In the following, an introduction to EPR spectroscopy, employed for alanine analysis,
is provided.

Electron Paramagnetic Resonance (EPR) spectroscopy

Electron Paramagnetic Resonance spectroscopy, also known as Electron Spin Reso-
nance spectroscopy, provides insights into both the type and quantity of free radicals
present in samples, making it a valuable tool for studying the characteristics and
behavior of these radical species [121]. This spectroscopy is used to investigate the
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structure and behavior of radicals in materials that contain unpaired electrons. Elec-
trons, being charged particles with mass and spin s = %, possess intrinsic magnetic
properties characterized by their spin quantum number mg which can be mg = +%
(spin-up) or my = —2% (spin-down). The rotation of the electron (its spin) generates a
magnetic moment. In the presence of an external magnetic field By, the energy levels
associated with the two spin states of the electron, which are normally degenerate
(having the same energy), become separated due to the interaction between the
external magnetic field and the magnetic moment of the electron. This phenomenon
is illustrated in Figure [3.12

m=+1/2
20
5 — AE=E,p-E_j;
0
m=—1/2
By=0 Bp#0  Magnetic field

Figure 3.12. Splitting of the electron spin energy levels due to the interaction of the
external magnetic field By with the electron magnetic moment, as a function of the
applied magnetic field By.

The energy difference associated to the two spin levels is defined as:
AFE = gpupBo (3.7)

where By is the applied magnetic field, up is a constant named Bohr magneton
(up = 9.27 - 102! erg/gauss) and gg is a dimensionless factor, called g-factor.
The g-factor characterizes the ratio between the magnetic moment and the angular
momentum of a particle and for a free electron it is equal to gg = 2.0023. Since both
gr and pup are constant, the energy splitting is proportional to the magnetic field
strength. When the electron is exposed to an electromagnetic field characterized by
a frequency v that meets the resonance condition:

hv = geppBo = Ei172 — E_1)2 (3.8)

the transition between the two energy levels is allowed, enabling the unpaired electron
to absorb a photon with energy hr and move between these states [122]. Equation
represents the core equation in EPR spectroscopy. In this technique, the frequency
v is determined by the dimensions of the resonant cavity of the spectrometer, while
the applied magnetic field By is varied. This is crucial for tuning the resonance of
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the magnetic states of the electrons within the cavity, allowing observation of their
response to the magnetic field. The g-factor depends on the nature of the half-filled
orbital, meaning the type of atomic or molecular orbitals containing unpaired elec-
trons. In some cases, the g-factor may also depend on the orientation of the orbital
relative to the applied magnetic field. For example, the orientation of p or d orbitals
in a crystal field can affect the value of the g-factor.

An EPR spectrometer comprises a cavity situated within an electromagnet, enabling
continuous variation of the applied magnetic field. It includes a microwave source
that emits microwave radiation into the cavity, a sample cell placed inside the cavity
to interact with both the microwaves and the varying magnetic field and a detector
capable of measuring the intensity of the radiation absorption. Solid-state diodes
are often used as detector as they are sensitive to microwave energy, detecting
absorption lines when the energy level separation matches the microwave frequency.
Most external components, such as the source and detector, are housed within a
microwave bridge control [123]. Figure illustrates a schematic diagram of an

EPR spectrometer.

Sample cavity

Electromagnet

Detector

Figure 3.13. Scheme of a typical EPR spectrometer. Adapted from [123].

Concerning alanine-EPR, dosimeter measurements, the alanine samples are placed
into a vertical quartz tube and then inserted into the EPR microwave cavity where
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the magnetic field can be adjusted (quartz tubes are preferred in EPR spectroscopy
because they are highly resistant to the formation of free radicals compared to
other types of glass or insulating materials). When the external magnetic field of
the spectrometer matches the energy difference between the split levels, absorption
occurs, and a signal is detected. EPR spectra are recorded as the first derivative of
this absorption signal. This method enhances the intensity of the detectable signal,
making it easier to observe and analyze EPR spectra even under low absorption
conditions.

An example of an alanine-EPR spectrum after irradiation is shown in Figure
highlighting the maximum peak-to-peak height (hy),), a commonly used parameter
in EPR spectroscopy. From Figure it is evident that the alanine spectrum after
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Figure 3.14. EPR spectrum of an alanine pellet after irradiation. The maximum peak-to-
peak height (hy,) is shown.

irradiation features five main peaks. The area of the EPR signal (the double integral
of the spectrum since the spectrum is the derivative of the absorption signal) and
the maximum peak-to-peak height (h,,) are directly proportional to the number of
radiation-induced radicals, which correlates with the absorbed dose.

At this point, it is worth specifying that alanine dosimeters are water-equivalent,
so the dose values obtained with both Fricke and alanine-EPR dosimetry systems
refer to water. To determine the energy deposition and penetration of photons in
different materials, it is necessary to introduce the mass attenuation coefficient (%)
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and the mass energy absorption coefficient (“%) [124] [125].
The mass attenuation coefficient is defined as:

p_ 1, Iy
P xln( I) (3.9)
where p is the attenuation coefficient, p and z are the density and thickness of the
material traversed by the radiation and Iy and I are the incident and emerging
intensities of the mono-energetic photon flux. The mass energy absorption coefficient
accounts for the energy absorbed by the material from secondary processes produced
by radiation. It is defined as:

Hen Htr
(gt (310)
p p

where g represents the average fraction of the kinetic energy of secondary charged
particles that is lost in radiative processes, and X" is the mass energy transfer
coefficient. The mass energy transfer coefficient is the product of the mass attenuation
coefficient and the fraction of energy transferred to charged particles as kinetic energy
by interacting incident photons [I124]. The mass energy transfer coefficient represents
the portion of the mass attenuation coefficient responsible for generating kinetic
energy in charged particles. If all the transferred energy is fully absorbed locally,
then £ equals £en,

By knowing the dose absorbed in one material, the dose absorbed in another material
can be calculated using the mass energy absorption coefficients of both materials.
For example, using Fricke and alanine dosimeters, if the absorbed dose in water
Duyater is known, the dose in silicon Dg;jcon can be calculated as follows:

(en

) )silicon
Dyiticon = Dwater Iie
( ) water

=

(3.11)

3

The mass attenuation coefficient and mass energy absorption coefficient for silicon
are shown in Figure [3.15

3.3 TOP-IMPLART proton linac

The TOP-IMPLART (Oncological Therapy with Protons - Intensity Modulated
Proton Linear Accelerator for Therapy) facility at the ENEA Frascati Research Center
is equipped with a multipurpose Radio Frequency (RF) proton linear accelerator,
developed by ENEA in collaboration with the Italian National Institute of Health
(ISS) and the Regina Elena National Cancer Institute (IFO) of Rome [127, [128]. It
was designed for proton therapy applications, it boasts features that enable precise
control of the intensity and energy released from pulse to pulse.

Situated within a bunker measuring 27 meters in length and 3 meters in width, the
TOP-IMPLART facility is depicted in Figure [3.16]

The TOP-IMPLART linac consists of a 7 MeV commercial injector (Duoplasmatron
Source, Radio Frequency Quadrupole (RFQ), and Drift Tube Linac (DTL)) produced
by ACCSYS-Hitachi (PL7 model) operating at 425 MHz, and a high-frequency linear
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Figure 3.15. Silicon mass attenuation coefficient and mass energy-absorption coefficient as
a function of the photon energy [126].

Figure 3.16. TOP-IMPLART facility.
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accelerator operating at 2997.92 MHz, completely designed by ENEA. This latter
segment is composed of Side Coupled Drift Tube Linac (SCDTL) structures up to
71 MeV.

Exiting the injector, there is a low-energy vertical extraction line with an energy
range of 1 to 6 MeV. The minimum energy is obtained by powering only the RFQ
and transporting the beam through the DTL. Intermediate energies (1 to 6 MeV) are
achieved by varying the relative phase and/or the input RF power level of the DTL.
These energies are selected using a 90° dipole magnet that acts as a spectrometer.
The effective energy on a target placed outside the 50 pm Kapton window is in the
1 to 6 MeV range. The beam spot size is 16 mm in diameter with a homogeneity of
+5%.

Within the energy range of 7 to 71 MeV, the linac is divided into eight SCDTL
modules grouped into two sections, each powered by a 10 MW peak power klystron.
The SCDTL accelerating structure was developed by ENEA [129] to satisfy the
requirement of a high shunt impedance in the low-beta part of the TOP-IMPLART
linac. Specifically, the SCDTL is a sequence of short DTL tanks, RF-coupled
together by side coupling cavities, which explains the name SCDTL. In the DTL
tanks, the accelerating function takes place, while in the intratank space, created by
the coupling cavities, the focusing action is achieved with high gradient Permanent
Magnet Quadrupoles (PMQs). The cells inside a tank of each SCDTL module have
the same length S\, where 8 represents the ratio of the average particle velocity to
the speed of light in that tank, and A denotes the wavelength of the RF field used to
accelerate the particles. A schematic of the TOP-IMPLART accelerator is depicted

in Figure [3.17
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Figure 3.17. Scheme of the TOP-IMPLART linear accelerator.

The resultant beam, characterized by an energy spread (FWHM of the Gaussian
energy distribution) of 600 keV, is bunched into pulses lasting 2.5 us, each containing
approximately 3 - 10% protons, operating at a repetition frequency of 25 Hz. The
number of pulses can be selected based on the desired proton fluence. The beam spot
diameter is less than 3 mm at the exit of the last SCDTL structure, but it increases
to 17 mm FWHM at the end of the beam high energy transport line. Utilizing a
pair of X-Y scanning magnets, it becomes feasible to irradiate samples over an area
of up to 10 x 10 cm? at a nominal target distance of 2.60 m from the linac exit. The
homogeneity on the target is a function of the spot mesh resolution: the higher the
number of spots, the higher the homogeneity. The main parameters of the horizontal
and vertical extraction lines of the TOP-IMPLART accelerator are summarized in
Table [3.2] and Table respectively.

At TOP-IMPLART facility, several systems are used for beam diagnostic such as
Faraday cups, ionization chambers, radiochromic films, commercial micro-diamond
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Table 3.2. TOP-IMPLART horizontal line main parameters.

Beam energy 71 MeV
Energy spread 0.6 MeV (FWHM)
Pulse duration 2.5 s
Repetition rate 25 Hz

Beam size at SCDTL exit <3 mm

Pencil beam size at target position 17 mm (FWHM)

Table 3.3. TOP-IMPLART vertical line main parameters.

Beam energy 1-6 MeV
Energy spread 0.2 MeV (FWHM)
Pulse duration 15-60 us
Repetition rate 25 Hz

Typical beam spot 16 mm

dosimeter and Lithium Fluoride crystal detectors.

3.4 Frascati Neutron Generator

The Frascati Neutron Generator (FNG) is a compact neutron accelerator situated
at the ENEA Frascati Research Center [130, [[31]. It operates on T(d,n)*He and
D(d,n)?He fusion reactions, producing nearly isotropic and almost monochromatic
sources of 14 MeV and 2.5 MeV neutrons, respectively. The accelerator is housed
within a large shielded hall measuring 11.5 x 12 m? with a height of 9 m. The
target where the fusion reaction occurs is positioned 4 m away from the bunker wall
to minimize contaminations from scattered particles in the neutron spectrum. In
Figure [3.18] a photograph of the FNG is shown, while in Figure [3.19| a schematic of
the generator is illustrated.

Deuterium ions of various species (D*, Dy, D?{) are generated by a duoplasmatron
source, with DT ions selected by passing through a 90° deflecting magnet. Sub-
sequently, deuterium ions are accelerated up to 270 kV and 1 mA current using
an electrostatic accelerator. For the production of 14 MeV neutrons, DT ions are
accelerated by a magnetic quadrupole triplet onto a tritiated titanium target, while
a deuterated target is employed for the production of 2.5 MeV neutrons. The
maximum neutron yields are 10? n/s and 10! n/s for 14 MeV and 2.5 MeV neutrons,
respectively.

By placing the samples in different positions relative to the FNG target, where the
DT fusion reaction occurs, different neutron fluxes are available. The distribution of
14 MeV neutron fluence per source particle, obtained using a Monte Carlo N-Particle
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Figure 3.18. A picture of the Frascati neutron generator.
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Figure 3.19. Scheme of the FNG assembly [130].
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®(MCNP®) code, is presented in Figure for both the horizontal and vertical
planes at a distance of 5 cm from the DT target. As shown in Figure [3.:20p, at a
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Figure 3.20. 14 MeV neutron fluence distribution maps on the (a) horizontal plane and on
the (b) vertical plane at 5 cm from the DT target. The fluence is expressed in n/cm?/n,
where n, represents the source neutrons generated per second by FNG. To obtain the
flux, the fluence per source neutron must be multiplied by the number of neutrons
produced per second. MCNP®data, provided by Dr. Andrea Colangeli (ENEA Nuclear
Department, Division of Fusion Energy Development, Frascati R. C.).

distance of 5 cm from the target, the flux is homogeneous over an area of approxi-
mately 1 cm?.

The neutron emission rate is determined using the associated « particle technique
[131]. In this method, a silicon detector placed inside the drift vacuum tube, 2 m
away from the target, counts the alpha particles produced, providing the absolute
number of 14 MeV neutrons. Additionally, neutron yield and flux can be determined
via MCNP®simulation with an uncertainty of 3%.

For the determination of 2.5 MeV neutron emission, the foil activation technique is
employed. A "5In foil is irradiated, and the resulting gamma emission, following
the reaction '%In(n,n’)'°In™, is measured using a germanium detector, with an
associated uncertainty of +7%. The main parameters of the FNG neutron beams
are summarized in Table 3.4

Table 3.4. FNG main parameters.

D-T mode D-D mode
Neutron energy 14.1 MeV 2.5 MeV
Maximum neutron yield 1-10" n/s 1-10% n/s
Maximum neutron flux 5-10° n/em?/s 5107 n/cm?/s
Maximum irradiation time 50 hours (1 target) Continuous

The FNG is a multipurpose neutron source, contributing to activities spanning space,
fusion, biology and medical applications [131].



3.5 Removable Electron to X-ray source accelerator 64

3.5 Removable Electron to X-ray source accelerator

The Removable Electron to X-ray source (REX) of the ENEA Frascati Research
Center is a facility based on an S-band on-axis coupled electron linear accelerator
and on its radiofrequency system [I32]. A picture of the REX electron bunker is
shown in Figure [3.21]

Figure 3.21. Picture of the REX irradiation bunker.

The REX linac produces a 5 MeV electron beam with a maximum Pulse Repetition
Frequency (PRF) of 20 Hz. Additionally, by positioning a high atomic number
material (such as tungsten, gold, or platinum) conversion unit at the linac extraction
point, X-rays can be obtained through the bremsstrahlung process.

