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ABSTRACT

Soderstrom, Daniel

Radiation effects on SDRAMSs and optical fiber-based dosimetry of high-energy
electrons

Jyvéaskyla: University of Jyvaskyld, 2023, 101 p. (+included articles)

(JYU Dissertations

ISSN 2489-9003; 639)

ISBN 978-951-39-9557-7 (PDEF)

This thesis work contains studies in two separate fields, unified under the topic
of electron radiation. The radiation effects of electrons on electronics is a field of
study that is gaining traction due to the ever smaller technology nodes found in
modern electronics risk getting upset by lighter particles and through different
mechanisms than historically has been observed. In this work, the response of
synchronous dynamic random access memories (SDRAM) was investigated un-
der electron irradiation with much focus on stuck bits and the evolution of data
retention times of the memory bits under and after irradiation. High-energy elec-
trons were found to be capable of inducing stuck bits as single event effects in a
device under test, and large losses of retention time capability were found both in
stuck bits and in bits that had bit-flips during irradiation. These radiation effects
were also studied under proton irradiation as well as photon irradiation, where
a large retention-time degradation was observed in both cases, which was as-
cribed to the effects of total ionizing dose on the device. Characterizations of op-
tical fiber-based dosimetry systems utilizing the radiation-induced luminescence
(RIL) of doped silica glasses for online dose monitoring were performed under
pulsed electron beams. The RIL intensity of the fiber-based dosimeters during
the delivered electron bunches was found to be linearly proportional to the dose
of the electron bunches when varying the dose per electron bunch. The lumi-
nescence properties of a silica glass rod doped with Gd>*-ions were investigated
under electron irradiation at varying depths in an acrylic phantom. The RIL pro-
portional to the deposited dose rate was separated from the induced Cherenkov
radiation through two separate acquisition systems, one based on a monochro-
mator and one based on a spectrometer. The decay time of the Gd**-ion lumi-
nescence was also studied through the monochromator. The presented results
show that these types of optical-fiber based dosimeters can be used to efficiently
monitor the dose of such a Clinac.

Keywords: dosimetry, electrons, optical fibers, photons, protons, radiation ef-
fects, radiation-induced luminescence, SDRAM, single event effects,
stuck bits, total ionizing dose effects



TIIVISTELMA (ABSTRACT IN FINNISH)

Soderstrom, Daniel

Séteilyn vaikutuksia SDRAMissa ja optisiin kuituihin perustuvaa dosimetriaa
suurienergisille elektroneille

Jyvéaskyla: University of Jyvaskyld, 2023, 101 s. (+artikkelit)

(JYU Dissertations

ISSN 2489-9003; 639)

ISBN 978-951-39-9557-7 (PDF)

Tama vaitoskirjatyo sisédltdd tutkimuksia kahdelta erilliseltd alalta, jotka on yhdis-
tetty elektronisidteilyn aiheen alle. Elektronisdteilyn vaikutukset elektroniikkaan
on tutkimusala, joka on tulossa yhéa tarkedimmaéksi, koska nykyaikaisessa elekt-
roniikassa esiintyvat aikaisempaa pienemmat rakenteet ovat vaarassa hdiriintya
yhé kevyempien hiukkasten vaikutuksesta ja erilaisten mekanismien kautta kuin
historiallisesti on havaittu. Tédssd tyodssa tutkittiin elektroniséteilyn vaikutuksia
aikasynkronoituihin dynaamisiin hajasaantimuisteihin (SDRAM) keskittyen eri-
tyisesti muistipaikkojen jumittumiseen, ja niissd olevan tiedon sdilymisaikojen
muuttumiseen sédteilyn aikana seka sen jalkeen. Tutkituissa muistikomponenteis-
sa suurenergisten elektronien havaittiin pystyvin aiheuttamaan jumittuneita bit-
tejd yksittdistapahtumina, ja aiheuttamaan tiedon sdilymisajan merkittavaa lyhe-
nemistd sekd jumittuneissa muistipaikoissa ettd muistipaikoissa, joissa bitti kddn-
tyi sdteilytyksen aikana. Nditd sdteilyvaikutuksia tutkittiin myos protoni- ja fo-
tonisateilytyksessd, joissa molemmissa tapauksissa havaittiin merkittava tiedon
sdilymisajan lyheneminen, joka johtui ionisoivan kokonaisannoksen vaikutuksis-
ta muistikomponenttiin. Pulssitetuilla elektronisuihkuilla tutkittiin optisiin kui-
tuihin perustuvia annosmittausjarjestelmid, joissa hyddynnetdan seostetussa pii-
lasissa sdteilyn indusoimaa luminesenssia (Radiation-Induced Luminescence, RIL)
sateilytyksen aikaiseen annosseurantaan. Valokuitupohjaisen annosmittarin tuot-
taman luminesenssin intensiteetin havaittiin olevan suoraan verrannollinen elekt-
ronisuihkun pulssien sisdltdméddn annokseen, kun annosta vaihdeltiin pulssien
siséltdmaa annosta muuttamalla. Gd3*-ioneilla seostetun piilasikuidun lumine-
senssiominaisuuksia tutkittiin elektronisateilylld eri syvyyksilld akryylifantomis-
sa. Annosnopeuteen verrannollinen RIL erotettiin indusoituneesta Cherenkov-
sateilystd kahdella erilliselld, monokromaattoriin ja spektrometriin perustuval-
la mittausjdrjestelmalla. Gd>*-ionin luminesenssin hajoamisaikaa tutkittiin myos
monokromaattorin avulla. Esitetyt tulokset osoittavat, ettd timantyyppisiad opti-
siin kuituihin perustuvia annosmittareita voidaan kdyttda tehokkaasti Clinacin
tyyppisen kiihdyttimen tuottaman siteilyn annoksen seurantaan.

Suomentanut alkuperdisesti englanninkielisesti tekstistd: Heikki Kettunen

Avainsanat: dosimetria, elektronit, fotonit, ionisoivan annoksen kokonaisvaiku-
tukset, jumittuneet bitit, protonit, SDRAM, siteilyn aiheuttama lu-



minesenssi, sdteilyn vaikutuksia, valokuidut, yksittdisen hiukkasen
aiheuttamat vaikutukset
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1 INTRODUCTION

Radiation is constantly present in various forms, and in a wide range of inten-
sities at different locations. There are situations where electronic systems need
to operate within environments where a large radiation background is present.
To ensure that these systems work as intended, prior knowledge of the effects of
the radiation on the electronics is needed, as is prior knowledge of the radiation
tields present in the environment.

Radiation effects were in this thesis work studied by investigating the be-
havior of synchronous dynamic random access memories (SDRAM) in various
radiation fields, with a focus on high-energy electron radiation. Environments
containing large amounts of very high energy electrons are not very common, but
one such environment is the trapped radiation fields around Jupiter, where large
space missions are scheduled to be sent in the coming years. Radiation effects
in a component vary with the radiation field and particle species found in the
environment, making the effects of high energy electron radiation on electronics
an important field of study since electron-induced radiation effects is historically
less investigated that the effects of e.g. protons and heavy ions.

Dosimetry, the quantitative measurement of ionizing radiation doses, is a
crucial part of defining radiation environments as well as monitoring radiation
beams in accelerators. The electron accelerator at the radiation effects facility
RADEEF at the University of Jyvdskyld was used in this thesis work to charac-
terize optical fiber-based dosimeters which can be used to monitor the dose and
dose rate through radiation-induced light emissions. The electron accelerator is a
clinical linear accelerator of a type used for radiotherapy, and the dosimetry study
investigated the luminescence properties and the utilization of optical fiber-based
doped silica glass dosimeters for online monitoring of the dose deposition from
clinical electron accelerators.

A few examples of radiation environments where systems with electronic
components and/or optical fibers are used, or are envisioned to be used, are
shown in Figure 1. The limits presented in the figure are approximate and many
overlaps between the separated regions exists, as well as situations where much
higher or lower dose rates occur within the environment than what is drawn in
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FIGURE1 Examples of environments where enhanced levels of radiation is found,
characterized by approximate typical ranges of ionizing dose rates and
doses. Inspired by and adapted after [1, 2], with additional data from [3,
4,5,6,7,8,9].

the figure. What can be seen is the wide variety of radiation doses and dose rates
that can be associated with various environments, from the relatively low dose-
rates associated with space missions, which over long mission durations and in
certain environments can accumulate large values of total dose, to the very high
dose rates associated with inertial-confinement type fusion reactor facilities such
as the Laser Mégajoule (LM]) and National Ignition Facility (NIF) but which are
associated with very short active run times. Other exemplified environments are
the vicinity of the beam line of the Large Hadron Collider (LHC) over the coming
high-luminosity run [3], as well as common dose rates and doses for a radiother-
apy treatment. Dose rates during radiation therapy is an active field of study,
where e.g. flash radiotherapy is investigated where the full treatment dose can
be deposited within fractions of a second and dose rates of above MGy /s can be
reached [10, 11]. The oval representing the radiation sterilization is based on the
sterilization of medical equipment using mainly gamma or electron radiation. It
can also enclose other industrial applications, such as the radiation-based mod-
ification of polymeric materials, which also commonly utilize radiation doses in
the range of tens of kGy per irradiated item [9, 12].