The RF pulsed standing wave linac is housed in an external vacuum chamber and is
driven by a 2 MW peak power magnetron, capable of generating a 3.4 us FWHM
pulsed electron beam with a maximum beam current of 120 mA. Irradiation takes
place in a 40 x 40 x 80 cm?® lead-shielded irradiation chamber, allowing for a
maximum irradiation time of approximately 30 consecutive minutes. A schematic of
the REX plant is depicted in Figure [3.22]

The main parameters of the REX electron beam are reported in Table

At REX accelerator, radiochromic films, alanine dosimeters and Markus ionization
chamber are used for beam diagnostic and dosimetry.

As detailed in Chapter[4] dosimetric measurements to assess the dose rate distribution
inside the REX chamber were conducted using alanine-EPR. dosimeters. These
dosimeters were calibrated with the absolute Fricke solution at the Calliope facility.
Specifically, the REX electron beam characteristics were determined by irradiating
alanine dosimeters at various points within the REX chamber, at different distances
from the electron source.
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Figure 3.22. Scheme of the REX facility. (1) Irradiation chamber, (2) vacuum vessel
containing the linac, (3) linac extraction point, (4) control room and (5) bunker access
are highlighted [I33].

Table 3.5. REX main parameters.

Pulse length 3.4 s

Maximum pulse current 120 mA

Maximum electrons per pulse 2.5 - 10'? e/pulse

Maximum PRF 20 Hz

Maximum average current 8.2 uA

Maximum electrons per second 5.1 - 101 e/s
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Chapter 4

Calliope gamma irradiation
facility and REX electron beam
dosimetric intercalibration

Dosimetry has historically been associated with radiology due to the necessity of
controlling the radiation levels emitted by X-ray machines. This necessity arises
from a combination of ensuring patient and worker safety, complying with regulatory
standards, optimizing diagnostic quality, and advancing public health protections.
In 1925, the First International Congress of Radiology established the organization
known as the International Commission on Radiological Units (ICRU) to address
the concepts of radiation measurement and standardization in radiology. Essentially,
dosimetry involves measuring the dose of ionizing radiation using dosimeters [125].
Tonizing radiation refers to radiation that can ionize matter either directly or indi-
rectly through secondary radiation. Although termed ionizing, this is not the only
mechanism by which energy is transferred to a material. For dosimetry, ionizing
radiation includes energetic charged particles, X-rays, y-rays, and neutrons of all
kinetic energies [125].

Radiation dosimetry is applied to measure quantities such as absorbed dose, energy
released by indirectly ionizing radiation (e.g., photons and neutrons), and the number
of particles incident at a specific point. A radiation dosimeter is considered absolute
if it can measure radiation without requiring calibration in a known radiation field.
Examples of absolute dosimeters include ionization chambers and Fricke chemical
dosimeters.

An ionization detector, often referred to as an ionization chamber, operates based
on the principle of ionization produced within a gas-filled chamber when radiation
interacts with the gas molecules. The detector consists of a sealed chamber filled
with a suitable gas, such as air, argon, or a mixture of gases, where an electric field
is established by applying a polarizing voltage across two electrodes.

When ionizing radiation enters the chamber, it interacts with the gas molecules,
causing ionization. This process generates positively charged ions and free electrons,
which migrate towards the oppositely charged electrodes. The collection of these
ions and electrons at the electrodes forms a small electric current known as the
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ionization current.

The energy from the incoming radiation is converted into this measurable electric
current, which is directly proportional to the intensity of the radiation. For instance,
in the case of air, to determine the absorbed dose, the number of collected ions is
multiplied by the average energy required to produce an ion pair in dry air, which is
approximately Wy, = 33.97 eV /ion pair = 33.97 J - C~1 [134].

Regarding the Fricke chemical dosimeter, as shown in Chapter [3] it is a solution
used to evaluate the deposited dose by measuring the chemical change induced by
irradiation in the solution. Specifically, the change in absorbance after exposure is
measured [125], as detailed in Section

Absolute dosimeters are essential for accurately measuring the radiation dose ab-
sorbed by a sample at a specific location within an irradiation cell.

To expand on the radiation resistance study described in Chapter |5 electronic
devices will undergo electron irradiation at the REX facility. Given the absence of
a dedicated absolute dosimetric system at REX, crucial dosimetric measurements
were performed to establish the irradiation conditions for these devices. This effort
included an intercalibration between the Calliope gamma source and the REX elec-
tron beam. This work was performed in the framework of the Italian Space Agency
Supported Irradiation Facilities program (ASIF program). ASIF is a collaborative
initiative involving the Italian Space Agency (ASI), the National Institute for Nuclear
Physics (INFN), and the ENEA agency, aiming to coordinate a network of irradiation
facilities across Italy to support both national and international space missions [I35].
In this chapter, the cross calibration of the Calliope facility and the REX electron
beam is presented. Firstly, up-to-date calibration curves of the alanine-EPR, dosime-
try system were obtained using the Fricke dosimetry system at the Calliope facility.
Subsequently, alanine dosimeters were irradiated at the REX facility to assess the
radiation dose distribution within its irradiation chamber, utilizing the prior cali-
bration established at Calliope. This process enabled the determination of suitable
irradiation conditions for electronic devices. The chapter details the experimental
measurements conducted for the initial calibration of the alanine dosimetry system
at Calliope and for evaluating the dose distribution at REX.

The establishment of these dosimetric procedures is fundamental for ensuring ac-
curate and reliable irradiation conditions, essential for the comprehensive study of
electronic device radiation resistance.

4.1 Alanine calibration curves determination at Calliope
facility

To intercalibrate the Calliope gamma source and the REX electron beam, the
alanine-EPR dosimetry system was utilized due to its suitability for both gamma
and electron dosimetry [I120]. Initially, alanine dosimeters were calibrated at the
Calliope facility using Fricke solution, as described in Section

For the intercalibration of Calliope and REX facilities, alanine dosimeters from
Aerial [136] were employed. These dosimeters consist of pressed alanine powder
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pellets with wax as a binding material (approximately 5%). The pellets, shown
in Figure [£.I] are approximately 2.3 mm thick and have a diameter of about 4.0
mm. Alanine-EPR analysis was conducted using a Bruker e-scan EPR spectrometer

Figure 4.1. Picture of alanine pellets from Aerial.

(Figure [4.2), operating at 9.4 GHz in the X-band with a microwave power of 0.14
mW and a magnetic field range of 3350-3650 G.

Figure 4.2. Bruker e-scan EPR spectrometer.

To optimize the measurement procedure, multiple measurements of an irradiated
alanine pellet positioned at various heights (z) within the spectrometer cavity were
performed. Figure [4.3] illustrates the dependency of the maximum peak-to-peak
amplitude (h,p) of EPR signals normalized to pellet mass as a function of height z
[137]. This optimization determined the optimal placement of pellets approximately
12.3 cm from the top of the spectrometer case to maximize signal intensity.
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Figure 4.3. Maximum peak-to-peak amplitude normalized to pellet mass as a function of
height z in the EPR spectrometer cavity.
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Following optimization, alanine pellets were irradiated at specific positions within
the Calliope irradiation cell, with dose rates determined using Fricke dosimetry. Ab-
sorbed doses were calculated based on irradiation times and subsequently correlated
with free radical formation in alanine dosimeters, measured by EPR, to establish
calibration curves. Specifically, two distinct calibration curves were developed for low-
dose and high-dose ranges (Figures and , reflecting different EPR parameters.
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Figure 4.4. Alanine-EPR low dose range calibration curve.

The calibration curve for alanine-EPR dosimetry indicates the total absorbed dose
(Dt"tal) dependence on the amplitude of the maximum peak-to-peak height of the

EPR spectrum normalized to the alanine pellet mass (nilgzs) The low-dose range cal-
ibration curve corresponds to absorbed dose values below 12 kGy. The interpolation
of experimental data presented in the calibration curve obtained for the low-dose
range gives:
pietal — ,0037572 (4.1)
mass
For the high-dose range calibration curve (above 12 kGy), the experimental data

yield:
total hpp hpp 2 hop 3
D =—12.4+40.0093——— — 6.73F — 7(——)* + 3.43E — 11(——)° (4.2)
mass mass mass

These calibration curves allow for accurate determination of absorbed doses within
alanine pellets following irradiation, based on EPR measurements of hy,/mass
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Figure 4.5. Alanine-EPR high dose range calibration curve.
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values. This methodology was instrumental for calibrating alanine dosimeters at the
Calliope facility and subsequently assessing radiation dose distribution within the
REX irradiation chamber, as detailed in the following sections. This evaluation is
crucial in determining optimal irradiation conditions for electron tests on electronic
devices.

4.2 Dose mapping of REX irradiation chamber with
alanine-EPR dosimeters

To identify suitable electron irradiation conditions for electronics, experimental
dosimetric measurements were performed at the REX facility using a 5 MeV electron
beam. As described in Chapter [3] the REX facility employs several dosimetric
systems. The output radiation is routinely characterized using radiochromic films
(EBT3, HD-V2), a Markus type ionization chamber [I38], and a Faraday collector.
These detectors provide information on transverse homogeneity, radiation flux, and
machine reproducibility. However, for an accurate dose estimate, comparison with
an absolute dosimeter is necessary, particularly for electron modalities character-
ized by very high dose rates. Specifically, HD-V2 radiochromic films are used for
electron beam diagnostics and dosimetry, while the PPC05 Markus type ionization
chamber from IBA [I38] is primarily used for X-rays due to its limited suitability
for the high dose rates typical of electron beams in the REX irradiation chamber.
HD-V2 radiochromic films can handle dose rates of hundreds of Gray per second
for short periods, whereas the PPC05 Markus type ionization chamber can manage
approximately 0.2 Gy/s for a total dose rate of 1 kGy. Radiochromic films are not
considered absolute dosimeters since they require calibration. Typically, calibration
of individual batches of radiochromic films is performed using an RGB approach,
where each color channel (red, green, and blue) provides a dose value based on
the measured optical density. This method, which utilizes flatbed scanners with
varying characteristics, has been extensively used in external beam radiotherapy to
improve film dosimetry precision [I139]. At the REX facility, however, a different
method is used, with a universal calibration curve providing dose estimates from
the radiochromic films. This approach, which relies on gray-scale readings, ensures
consistent calibration across different film types [36]. To enhance accuracy and
validate the calibration curve consistency and reliability, a cross-calibration with
alanine dosimeters is performed. In the absence of a dedicated absolute dosimetric
system for the REX electron beam, the alanine dosimetry system, calibrated at
the Calliope facility with °Co photons, serves as an absolute dosimeter. Alanine
dosimeters response is not significantly affected by the type of radiation, whether
photons or electrons. The response in electron beams is only 1-2% lower than that
in %°Co [120]. Consequently, alanine pellets were irradiated with the REX 5 MeV
electrons, and dose values were obtained using alanine-EPR calibration curves from
the Calliope facility. To investigate the dose distribution within the REX irradiation
chamber, the dosimeters were positioned at different points on a 20 x 20 cm? sample
holder, as shown as example in Figure for three pellets placed on the central row
(9th row). The distance between adjacent holes of the holder is 1 cm. The alanine
pellets were identified according to their position on the sample holder (i.e. the
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Figure 4.6. Picture of three alanine pellets positioned on the central row of the 20 x 20
cm? sample holder.
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letter of the column and the number of the row from Figure . Three irradiation
tests were performed with the sample holder positioned at 20 cm, 30 cm, and 40 cm
from the exit point of the electron linac, transversely with respect to the beam, as
shown in Figure [4.7 The hole 19 of the sample holder was centered with respect to

Figure 4.7. Electron irradiation setup of alanine pellets at the REX facility.

the exit of the linac.

For all irradiation tests, the Pulse Repetition Frequency (PRF) was set at 15 Hz. The
irradiation conditions (distance of the sample holder from the linac exit, irradiation
time and PRF) are summarized in Table

Table 4.1. Summary of alanine irradiation conditions at REX facility with a 5 MeV electron
beam.

Irradiation Distance Time PRF

test (cm) (s) (Hz)
1 20 15.2 15
2 30 60.2 15
3 40 90.1 15

Each irradiated alanine pellet was measured three times with the EPR Bruker e-scan
described in the previous section. Between repeated measurements, the dosime-
ter was rotated around its longitudinal axis. The reading reproducibility of the
dosimeter for a given irradiation condition was about 1-2%. The mean value of the
three measurements of the maximum peak-to-peak amplitude of the EPR spectrum
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normalized to the sample mass was considered.

The mean value of h,,/mass obtained for each irradiated alanine pellet was reported
in the alanine calibration curve made at the Calliope facility to obtain an absorbed
dose value. Specifically, for each dosimeter, a dose value was obtained with the low
dose range calibration curve (Figure , substituting h,,/mass in Equation
The results obtained are presented in Tables and for all the irradiation

conditions.

Table 4.2. Summary of the results obtained after irradiation with a 5 MeV electron beam
of alanine pellets positioned at different points on the sample holder (identified by the
letter of the column and the number of the row from Figure at a distance of 20 cm
from the linac exit. The uncertainty of the mean hy,/mass value is £1% and the error
on the absorbed dose and dose rate due to calibration uncertainties is 5%.

Alanine Mean Absorbed dose Dose rate

position h,,/mass (mg!) (Gy) (Gy/s)
F9 147.7 554 36.5
G9 405.0 1519 100.2
H9 938.0 3517 232.0
16 357.7 1341 88.5
17 815.9 3060 201.8
18 1367.1 5127 338.2
19 1630.2 6113 403.2
110 1248.7 4683 308.9
111 692.8 2598 171.4
112 281.7 1057 69.7
J9 1911.8 7169 472.9
K9 1511.0 5666 373.8
L9 755.7 2834 186.9
M9 306.0 1147 75.7
N9 82.7 310 20.5

The maximum dose rate was found 20 cm from the linac exit, specifically in hole
J9, which is 1 ¢cm from the center position 19, aligned with respect to the exit point.
In Figure [4.8] the dose rate variation with the distance from the linac exit in the
position 19 is plotted. From Figure it is evident that the dose rate decreased
significantly with the distance from the linac exit.

Considering the absorbed dose values corresponding to alanine pellets irradiated on
the 9th row of the sample holder, the transverse distributions of the dose at fixed
distances from the linac exit were obtained. Specifically, the transverse dose rate
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Table 4.3. Summary of the results obtained after irradiation with a 5 MeV electron beam
of alanine pellets positioned at different points on the sample holder (identified by the
letter of the column and the number of the row from Figure at a distance of 30 cm
from the linac exit. The uncertainty of the mean hy,/mass value is £1% and the error
on the absorbed dose and dose rate due to calibration uncertainties is 5%.

Alanine Mean Absorbed dose Dose rate
position h,,/mass (mg!) (Gy) (Gy/s)
E9 504.6 1892 314
G9 1382.8 5185 86.1
15 734.3 2753 45.7
I7 1728.9 6483 107.7
19 2395.5 8983 149.2
111 1717.3 6440 107.0
113 730.2 2738 45.5
K9 2177.6 8166 135.6
M9 1092.1 4095 68.0
09 353.0 1324 22.0

Table 4.4. Summary of the results obtained after irradiation with a 5 MeV electron beam
of alanine pellets positioned at different points on the sample holder (identified by the
letter of the column and the number of the row from Figure at a distance of 40 cm
from the linac exit. The uncertainty of the mean hy,/mass value is £1% and the error
on the absorbed dose and dose rate due to calibration uncertainties is 5%.

Alanine Mean Absorbed dose Dose rate
position h,,/mass (mg!) (Gy) (Gy/s)
E9 869.7 3261 36.2
G9 1661.2 6229 69.1
I5 1114.9 4181 46.4
I7 1903.4 7138 79.2
19 2402.5 9009 100.0
I11 2005.1 7519 83.4
113 1207.3 4527 50.2
K9 2325.5 8721 96.8
M9 1561.2 5855 65.0

P9 516.6 1937 21.5
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Figure 4.8. Dose rate variation with distance from the linac exit in the central position of
the sample holder.

beam profiles obtained for the irradiation performed at 20 cm, 30 cm and 40 cm are
shown in Figure £.9] For all the studied distances from the linac exit, the transverse
profiles exhibit a similar symmetric decrease in dose rate away from the central
position. These profiles are crucial for understanding the spatial distribution of the
dose rate within the irradiation chamber, which is essential for dosimetric studies
and ensuring uniform irradiation of samples.

Radiochromic films were irradiated under the same electron irradiation conditions
as the alanine dosimeters for comparative analysis. Specifically, 20 x 20 cm? HD-V2
Gafchromic films by Ashland [140] were positioned perpendicularly to the electron
beam propagation between two slabs of water-equivalent solid phantom by Scan-
ditronix (density of 1.035 g/cm?), as depicted in Figure at distances of 30 cm
and 40 cm from the linac exit. It is noteworthy that unlike alanine, that is sensitive
to radiation in a wide dose range, HD-V2 Gafchromic films are suitable for doses
ranging from 10 to 1000 Gy [36]. Therefore, they were irradiated for 5 seconds. After
irradiation, the radiochromic films were scanned using an Epson flatbed Expression
11000XL scanner. An example of the HD-V2 image after irradiation at 30 cm
from the linac exit is shown in Figure The acquired images were processed
using Matlab® code, which converted the pixel values of the radiochromic films
into absorbed dose values based on the calibration curve reported in [36]. The
transverse distribution profiles of the absorbed dose, normalized to the maximum
value, obtained with alanine and Gafchromic systems are shown in Figure [£.12h-b
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Figure 4.9. Transverse beam profiles obtained with alanine dosimetry system after
irradiation at 20 cm, 30 cm and 40 cm from the linac exit.
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Figure 4.10. Setup for Gafchromic film electron irradiation at the REX facility, 40 cm
from the linac exit.
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Figure 4.11. HD-V2 Gafchromic film after irradiation at 30 cm from the linac exit. The
image was acquired using an Epson flatbed Expression 11000XL scanner.
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for irradiations performed at 30 cm and 40 cm from the linac exit, respectively.
Figure [£.12) shows that the results from radiochromic films are consistent with those
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Figure 4.12. Transverse beam profiles normalized to the maximum dose value, obtained
with HD-V2 Gafchromic films (Measured data and Smoothed data) and with the alanine
dosimetry system for irradiations performed at (a) 30 cm and (b) 40 cm from the linac
exit.

from the alanine dosimetry system. Specifically, alanine dosimeters calibrated at the
Calliope facility align with measurements from HD-V2 Gafchromic films calibrated
using the universal calibration curve from [36]. This agreement further validates the
reliability of the calibration method employed for dose estimation at REX.
Radiochromic films were also employed to assess beam homogeneity, specifically
using the Full Width at 80% of Maximum (FW80%M) parameter as an indicator.
This parameter represents the width at 80% of the maximum dose, corresponding
to the diameter of a circular spot with +10% homogeneity. The values of the Full
Width at Half Maximum (FWHM) and the FW80%M along with those of the
maximum dose and dose rate at the spot center and the mean doses and dose rates
calculated over the circular spot corresponding to FW80%M, are reported in Table
for irradiations performed at distances of 30 cm and 40 c¢m from the linac exit,
respectively. Using the pulse repetition frequency (PRF = 15 Hz) employed for the
irradiation, the dose per pulse values were calculated for tests conducted at distances
of 30 cm and 40 cm from the linac exit for both HD-V2 Gafchromic films and the
alanine dosimetry system. Specifically, the dose rate at the central position of the
alanine holder 19 (Figure was used for alanine dosimeters, while the mean dose
over FW80%M was used for radiochromic films. The results are summarized in
Table

Based on the obtained results and the previous discussion, it is evident that the
REX beam exhibits divergence, with higher dose values observed at shorter distances
from the linac exit. Moreover, the beam intensity peaks at the center and shows
a transverse profile characterized by approximately +10% homogeneity within a
circle of about 32 mm and 43 mm diameter at 30 cm and 40 cm from the linac exit,
respectively.

The reported results indicate that the dosimetric intercalibration of the Calliope
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Table 4.5. Parameters corresponding to the transverse beam profile for irradiations
performed at distances of 30 cm and 40 cm from the REX linac exit.

d=30cm d =40 cm

FWHM (mm) 57.1 77.3
FW80%M (mm) 31.9 42.5
Maximum dose (Gy) 964 491
Maximum rose rate (Gy/s) 192.8 98.2
Mean dose (Gy) 896.9 456.7
Mean dose rate (Gy/s) 179.4 91.3

Table 4.6. Dose per pulse obtained with alanine dosimeters (central position of alanine
holder 19) and HD-V2 Gafchromic films (mean dose over FW80%M). The uncertainty
in the dose per pulse for alanine dosimeters due to calibration uncertainties is 5%. For
HD-V2 Gafchromic films, the uncertainty in the dose per pulse estimation is 10%.

d=30cm d=40cm

Alanine
Dose per pulse 10.5 6.6
(Gy/pulse)
HD-V2
Dose per pulse 12 6.1

(Gy/pulse)
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and REX facilities using alanine-EPR dosimeters provided crucial insights into
the beam distribution within the REX irradiation chamber and allowed for the
determination of suitable irradiation conditions (dose and dose rate) for electronic
components exposed to 5 MeV electrons. Specifically, as a future step, it would
be interesting to irradiate the studied electronic components at a distance of 20
cm from the linac exit. The dose rate at position 110 of the alanine holder, at
the specified distance, is approximately 1.1 kGy/h in water. By considering the
stopping power of electrons in both water and silicon, an approximate dose rate in
silicon can be determined. Specifically, this setup allows for irradiation at a dose
rate of approximately 1 kGy(Si)/h, enabling components to be irradiated under
conditions that closely replicate those used during high dose rate gamma irradiation
tests (described in Chapter [f)).
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Chapter 5

Electronics irradiation:
experimental results

In this chapter, the results obtained from the irradiation tests are reported. Com-
mercial off-the-shelf bipolar junction transistors and radiation tolerant optoisolators
were investigated both before and after radiation exposure. A summary of the tests
performed is provided in Table As shown in Table electron irradiation has
not yet been performed but will be carried out in a future phase to complete the
research described in this thesis.

Table 5.1. Summary of the irradiation tests performed.

NPN BJT PNP BJT Optoisolator

Laser-driven protons v’ X X
Gamma v’ v’ v’
Protons v’ v’ X

Neutrons v’ v’ X
Electrons X X X

The components were characterized before and after each irradiation test to investi-
gate the effects of different radiation sources and the radiation resistance properties
of the components, as detailed in the following sections.

Since, as reported in the literature [69], radiation-induced defects can be partially or
completely recovered through thermal treatments, two thermal annealing tests were
conducted after irradiation to evaluate the recovery of these defects. Specifically,
according to ESCC Basic Specification No. 22900 [141], which regulates the irradia-
tion test method, in the first test, the samples were kept at room temperature for 24
hours post-irradiation. In the second test, the samples were placed in a furnace at
100 °C for 168 hours. After each annealing test, the samples were characterized again.

Silicon NPN and PNP BJTs from the same batches were studied. Specifically,
the BJTs used for this project are small signal transistors in TO-18 metal cases,
namely 2N2222A (NPN BJTs) and 2N2907A (PNP BJTs) [142, [143]. A picture of
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a 2N2907A is shown in Figure [5.1] as an example. Both 2N2222A and 2N2907A

-
-

Figure 5.1. Picture of a 2N2222A BJT in a TO-18 metal case placed on an irradiation
board.

are commercial off-the-shelf transistors. These BJTs are very common and were
chosen because they are widely used for general-purpose switching applications at
collector currents up to 600 mA. They feature useful current gain over a wide range
of collector currents, low leakage currents, and low saturation voltage. Furthermore,
they are much less expensive than radiation-hardened ones.

In the first part of this chapter, the results obtained for the BJTs are presented,
while in the last section, the gamma radiation-induced effects on optoisolators are
shown. In Section the results obtained after gamma irradiation are shown. In
particular, two irradiation tests were conducted at two different dose rate values, up
to an absorbed dose of 1 kGy. In Section [5.2.3] the results obtained after irradiation
with laser-driven protons are presented. The effects induced in BJTs after irradiation
with protons from conventional accelerator and neutrons are presented in Section
and Section [5.2.5] respectively.

The results from gamma, laser-driven proton, conventional proton, and neutron
irradiations will be expressed in terms of 59Co absorbed dose, number of shots, pro-
ton fluence, and neutron fluence, respectively. Given that the employed stress test
sources are heterogeneous radiation sources, the irradiation conditions are provided
using different parameters. To compare the obtained results, Section [5.3] outlines
the procedure followed to determine the dose delivered by all the employed radiation
sources. Specifically, both the NIEL and TID contributions to the deposited dose
were considered.
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The investigated radiation tolerant components are OLS249 optoisolators [144].
A picture of the OLS249 along with its block diagram is shown in Figure 5.2} It con-
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Figure 5.2. Picture of OLS249 (a) and the corresponding block diagram (b).

sists of an LED optically coupled to an NPN phototransistor, mounted and coupled
in a custom hermetic surface-mount technology leadless chip carrier package. Its fea-
tures make it suitable, for example, as an interface for Complementary Metal Oxide
Semiconductor (CMOS) technology with Low Power Schottky Transistor-Transistor
Logic (LSTTL) or Transistor-Transistor Logic (TTL). The results obtained after
gamma irradiation of the optoisolators are shown in Section [5.5

The results of the annealing tests after each irradiation test for both BJTs and
optoisolators are presented at the end of the corresponding section.

5.1 Experimental measurements

All samples were characterized before and after irradiation by evaluating several
parameters. Parametric tests of the components were performed in collaboration
with the Italian engineering company IMT s.r.l. [145]. A LabVIEW test program
was used to automate the evaluation of the sample parameters. A screenshot of the
LabVIEW test program for NPN BJTs characterization measurements is shown in
Figure [5.3] as an example.

The Keysight B2902A Precision Source/Measure Unit (SMU) [146] was employed
to source and measure both the current and voltage of the Device Under Test
(DUT). The Keysight E3649A 100W was used as the power supply [147]. During
the parametric measurements, the DUT was plugged into an M232H module [148],
which was connected to the computer running the LabVIEW software.
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Figure 5.3. Screen of the LabVIEW test program used for the characterization of NPN
BJTs.

5.2 Bipolar junction transistors characterization

The main parameter affected by irradiation in BJTs is the current gain (5, as ex-
plained in Chapter 2] Therefore, the following post-irradiation analysis primarily
focuses on investigating the 5 parameter.

The operation of BJTs relies on the flow of minority carriers, whose numbers de-
crease after irradiation due to increased recombination rates in the base region, thus
reducing the minority carrier lifetime [49] 59, [79]. This decrease is the primary
mechanism that describes the degradation of the current gain 8. Consequently, for
a given base current, the collector current I decreases. Since BJT operation can
be compromised if § falls out of specification, this parameter was characterized
before and after irradiation to establish the threshold dose beyond which component
functionality is significantly damaged.

Following the device test conditions reported in its technical datasheet, the gain
was measured at a fixed value of Vo (Vo = 10 V) for five different collector
current values. Specifically, the gain values were obtained by injecting various base
currents Ip until the desired collector current I~ was achieved. The corresponding
base current values and gains were recorded at each point. This procedure yielded
five different gain values (51, B2, B3, B4 and B5) corresponding to different collector
current values, as shown in Table For the aforementioned measurements, a
common emitter circuit built around the BJT was utilized.

To determine whether the devices characteristics are acceptable after irradiation,
the allowed ranges specified in the technical datasheets [142] [143] for the measured
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Table 5.2. Collector current test conditions for current gain measurements. The tests were
conducted with a fixed Vog = 10 V.

Test Current gain 8 Collector current I

1 b1 0.1 mA
2 5o 1 mA

3 B 10 mA
4 B4 150 mA
5 Bs 500 mA

current gains are considered. These ranges are presented in Table [5.3]

Table 5.3. Ranges of allowed values for 51, B2, 83, 84 and fs.

NPN PNP
Min. Max. Min. Max.
B1 50 75
B2 75 325 100 450
Bs 100 100
Ba 100 300 100 300
Bs 30 50

As detailed in Chapter [2] the degradation of current gain due to radiation ex-
posure is often characterized by the change in the reciprocal of the current gain,
A(1/8) =1/p"" —1/8° |59, [77]. Therefore, the behavior of A(1/43) as a function of
absorbed dose is reported in the following sections.

Other parameters such as cutoff currents and saturation voltages were also evaluated
to assess their trends after radiation exposure. Cutoff currents refer to small leakage
currents that flow when the device is in the cutoff region. The cutoff currents
Ieso, Iepo and Iogo (collector to base, emitter to base, and collector to emitter,
respectively) were measured.