The contents and structure of the thesis are as follows. Chapter 2 presents
the background material and underlying concepts the research is built upon. It
contains descriptions of the properties and compositions of some of the radiation
environments which are of concern for electronic components, and describes how
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the radiation can interact with target matter and thereby transfer energy to e.g.
sensitive regions of electronic components. The chapter also describes dosimetric
quantities and relations that are used to describe radiation fields and to convert
quantities of particle fluence and deposited dose in various materials, and then
provides some descriptions of dosimeter systems relevant to this thesis work.
The chapter is finalized by descriptions of various radiation effects in electronics,
focused on mainly SDRAM components, and then by descriptions of irradiation
facilities utilized for the experimental work for this thesis.

The results of the irradiation experiments on SDRAMs are presented and
discussed in Chapter 3, based on the findings presented in the first two included
articles [PI, PII] which are attached at the end of the thesis. The experimental
results from the studies on optical fiber-based dosimeters are presented in Chap-
ter 4, based on the final two included papers [PIII, PIV]. The thesis is after that
concluded in Chapter 5.



2 BACKGROUND

2.1 Radiation environments

Radiation can be encountered at various places, and times, in our solar system.
The types of particles that are present, and the energies of these particles, can dif-
fer greatly from one place to another, and build up radiation environments with
a wide range of characteristics. We can divide these radiation environments into
two main categories: radiation environments on Earth, and radiation environ-
ments in Space.

Relevant radiation environments will be presented and discussed in this
section, with further information to be found in the cited material and the refer-
ences therein.

2.1.1 Radiation in space
2.1.1.1 Galactic cosmic rays

The space radiation environment consists of particles produced in the sun, as
well as particles originating from outside our solar system called galactic cosmic
rays (GCR). The GCRs are to a large extent originating in supernova events [13],
and were discovered through experiments by Victor Hess in 1912 [14]. They can
reach very high energies, so that even the average GCR energy is around 1GeV
per nucleon [15, 16]. The differential particle flux spectra of a selection of GCR
ion species (including protons with atomic number Z = 1) are shown in Figure 2,
as encountered by a satellite in geosynchronous orbit (GSO) at an altitude close
to 36000 km over the equator. The figure also shows spectra of solar particles,
which are discussed later in the text.

The GCRs consists of around 90 % protons and 9 % He ions (alpha parti-
cles), and about 1 % heavier ions and electrons [16]. Since the origin of the GCRs
is far away, and can even be from galaxies outside the Milky Way, the GCR flux
direction is isotropic in nature. The GCR flux (especially that of the lower energy
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FIGURE 2 Differential flux spectra for some ion species components of GCRs, and solar
particles. The spectra were simulated with the Space Environment Informa-
tion System (SPENVIS) [17] using the ISO-15390 [18] and ESP-PSYCHIC [19,
20, 21] models for the GCR and solar particles respectively, encountered on
average by a satellite in geosynchronous orbit (GSO) during the year 2022.

GCRs) is however dependent on the activities of the heliosphere and the sun,
and of the magnetic field of the Earth. A comparison of the fluxes of GCR pro-
tons and electrons is shown in Figure 3a, containing data taken by the PAMELA
Experiment [22].

2.1.1.2 Solar particles

The sun can emit large amounts of particles, solar energetic particles (SEP), through
solar particle events (SPE). These events can be solar flares or coronal mass ejec-
tions (CME), where the CMEs are the most intense. These events occur fairly un-
predictably and can last for periods of many days. Their frequency of occurrence
is correlated to the solar cycles (which have a periodicity of around 11 years),
so that SPEs are more likely to occur during the active parts of the solar cycles.
The SEP consists mostly of protons, which can reach high energies of hundreds
of MeV [16, 26], and even multiple GeV [27]. Also heavier ions (mostly helium),
electrons, x-rays, and neutrons are emitted in the SPEs [16, 28]. The differential
flux spectra of a selection of ion species are shown in Figure 2, together with those
of GCRs. Note that the scales of the axes of the two figure frames are different.

A comparison of the proton and electron contents of SPEs is shown in Fig-
ure 3b. The figure shows fits of measured particle fluences over four SPEs in an
especially active solar period towards the end of 2003.

2.1.1.3 Trapped radiation belts

Around planets with magnetic fields, charged particles can get trapped in specific
regions. The trapped radiation belts around Earth are known as the Van Allen
belts, after the observation of the radiation belts made by the Explorer satellites,
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FIGURE 3 Energy spectra comparing the abundance of protons and electrons in GCRs
in a), and in a selection of SPEs in b). The data shown in a) come from the in-
orbit experiment PAMELA taken during 2009, with electron data from [23]
and proton data from [24]. In b), fits to particle fluences measured by various
spacecraft during SPEs in 2003 are shown, based on data presented in [25].

and reported by James Van Allen in 1958 [29, 30]. The Van Allen belts are com-
monly seen as two separate radiation belts, one inner belt (“the proton belt”) and
one outer belt (“the electron belt”). Despite their names, both of these belts con-
tain electrons as well as protons (and a small part of heavier ions as well), and
their positions are neither statically fixed nor always separated from each other.
In the inner belt, located from the edge of the atmosphere to within about
13000 km above the Earth’s surface, electrons with energies < 5 MeV (typically
hundreds of keV) are present, but the dominating part is protons with energies
up to hundreds of MeV [31, 28]. The so called cosmic ray albedo neutron decay
(CRAND) populates the inner belt with most of the protons present there [16,
31], and as well with some of the electrons of the inner belt [32]. The neutrons
of the CRAND process are induced as secondary particles when GCRs collide
with the Earth’s atmosphere, and the free neutrons decay with a mean lifetime of
about 15 min into a proton, an electron, and an anti electron neutrino. Most of the
neutron kinetic energy is maintained by the proton, while the electron from the
beta decay obtains an energy of up to 782 keV [32]. It was through the detection of
the showers of secondary particles that the GCRs were originally discovered [14].
In calm geomagnetic conditions the outer Van Allen belt is commonly found
in the span 13 000 to 45 000 km above the Earth’s surface [31]. This radiation belt
mainly contains high-energy electrons in the MeV-range (< 10 MeV), but also
protons with energies of generally up to around 100 keV [31]. With changes in so-
lar activity, such as solar flares and solar storms, the outer belt (and the magnetic
tield in the region of the outer belt) can however be rapidly modulated, so that the
particle spectrum, shape and position of the outer belt can vary greatly [31, 28].
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FIGURE 4 The flux of protons with energies over 10MeV present at an altitude of
400 km over the Earth’s surface. These protons are only found in the SAA off
the South American Atlantic coast. The visualization was done with SPEN-
VIS [17], using the trapped proton environment model AP8 [33] of solar min-
imum (worst case for protons) conditions.

The filling of the inner belt with electrons is occurring mostly through events
of high solar activity, where electrons are pushed to low altitudes. The injec-
tion events of electrons with energies above 1 MeV are rare, while injections of
electrons with energies of hundreds of keV and below are more common [34].
Lower energy solar electrons can be injected through less violent solar substorms
through the Earth’s magnetotail into the outer belt [31]. These can be subse-
quently accelerated to higher energies (into the MeV-range), through resonance
interactions involving hundreds of keV electrons, and plasma waves generated
by tens of keV-electrons [35].

The charged particles of the belts are trapped in the Earth’s magnetic field
through three main motions. They bounce back and forth along the magnetic
tield lines, while undergoing a gyrating motion around those lines, and at the
same time have a drifting motion around Earth: eastward for electrons and west-
ward for protons (as well as for the small amount of other ions present in the belts,
carrying a positive electric charge) [28, 31]. Further details about these motions
and dynamics can be found in e.g. [36].

The Earth’s magnetic field is tilted from its axis of rotation by about 11°, as
well as have an offset of about 500 km toward the west Pacific [28]. This results
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in the magnetic field lines coming closer to the Earth’s surface above the south
Atlantic, by the South American coast. This region has a higher particle flux,
most notably of high-energy protons, at lower altitudes than elsewhere on Earth,
which is known as the south Atlantic anomaly (SAA). This region is visualized
in Figure 4, where the flux of protons with energies above 10MeV found at a
400 km-altitude is shown over a map of the Earth. 400 km is also the altitude of
the International Space Station (ISS), flying in low Earth orbit (LEO). At these
altitudes, below and around 1000 km, high-energy protons are mainly present in
the SAA.