Regarding saturation voltages, the collector-to-emitter saturation voltage Vop(sar)
and the base-to-emitter saturation voltage Vpp(sqr) were measured. They represent
the voltage drops across the collector and emitter terminals, and across the base
and emitter terminals, respectively, when the transistor is in the saturation region.
The test conditions for cutoff currents and saturation voltages are summarized in
Table (.41

Eventually, the Io-V g characteristics were measured both before and after each
irradiation test. These curves depict the collector current (I) versus the collector-
to-emitter voltage (Vo g) obtained at a fixed base current I of 50 pA. To generate
the Io-Vo g characteristic curves, the collector current values corresponding to fixed
Vg values were recorded. The specific Vog values used for testing the NPN and
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Table 5.4. Test conditions for cutoff currents and saturation voltages for NPN and PNP

transistors.
Cutoff currents Saturation voltages
Test conditions Test conditions
NPN PNP NPN and PNP

Icpor Ve =75V 60V  Vepeay o= 150 mA, Tg = 15 mA
Icpoz Ve =60V 50V Vegeayz o = 500 mA, Tg = 50 mA
Iepor Ves =6V 5V  Vppgeas lo =150 mA, Ip = 15 mA
15ROz Vg =4V VBEeGayz o = 500 mA, Ig = 50 mA
Icko Vegp =50V

PNP BJTs Io-Veg characteristics are listed in Table

Table 5.5. Values of Vog used for testing the Io-V g characteristic curves of NPN and
PNP BJTs.

NPN Vg test condition (V)

0.01 0.025 004 0.06 0.08 01 03 06 1 5 10 15 20
PNP Vg test condition (V)

-0.01 -0.04 -0.06 -0.08 -01 -03 -06 -1 -5 -10 -15 -20

5.2.1 Before irradiation characterization

Before irradiation, the current gains of both NPN and PNP transistors were char-
acterized. The measured current gains varied among each other for both sets of
transistors. Specifically, one set of 55 NPN BJTs and one set of 55 PNP BJTs
were analyzed. The mean values before irradiation, denoted as ﬁ%mean (where the
subscript 0 represents before irradiation and &k = 1, 2, 8, 4, 5 represents the test
conditions reported in Table , obtained for the current gains of the NPN and
PNP BJTs sets, along with their respective percentage standard deviations 0o, are
presented in Table 5.6

The standard deviations oo in Table for both the NPN and PNP BJTs sets,

were calculated over a sample set of N = 55 units using the formula:

Z]\L( 0,0 O,mean)2
O,Bg :\/ i=1\Mk ~ k (51)

where Bg’i represents the individual current gain values of the unirradiated BJTs in
the set, and ﬁg’mean denotes the mean current gain value.
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Table 5.6. Test conditions, mean values and percentage standard deviations of the current
gains before irradiation. The tests were conducted with a fixed Vog = 10 V.

NPN PNP
I Mean Standard Mean Standard
test condition value deviation (%) value deviation (%)
B1 0.1 mA 136.0 3% 218.0 9%
B2 1 mA 96.2 2% 240.7 16%
Bs 10 mA 181.7 3% 240.0 16%
Ba 150 mA 107.7 2% 216.2 13%
Bs 500 mA 117.5 3% 95.7 ™%

5.2.2 Gamma irradiation

Two gamma irradiation tests were performed on BJTs using two sets of samples. The
first set consisted of four NPN BJTs irradiated at a dose rate of 3.3 Gy(Si)/h (dose
rate in silicon) up to an absorbed dose of 1.1 kGy(Si) (dose in silicon). The second
set included 18 NPN and 18 PNP samples irradiated at nine different absorbed dose
levels (two NPN and two PNP samples for each irradiation condition) up to 515
kGy(Si) with a dose rate of 1 kGy(Si)/h. In the following, all values of dose and
dose rate are referred to silicon.

The irradiation conditions and the results obtained are detailed in the following
subsections.

Low dose rate irradiation test

The first gamma irradiation test was conducted on the four NPN BJTs (referred to
as sample 1, sample 2, sample 3, and sample 4) of the first set in six steps, up to
a total absorbed dose of 1 kGy at a dose rate of 3.3 Gy(Si)/h. A summary of the
absorbed dose after each step is provided in Table

Table 5.7. Steps of irradiation for the first set of samples irradiated with gamma radiation
at a dose rate of 3.3 Gy/h.

Irradiation Absorbed dose Total
step per step (Gy) absorbed dose (Gy)
1 74.0 74.0
2 71.8 145.8
3 73.5 219.3
4 233.4 452.7
5 224.8 677.5
6 308.8 986.3
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After each irradiation step, the parameters described in the previous section were
evaluated. The irradiation tests, electrical characterization and annealing tests
following irradiation were conducted in accordance with ESCC Basic Specification
No. 22900 (Issue 5) [141]. According to this specification, the electrical characteriza-
tion was performed within 1 hour after the end of the exposure, and the interval
between two irradiation steps did not exceed 2 hours. Both the irradiation and the
characterization were performed at room temperature.
Two samples (sample 1 and sample 2) were irradiated under bias (+30 V), and
two samples (sample 3 and sample 4) were irradiated unbiased. A schematic of the
irradiation circuit diagrams is shown in Figure for both biased and unbiased
configurations.

After the final irradiation step, following the test sequence reported in the ESCC

a) +3<£J \Y b)

£100 kQ

&

Figure 5.4. Circuit diagrams for irradiation in biased (a) and unbiased (b) configurations.

Basic Specification No. 22900 (Issue 5) [141], the BJTs were kept at room tempera-
ture for 24 hours for the first annealing test. Subsequently, another parametric test
was conducted. Following this, the devices underwent annealing in a furnace at 100
°C for 168 hours and characterized again. The annealing tests were conducted under
the same bias conditions as the irradiation tests.

Cutoff currents and saturation voltages (as summarized in Table were tested
after irradiation. The results obtained for sample 1 are shown in Figure [5.5| as an
example. The other BJTs exhibited similar behavior. These parameters were not
modified after irradiation, except for the collector-to-emitter cutoff current Iogo,
which increased but remained well below the datasheet specifications (Icgo < 50
nA).

Subsequently, current gains corresponding to different collector currents (as explained
in Table |5.6)) were checked after irradiation. The behavior of the current gains is
shown in Figure for samples 1 and 2 and in Figure for samples 3 and 4.

It is evident that the current gains of the samples that were unbiased during irradia-
tion (Fig. |5.7) were not modified by gamma radiation. In contrast, there is a slight
decrease in current gains for the biased samples (Fig. after exposure.
Specifically, for sample 1 (Fig. [5.6p), a decrease in the 8 parameter is noticeable at
the lowest analyzed collector current value (I = 0.1 mA, corresponding to 31). This
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Figure 5.5. Trends of (a) cutoff currents (Icpo, Igpo and Icge) and (b) saturation
voltages (Veg(sat) and Vpg(sat)) for sample 1 as a function of the dose deposited by
gamma radiation. The error (£4%) is due to measurement uncertainty.

degradation is less pronounced up to about 200 Gy of absorbed dose, after which it
stabilizes at a constant value up to 1 kGy. For this sample, §o slightly decreases
after the first step of irradiation and then remains constant up to 1 kGy. 3 and 4
slightly decrease after the second step of irradiation, then reach a constant value,
while (85 remains unaffected by this radiation dose.

Regarding sample 2 (Fig. |5.6b), variations in current gain are evident for collector
current values up to I¢ = 1 mA. The decrease is more significant at the lowest
collector current (Ic = 0.1 mA, corresponding to (1), stabilizing after around 200 Gy
up to 1 kGy absorbed dose. The effect is less pronounced at higher collector currents
(Ic = 1 mA, I = 10 mA), where the current gain (S, f3) reaches a constant value
since the first step of irradiation. On the contrary, 84 and f5 remain unchanged up
to 1 kGy absorbed dose.

For both sample 1 and sample 2, the damage observed is within acceptable limits,
as defined by the range of allowed gain values reported in the sample datasheet, and
they did not show recovery after the annealing tests.

In this radiation dose range (up to 1 kGy absorbed dose), appreciable bulk damage
is not expected to occur. Instead, ionizing radiation primarily induces surface effects
in BJTs.

High dose rate irradiation test

The second gamma irradiation test was conducted up to an absorbed dose of
515 kGy at a dose rate of 1.1 kGy/h to evaluate the effects of bulk damage. For
this test, a set of 18 NPN and 18 PNP BJTs was used and irradiated under 9
different conditions (2 NPN and 2 PNP BJTs for each condition). A summary of the
irradiation conditions is presented in Table All the samples were biased (430
V for NPN BJTs and -30 V for PNP BJTs) during irradiation. Figure shows a
picture of the samples placed on the irradiation boards positioned on the platform
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Figure 5.6. Trends of current gains § of sample 1 (a) and sample 2 (b) (biased samples) as

a function of the dose deposited by gamma radiation for I = 0.1, 1, 10, 150, 500 mA.
The error (£4%) is due to measurement uncertainty in the § parameter.
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Figure 5.7. Trends of current gains § of sample 3 (a) and sample 4 (b) (unbiased samples)
as a function of the dose deposited by gamma radiation for I = 0.1, 1, 10, 150, 500
mA. The error (£4%) is due to measurement uncertainty in the 5 parameter.
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Table 5.8. Irradiation conditions for the second set of samples, irradiated with gamma
radiation at a dose rate of 1.1 kGy/h. Four samples for each condition (2 NPN and 2
PNP BJTs) were involved.

Irradiation Total
test absorbed dose (kGy)

1 1.0
2 2.3
3 2.6 - 10
4 7.2 - 10!
5 1.2 - 10?
6 2.4 - 102
6 3.2 - 10?
6 4.2 - 102
6 5.2 - 10?

of the Calliope gamma irradiation facility for the test.

Before and after irradiation, Io-Vog characteristics were acquired for both NPN
and PNP BJTs at a fixed base current value of Ig = 50 pA. The curves obtained
are shown in Figure For PNP transistors (Fig. [5.9b), the absolute values of I
and Vog were plotted.

It is evident for both NPN and PNP BJTs that the values of I decrease with
increasing radiation dose. This decrease is more pronounced in PNP transistors in
percentage terms. For example, at a collector-to-emitter voltage Vog of 5 V, after
irradiation at 240 kGy, the collector current I is reduced to 8% of its initial value
for NPN transistors and to 4% of its initial value for PNP transistors.

Measurements of cutoff currents and saturation voltages were conducted before
and after irradiation. The results, presented in Figure [5.10] for both NPN and PNP
transistors, show that cutoff current measurements exhibit fluctuations, likely due
to parasitic currents. Since cutoff currents are very small (in the nA range), the
influence of parasitic currents can lead to inaccuracies, making precise measurements
challenging. This is further evidenced by the fact that some measured cutoff current
values occasionally fall below zero, which is physically nonsensical and highlights
the impact of these parasitic effects. Despite these measurement challenges, the
cutoff current values remained within the allowed ranges for both NPN and PNP
transistors.

Regarding saturation voltage values, they were generally unaffected by irradiation
up to 515 kGy, except for the collector-to-emitter saturation voltage Vcpgsat)2s
measured at I = 500 mA and I = 50 mA. This parameter slightly increases from
the first step of irradiation, rising almost linearly up to a 515 kGy absorbed dose
for NPN BJTs (5.10¢). In contrast, for PNP BJTs (5.10d), it increased after the
second step of irradiation, reaching a value just over double the initial one at 515
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Figure 5.8. Picture of the setup for the second gamma irradiation test. NPN and PNP
BJTs were placed on two separate boards biased with +30 V and -30 V, respectively.
The gamma source is positioned on the right side of the picture. The samples were
irradiated under room conditions.

kGy. Nevertheless, after irradiation at the maximum analyzed absorbed dose, the
VeE(sat)2 value remained within the technical datasheet’s allowed range for both
NPN (Veg(say2 < 1 V) and PNP (Veopgsar2 < 2.6 V) transistors.

As discussed earlier, the current gain S is the most crucial parameter for char-
acterizing the radiation effects on BJTs. The results for the current gains (measured
as detailed in Table are depicted in Figure and in Figure for NPN
and PNP transistors, respectively. Regarding NPN BJTs (Fig. [5.11]), the current
gains (1 (lowest collector current) and (5 (highest collector current) decrease until
reaching a constant value after 120 kGy of absorbed dose. For f2 (Ic = 1 mA)
the variation in current gain stabilizes after 72 kGy absorbed dose, while 53 and
B4 decrease after each irradiation step. Conversely, for PNP BJTs (Fig. , all
current gains exhibit a decreasing trend after each irradiation step. According to
Table for NPN transistors (Fig. ), 51 and (9 exited the allowed range after
approximately 10 kGy absorbed dose, 83 and B4 after irradiation at approximately 1
kGy and 3 kGy, respectively, and 85 remained within datasheet specification until
around 100 kGy. For PNP transistors (Fig. [5.12p), 81, B2 and B4 went out of
specification in the range of approximately 15-20 kGy of dose deposited by gamma,
while 83 and (5 remained within the allowed range until approximately 50 kGy and
70 kGy, respectively.

The resulting curves for the variation of the reciprocal of current gains A(1/3) are
shown in Figure and Figure for NPN and PNP transistors, respectively.
Since low beta values characterize damaged samples, high values of A(1/3) occur
for the damaged samples. The behavior of A(1/f3) as a function of absorbed dose
indicates the type of damage induced in the component after irradiation. In this case,
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Figure 5.12. Trends of current gain § as a function of the dose deposited by gamma
radiation for PNP BJTs across the entire range of absorbed doses (a) and specifically in
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the curves in Figure [5.13| and Figure exhibit a non-linear trend, particularly
approaching saturation in NPN devices for collector current values corresponding
to 81, B2 and B5. This non-linear behavior is attributed to charge trapping in the
oxide layer of the transistor and at the Si/SiO9 interface. It suggests that damage
from ionization effects dominates over damage from NIEL deposited dose, resulting
in a non-linear trend [79, [149).

Moreover, it is evident that NPN transistors exhibit more damage after gamma irradi-
ation compared to PNP transistors, as A(1/3)pyp consistently exceeds A(1/8)nvpN
across almost the entire range of absorbed doses. In Figure [5.15] the difference
A(1/B)pnp — A(1/B)npn is plotted as a function of absorbed dose: it peaks in
the range of 70-250 kGy and then decreases with increasing absorbed dose for 31,
B2, and f5, while remaining nearly constant for 83 and S4. This indicates that for
collector current values of 0.1 mA, a mA and 500 mA, NPN transistors are more
susceptible to gamma irradiation damage compared to PNP transistors. However,
for collector currents of 10 mA and 150 mA, the response to gamma radiation is
similar between NPN and PNP transistors across the entire dose range.
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Figure 5.15. Difference A(1/8)npy — A(1/8)pnp as a function of the absorbed dose for
B1, B2, B3, B4 and (s, measured at collector currents of 0.1 mA, 1 mA, 10 mA, 150 mA
and 500 mA, respectively. Error: (+£5%).

After irradiation, the samples were kept for 24 hours at room temperature and
168 hours at 100 °C. The samples irradiated at absorbed dose values >26 kGy
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(heavily damaged BJTs) did not recover their current gain values after the annealing
tests. In contrast, samples irradiated with absorbed doses up to 2.3 kGy showed
a recovery in current gains after the annealing tests. The results of the annealing
tests for NPN and PNP BJTs irradiated at 2.3 kGy absorbed dose are shown in
Figure For both NPN and PNP components, there was a noticeable recovery
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Figure 5.16. NPN (a) and PNP (b) current gain behaviors as a function of the hours of
annealing tests (24 hours at room temperature followed by 168 hours at 100 °C) after
irradiation at 2.3 kGy for I = 0.1, 1, 10, 150, 500 mA. Error: (+4%).

in current gains. However, while 85 in NPN transistors reached a value higher than
its initial one after the second step of annealing, the other current gains did not
return to their pristine values.

This shows that the effectiveness of the annealing tests depends on the absorbed
dose of gamma irradiation and the resulting radiation-induced defects. Samples
irradiated with absorbed doses up to 2.3 kGy showed a recovery in current gain
values after the annealing tests, indicating that the annealing process was effective
in partially restoring the electrical characteristics of both NPN and PNP BJTs.
Specifically, NPN and PNP transistors exhibited varying degrees of recovery in
current gain values after annealing, depending on the collector current conditions
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used for the gain measurements. In contrast, samples irradiated at higher absorbed
doses (>26 kGy), classified as heavily damaged BJTs, did not recover their current
gain values after the annealing tests. This suggests that the damage caused by
gamma irradiation at these high doses was severe and could not be fully mitigated
under the conditions of the applied annealing process.

5.2.3 Laser-driven proton irradiation

A set of six NPN transistors was irradiated with laser-driven protons under different
conditions.

As explained in Section using the Target Normal Sheath Acceleration (TNSA)
mechanism, ions, predominantly protons, can be accelerated by focusing an ultra-
intense (I > 10'® W/cm?), ultra-short (ps-fs) laser pulse onto a thin solid target. At
the ALLS facility, protons with energies up to ~5 MeV are generated from a single
laser shot. The spectrum of protons available during the irradiation tests is depicted

in Figure [5.17]
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Figure 5.17. Laser-accelerated proton spectrum available at the ALLS facility. The y-axis
is expressed in protons/MeV /sr.

Before the irradiation test with laser-accelerated protons, the samples were prepared
by removing the lid from each BJT (Figure . This step was taken to prevent
dose absorption by the lid and ensure that incoming particles reach the silicon
region without energy losses, ensuring accurate irradiation of the silicon part. It
is important to note that these conditions are more severe than those typically
encountered in actual use and are usually applied in radiation resistance testing.
This procedure, specified in the ESA-ESCC Basic Specification No. 22500 [150],
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is used for proton tests below 20 MeV. The lid of the sample consists of a 300
pm thick Nickel layer, capable of fully absorbing 5 MeV protons, which have a
projected range of 73 pum in Nickel. It is important to note that this was not neces-
sary with gamma radiation, as it is not attenuated by a 300 um layer of Nickel [I51].
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Figure 5.18. Picture of a decapped BJT.

For the irradiation, the devices were placed on a sample holder at a distance
d = 23.5 cm from the proton source (i.e. the TNSA thin target where the laser-
matter interaction takes place). All BJTs were unbiased during the exposure. The
protons were generated by irradiating a 4.5 pm thick aluminum target with the laser
described in Section 11

The samples were irradiated with a variable number of shots at a repetition rate of
0.6 Hz. The irradiation parameters are summarized in Table 5.9

Table 5.9. Laser-driven proton irradiation parameters.

Irradiation test Number of shots
1 1
2 5
3 50
4 100
5
6

250
400

Before the irradiation test, all samples underwent characterization following the
opening procedure. Some devices were damaged during this process: after opening,
they were observed under an optical microscope, revealing that one of the bonding
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wires was broken (Figure , likely due to collisions with residuals from the
opening process. Almost all of them were characterized by cutoff currents higher

Figure 5.19. Microscope image of a NPN transistor after the decapping. The arrow
indicates the broken bonding wire.

than the specification limits after decapping, but they were still considered functional
since the current gain characteristics were not altered. An increase in cutoff currents
is normal after decapping due to exposure of the die to the external environment; for
example, moisture can create conductive paths, leading to increased leakage currents
[152]. For this reason, the behavior of the cutoff currents after irradiation was not
considered. On the contrary, the measured saturation voltages, were not affected by
radiation and remained constant even after irradiation at the highest absorbed dose
(data not shown).

The results obtained for the current gains after the irradiation tests conducted
with 50, 100, 250, and 400 shots are consistent, indicating that the gain values reach
their minimum (worst operating point) after irradiation with 50 shots and cannot be
further degraded. Therefore, for better visualization purposes, the following results
are presented for samples irradiated with 1, 5, and 50 shots.

The Io-Veg characteristic curves before and after irradiation are shown in Figure
A decrease in collector current can be observed with increasing dose. Similar
conclusions can be drawn from the behavior of current gains after irradiation. Figure
depicts the curves corresponding to the current gains § and their reciprocal
variations A(1/0).

The B3, 54 and B5 values are not available for the samples irradiated with a number
of shots >50. In fact, these samples were irradiated during the first irradiation
campaign of this thesis project, during which measurements of current gains for
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Figure 5.20. Io-V g characteristic curves of NPN transistors before and after irradiation
with varying numbers of shots.

collector current values of 10 mA, 150 mA and 500 mA (corresponding to (3, 54 and
B5) were not planned. Subsequently, to gather more information about the current
gain trends after radiation exposure, all collector current values reported in Table
were evaluated.

From Figure [5.21] it is evident that after a few laser shots, the current gain values
exit specification limits: specifically, f3 and 4 (with a minimum value of 100) exceed
limits after approximately 2 shots, while 8; and Sy (with minimum values of 50 and
75, respectively) exit limits in the range of 3-4 shots. 5 remains within the allowed
range until 5 shots.

Before and after irradiation, the samples were examined with a Scanning Elec-
tron Microscope (SEM) to detect any morphological changes on the silicon die, but
no appreciable modifications were observed (Figure [5.22)).

The samples did not show any recovery after the two steps of annealing (data
not shown), which suggests that the annealing process applied at this duration and
temperature was insufficient to effectively repair the defects created by irradiation.
This observation underscores the complexity and severity of the induced damage.
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Figure 5.21. Behavior of (a) current gain 8 and (b) the reciprocal of current gain A(1/4)
measured for I = 0.1, 1, 10, 150, 500 mA as a function of the number of shots. Insets
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Figure 5.22. SEM image (magnification 400x) of a BJT die (a) before (acquired at INRS)
and (b) after (acquired at ENEA Casaccia R.C.) laser-driven proton irradiation.

5.2.4 Proton irradiation

Protons with energy of 2.8 MeV (energy spread = 0.2 MeV), available at the TOP-
IMPLART low-energy vertical line (Figure were used to irradiate NPN and
PNP transistors. This energy value was chosen to perform irradiation with protons
from a conventional accelerator within the typical energy range (1-5 MeV) of laser-
driven protons used at the ALLS facility. A picture of the samples positioned at the
end of the vertical line of the TOP-IMPLART linac for the irradiation test is shown
in Figure [5.24] Before the irradiation test, the homogeneity of the proton fluence at
the samples position was checked using a radiochromic film. As depicted in Figure
[6:24h, the samples were positioned within a circle with a radius of less than 8 mm
to ensure uniformity of the proton fluence on them. The linac provided 1.28 - 107
protons per pulse at a rate of 25 pulses per second for irradiation. Different proton
fluence conditions were achieved by varying the irradiation duration, as summarized
in Table For each irradiation condition, two NPN and two PNP samples were

Table 5.10. TOP-IMPLART proton irradiation conditions.

Irradiation test Proton fluence (p/cm?)

1 3.38 - 10?
2 3.38 - 1010
3 2.5 - 1011

irradiated, totaling 12 samples. All devices were unbiased during irradiation. The
values of the measured parameters presented below are the mean values obtained
for NPN or PNP transistors irradiated under the same conditions.

Similar to laser-driven proton irradiation, all devices were decapped before exposure
to prevent energy losses of incoming protons through the lid. After decapping, the
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Figure 5.24. Picture of the samples positioned in the sample holder (a) and irradiation
setup (b).
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devices were characterized. For both NPN and PNP transistors, as discussed in
the laser-accelerated proton irradiation section, while current gain values were not
affected by the opening procedure, cutoff currents of the devices increased. Therefore,
cutoff currents will not be considered in the results.

Saturation voltages measured before and after irradiation up to the proton fluences
reported in Table were not affected for both NPN and PNP transistors.
Measurement of [o-Vog characteristic curves was performed before and after irradi-
ation at different proton fluence conditions for both NPN and PNP transistors. The
curves obtained are shown in Figure [5.25] For PNP transistors, the absolute values
of Ic and Vog were plotted.

For both NPN and PNP BJTs, it is evident that I values remain unchanged after
proton irradiation with a fluence of 3.38 - 10° p/cm?, and then they start to decrease
as the proton fluence increases.

The results for the current gains and the corresponding curves of the reciprocal of
current gains are shown in Figure and respectively, for NPN (Figures
and [5.27h) and PNP (Figures [5.26p and [5.27p) transistors. The lowest value of
proton fluence did not affect the current gain of NPN transistors for all conditions of
collector currents. After irradiation at 3.38 - 10! p/cm?, the 3 values corresponding
to collector currents I of 0.1 mA, 1 mA, and 10 mA showed a decrease. However,
up to this proton fluence, all the § values remained within the allowed range. After
irradiation at 2.5 - 10!* p/cm?, the NPN devices were completely damaged as the
current gain values went out of the ranges allowed by the sample datasheet.
Concerning PNP BJTs, the curves of current gains measured for collector currents
IC of 0.1 mA and 1 mA (B1 and (2) decrease as the proton fluence increases. While
the values of 33, 4, and 5 decrease after irradiation at 3.38 - 10° p/cm?, they
remain constant up to 3.38 - 1019 p/cm? and then decrease again after irradiation at
2.5 - 10 p/cm?.

The annealing tests on these samples are still ongoing.
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Figure 5.25. Io-Vog characteristic curves of NPN (a) and PNP (b) BJTs before and
after irradiation at different proton fluence values. Insets show the magnified Io-Veg
characteristics in the Vg interval from 0 to 1 V. For PNP transistors, the absolute
values of I and Vg are shown.
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5.2.5 Neutron irradiation

A set of 10 NPN transistors and 10 PNP transistors was irradiated at the Frascati
Neutron Generator with 14 MeV neutrons. Figure [5.28| shows a picture of the setup,
including samples, during the irradiation test, captured by a remote camera.

Figure 5.28. Picture of four samples in the sample holder positioned 0.5 cm from the FNG
target during the irradiation test.

The samples were irradiated under five different neutron fluence conditions by varying
their positions relative to the FNG DT target and the irradiation time, organized in
groups of four (two NPN and two PNP BJTs). All devices were irradiated unbiased.
The 14 MeV neutron irradiation conditions are detailed in Table 511}

Table 5.11. 14 MeV neutron irradiation conditions.

Irradiation test Neutron fluence (n/cm?)

1 2. 10°
2 2 - 10!
3 2 . 1012
4 1-10
5 21013

Measurements of the cutoff currents and saturation voltages were performed before
and after irradiation and are presented in Figure [5.29]and Figure[5.30]as a function of
neutron fluence for NPN and PNP transistors, respectively. For better visualization,
a zoom in the neutron fluence range 0 - 2 - 10! n/ecm? is shown for cutoff currents
and saturation voltages in the insets of both Figure[5.29]and [5.30} Similar to samples
irradiated at high doses with gamma radiation, the measured cutoff currents (Fig.
and Fig. ) exhibit fluctuations, likely due to parasitic currents. However,
all values remained within specifications for both NPN and PNP transistors.

Regarding the saturation voltage values, there were no modifications observed after
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irradiation for NPN transistors (Fig. |5.29b). For PNP transistors (Fig. |5.30b),
VeE(sat)1 decreased after irradiation at 2 - 10° n/cm? and then remained constant,
while Vorsat)2, VBE(sat)1, a0d VBE(sar)2 Increased after irradiation at 2 - 10° n/cm?
and remained constant up to a neutron fluence of 2 - 1013 n/cm?. Despite these
changes, all measured saturation voltages remained within the allowed ranges.
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Figure 5.29. Trend of cutoff currents Icpo, Igpo, and Icgo (a) and saturation voltages
VeEg(sat) and Vpg(sqry (b) for NPN transistors as a function of neutron fluence. Insets
show a zoom in the neutron fluence range 0 - 2 - 10*! n/cm?. Error bars (+4%) represent
measurement uncertainties.

Ic-Veog characteristic curves were measured before and after each condition of
neutron irradiation for both NPN and PNP transistors. The curves obtained are
depicted in Figure [5.31] Again, it is evident that PNP transistors are more damaged
than NPN transistors after irradiation. Moreover, the Io-Vog curves are not modi-
fied until a neutron fluence of 2 - 10* n/cm? for NPN transistors, whereas slight
modifications are observed up to the same neutron fluence for PNP devices.

The results obtained for the current gains and the correspondent curves of the
reciprocal of current gains are shown in Figure and respectively, for NPN
(Figures and [5.27h) and PNP (Figures and [5.33p) transistors. It can be
seen that all the 3 values are unaffected up to a neutron fluence of 2 - 10! n/cm?,
after which they begin to decrease. Both 5 for NPN devices and (3 and S5 for
PNP devices remained within specifications even at the highest neutron fluence
irradiation condition. However, for NPN BJTs, 81 and By deviated from the allowed
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Figure 5.31. Io-Vo g characteristic curves of NPN (a) and PNP (b) BJTs before and after
irradiation at different neutron fluence levels. For PNP transistors, the absolute values
of I¢ and Ve are shown.
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ranges specified by the datasheet after reaching a neutron fluence of approximately
3.5-5 - 10'2 n/ecm?, and B3 and B4 after reaching approximately 2 - 10'? n/cm?. For
PNP transistors, 31, 82, and 3 were no longer within specifications after reaching
neutron fluences of approximately 7 - 10!2 n/cm?, 8 - 10'2 n/cm?, and 1.6 - 103
n/cm?, respectively.