Planets with different magnetic fields will get different resulting particle
spectra in their trapped radiation. An example is shown in Figure 5, where the
particle environment faced by a satellite (the Galileo GSAT0221 in medium earth
orbit (MEQ)) in the electron (outer) belt of Earth is compared to expected environ-
ment for the European Space Agency (ESA) Jupiter Icy Moons Explorer (JUICE)
mission, which will visit the Jovian environment. Navigation satellites, such as
GSAT0221, as well as GPS and GLONASS satellites, are generally located in MEO,
at around a 20 000 km altitude.
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FIGURE 5 Differential trapped particle flux expected to be encountered on the ESA
JUICE mission [37], compared to that faced by the Galileo satellite GSAT0221
in medium Earth orbit (MEO) as modeled by SPENVIS [17] using the
trapped electron and proton models AE8 and AP8 [33] during solar maxi-
mum (worst case for electrons) conditions. This is also compared with the
inner-belt protons encountered at an altitude of 7000 km, marked with gold
dots.

In Figure 5 is also shown the proton environment deep in the proton (in-
ner) belt of Earth, encountered in a circular example orbit at a 7000 km altitude,
where protons with comparable energies as encountered by JUICE are found.
The key difference of the trapped Jovian environment compared to the Earth’s is
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the presence of very-high energy electrons, up to the GeV-range in energy. These
particles might produce radiation-induced effects in the spacecraft electronics not
normally considered, since these high-energy electrons are not generally encoun-
tered.

2.1.2 Terrestrial radiation environments
2.1.2.1 Atmospheric radiation

As mentioned under Section 2.1.1, GCRs were first observed through the sec-
ondary particles that they induce when they collide with the atmosphere. Pri-
mary cosmic particles with high energies can result in large showers of secondary
particles through spallation reactions and other nuclear reactions, through both
the primary particle and its secondaries. This leads to a radiation environment
in the atmosphere which is dependent on altitude, latitude, the solar activity and
geomagnetic activity [16, 38, 39].

The particles present are dominantly neutrons, but also protons, electrons,
photons, muons and pions are present, as well as heavier ions [16, 40]. The neu-
tron density in the atmosphere grows with decreasing altitude as the particle
showers spread, until a maximum at altitudes around 20 km [41]. The neutron
component in particular, presents challenges to the safe operation of aircraft elec-
tronics [38], as well as cause elevated ionizing dose levels for aircraft crew [42].

Solar particles, as well as the GCRs, can cause increased radiation levels in
the atmosphere. During severe SPEs, the solar particles can increase the dose
level received by aircraft crew many times over [43]. The flux of neutrons and
other particles induced by the GCRs and SEPs are attenuated when traversing
further through the atmosphere, but a part of them can reach also to the ground
level [44]. At ground level, the neutron density is about 500 times smaller than at
the peak at 20 km [41].

2.1.2.2 Particle accelerators

There are man-made sources of radiation where the environment can be locally
very harsh. These include nuclear power plants, experimental fusion reactors
such as ITER [45], and particle accelerator facilities.

Accelerator facilities exist in many forms, with a wide range of potential
radiation environments inside and outside of the particle beam itself. The scale is
broad, from large research infrastructures like the LHC and its connected chain of
accelerators at CERN [3, 46, 47], to smaller accelerators used for e.g. radiotherapy
in medical facilities [48, 49].

What these have in common is when the main and intended particle beam
is created and accelerated, background radiation and secondary particles are in-
duced, which create radiation fields around the accelerator beam. Descriptions
of the radiation facilities most relevant to this thesis are presented in Section 2.5.
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2.2 Radiation interactions with matter

The encountered radiation might be harmful for living organisms, as well as elec-
tronic devices. The reason for this potential harm is the energy that is transferred
to the target material through various interaction processes.

There are multiple ways one could categorize these interactions. Here they
are separated under photon-matter interactions and interactions between other
particles and matter. All types of particles are not considered in this section,
and the discussion is limited to photons (y), neutrons (n), electrons (e™), protons
(pt/HT), as well as heavy ions (HI, ions heavier than HT). Further information
on the topic can be found in e.g. [50, 51, 52].

2.2.1 Particle-matter interactions

When the effects of radiation are discussed, in relation to either biological effects
or electronics, it is ionizing radiation that is referred to, i.e. radiation which can
directly or indirectly ionize a target material. Direct ionization occurs through
charged particles such as protons, electrons and heavy ions, which directly ion-
ize the target medium through coulomb interactions with the target material elec-
trons. Indirectly ionizing particles are neutral particles, such as photons and neu-
trons. They can induce charged particles through interactions with the target
material, which then in turn are directly ionizing.

For charged particles, the rate of change in energy dE per path length dx
while traversing a material is defined as the stopping power S, as shown in Eq. 1.
This quantity is also known as the stopping force.

dE

S:—a

(1)
This is commonly expressed in units of MeVcm™!. The stopping power
divided by the density p of the target medium is called the mass stopping power,
with e.g. the unit MeV cm? mg 1.
Expressions for the mass stopping power are shown in Egs. 2 and 3 for
heavy charged particles and for electrons respectively. These equations were orig-
inally derived by Bethe, and Eq. 2 is commonly known as the Bethe-formula.
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Here N4 is Avogadro’s number, Z is the atomic number, and A the atomic
mass number of the target material, m, is the electron mass, c is the speed of
light in vacuum and z is the projectile atomic number. B = ©v/c is the ratio of
the projectile speed v to ¢, I is the mean excitation energy / ionization potential
of the medium, r, = €%/ (47T€0mgC2) is the classical electron radius, where e is
the electron charge and ¢ is the permittivity in vacuum, and Ey is the incident
electron kinetic energy in Eq. 3.

An example of how the energy and mass stopping power vary as a Xe ion
traverses a slab of Si is shown in Figure 6. The ion is continuously losing energy
through coulomb interactions with the electron clouds of the target material. As
the energy decreases, and the particle velocity decreases, the energy transfer per
unit path length increases, until it reaches a maximum shortly before the parti-
cle is completely stopped in the target. The maximum energy transfer region is
known as the Bragg peak.
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FIGURE 6 Energy and mass stopping power of 16.3 MeV /n Xe ions in Si. The evolution
of the Xe energy and stopping power as the ions traverse Si is shown. The
energy is steadily decreasing, while the stopping power reaches a maximum
when the energy gets low, known as the Bragg peak. The data used for the
figure was obtained from [53].

The collision stopping power S, is mainly originating from interactions be-
tween the incident particle and the atomic electrons. For light projectiles, such as
electrons, the radiative energy loss can be large, and is not negligible. Since the
projectile mass is the same as the target mass when an impinging electron scatters
against atomic electrons, the paths of electrons in the target material will be much
more erratic, with larger scattering angles compared to those of heavier projec-
tiles. These directional changes of charged particles lead to photon emissions
called bremsstrahlung (braking radiation). The mass stopping power of electrons
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due to radiative emissions is expressed by Eq. 4.
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The total stopping power for a particle is then the sum of the collision and
radiative stopping components

Stot = Scol + Smd- (5)

The stopping power components from Eq. 5 are shown in Figure 7 for elec-
trons in liquid water, Si, and Ta, with the values of the stopping powers obtained
from [54]. When the electron energy increases over a few MeV the radiative stop-
ping power becomes dominant, where the exact point in energy differs with the
target material. Note the Z2-dependence in Eq. 4, which makes the radiative en-
ergy losses far greater for heavier target materials.
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FIGURE 7 Stopping powers of electrons in Si, liquid water, and Ta. The data used for
the figure was obtained from [54].

Particle projectiles can also interact with target matter through nuclear in-
teractions, where energy can be transferred elastically or inelastically to the target
nuclei, causing nuclear recoils and /or decay products. The kinematics of elastic
reactions by an incident particle on a nucleus is governed by the conservation
of momentum and energy in the collision, without needing to take into account
nuclear excitations as needed for inelastic reactions.

For the case of electrons impinging on a nucleus, there is a very large mass
difference (the ratio of the electron mass to the proton mass m, is m,/m, ~ 5 -
107%). One can therefore view the electron-nucleus scattering analogous to the
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Compton scattering of a photon on an atomic electron [55]. The kinetic energy of
the recoil atomic nucleus can then be expressed as

E2  2sin?60/2

- Mc21 4 Eesin?9/2

(6)

EK,r

where E, is the incident electron energy, M is the recoil nucleus mass, and 6 is the
scattering angle of the electron. The maximum recoil energy is obtained with a
backscattered electron, 8 = 7.