Looking at the reciprocal of current gain (Fig. , it is observed that for nearly
all collector current conditions, the behavior of A(1/8) can be approximated by a
linear relationship. Specifically, this applies to the data corresponding to neutron
fluences of 2 - 10'2 n/cm?, 1 - 10'3 n/ecm?, and 2 - 10*® n/cm?. Since a linear
relationship between A(1/3) and particle fluence is characteristic of bulk damage
mechanisms, this suggests that within this range, bulk effects dominate over surface
effects (ionization damage) [79, [77]. The fitted lines are shown in Figure Given
that the Messenger-Spratt equation is expressed as A(1/3) = Kg®, where Kg = %
(as per Equation , the slopes of the linear curves correspond to the values of
Kp for each case. This finding aligns with previous literature [153], which indicates

that the slope is influenced by the collector current I. and the transistor type.

The irradiation tests were followed by the two above mentioned annealing steps.
The samples did not recover after the annealing tests. This is likely due to the
limitations of annealing in repairing bulk damage. Annealing effectively mitigates
certain radiation-induced defects like point defects and dislocations in the crystal
lattice. However, bulk damage, which includes more extensive and complex defects
such as clusters of vacancies, interstitials, and other forms of lattice disorder, may not
be effectively addressed by standard annealing processes. These extensive defects can
create deep energy levels within the semiconductor bandgap, significantly altering
the electrical properties of the material.
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5.3 Dose deposition study

The second part of this work focuses on investigating the relationship between dose
deposition in the irradiation of electronic components using a classical radiation
source (such as %°Co photons, protons and neutrons from a conventional accelerator)
and laser-accelerated protons, a novel radiation source [71, [154]. Since bulk and
surface effects can be regarded as independent of each other [58], both the dose
deposited by ionizing processes (TID) and non-ionizing processes (NIEL dose) were
studied for all the stress test sources. Specifically, the sum of these two contributions
gives the total deposited dose D' as follows:

Dtotal — DTID +DN[EL (52>

DTID DNIEL

where is the dose deposited by ionizing processes, while accounts for
the dose released after non-ionizing processes.

The investigation of NIEL deposited dose is a crucial point since, unlike TID, which
depends on radiation type and irradiation conditions, the dose deposited by NIEL
processes allows for predicting the damage almost independently of the radiation
type and energy. The variation of the reciprocal of current gain A(1/5), as explained
in Section is proportional to the concentration of Frenkel pairs according to
Equation Experimental results on bipolar junction transistors [77), 153, 155]
proved the dependence of A(1/5) on the concentration of FP created in the silicon
by displacement damage (i.e. by NIEL processes). For example, the relation between
A(1/8) and the concentration of FP is shown in Figure for a specific type of
BJT [r7].

This relation allows to predict the gain degradation. Moreover, if the value of A(1/5)
at which the component operation is compromised is known (this can be determined
from the definition of A(1//3) using the initial and minimum values of current gain
as specified in the component datasheet), it is possible to assess the concentration of
displacement damage (and hence the NIEL dose) that causes malfunction.

Finally, the dose values at which the BJTs functioning is compromised (according
to the ranges allowed by the datasheet) were calculated and compared for all the
employed radiation sources.

5.3.1 Gamma radiation deposited dose

Gamma radiation deposits energy in matter mainly through ionization processes
since °Co photons (mean energy 1.25 MeV) cannot directly induce displacement
damage. However, they can produce electrons that have sufficient energy to induce
displacement damage, i.e., to deposit energy via NIEL processes.

The dosimetric systems used at the Calliope facility (detailed in Chapter [4]) provide
the value of the total deposited dose. The single contribution of the NIEL dose
was obtained through calculations involving the spectrum of Compton electrons
generated by the interaction of gamma radiation with the irradiated sample, as
explained below.

To obtain the electron spectrum generated within the sample after exposure, a Monte
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BJT at collector current I. = 1 mA, after irradiation with 12C- (C HE), 3C- (C ME),
Kr- and Ar-ions and high energy electrons [77].
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Carlo N-Particle® MCNP®) code was used. It is a Monte Carlo code based on a
probabilistic approach that transports all types of particles. A model of the Calliope
irradiation cell was constructed to simulate the dose rate and the energy spectrum
of all particle types at various points within the irradiation cell.

Using the irradiation conditions of the device (its position inside the irradiation cell
and its geometry), the electron spectrum generated within the sample active region
was obtained. Specifically, gamma rays (primary radiation) and electrons (secondary
particles) were transported using the MCNP®code [I56] to evaluate their spectrum
within the region of interest, i.e. corresponding to the required dose rate. The data
were provided by Dr. Fabio Panza (ENEA Nuclear Department, Division of Plasma
Studies and DTT, Frascati R. C.), MCNP®licensed.

The electron spectrum given by MCNP®, expressed as flux in units of electrons/cm? /s,
resulting from the interaction of gamma radiation with the silicon active region of
the transistor in the position corresponding to a dose rate of 1 kGy/h (high dose rate
test condition), is shown in Figure The NIEL dose absorbed by the sample from
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Figure 5.36. Electron spectrum (electrons/cm?/s) generated by the interaction of gamma
radiation with the transistor silicon active region for irradiation at 1 kGy/h (high dose
rate test condition).

electron irradiation was calculated using the online Screened Relativistic Treatment
for NIEL Dose Nuclear and FElectronic Stopping Power Calculator, available on the
Italian Space Agency (ASI) website [I57, [I58]. This tool, which is part of ASIF space
radiation environment research, computes the Screened Relativistic (SR) NIEL curve
for particles interacting with materials. Detailed information on the calculation
method can be found in [I59]. The calculator requires inputs such as particle type,
energy spectrum (in particles/MeV /cm?) and the target material and gives a NIEL
dose value (in Gy). By utilizing the NIEL function (Section of the incident
particle, it provides the corresponding NIEL dose. The graphs generated by the ASI
calculator for the NIEL dose calculation due to electrons are shown in Figure [5.37]

In this case, the electron spectrum per second of irradiation served as input to the
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AST calculator to obtain a value in Gy/s (i.e. a NIEL dose rate).

The calculator utilized both the electron spectrum and the electron NIEL function
(Fig. ) to perform a convolution ) The resulting spectrum from Figure
5.37b is integrated to provide NIEL values for each energy bin, along with their sum.
In this case, a NIEL dose rate value was obtained. Multiplying the NIEL dose rate
by the irradiation time yielded a NIEL dose value. Specifically, a NIEL dose rate of
approximately 2.2 - 1076 Gy/s was obtained for the electron flux shown in Figure
Therefore, after one hour of irradiation, a NIEL dose DNV/FL ~ 8 . 1073 Gy is
deposited. The corresponding total absorbed dose D is 1 kGy. Hence, the dose
deposited by ionization processes is approximately five orders of magnitude higher
than that deposited by NIEL processes, confirming that for gamma radiation, up to
high levels of absorbed dose, the NIEL contribution to the total deposited dose is
negligible.

5.3.2 Laser-driven protons deposited dose

To evaluate the dose deposition by laser-driven protons from a single laser shot, a
Matlab®code was utilized. This code models energy deposition using data from
The Stopping and Range of Ions in Matter (SRIM) [160]. SRIM is a collection of
software packages that deal with the transport of ions in matter. Among its many
applications, it provides the stopping power and the ranges of ions in matter.

The Matlab®code estimates the temperature increase due to proton heating and
provides the absorbed dose value in a specified volume of the sample [I61]. As
outlined in [71], the heating contribution from electrons and heavy ions generated
by the TNSA mechanism after laser plasma interaction is negligible compared to
that produced by protons (<20% for electrons within the first 500 nm and negligible
deeper in the sample; below 0.5% for heavy ions). Therefore, this study considers
only the contribution of protons to dose deposition.

Assuming a uniform distribution of deposited energy in the target material, the dose
Dtotal deposited by protons and the local temperature increase AT can be correlated.
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The equation [I61]:
dE

AT =
dx pcy

(5.3)
where % represents the particle stopping power, ¢ denotes the particle fluence, p is
the material density and c, is the specific heat capacity of the material, implies:

Dplotal — ¢ . AT (5.4)

This equation directly relates the dose D! to the increase in temperature A T.
The code takes as input the beam parameters (energy, number of protons and cone
half-angle divergence ), the distance between the proton source and the sample d,
and the sample features (thickness z, area and material). The setup simulated in
the Matlab code is depicted in Figure [5.38

TNSA thin target
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Figure 5.38. Geometry of the experimental setup inside the irradiation chamber simulated
in the Matlab code. Adapted from [I61].

To allow optimal evaluation of the deposited dose in the active region of the BJT, a
decapped device was examined using a SEM available at INRS. Figure [5.39] shows a
picture of the decapped BJT (Fig. |5.39a) and the BJT die (Fig. [5.39b) obtained
with the SEM. Specifically, the SEM images were acquired using an accelerating
voltage of 10 keV, a working distance of approximately 17.5 mm for both images, and
a field of view of 4.18 mm for the picture in Figure [5.39] resulting in a magnification
of 66x. For the image in Figure [5.39p, the field of view was 692 pm, resulting in
a magnification of 400x. Afterward, the sample active region area (approximately
530 pm x 530 pm), thickness (approximately 200 pm) and material (silicon) were
used in the Matlab®code to evaluate the dose deposited by protons. Regarding the
proton spectrum, the one depicted in Figure [5.17] was used. Only the decreasing part
of the Thomson spectrum was considered in the calculation because the rising part,
does not represent a real signal but rather reflects the limitations of the Thomson
method at low energies. Given these limitations, the spectrum was analyzed starting
from approximately 0.7 MeV, where the data becomes more reliable and accurate.
The Matlab®code provides a matrix dT corresponding to temperature increase as a
function of the sample depth (dz) and radius (dr). The matrix obtained is presented
in Figure [5.40] To examine the temperature increase within the active region of
the sample, the region from 0-200 gm in depth and 0-265 pm in radial distance,
which corresponds to the sample thickness z and radius R, should be considered. As
illustrated in Figure the energy deposition is primarily concentrated in the
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SEM HV: 10.0 kV WD: 17.47 mm VEGA3 TESCAN
View field: 4.18 mm Det: SE
SEM MAG: 66 x Date(m/dly): 03/25/22 INRS-EMT

SEM HV: 10.0 kV WD: 17.48 mm | VEGA3 TESCAN

View field: 692 ym Det: SE 200 ym
SEM MAG: 400 x Date(m/dly): 03/25/22 INRS-EMT

Figure 5.39. Picture of (a) decapped BJT (magnification 66x) and of (b) BJT die
(magnification 400x).
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Figure 5.40. Temperature distribution inside the sample after laser-driven proton irradia-

tion simulated with MATLAB®code [I61]. The y-axis represents the sample depth and
the x-axis represents its radius.
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first 10-15 pum of the sample. Using this matrix of temperature increase values d'T,
dependent on the sample radius and thickness (dT(dr, dz)), the total absorbed dose
due to protons was obtained according to the following formulas:

R z 1
/ dr2mr / dzdT (dr,dz)=cp (5.5)
0 0 14

where dr is the increment in the samples radius, dz is the increment in its thickness,
cp is its specific heat capacity and V is its volume, approximated as a cylinder. For
each laser shot, a dose value D’;?fgl = 3.4 Gy was obtained.

Regarding the dose deposited by NIEL processes after a single laser shot, it was
obtained using the ASI calculator [162], as performed for electrons in the previous
section. Specifically, the proton spectrum shown in Figure [5.17] was considered
starting from 0.6 MeV. Since it is expressed in units of protons/MeV /sr and the
ASI calculator requires a fluence in protons/MeV /cm?, the solid angle corresponding
to the sample was calculated, considering the sample radius and its distance from
the TNSA target. The proton spectrum was then corrected by multiplying by the
solid angle and similarly divided by the sample area (the sample cross-section was
approximated as a circle).

The graphs generated by the ASI calculator for the NIEL dose calculation due to
laser-driven protons are shown in Figure [5.41] For a single laser shot, the NIEL
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Figure 5.41. Laser-driven proton spectrum on the sample (protons/MeV /cm?) and proton
NIEL function (a) and convolution (b).

dose deposited in the sample is Dé\}%f’: = 2.5 - 1073 Gy. Therefore, after a single
laser shot, the dose deposited by ionization processes is approximately 3 orders of
magnitude higher than that deposited by NIEL processes.

5.3.3 Conventional protons deposited dose

The 2.8 MeV protons used at the TOP-IMPLART facility are completely absorbed
by the silicon depth of the transistor die. Therefore, the total deposited dose by a
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given fluence of 2.8 MeV protons was calculated according to the formula:

Dtetal — @b,gmv - ®,-1.6-1071 (5.6)
dx

where %bg Mev is the stopping power of 2.8 MeV proton in silicon, ®,, is the proton
fluence and 1.6 - 1079 accounts for the conversion factor from MeV to Joule to
obtain the dose value in Gray. For example, for the lowest used proton fluence (®,
= 3.38 - 10° p/cm?), the total deposited dose in the sample is D' ~ 48 Gy.
The NIEL deposited dose was computed with the ASI calculator using the proton
fluence, the proton energy and the sample material. For a proton fluence of 3.38
- 10% p/em?, it is about DNIEL ~ 133 . 1072 Gy. Hence, the dose deposited by
ionization processes is approximately three orders of magnitude higher than that
deposited by NIEL processes. This is consistent with the results obtained at the
end of the laser-accelerated protons deposited dose section.

5.3.4 Neutrons deposited dose

The total dose deposited by 14 MeV neutrons was obtained by considering the
quantity Kinetic Energy Release in MAtter (KERMA) K. It is defined as the mean
sum of the initial kinetic energies dFy, of all the charged particles released in a mass
dm of a material by indirectly ionizing radiation incident on dm, divided by the

sample mass [124]:
dEtr
K = . 5.7
I (5.7)

It is expressed in Gray and its value approaches that of the total absorbed dose
under the conditions where charged-particle equilibrium exists, radiative losses are
negligible, and the kinetic energy of uncharged particles greatly exceeds the binding
energy of liberated charged particles [124]. The kerma per fluence is called kerma
coefficient and is expressed as k = %, in rad cm?.
The kerma coefficient k& for 14 MeV neutrons in silicon was obtained from the table
reported in [I163] and therefore, it was possible to obtain the K factors corresponding
to different neutron fluences. For example, for a neutron fluence ®,, = 2 - 10!2 n/cm?
the kerma factor is K ~ 25 Gy (i.e. D! ~ 25 Gy).

The NIEL deposited dose was obtained with the ASI calculator, using the neutron
fluence, neutron energy and sample material. For a neutron fluence of 2 - 102
n/cm?, it is about DN'FL ~ 1.2 Gy. This means that for 14 MeV neutrons, the dose
deposited by ionizing processes is one order of magnitude higher than that deposited
by NIEL processes.

In summary, for the analyzed radiation sources, the energy deposited by ionization
largely exceeds that deposited by displacement damage, except for neutrons.

5.4 Results comparison

This section aims to merge the results obtained in Section [5.2] and Section [5.3] to
determine the dose values at which the current gains exit specification to compare
different radiation sources.
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The threshold levels at which the components functioning is compromised, are
reported in Table [5.12) and Table [5.13] for NPN and PNP transistors, respectively,
for all the analyzed collector current values. Specifically, the values of total absorbed
dose for gamma radiation, the number of shots for laser-driven protons, and proton
and neutron fluence for protons and neutrons from conventional accelerators, after
which the gain values fall outside the ranges allowed by the datasheet, are presented.
The symbol "/" in the tables indicates that the parameter of interest did not exit
the allowed range up to the maximum analyzed deposited dose, number of shots or
fluence. These thresholds are crucial for the reliability and longevity of electronic

Table 5.12. Values of total absorbed dose, fluence and number of shots, for gamma
radiation, conventional protons and neutrons and laser-driven protons, respectively, after
which the gain values go out of specifications for NPN transistors.

Gamma Conventional protons Neutrons Laser-driven protons
B1  8kGy 1.2 - 10! p/cm? 5.0 - 102 n/em? 4 shots (~ 10! p/cm?)
B2 7kGy 8.0 - 10'° p/cm? 3.5 - 102 n/em? 3 shots (~ 10! p/cm?
Bs 3 kGy 5.0 - 10'° p/cm? 2.5 - 102 n/em? 2 shots (~ 10 p/cm?
Ba 600 Gy 4.0 - 10'° p/cm? 2.0 - 102 n/em? 2 shots (~ 10'Y p/cm?

Bs 100 kGy 1.8 - 10" p/em? / /

Table 5.13. Values of total absorbed dose and fluence for gamma radiation, conventional
protons and neutrons, respectively, after which the gain values go out of specifications
for PNP transistors.

Gamma Conventional protons Neutrons
B1 15 kGy 2.1 - 10" p/cm? 7.0 - 102 n/cm?
B2 20 kGy 2.5 - 10" p/cm? 8.0 - 10'? n/cm?
Bs 35 kGy / 1.5 - 10" n/cm?
Ba 20 kGy / /
Bs 70 kGy / /

systems in radiation-intensive environments. Referring to Table which summa-
rizes radiation levels characterizing high-radiation environments, several observations
can be made.

To evaluate the radiation resistance properties of devices to total ionizing dose
levels, the gamma radiation results from Table [5.12] and Table [5.13] are considered.
At High Luminosity-LHC, TID levels of approximately 1 Gy/year are expected in
the arcs. Over 10 years of HL-LHC operation, electronics in those positions must
withstand approximately 10 Gy. The functionality of the irradiated components was
not compromised after exposure to these TID radiation levels. Near the interaction
point, TID levels of 10 kGy/year are expected, indicating that the analyzed COTS
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components are not suitable for application in those locations.

To evaluate radiation resistance concerning HL-LHC 1 MeV neutron equivalent flu-
ence, the proton and neutron fluences from Table and Table were converted
into 1 MeV neutron equivalent fluence using Equation (described in Chapter :

(I)lMeVneq = kparticleq)particle (58>

Specifically, the hardness factor ke garevprotons for 2.8 MeV protons (conventional
protons used at TOP-IMPLART) is equal to [62]:

k2.8MeVprotons =11.73 (5'9)

and the hardness factor kignsevneutrons for 14 MeV neutrons (neutrons used at FNG)
[62]:
k14MeVneutrons = 1.8. (5'10)

The resulting 1 MeV neutron equivalent fluence values corresponding to conventional
proton (@iﬁgfﬁfzzmm 7olo) and neutron (®7576%e ) fluences after which transistor
gain values exceed specifications for NPN and PNP transistors are presented in

Table [5.14) and Table [5.15] respectively.

Table 5.14. Values of 1 MeV neutron equivalent fluence (in n.,/cm?) corresponding to
conventional proton and neutron fluence from Table [5.12] respectively, after which gain
values exit specifications for NPN transistors.

(I)conventionalprotons (I,neutrons
1MeVneq 1MeVneq

B1 14102 n./cm? 9.0 - 10'2 n,,/cm?
By 93111 neq/cm2 6.3 - 10'2 neq/cm2
Bs  5.9-10" n,/cm? 4.5 - 1012 n.,/cm?
Bsa  4.7-10" n./em? 3.6 - 10'2 n,,/cm?
Bs  2.1-10'2n,,/cm? /

Table 5.15. Values of 1 MeV neutron equivalent fluence (in n.,/cm?) corresponding to
conventional proton and neutron fluence from Table [5.13] respectively, after which gain
values exit specifications for PNP transistors.

(I)conventionalprotons (I)neutrons
1MeVneq 1MeVneq

B1 25102 n,/em? 1.3 10" n./cm?
Bz 29-10" ng/em® 1.4 - 10" ngy/cm?
B3 / 2.7 - 10" ney/cm?
Ba / /
Bs / /
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As described in Chapter [T 1 MeV neutron equivalent fluence is used at LHC to
quantify the amount of displacement damage induced in silicon. From Table [5.14]
and Table it is evident that transistor gain values were compromised after
exposure to 1 MeV n,, fluence of approximately 10'2-10'® n.,/cm?. Therefore, these
components are suitable for use in LHC positions with low levels of 1 MeV n.,
fluence but not in the most critical areas concerning radiation levels.

As outlined in Chapter [I} in challenging interplanetary space missions such as JUICE,
the expected TID value over the mission lifetime, primarily due to trapped electrons,
is above 10 kGy for a typical aluminum shielding thickness of 1.5 mm [9]. Therefore,
the analyzed COTS components are not suitable for these applications. However,
they can be employed in low orbit missions aboard the ISS, where the expected TID
dose is around 0.01-3 Gy/year, as specified in Chapter

Within the DTT environment, electronics must withstand the expected absorbed
dose levels in silicon as outlined in [25]. Specifically, for the building outside the DTT
cryostat, absorbed doses ranging from 0.5 to 2.5 kGy were estimated. Therefore,
considering the gamma total absorbed dose threshold levels reported in Table
and Table the analyzed COTS BJTs appear to be suitable for application in
the DTT radiation environment.

The methodology presented in Section [5.3] for evaluating the deposited dose from
various radiation sources is crucial for assessing the dose delivery efficiency of novel
sources, such as laser-accelerated protons, and for comparing the effects induced by
different radiation sources used in this research on the investigated samples.
Firstly, all the values reported in Table [5.12] and Table [5.13] were transformed into a
total absorbed dose value (D***). The contributions DV/FL to the total dose were
then calculated, according to the methods described in Section for the different
radiation sources. Moreover, the dose deposited by ionizing processes was obtained
by subtracting the NIEL dose from the total deposited dose.

The corresponding results are shown in Table and Table for NPN and PNP
transistors, respectively. Specifically, as not all the gain values exit specifications up
to the investigated irradiation conditions, 1, B2, 83 and B4 will be considered for
NPN transistors and 31 and S for PNP transistors.

For NPN transistors, gamma radiation resulted in the highest required value of total
absorbed dose (up to 8 kGy) to cause the gain value to exit technical datasheet
specification, while laser-driven protons required significantly lower doses (up to
13.6 Gy) to achieve similar effects. Conventional protons and neutrons also showed
considerable differences in their dose requirements, with neutrons depositing total
absorbed dose values approximately two orders of magnitude lower than conventional
protons for similar outcomes.

For PNP transistors, gamma radiation again showed high required total absorbed
doses. Notably, conventional protons require a deposited dose two orders of mag-
nitude higher than neutrons to cause the current gain values to go out of allowed
ranges.

This effect is due to the different kinds of damage that ionizing and non-ionizing
dose induce in the components. Although the NIEL dose values are much lower than
the values of the dose deposited by ionization processes, the effect of the NIEL dose
is not negligible. As expected from the literature [59) 57], the NIEL contribution



5.4 Results comparison 134

Table 5.16. Values of dose deposited (D*** DTIP and DNIEL) after irradiation with
gamma radiation, conventional protons and neutrons, and laser-driven protons, after
which the gain values go out of specifications for NPN transistors. The values error is
+ 5% and accounts for uncertainties in dose estimation and the extrapolation of dose

values.

Conventional Laser-driven

Gamma protons Neutrons protons

Dtotal 8 kGy 2.05 kGy 62.5 Gy 13.6 Gy

B, DTIP 8 kGy 2.05 kGy 59.5 Gy 13.5 Gy

DNIEL 0.06 Gy 0.46 Gy 3.0 Gy 0.01 Gy

Dtotal 7 kGy 1.37 kGy 43.8 Gy 10.2 Gy

B, DTIP 7 kGy 1.37 kGy 41.7 Gy 10.2 Gy

DNIEL 0.06 Gy 0.31 Gy 2.1 Gy 0.01 Gy

Dtotal 3 kGy 856 Gy 31.3 Gy 6.8 Gy

Bs DTIP 3 kGy 856 Gy 29.8 Gy 6.8 Gy
DNIEL 0.02 Gy 0.24 Gy 1.5 Gy 5.0 - 1073 Gy

Dtotal 600 Gy 685 Gy 25 Gy 6.8 Gy

By DTIP 600 Gy 685 Gy 23.8 Gy 6.8 Gy
DNIEL 50.1073 Gy 0.14 Gy 1.2 Gy 5.0 - 1073 Gy

Table 5.17. Values of dose deposited (D*** DTIP and DN!EL) after irradiation with
gamma radiation, conventional protons and neutrons, after which the gain values go
out of specifications for PNP transistors. The values error is & 5% and accounts for
uncertainties in dose estimation and the extrapolation of dose values.

Conventional
Gamma protons Neutrons
Dtotal 15 kGy 3.02 kGy 87.5 Gy
B, DTIP 15 kGy 3.02 kGy 83.2 Gy
DNIEL 192.107! Gy 0.83 Gy 4.25 Gy
Dtotal 20 kGy 3.6 kGy 100 Gy
B, DTIP 20 kGy 3.6 kGy 95.1 Gy

DNIEL 16 .107! Gy 0.95 Gy 4.85 Gy
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to the total absorbed dose due to neutron irradiation is the largest in percentage
compared to the other employed radiation sources (one order of magnitude between
NIEL and TID while four orders of magnitude occur for protons and six for gamma
radiation). Consequently, lower total absorbed doses of neutrons are required to
cause the same effects on the devices. Conversely, higher total absorbed dose values
of gamma radiation are required since the NIEL dose contribution is approximately
five orders of magnitude lower than the ionizing one, confirming that high gamma
radiation levels are required to cause bulk damage [58].

Very interesting results were obtained. Experimental evidence suggests that laser-
accelerated protons are suitable for stress testing [71], but more data are required to
assess their suitability for electronics irradiation. Looking at the results obtained
after irradiation of NPN bipolar transistors with laser-driven protons and protons
from conventional accelerators, some considerations can be outlined. To obtain
the same damage in terms of current gain degradation, a difference of two orders
of magnitude in total absorbed dose is required. Laser-driven protons appear to
be much more efficient regarding dose delivery. The proton sources used in the
study shared similar energy ranges (approximately 0.7 MeV to 5 MeV for laser-
driven protons and 2.8 MeV with a 0.2 MeV energy spread for TOP-IMPLART
protons). Considering the threshold values for 31, approximately 10! protons were
required to induce comparable damage in the BJT active region, with approxi-
mately 0.8 - 10! protons delivered over four laser shots using the ALLS proton
spectrum. A significant distinction lies in the total irradiation time and pulse length
between laser-driven and conventional proton bunches. As detailed in Chapter
the TOP-IMPLART proton beam has a pulse length of about 15 us, delivering
approximately 107 protons per pulse to the sample active region. Thus, it required
approximately 10* pulses over 400 seconds (with a pulse repetition frequency of
25 Hz) to deliver 10! protons from the TOP-IMPLART source. In contrast, the
pulse length of the laser-driven protons, considering the samples were positioned
at 23.5 cm from the TNSA target and that the protons velocity depends on their
energy, ranging from approximately 0.7 MeV to 5 MeV in this case, was found to
be approximately 13 ns. This means that approximately 0.2 - 10'! protons are
delivered within tens of nanoseconds during laser-driven proton irradiation. To
perform four shots, given a repetition frequency of 0.6 Hz, approximately 6 seconds
were required. Therefore, compared to conventional proton sources, laser-driven
protons require two order of magnitude less time to deliver the same amount of
protons. According to the literature [71], laser-driven protons can cause intense
mechanical and thermal damage within a very short timeframe, preventing material
recovery and potentially leading to device malfunction due to silicon degradation.
The study did not consider the contribution of carbon ions accelerated during the
TNSA mechanism, as explained in Section as their effect on temperature increase
was found to be negligible [71]. Future research should explore their contribution
to confirm the higher dose delivery efficiency of laser-driven protons compared to
conventional sources, attributed to the high induced stress in a short irradiation time.

The results emphasize laser-driven protons as effective and promising tools for
electronics testing, although further research is needed to confirm their suitability
compared to conventional sources. The efficiency of laser-driven protons in delivering
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damage, requiring significantly less time and inducing higher impact levels within
nanoseconds, underscores their potential in advanced radiation testing protocols.
This efficiency could revolutionize applications requiring precise and efficient dose
delivery, positioning laser-driven protons as strong candidates for future electronic
device testing and enhancement.

5.5 Optoisolators characterization

The optoisolator is composed of components that rely on carefully grown, well-
defined microscopic structures with very low tolerance for slight changes in their
characteristics. Such changes can significantly affect component parameters, de-
pending on the type of incoming radiation and the location of energy deposition
within the optocoupler. The functioning of the LED in the optoisolator is primarily
affected by the DD dose, while TID and SEE are the most important effects for the
photodetector and the coupling medium [55].

The radiation resistance properties of three OLS249 optoisolators from the same
batch were investigated by testing many parameters before and after each irradiation
and annealing step. Among these parameters, the trend of the collector-to-emitter
saturation voltage Vo p(sqr) Was specifically chosen to assess the radiation effects on
this type of device. Vo g represents the collector-to-emitter voltage relative to a fixed
output current I of the phototransistor when a forward current Iz flows through
the LED (as described in Section @ - VeE(sat) specifically denotes the voltage
drop across the transistor when it is fully saturated, meaning the collector current
I¢c reaches its maximum and is independent of the base current Ig. This parameter
is crucial as it indicates the transistor effectiveness in saturation mode, essential for
rapid switching between saturation and cutoff states in optoisolators. Any deviation
in Vop(sat) can potentially affect the device switching speed and overall efficiency.
An increased Vop(sqr) often signifies degraded transistor performance, leading to
slower response times or increased power dissipation within the circuit.