Neutrons do not interact through Coulomb interactions since they have no
net charge. They interact instead through interactions with target nuclei via the
strong force in inelastic nuclear reactions. These reactions can take place at con-
siderably lower energies for neutrons than charged particles, since the neutrons
don’t need to overcome the Coulomb barrier of the target nuclei.

The inelastic reactions offer many possible paths, where the interaction cross
sections of possible reactions are highly dependent on the isotopes present in
the target material and the incident particle species and energies. To extract the
properties of the total resulting particle spectrum for an incident particle on a
target, Monte-Carlo based simulation tools such as GEANT4 [56], FLUKA [57],
or G4SEE [58] are useful. Examples of simulated energy spectra of generated
secondaries from electron irradiation on various materials are shown in e.g. [59,
60].

2.2.1.1 Cherenkov radiation

Charged particles traversing a transparent medium at velocities larger than that
of light in the material emit photons called Cherenkov radiation, named after its
discoverer [61]. Along the path of the charged particle in the medium, a polariza-
tion of the surrounding medium will occur by the particles electromagnetic field,
with a following electromagnetic emission upon the relaxation of the medium.

For the case of fast particles, a wavefront with positive interference emerges
at an angle 6 relative to the fast charged particle. The speed of light in a material
is c/n(A), where n is the refractive index of the material and is a function of the
wavelength A of the light, and the speed of a particle is fc. The emission angle is
then obtained through

(7)

which is known as the Cherenkov relation, where the particle velocity needs to
be larger than the phase velocity of light in the material, i.e. fn > 1. Further
information can be found in e.g. [62].
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2.2.2 Photon-matter interactions

High-energy photons can originate from various sources, for instance from the ac-
celeration and turning of charged particles (e.g. bremsstrahlung and synchrotron
radiation), atomic deexcitations (X-rays), or nuclear deexcitations (y-rays).

The secondary particles in a target material after photon interactions are
mainly electrons, originating from the photoelectric effect, Compton scattering or
pair production processes. Other reaction products can arise from photo-nuclear
interactions, where the (7y,n)-type reactions are common for high-energy photons,
and a concern when using e.g. clinical linear accelerators [63, 64].

The photoelectric effect is an atomic interaction, where the incoming photon
energy is absorbed by one of the atomic electrons. The electron (called a photo-
electron) will be released from the atom with a kinetic energy that is the difference
between the photon energy and the electron binding energy. Also X-rays will be
induced in this process, originating from the deexcitation process of the atomic
electrons to fill the vacant shell position left by the ejected photoelectron (this
process can also release another electron, an Auger electron, in place of an X-ray).
This type of interaction is dominant for low-energy photons, and especially for
absorber atoms with high Z-values.

Compton scattering occurs as the incoming photon scatters against one of
the atomic electrons. In this process, a part of the photons energy and momentum
is transferred to the atomic electron, which gains the kinetic energy as described
in Eq. 6 (if the binding energy and initial kinetic energy of the electron is ne-
glected). In the equation, M is exchanged to the electron mass, E, to the photon
energy, and 0 is the scattering angle of the photon. This effect is dominant for
photons with intermediate energies (around the MeV-range) and especially for
materials with low-Z nuclei.

In the pair production effect, the photon disintegrates in the close vicinity
of an atom into an electron and a positron (e™, anti-electron). This effect can
occur for photons with energies above 1.022 MeV (since the electron and positron
rest mass are of 0.511 MeV each), where the photon energy above this limit is
transferred to the created particles as kinetic energy. The positron slows down
in the material after it is created, and will subsequently annihilate in a reaction
with an electron. The annihilation creates a pair of photons, each with an energy
of 0.511 MeV emitted in opposite spatial directions. The pair production effect
dominates for high-energy photons, and especially for high-Z atoms.

2.3 Dosimetry

The measurement of doses of ionizing radiation is known as dosimetry, and is
central in characterizations of radiation beams and in radiation safety applica-
tions.

There are various quantities that are used for describing beams of radia-
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tion, and of how much energy that is transferred from them to a target material.
Some of these quantities are described in Section 2.3.1, and some examples of
dosimeters are presented in Section 2.3.2. Further information can be found in
e.g. [51, 65].

2.3.1 Dosimetric definitions

The number of particles that are present in a beam or radiation field is described
by the particle fluence

dN

where dN is the number of particles incident on a cross sectional area dA. The
fluence has the unit m~2, or more commonly used cm 2 since particle beam di-
mensions and target areas are often in the scale of cm.

If the particles in the beam have an energy E, the energy fluence ¥ is given

by

g dNp_ dR

Here dN is the number of particles with energy E, and dR is the radiant energy in-
cident on the area dA. Energy fluence is described in units of J m 2 or MeV cm 2.

Particle beams are however not perfectly monoenergetic, and there is al-
ways a spread in energy. Some particle beams and radiation fields are also de-
signed to include a range of energies. Thus an energy dependence on the quan-
tities in Egs. 8 and 9 can be included, and we may define the particle fluence

spectrum ®f(E) and the energy fluence spectrum ¥ (E) as

@r(E) = So () (10)
and
Ye(E) = SE(E). (1)
The particle flux is defined as
d = Cllit) (12)

which is the rate of particle fluence. d® is the increment of particle fluence in
the time interval dt, and ® has commonly the unit cm~2s~!. The same way the
energy fluence rate can be described as
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Y

Y = T3 (13)
with the units Wm 2 or MeVcm 251

For indirectly ionizing radiation, such as neutrons or photons (Section 2.2.1),
the kinetic energy released per unit mass (kerma, K) is an important quantity.
Kerma is a measure of the average amount of energy that is transferred from the
indirectly ionizing radiation to secondary directly ionizing charged particles Ey,,
that are released in a medium following reactions of the incident particles per

unit mass dm. The kerma is thus

- dEtr

K
dm

(14)

and measured in the unit Gy (gray, 1Gy = 1Jkg 1). In the radiation effects in
electronics community however, the unit rad (1rad = 0.01 Gy) has been, and is
still, commonly used.

The secondary directly ionizing particles released in the kerma process can
lose energy in the material both by collision reactions leading to ionization in
the material (for the case of electrons released by incident photons as described
in Section 2.2.2, c.f. Eq. 3), or through radiative processes (c.f. Eq. 4). The total
kerma can then be defined as the sum

K = Keor + Kiyaa, (15)

where collision kerma K_,; is the kerma that leads to energy loss by the secondary
particles through Coulombic interactions with the atomic electrons, and the ra-
diative kerma K, is the part that leads to radiative energy losses. The average
fraction of K that goes to K,,; is called the radiative fraction, and is denoted by §.
K01 can then be expressed as

Keot = K(l - g) (16)

For photon beams, the mass attenuation coefficient u/p is a factor that is
dependent on the photon energy and target material properties, and is a measure
of how much of an incident photon beam is lost in (or attenuated by) a target ma-
terial, through interactions with a target material. It relates the incident photon
beam intensity Iy of a monoenergetic beam, to the remaining intensity I(x) at a
depth x in the material, by

I(x) = Ipe~(#/P)px, (17)

The fraction of the photon beam intensity loss that goes to the generation of
charged secondary particles is described by the mass energy transfer coefficient
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e/ p. This coefficient is related to the mass-energy absorption coefficient pe, /p
through

Hen _ Btriq _ g, (18)

so that .,/ p describes the part of the photon beam which leads to collisional di-
rect ionization in the target material, without the radiative losses of the secondary
particles.

The collision kerma for photon radiation is related to the energy fluence of
a monoenergetic photon beam through p.,,/p at a point in the medium, by

Kcol = T%' (19)

The ratio between the collision kerma in two different materials can then be
expressed as

Kcol,l . Tl (%)1

= , (20)
Kcol,Z Tz ( ;4% )2

which, when the ratio of the energy fluences between the materials is close to 1, is
equal to the fraction of the mass-energy absorption coefficients of the materials.
The absorbed dose D in a material is defined as

de

D=2
dm’

(21)

where the quantity € is known as the energy imparted, and m is a mass element
of a target material. € is the measure of the total energy entering a volume, minus
the energy leaving the volume.

Following the discussion of stopping power in Section 2.2.1, the quantity
restricted collision stopping power is introduced as the amount of energy that is
transferred to a limited target volume. A maximum energy limit A is introduced,
so that secondary particles with energy in excess of A are assumed to escape the
volume of interest without any interaction within the volume, and secondaries
with energy below A are completely stopped within the volume. The restricted
linear collision stopping power is denoted L, and is also known as the linear
energy transfer (LET). It is expressed as

Ly = dd% = LET, (22)

where dE, is the energy lost by a charged particle in collisions, with the sum of
the energies of secondary particles with energy above A subtracted, and dl is the
path length that the particle traveled.
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The unit of LET is commonly MeV um™~!, and for restricted mass collision
stopping power e.g. MeV cm?mg~!. Suitable values to choose for A depend on
target material and the size of the volume of interest. In many applications, the
LET is often approximated by the unrestricted collision stopping power rather
than the restricted one, so that LET ~ S_,;.

With the approximation that all secondary electrons are stopped in the vol-
ume of interest, and all secondary photons escape the volume, the dose from
charged particles in a medium Y can be expressed using the particle fluence and
the unrestricted collision stopping power

Dy = &y (SC"Z) . (23)
P Jy

The dose can also be expressed by using the LET (by choosing a suitable value of
A, or by using LET ~ S,;), which with commonly used units becomes

D[Gy] = 1.602 x 10~7 x LET[MeV ecm?mg 1] x ®[cm 2. (24)

Analogous to Eq. 20, the ratio between the doses absorbed in two different
media can be expressed as
Scol
& _ ©1 ( P )1

% (),

(25)

If the ratio of the fluences in the materials is close to 1, the ratio of the doses
becomes D1/Dy = (Seo1/0)1/ (Scor/ 0)2-

For indirectly ionizing radiation, the relation between collision kerma and
deposited dose is commonly expressed by a factor

ﬁ = D/Kcol- (26)

This factor is equal to one under charged particle equilibrium (CPE), where the
relation between the deposited dose and kerma becomes

D = Kol :K(l_g)‘ (27)

As a photon beam traverses a target material, CPE occurs at the depth in
the medium where the absorbed dose is the largest. There the number of charged
particles entering a volume element is equal to the number of those exiting it.
At the surface of a medium, the number of photons from the beam will be the
highest, and thus K, will be the largest. As the photon beam goes deeper in
the medium, it will attenuate, and the kerma will decrease. Since the number of
charged secondaries will initially build up, the absorbed dose will also increase,
until an equilibrium is reached at the maximum dose depth. Since the photon
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beam attenuates along its path through the material, the deposited dose will de-
crease with depth beyond the maximum dose depth.

A similar dose deposition structure as a function of depth in a medium is
found for electrons as with protons, with some differences. There is a similar
buildup of dose and produced secondary particles in the form of lower energy
electrons and photons until a maximum of deposited dose is reached. The pri-
mary electrons have an associated electronic stopping power and will interact
by the Coulomb force transferring energy to the electrons in the medium. The
generated secondary x-rays from bremsstrahlung can have longer range than the
primary electron beam, which will result in a lingering tail of dose deposited by
these x-rays after the primary electron beam is stopped.

In terms of the dose deposition as a function of depth in a material by an
electron beam, the maximum dose deposited is referred to as Dy, and the depth
in the material at which the maximum dose occur is z;,y. The deposited dose
at the surface of the material is Dgy; face, which is lower than D,yay as discussed
above. Other useful quantities are Isg, the depth at which the recorded dose has
dropped to half of its maximum value, and Ry, the practical range of the electron
beam calculated as where the tangent of the maximum slope of the decreasing
portion of the dose depth curve intersects with the x-ray background.

2.3.2 Dosimeters

Deposited dose can be measured by different means, and many types of dosime-
ters exist. Which choice is the best solution varies from case to case, where con-
siderations of radiation field, dose rate, surrounding environment, and much
more can limit the suitable options. Some commonly used dosimetry systems are
alanine dosimeters, film dosimeters (radiographic/radiochromic film), semicon-
ductors (based on diodes or transistors), scintillators (plastics or crystals). These
types of dosimeters have not been utilized in this work, and are described else-
where, e.g. [51, 52, 65].

In this thesis work, luminescence dosimeters are the most used dosimeter
type, specifically systems based on optical fibers were tested and characterized.
These will be described in this section, along with a brief description of ionization
chambers, which have been utilized here for reference dose measurements.

2.3.2.1 Ionization chambers

Ionization chambers are widely used as dosimeters in various contexts, such as
radiation beam monitoring, diagnostics, and dose calibrations. They are usually
constructed so that two (or more) electrodes are separated by a gas filled cav-
ity, where the gas can be air or some different gas. As ionizing radiation passes
through the gas, the gas gets ionized and the released charges are collected by
the electrodes. The collected current can after calibrations be related to the de-
posited dose. Two common designs of ionization chamber dosimeters are cylin-
drical (Farmer type / thimble type), or parallel plate. Examples of these ioniza-
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tion chamber types are shown in the photograph displayed in Figure 8.

FIGURE 8 Photograph showing a parallel plate ionization chamber to the left, and a
Farmer type ionization chamber to the right. The Farmer chamber is covered
by a protection cap (build-up cap), inside of which the cavity is located. For
reference, the diameter of the top view of the white parallel plate chamber
surface is 42 mm.

2.3.2.2 Luminescence dosimeters and optical fiber-based dosimeters

Dosimeters that emit luminescence, proportional to the absorbed dose or dose
rate in them, are commonly divided into sub-categories of thermoluminescence
(TL) dosimeters (TLD), optically stimulated luminescence (OSL) dosimeters, and
radioluminescence (RL) dosimeters.

In these types of dosimeters, the incoming radiation excites the material,
creating electron-hole pairs, which upon recombination emit photons. For the
case of the TL and OSL dosimeters, the excited particles get trapped in metastable
states. The trapped particles accumulate as the dosimeter is exposed to radiation,
and after irradiation they are de-trapped by an external stimulation in the form of
heating (TL) or by laser light (OSL). The de-trapped charges can then recombine
in recombination centers, causing emissions of light at certain wavelengths. The
energy levels associated with the trapping and recombination centers are proper-
ties of the dosimeter material and dopants added to the material, and the amount
of light that is emitted in the TL and OSL processes is proportional to the ionizing
dose that was deposited.

The recombination of electrons and holes, and associated light emission,
can take place spontaneously and without stimuli in the RL process. Dosimeters
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utilizing the radiation-induced luminescence (RIL) without TL or OSL have a
light-emission intensity during irradiation which is proportional to the dose rate
they are subjected to.

The TL and OSL dosimeter types should maintain their induced trapped
charges over the time of irradiation, and between irradiation and the readout
process, so that the detected amount of light in the readout process corresponds
to the deposited dose in a consistent manner. The RL type should instead provide
an output of luminescence continuously during irradiation, fast enough to be able
to represent the dose-rate and potential dose-rate fluctuations of the radiation
environment. Some commonly used types of TLDs are ones based on lithium
fluoride with various dopants [66], while Al,O5:C is a common OSL dosimeter
material [67].

Studies of TL, OSL, and RL dosimeters based on amorphous silica glass
in optical fiber-based systems have also been made, with various incorporated
dopants [68, 69]. These systems are beneficial by having a small sensitive vol-
ume, not require any electric potential at the sensing area, and being more radia-
tion hard than many similar systems based on plastic materials [68, 1, 70]. These
properties make the silica fiber-based systems attractive for various applications,
such as radiotherapy [71]. The remaining part of this Section 2.3.2.2 will address
the topic of such optical fiber-based dosimetry systems.

A view of some optical fiber-based dosimeters is shown in Figure 9. A
radiation sensitive part is located at one end of the optical fiber, in Figure 9a
marked with an orange circle. This is a doped silica glass, in this case a 1 cm long
and 0.5 mm wide rod doped with Ce3*, which is fusion-spliced to a transport op-
tical fiber. The transport fiber is here a pure silica core fiber, that ends as shown
in Figure 9b with a bare fiber core. The sample in Figure 9a had one optical fiber
spliced to it, while the sample depicted in Figure 9c has two. The doped sample,
which is a rod similar to the one in Figure 9a, is located in the middle of the white
plate seen in Figure 9c. This type of sample can be used for OSL dosimetry, where
one of the transport fibers can be used for guiding laser light for optical stimula-
tion to the doped region, while the other transport fiber can guide the OSL to a
detection system.

The main drawbacks of the fiber-based systems are the radiation-induced
attenuation (RIA) of the optical fibers, and radiation-induced emissions (RIE) of
light other than the desired luminescence. The RIA is caused by damage to the
pure or doped amorphous silica glass constituting the material lattice of the fiber
by the incoming radiation, as the radiation can create point defects through dis-
placing atoms, or by ionization. The different types of defects that are created
are associated with specific optical absorption (OA) properties, where photons
within an energy band typical for each defect can get absorbed [72].