In this study, following the test conditions outlined in the OLS249 technical datasheet
[144], V¢ p(sat) Was evaluated under specific operating conditions: with a fixed for-
ward current Ip of 2 mA and output current Io also set at 2 mA. Under these
conditions, the maximum allowable value for Vg (s is specified as 0.3 V.
Furthermore, the reverse current Igr was measured. This is defined as the current
that flows when a reverse voltage Vg is applied to the LED side. It is a leakage
current since there should not be any current passing through the LED when it
is reverse biased. However, increasing the reverse voltage or, for example, rising
ambient temperature can cause this current to increase, and values of I < 100 pA
are acceptable. For these tests, Igr was measured for Vg = 2 V.

The forward voltage V, defined as the voltage across the LED when a forward
current Iz flows, was also measured for I = 10 mA. In this condition, V cannot
exceed 1.8 V [I44]. The product of this value and the forward current value expresses
the internal loss of the light-emitting side [164].

Since optocouplers are renowned for their high reliability in isolation, the collector-
to-emitter off-state leakage current Iopo of the phototransistor collector, when no
forward current flows through the LED (no light emission from the LED), is another
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important parameter to be evaluated. After each irradiation step, it was evaluated
for Vog = 20 V and its maximum allowed value in this case is 100 nA.

The output current I, corresponding to the collector current of the phototransistor,
was also evaluated for Vogp = 5V and I = 1 mA.

The radiation tolerant optoisolators have been irradiated only with gamma radiation
so far. Since they are more expensive than the analyzed COTS components, the
plan is to irradiate them with other radiation sources, particularly with laser-driven
protons, once the irradiation parameters are optimized. Due to time constraints,
only the results obtained after gamma irradiation will be presented for this com-
ponent. However, preliminary analyses for laser-driven proton irradiation have
been performed on these samples. One optoisolator was decapped, and the silicon
die was analyzed with a SEM (Figure . Afterwards, a simulation of the dose

VEGA3 TESCAN

INRS-EMT

Figure 5.42. SEM picture of a decapped optocoupler (magnitude 52x). The phototransistor
die and the LED are visible.

deposition from protons due to a single laser shot was performed using the previously
described Matlab®code. The dose deposited in the phototransistor active region by
laser-accelerated protons from a single shot is approximately 4.3 Gy.
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5.5.1 Gamma irradiation

Three OLS249 radiation tolerant optoisolators (Figure from the same batch
were irradiated with gamma radiation in different steps up to an absorbed dose of
300 Gy at a dose rate of 3.3 Gy/h. A summary of the absorbed dose after each step

is reported in Table
The irradiation tests were performed according to ESCC Basic Specification No.

Table 5.18. Steps of irradiation for the first set of samples irradiated with gamma radiation
at a dose rate of 3.3 Gy/h.

Irradiation Absorbed dose Total
step per step (Gy) absorbed dose (Gy)

1 56.7 56.7

2 74.3 131.0

3 19.1 150.1

4 68.6 218.7

5 74.6 293.3

22900 (Issue 5) [I41]: the samples were irradiated at room temperature, and after
each irradiation step, all the parameters described above were measured. After the
final step of irradiation, the optoisolators were kept at room temperature for 24
hours, followed by another parametric test. Subsequently, they were placed in a
furnace at 100°C for one week and characterized again. All the samples were biased
during the irradiation and annealing tests, as shown in Figure After irradiation,

%

y Q..

Figure 5.43. OLS249 bias condition during irradiation. R1 = 10 k2; R2 =1.8k); R3 =1
MQ; C1 =1 nF.
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all the samples showed an increase in Vop(sqr), indicating a degradation of this
parameter, as reported in Figure @ After each step of irradiation, the Vg
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Figure 5.44. Trend of Vo p(sar) as a function of the dose deposited by gamma radiation for
all the irradiated samples. The error is due to the measurement uncertainty of Vo g sar)

(+1%).

value increases but it remains acceptable for all the irradiated samples (Vog(sar)) <
0.3V).

The trend of the other analyzed parameters after irradiation is shown in Figure
for each sample. A slight decrease in the output current I (Fig. [5.45d), and
consequently in the CTR, is appreciable for each sample after irradiation. However,
all the investigated parameters remained within the range allowed by the sample
datasheet:

e Ip < 100 pA

¢ 12V < Vp <18V
e Iocpo < 100 nA

e 2mA <Ip < 12mA

Generally, TID causes parametric degradation of optoisolator components due
to charge trapping [55]. In the optical medium, ionizing radiation creates color
centers (charge trapped by defects) that can degrade light transmission efficiency by
absorbing signal photons. The efficiency of optical detectors can also be affected by
semiconductor damage. The photodetector in an optoisolator detects photocurrent
generated by photons with energy greater than the semiconductor bandgap, and any
changes in semiconductor properties can degrade its performance. However, color
centers can recover through annealing. Therefore, after irradiation, the samples
were kept at room temperature for 24 hours and then in an oven at 100 °C for one
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week for annealing tests. As shown in Figure all samples recovered their initial
values of Vop(sq) and Io after the second annealing treatment.
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Figure 5.46. Behavior of Vog(sqt) and I¢ as a function of the annealing time. The samples
were kept for 24 hours at room temperature and for 168 hours at 100 °C.

In summary, a degradation in Vop(se) was observed for all the analyzed samples
after each irradiation step; however, all values remained within acceptable limits.
Other parameters, such as reverse current (Ig), forward voltage (Vr), and collector
to emitter off-state leakage current (Iogpo), also showed changes but stayed within
datasheet specifications. Post-annealing recovery was successful in restoring initial
VeE(saty values. This underscores the importance of annealing in reversing total
ionizing dose radiation-induced damage in optoisolators, within the range of the
analyzed absorbed dose.
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Conclusion and perspectives

The main purpose of this thesis was to investigate the radiation resistance properties
of two types of electronic components, with particular emphasis on evaluating the
efficiency of dose delivery of an innovative stress-test source, specifically laser-driven
protons, compared to more conventional radiation sources. Electronic devices play
pivotal roles in numerous applications, but their operational reliability can be severely
affected by the challenging radiation environments encountered in fields such as
high-luminosity particle physics accelerators, space missions and fusion facilities.
Understanding the effects of ionizing radiation is therefore essential to ensure the
long-term functionality of these devices.

To achieve these goals, this study extensively explored various radiation sources
impacting electronic devices, focusing on the interactions between incoming particles
and the semiconductor materials of these devices, which lead to atomic displacements
and energy losses through ionization processes. Specifically, this research aimed to
clarify how defects induced by Total Ionizing Dose (TID) and Displacement Damage
Dose (DDD) influence the electrical behavior of semiconductor devices through a
series of post-irradiation investigations.

To simulate adverse radiation environments experienced during device operation,
laboratory irradiation with various particle sources was conducted, investigating
the effects of total ionizing dose and displacement damage after exposure. Recent
advancements in laser-driven particle acceleration have opened new avenues for
stress-testing materials and assessing device resilience, with laser-accelerated pro-
tons—generated by irradiating solid targets with ultra-intense ultra-short pulse lasers,
providing a unique method for rapidly inducing damage and evaluating component
durability.

This investigation specifically evaluated the radiation hardness of two types of elec-
tronic components: Commercial Off-The-Shelf (COTS) Bipolar Junction Transistors
(BJTs), both NPN and PNP types, and radiation tolerant optoisolators. While radia-
tion tolerant components are guaranteed by manufacturers for radiation performance
and are relatively costly, COTS components are cost-effective and readily available,
making them increasingly prevalent in space and high-energy physics environments,
even if they require thorough testing before their employment.

The BJTs analyzed in this study were subjected to irradiation with gamma ra-
diation at the Calliope facility, laser-driven protons at the ALLS facility, and protons
and neutrons at the TOP-IMPLART and FNG facilities, respectively, while the
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optoisolators were exposed solely to gamma radiation. To further enrich this study
and offer a comprehensive understanding of radiation damage induced by various
sources, COTS BJTs will be irradiated with the REX 5 MeV electron beam under
the irradiation conditions determined in Chapter [4] where the results obtained from
the dosimetric intercalibration of the Calliope and REX facilities are presented.
These results provided valuable insights into the radiation dose distribution within
the REX irradiation chamber, which is crucial for optimizing the accuracy and
consistency of radiation processing applications in electronics testing.

The second part of this study assessed the suitability of COTS components for
use in various radiation environments. For instance, gamma radiation results were
instrumental in assessing TID resistance within the HL-LHC environment. In posi-
tions where TID levels of approximately 1 Gy/year are expected in the arcs over
10 years of HL-LHC operation, the tested components demonstrated to be suitable.
Conversely, near the interaction point where TID levels of 10 kGy/year are expected,
the analyzed COTS components proved unsuitable. Similarly, interplanetary space
missions such as JUICE, with expected TID values exceeding 10 kGy over mission
lifetimes, also made the analyzed COTS components inadequate. However, they
remain usable for low Earth orbit missions like those aboard the ISS, where expected
doses range from 0.01 to 3 Gy/year. Within the Divertor Tokamak Test (DTT)
facility, where electronics must withstand absorbed dose levels in silicon ranging
from 0.5 to 2.5 kGy, the analyzed COTS BJTs proved again to be suitable.
Additionally, post-irradiation annealing tests were performed, to evaluate thermal
recovery of the induced defects. These tests were found to be successful as regards
recovery for BJTs irradiated at absorbed doses below approximately 2.3 kGy, whereas
components heavily damaged by gamma radiation (above approximately 25 kGy),
neutrons, and protons showed negligible recovery. This underscores that not all
radiation-induced damages can be mitigated through annealing, particularly for
high-dose scenarios.

Following this, the research aimed to investigate the dose delivery efficiency of
novel sources, such as laser-accelerated protons. Consequently, the damage induced
by different radiation sources was compared. Critical dose thresholds, at which
the performance of NPN and PNP transistors deviated from specifications due to
radiation exposure, were examined across all analyzed sources. For NPN transistors,
gamma radiation required the highest total absorbed doses (up to 8 kGy) to induce
gain deviations, while laser-driven protons achieved similar effects at significantly
lower doses (up to approximately 14 Gy). Similarly, conventional protons and neu-
trons demonstrated notable differences in dose requirements, with neutrons requiring
doses (up to approximately 62 Gy) approximately two orders of magnitude lower
than conventional protons (up to approximately 2 kGy) for comparable outcomes.
PNP transistors also showed high dose requirements with gamma radiation and
varied efficiencies between conventional protons and neutrons, with conventional
protons necessitating doses two orders of magnitude higher than neutrons to affect
current gain values.

These variations arise from the distinct mechanisms of damage induced by ionizing
and non-ionizing radiation doses. Although NIEL doses for neutrons are lower than
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TID, they contribute the highest percentage of NIEL to the total absorbed dose
compared to other radiation sources and cause significant damage. This indicates
that even a relatively small amount of NIEL from neutrons can have a considerable
impact. Notably, neutrons require a lower total dose to induce damage comparable
to that caused by other radiation sources, underscoring their efficiency. This pro-
nounced effect is likely due to the interaction of neutrons with matter. Neutrons,
being heavy and uncharged, penetrate materials deeply with minimal deflection
or scattering, leading to a higher probability of displacing atoms. They primarily
cause damage through elastic scattering with atomic nuclei, transferring a significant
portion of their kinetic energy to target nuclei in a single collision. This efficient
energy transfer amplifies their damage potential, even though their NIEL values are
lower. Conversely, gamma radiation necessitates higher total absorbed doses due
to its lower NIEL contribution relative to ionizing doses, highlighting the need for
elevated radiation levels to induce bulk damage.

Of particular interest were the outcomes following laser-driven proton irradiation,
which suggested their potential for stress testing. Comparative analysis of NPN
bipolar transistors irradiated with laser-driven protons versus conventional accelera-
tor protons revealed a significant difference: laser-driven protons achieved equivalent
damage to current gain degradation with doses two orders of magnitude lower.
This efficiency can be attributed to their rapid delivery of protons within a short
timeframe. Laser-driven protons, with energies ranging from approximately 0.7
MeV to 5 MeV and a pulse length of approximately 13 ns at a sample distance of
23.5 cm from the TNSA target, demonstrated an efficient dose delivery mechanism.
Approximately 0.2 - 10! protons were delivered within tens of nanoseconds per
irradiation, requiring only 6 seconds for four shots at a 0.6 Hz repetition rate. In
contrast, conventional protons required significantly longer irradiation times due
to their pulse length of about 15 us and lower repetition frequencies, highlighting
the efficiency gains of laser-driven proton irradiation. This efficiency advantage of
laser-accelerated proton irradiation is likely due to the shorter irradiation times,
which do not permit material recovery between exposures. Further studies are re-
quired to fully assess the potential of laser-driven protons, particularly to determine
whether the damage scales linearly with dose compared to other sources—that is,
whether comparable damage can consistently be achieved with doses that are orders
of magnitude lower. Therefore, additional tests are needed to verify this method for
stress testing and to explore its feasibility for use in qualification applications.

In conclusion, this comparative study emphasizes the potential of laser-driven pro-
tons as efficient radiation sources for applications requiring precise and effective dose
delivery. The findings highlight the interplay between ionizing and non-ionizing pro-
cesses in radiation damage mechanisms within transistors, offering valuable insights
for future developments in radiation testing methodologies utilizing novel sources
such as laser-accelerated protons.

At last, the results from the investigation of radiation tolerant optoisolators demon-
strated that the parameters characterizing these devices remained well within the
ranges specified by the samples technical datasheets after irradiation, confirming their
radiation resistance up to the exploited dose range. The successful post-annealing
recovery observed in optoisolators further highlights the potential of mitigation
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strategies in reversing radiation-induced degradation.

Future steps of this work involve irradiating other types of electronic components,
including radiation tolerant optoisolators, with the aforementioned radiation sources
to advance the investigation of radiation resistance properties of electronics and
validate stress testing with innovative radiation sources.

Based on all these results, this research project significantly contributes to clari-
fying the role of ionizing radiation on materials used in applications ranging from
electronics to space. Furthermore, the research aligns with the interests of several
scientific areas, including materials science, physics, and engineering, and provides
new insights into the topic of COTS components. Therefore, this study will not only
benefit academics working across a wide range of interrelated disciplines but also be
of great interest to specialists in the high-tech industry. Moreover, this thesis under-
scores the transformative potential of laser-driven proton sources in revolutionizing
radiation testing, paving the way for more robust electronic components that can
withstand the rigors of extreme environments, ensuring the reliability and longevity
of future technological advancements in space, particle physics, and beyond.
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