As the RIA increases with radiation dose, the transmitted light signal gets
weaker. How strong the RIA is depends on the fiber material, the dopants that
are added to it, as well as irradiation conditions such as temperature and dose
rate [1, 72, 73]. The RIA in optical fibers can also be exploited for use as radia-
tion dosimeters for well characterized fibers. This can be done in e.g. distributed
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FIGURE 9 Examples of optical fiber-based dosimeter samples. (a) shows an optical fiber
in a thin black plastic tube for protection against external light sources, with
a doped silica rod in one end marked with an orange circle, and the open
end of the transport fiber marked by a blue square. (b) depicts the end of the
transport fiber, where the fiber core is bare at the fiber end to the right hand
side, and is covered by the fiber cladding on the left hand side. (c) shows a
sample that can be used for OSL, and the doped sample at the center of the
white plate is fusion spliced to transport fibers in both ends, where one end
can be connected to a laser for optical stimulation and the other to a photo-
detection system.

optical fiber radiation sensors (DOFRS), where the measured RIA at different lo-
cations in a fiber can be used to map the radiation dose along the full fiber length.
DOEFRS are used for this purpose e.g. at CERN along parts of the accelerator
tunnels [74].

Some induced RIA centers can anneal through processes involving heat-
ing of the sample (thermal bleaching), or through stimulation with intense light
through the fiber (photobleaching) [1, 75, 76, 77]. There are also RIA processes
however which are only significant during and immediately after a radiation
pulse have hit the fiber, which is known as transient RIA. The transient RIA can
be related to various generated non-stable defects with different absorption and
decay properties, such as self-trapped holes (STH) [78, 79], self-trapped excitons
(STX) [80, 81], and co-dopant related defects [82].

The major types of RIE include the luminescent decay from excited states
of the material and induced Cherenkov radiation (see Section 2.2.1.1). The lumi-
nescent decays are commonly related to dopant ions, but could also be through
radiation-induced (or pre-existing) point defects which can exhibit characteristic
luminescence properties [72]. Examples of dopants used in silica-based optical
fibers which have been investigated for RL and dosimetry based on RIL are listed
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in Table 1. In the table is also listed studies found in the literature for the vari-
ous dopant species, as well as the main emission bands of the RIL in terms of the
main emission energy and decay time. For many of the dopants the decay time
has been studied mainly under excitation by photons from lasers, i.e. through
photoluminescence (PL), instead of through RL. For the cases with more than one
dopant (CeTb and CuCe), the emission bands related to each dopant are specified
separately.

TABLE 1 List of the main emission bands and previous studies of silica-based optical
fibers with various dopants for dosimetry based on RIL.

Dopant Main emission Main RL/PL Literature
p bands (eV) decay times
Ce 2.6-2.8 50-60ns [83, 84, 68, 85, 86, PIII]
Ce: 2.6,2.8 Ce: 50-60ns
CeTb Tb: 1.99,2.11,2.28,2.54, Tb: 2.2ms, [87, 88, 89]
2.70,2.83,2.98,3.25 1.2ms
Cu 2.25 40-50 ps [90, 91, 92, 68, 86, PIII]
Cu: 2.28 Cu: 45ps
CuCe Ce: 2.75 Ce: 90ns [93, 86]
Ge 3.1-3.2 110 ps [94, 95, 96, 97]
Gd 3.95 1.2-1.8ms [98, 71, 99, P11, PIV]
2.25eV: ms?
N 2.25,3.55 3.550V: 20 ns [100, 11, 101]
P 3.0 5-6ms [102, 103]

 This emission line’s properties are to the best of the author’s knowledge
not yet studied in the literature, but has during measurements shown signs
of being long lived, on the order of multiple ms [104].

2.4 Radiation effects on electronics

The effects of radiation on electronic devices are usually divided into two main
categories. These are cumulative effects and single event effects (SEE), where the
cumulative effects can arise from the deposited total ionizing dose (TID) or from
displacement damage dose (DDD), and in contrast the SEE arise from the inter-
actions of single particles. The general topic of radiation effects on electronics
is very wide, so this section will be centered around the effects of radiation on
SDRAMs, especially the description of SEEs in Section 2.4.2.
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2.4.1 Cumulative effects
24.1.1 Total ionizing dose

The TID effects are those which arise mainly from the ionization processes in-
side insulators within the electronic devices. If there is an electric field over the
insulator the electrons and holes created through ionization are swept in oppo-
site directions by the field. The charged particles which do not recombine can
get trapped in different locations, commonly at defects by the material interfaces
such as Si-SiO,, creating regions with net charge that can affect the performance
of the electrical device [105].

Insulators are commonly found as the oxide layer in metal-oxide-semi-
conductor field-effect transistors (MOSFET), where a bias voltage on the metal-
side of the MOSFET is utilized to open a conductive channel in the semiconduc-
tor, close to the oxide layer. If deposited dose in the oxide layer leads to trapped
charges in the oxide-semiconductor interface, the conductive channel in the semi-
conductor will be affected so that different voltages on the metal side are needed
to open or close the channel. This is known as threshold voltage shift.

The TID effects in the oxide layers of MOSFETs are getting less and less
significant, as the scaling trends of electronic components leads to ever smaller
devices, and thinner oxide layers. With thin oxide layers (in the order of few nm
and below) the non-recombined charges in the oxide can escape through tunnel-
ing effects [106].

In modern devices with thin gates, other isolation structures throughout
the device are more important for the TID response, such as shallow trench iso-
lation (STI) structures [107]. The STI structures can vary greatly in shape and
size between different implementations in different devices, making their impact
on the TID response difficult to predict. In an environment with ionizing radia-
tion present, and with electric fields present over the insulators, net charge might
accumulate in these structures and affect the device behavior.

2.4.1.2 Displacement damage dose

In contrast to the TID effects, the DDD effects are created by the displacement
of the atoms of the device material rather than from interactions with the atomic
electrons (which is the case in ionization) [108]. Siis a structured crystalline mate-
rial, and its properties change when defects are introduced in the material lattice.
Such defects can be present in pristine devices, and can also be introduced by
radiation. The accumulation of point defects due to displacement damage (DD)
over time due to radiation is described by the DDD.

The simplest form of defect to envision in a Si crystal lattice is the vacancy-
interstitial pair (Frenkel pair), where one atom has been moved in an interaction
with the incoming radiation from its original position (the vacancy), to its new
position in the lattice where no atom is supposed to be present in the ordered
crystal (the interstitial). The scale of complexity goes from the one displaced atom
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to large clusters of displaced atoms created by cascades and chain-reactions of
secondary particles. The damage clusters originate from a large collision event
between the projectile particle and a primary knock-on atom (PKA), which obtain
a large amount of energy in the collision.

In a semiconductor such as Si, charge carriers (electrons and holes) can
move when electrons are excited to the conduction band (and holes are present
in the valence band), thereby creating currents. The electrons and holes can re-
combine over the bandgap (between the conduction and valence band), which
decreases the number of charge carriers. Defect centers can introduce energy
levels within the bandgap, which can trap electrons or holes depending on the
energy level. These can then facilitate the generation or recombination of elec-
trons in the conduction band and holes in the valence band, leading to increased
leakage currents or other changes of the device properties.

To compare the effects of different radiation fields on a material or electronic
device, the concept of non-ionizing energy loss (NIEL) is commonly used. This
quantity describes the part of energy a particle loses in the material that is trans-
ferred to the target nuclei, and that does not go to ionization of the material.

2.4.2 Single event effects in SDRAM

The set of possible SEEs can differ between different types of devices, and their
impact can be more or less severe [109]. Soft errors are device upsets which are
non-permanent, whereas hard errors cause permanent errors and can even cause
total device failures in some cases. The upset modes most relevant to the SDRAM
test results that this thesis is based on will be the focus in this section, and a few
other common types of SEEs will be mentioned.

Single event upsets (SEU) are soft errors caused by single particles. In terms
of SEE on memory components, the SEUs are manifested as bit-flips, i.e. tran-
sitions of one binary memory cell value (bit value) to the other (‘0" — ‘1" or
1" — ’0’). If one memory cell is upset, it is known as a single bit upset (SBU),
and if multiple cells are upset after one particle interaction it is called a multiple
bit upset (MBU).

Before going into further detail regarding SEE mechanisms in dynamic ran-
dom access memories (DRAM), the operation and basic layout of the DRAM cell
is introduced. A schematic of the DRAM cell layout is shown in Figure 10, which
shows a simple DRAM cell with one transistor and one capacitor (1T/1C cell).

The cell can be in either of two states: have stored charge on the cell capaci-
tor, or have no stored charge. Which of these states correspond to a value ‘0, and
which to a value ‘1" depends on the programming of the device by the manufac-
turer. The cell value is written by opening the access transistor via a bias voltage
on the gate (3) through the word line (2). The bit line (1) can then provide a volt-
age level, or the ground level, which will then be written to the cell capacitor (6)
through the transistor contacts (4,5), where the numbers in parenthesis refers to
the green numbers in Figure 10.

After the memory cell has been written, and the transistor gate closed, the
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Word line

e
I

FIGURE 10 Schematic drawing of a DRAM cell. A bias on the word line causes the
access transistor to open, and the charge located on the storage capacitor
can be probed through the bit line.

charge will be stored on the capacitor. If the written value was to the state of
zero charge (bit line on ground level), the state of the cell will remain as it is. If
instead the bit value was written to a non-zero voltage level, the cell capacitor
will discharge over time with a characteristic time constant

Teell = RleakC (28)

where C is the cell capacitance and Ry, is a resistance which is governed by the
leakage currents from the cell. This leakage is the combination of leakage paths
of the capacitor, transistor, and other paths, such as through material defects. The
parameters of Eq. 28 might differ from cell to cell in a memory due to manufac-
turing process variations, and local impurities in specific memory cells.

The capacitor discharge in a cell with stored charge makes it necessary to
periodically refresh the data on the memory. This is commonly done every 64 ms
in each of the memory’s cells of newer SDRAMs (e.g. [110]). A qualitative view
of the capacitor charge over time in a memory cell with stored charge is shown
in Figure 11. In the event that the memory is not refreshed, the charge will de-
crease until it is below the limit where the sensing node in the peripheral memory
electronics no longer recognizes the memory cell to be in the charged state. The
amount of time it takes from the memory is written to the charged state, until the
memory cell is read as being in the discharged state (without being refreshed), is
known as the data retention time.

The data retention time of the memory cells within a memory component
can vary by many orders of magnitude, from below 1s up to many hours, and it
can be greatly affected by radiation [PI, PII]. If the memory cell retention time is
decreased so much that it loses its charge (to be in the discharged state) between
the refresh events, the cell will always return the bit value corresponding to the
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FIGURE 11 Qualitative example of the voltage level over the capacitor in the DRAM
cell with stored charge, where the cell value is refreshed every 64 ms. The
voltage level if no refresh operation is applied is also shown, where even-
tually the voltage level in the cell drops below the level which separates the
regions where the sensing electronics interpret the memory cell as being in
the charged state, or in the discharged state.

discharged state, no matter which value was originally written to it. These bits
are known as stuck bits.

Both cumulative effects and SEE can cause stuck bits. TID effects can de-
grade the performance of the access transistor causing the stored charge to leak
out faster, and also create regions of trapped charge around the access transistor
and capacitor degrading the ability of the cell to store charge. Defects created by
displacement damage might also induce leakage paths. If the defects are small
(point defects) they might not individually cause a stuck bit, but the accumula-
tion of smaller defects in the same cell could. Large displacement damage clusters
created by individual particles can by themselves cause a stuck bit. This effect is
known as a single-particle displacement damage effect (SPDDE) [111, 112].

Single particles can also individually cause large amounts of ionization lo-
cally. The observable radiation effects from these local dose depositions are known
as microdose effects, and these effects have been discussed as the cause of stuck
bits and errors in devices since the first observations of single-particle induced
stuck bits [113, 114].

The stuck bits can often be intermittently stuck bits (ISB). ISBs are during
some periods of time appearing as normally working bits, and in other times
appearing as stuck. Two different causes of ISBs are 1) the retention time of the
bit is very close to the time between data refreshes (the refresh interval), and 2)
the retention time of the bit varies over time. Also a combination of the two can
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be true.

If the retention time is about the same as the refresh interval, small changes
in electrical noise and temperature can change the outcome of the evaluation of
the cell state. The signal on the bit line when the bit value is read, is evaluated
at a sensing node where the voltage level is compared to a reference value. If the
voltage level on the bit line is just on the limit between being interpreted as ‘0’
and ‘1, any small change in the surrounding environment can affect the resulting
value.

The temperature is a factor which has a large impact on the retention time.
Athigh temperatures the leakages from the cell increase, so that the recommended
refresh interval in high temperature applications (over 85 °C) is 32 ms instead of
64 ms [115]. Testing SDRAMSs at longer refresh intervals can simulate the memory
operation at higher temperatures [116].

Variations in retention time can also come from variations in leakage current
originating from the radiation-induced material damage sites. Similar behavior
has been observed in SDRAM cells as the random telegraph signal (RTS), that ex-
ist in for instance CMOS image sensors (CIS) and charge coupled devices (CCD).
The RTS is there observed as pixels in a CIS having specific discreet levels of leak-
age current, and switching between these levels in a random fashion resulting in
blinking pixels [117, 118]. The corresponding behavior in SDRAM cells is known
as variable retention time (VRT) [119], and has been suggested to originate from
damage clusters switching between discreet configurations, which results in dif-
ferent levels of cell leakage [112, 119].

SEU in the form of bit-flips can be observed in DRAMs without the bit be-
coming stuck. With a particle strike and ionization in sensitive positions, and in
some cases at sensitive times, the bit value that is read from the cell can differ
from the one that was written. Two separate regions can be mentioned where
different types of mechanisms for cell upsets are possible when they are struck
by particles. These are the cell strike and bit-line strike. Strikes in the cell region
are those that with the generated charge cloud from ionization directly affects the
stored charge on the cell capacitor. The effect of such a strike is commonly that
the stored charge dissipates, and the cell is found in its discharged state. Events
of this kind were the first observed SEU in DRAMs, which were caused by alpha
particles from decaying contaminants such as Th and U and their daughter nuclei
in the device packages [120]. In some cases, the stored charge might instead in-
crease after a particle impact event leading to a transition from a discharged state
to a charged state, e.g. [121].

During the times that the bit is probed, also strikes on or close by the bit
line and bit line contacts can cause SEUs, as can particle strikes on the sense node
area. As the bit is read or being refreshed, the bit line is in a floating state to collect
the charge from the cell, and during these times charges induced by particle hits
could be collected on the bit line and cause the bit value to be corrupted. Also
combined effects of the two types of particle impacts on cells can cause SEU,
called the combined cell-bit line failure mode [122]. A few other types of SEE are
presented briefly here in the coming paragraphs, which are not discussed in the
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included papers, but are closely related and of general interest.

Memory devices can also be sensitive to single event functional interrupts
(SEFI). These are events where the control circuitry of the memory is affected by
particle strikes, and unexpected device behavior might follow. This can lead to
very large numbers of errors, the device going into a different state where it is
unresponsive, or to different behaviors which might differ between components
or types of memories.

Another type of SEE which can occur in memories and CMOS circuits is the
single event latch-up (SEL). This type of effect can cause permanent damage to a
transistor structure or memory cell due to high localized currents. This effect is
caused by a parasitic NPNP or PNPN structure (thyristor) forming after a particle
hit, where a current path opens, and if not externally limited or turned off, might
cause device failure.

In general terms, parts of circuits which are commonly sensitive to parti-
cle strikes are semiconductor junctions with reverse bias. There the generated
electron-hole pairs are swiftly collected and separated, generating potentially
large transient voltage pulses. This is the same mechanism as the one used in
diode particle detectors. If such events take place in a part of an electronic de-
vice or circuit, the charge pulse created by the individual radiation strike can be
transmitted through a circuit as a voltage spike, known as a single event transient
(SET). The SET can cause issues in logical circuitry if its size is large enough (in
terms of peak voltage and time width), and if it is occurring at a time and place
where the circuit is sensitive to voltage perturbations [123].

2.5 Radiation effects testing facilities

There is a great diversity in the types of radiation fields that can be used for the
testing of radiation effects on electronics or on other materials. The suitable fa-
cility to use is then chosen based on the purposes of the test. Test facilities based
on sources of radioactive isotopes, nuclear reactors, X-ray tubes, and particle ac-
celerators all exist. Heavy ion beams can be used for estimating the behavior of
a device in an environment with a known LET spectrum, while tests with beams
of high energy protons or neutrons can be used to estimate the response to high-
energy hadrons (HEH). HEHs such as neutrons and protons of high kinetic en-
ergy have similar characteristics to each other in the way they cause upsets in
electronic devices, by causing secondary recoil ions within the device materials,
as well as generally similar error cross sections [124, 125].

Facilities with mixed radiation fields can be used to directly simulate the tar-
get environment if a similar radiation field is found in the facility. One example
of such a test facility is CHARM at CERN, where different facility configurations
and test positions exist, resulting in a variety of possible resulting radiation envi-
ronments [126]. Radiation facilities that simulate the energy spectrum of neutrons
in the atmosphere exist as well, where ISIS at RAL in Didcot, UK, is an example
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of such a facility in Europe [127, 128].

For specific cases, radiation fields and test facilities not normally used for
the testing of electronic components have to be used. An example of this is the
component testing for the interplanetary space missions to Jupiter, and into the
Jovian trapped radiation environment where a harder energy spectrum of elec-
trons is found than normally encountered elsewhere (see Section 2.1.1). The re-
sponse of the electronic components to high-energy electrons is not commonly
characterized and the possible effects encountered not very well known. In the
included paper [PI], the Very energetic electron facility for space planetary ex-
ploration missions in harsh radiative environments (VESPER) at CERN, as well
as the Varian clinical linear accelerator (Clinac) at the Radiation Effects Facility
(RADEEF) in the University of Jyvaskyld, Finland, were used to investigate the re-
sponse of some models of SDRAMs to high-energy electrons. These facilities are
described in more detail in the following Sections 2.5.1 and 2.5.2. The SDRAMs
were also further characterized at the Proton Irradiation Facility (PIF) at the Paul
Scherrer Institute (PSI), Switzerland, as well as in the proton beam at RADEEF, as
described in [PII]. At the Clinac at RADEE, the characterizations of doped silica
glass dosimeters described in [PIII] and [PIV] were also performed.

2.51 RADEF

FIGURE 12 A photograph of the RADEF Clinac. The beam direction is downwards in
the picture, coming from the accelerator head towards the so called couch
where a block of acrylic can be seen in the beam window position.

RADEF is primarily a heavy ion facility, utilizing various cocktail beams
from the K130 cyclotron at the University of Jyvaskyld accelerator laboratory. The
separate ion cocktails consist of selections of ions with close to the same mass to
charge ratio, and thus with a constant energy per nucleon. Within a cocktail one
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can quickly (generally on the order of 10 to 15 min) change between the available
ions, to be able to characterize component and device behavior at different par-
ticle LET values. The (currently) available ion cocktails have energies of 9.3, 10,
16.3 and 22 MeV /n respectively [129, 130].

Proton beams are also accelerated by the cyclotron [131], with proton ener-
gies of up to about 55 MeV. The proton beams are directed to a target area where
samples can be irradiated in air, where the resulting proton energy at the DUT
position is around 52 MeV. To lower the proton beam energies, aluminium plates
can be introduced to degrade the beam. As the protons exit the beam line, which
is kept in vacuum, they pass through an ionization chamber which is used to
monitor the proton flux. At the target area, the beam diameter can be up to about
10cm, and the proton flux can be up to around 3 x 108 cm=2s~!. High energy
protons can cause large material activation, by causing the creation of radioactive
isotopes as they collide with materials in the irradiation area, which limits the
usable beam flux. Also low energy proton beams are available at RADEF [132],
with energies of 0.4 to 8 MeV. The beam target area for the low energy protons is
in vacuum and not in air.
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FIGURE 13 Energy spectrum of the 6 MV photon beam, simulated using GEANT4.
Adapted with permission from [PI] © 2021, IEEE.

A Varian Clinac 2100C/D linear electron accelerator is located at RADEF
[133], that was previously used in a hospital as a radiotherapy accelerator and
is shown in Figure 12. The Clinac can produce electrons with energies 6, 9, 12,
16 and 20MeV, as well as 6 and 15MV photon beams. The photon beams are
produced by placing a heavy metal (Ta) target in the beam of 6 and 15MeV elec-
trons for the 6 and 15MV photon beams respectively. This creates a spectrum
of photons consisting of bremsstrahlung radiation from the electrons. The re-
sulting energy spectrum is shown in Figure 13 for the 6 MV case (also shown
in [PI]), simulated using GEANT4 [56, 134]. The continuous energy spectrum
of the bremsstrahlung up to the maximum energy located at the incident elec-
tron energy 6 MeV is seen, as well as a peak at 511keV from the annihilation
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of positrons from pair-production interactions of the photons. The maximum
intensity is located around 1MeV, which is a similar energy as gammas from
0Co sources. These ®’Co sources are commonly used for TID testing, and apart
from the energy spectrum differ mainly from the 6 MV Clinac beam in the pulsed
beam structure of the Clinac, compared to the constant dose rate provided by
0Co sources.

In the normal clinical operation mode of the Clinac, the dose rate of the elec-
tron beams can be varied from 1 to 10 Gy(H,O)/min, while the photon beams
have dose rates from 1 to 6 Gy(H,O)/min. The beam of electrons from the ac-
celerator is pulsed, where the sizes of the individual electron bunches from the
machine is fixed. In the normal clinical operation, changing the dose rate mod-
ulates the frequency of the bunches and not their sizes, so that the average dose
rate is changed, but the instantaneous dose rate is fixed. This mode of dose rate
change is shown in Figure 14.
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FIGURE 14 A higher dose-rate setting of the RADEF Clinac corresponds to a higher
frequency of electron bunches from the machine. The data used for the
figure was measured using the RIL from a doped silica glass rod. The pulses
in the figure are wider in time than the electron bunches due to the decay

time of the RIL, and the high impedance of the oscilloscope used to record
the signal. Adapted from [PIII] under the license CC BY 4.0.

The length of the electron bunches is around 3 pis, and the bunch frequency
of electron beams at 1 Gy(H;O)/min is close to 20Hz. This corresponds to a
dose per bunch of 0.83 mGy(H;O), and an instantaneous dose rate of around
280 Gy(H,0)/s. It is however possible to alter the dose per electron bunch, if
the Clinac is used in a mode where some of the machine beam control systems
have been disabled. This allows the bunch frequency and the spacing between
the bunches to be fixed to a constant value, and the amount of electrons per bunch
to be tuned. This mode of operation was used in some of the tests of optical fiber-
based dosimeters in Chapter 4, and in the studies presented in [PIII] where the
mode of operation of the accelerator during those tests are described in more de-
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tail. For the experiments of SDRAMSs using the Clinac described in Chapter 3, the
normal clinical mode of operation was used.

The Clinac beam dose and dose rate are monitored by in-beam ionization
chambers. These parameters are given in units of Gy(H,O), since the beams of the
machine are calibrated in water phantoms using external dosimeters. A parallel
plate IBA PPC40 dosimeter [135] is used for electrons, and a Farmer chamber IBA
FC65-P dosimeter [135] for photons (these two dosimeter models are shown in
Figure 8). The dose rates are given at the depth of maximum dose in water. This
depth, along with the fraction of the maximum dose that is deposited at the water
surface, and the mass collision stopping powers of the primary beam electrons in
water and Si (with values from [54]), are shown in Table 2. Using Eq. 23, the
fluence of electrons on a sample in air can be estimated from the surface dose
factor and collision stopping power value. In Table 3, similar data for the photon
beams are shown, but with the mass energy-absorption coefficients instead of the
stopping powers. Since the main photon intensities are around 1 and 2 MeV for
the 6 and 15MV beams respectively, these coefficients are given for these two
photon energy values.

TABLE 2 Properties of the electron beams at the RADEF Clinac, with S.,;/p values

obtained from [54].
Surface dose Maximum Scotilp Scotilp
Energy (MeV) rate (fraction dose depth (MeVcm?g=! (MeVcm?g~!
of max) (cm H,O) (H»,0)) (Si))

6 0.78 1.19 1.911 1.639
9 0.83 1.96 1.956 1.685
12 0.89 2.61 1.989 1.716
16 0.94 2.40 2.021 1.746
20 0.91 1.58 2.046 1.796

TABLE 3 Properties of the photon beams at the RADEF Clinac, with ., /p values ob-
tained from [136].

Surface dose Maximum
Photon beam rate (fraction dose depth
of max) (cm H;0)

6 MV 0.47 1.56 310 x 1072(@) 278 x 102 (a)
15MV 0.32 2.87 261 x1072(®) 235x10-2(®)

2 value for 1 MeV photons

Henlp Henlp
(cm¥g (H,0))  (cmZg (S1)

b value for 2 MeV photons

The accelerator head is rotatable around the machine isocenter, located at
a distance of 1 m from the head of the accelerator. All calibrations of the beam
were done at the isocenter position, as well as all measurements done using the
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Clinac. Typical sizes of the beam area at the machine isocenter is a square with
sides ranging from 5 to 20 cm.

2.5.2 VESPER

VESPER is a facility located at the CERN Linear Electron Accelerator for Research
(CLEAR) [137, 138]. Typically, the accelerator can accelerate electrons to energies
of 60 to 220 MeV, and has a pulsed beam structure with short electron bunches
of 1 to 4 ps. These bunches are grouped together in bunch trains containing 1 to
200 bunches, with a bunch frequency within a train of 1.5 GHz, and a bunch train
frequency of 0.8 to 10Hz. The charge per electron bunch can be varied in the
range 10 pC to 2nC.

The electron beam at VESPER is monitored by a beam current transformer
(BCT), which monitors the total current of the electron beam over time, while the
shape of the beam spot is monitored by a scintillating yttrium aluminium garnet
(YAG) screen. The beam spot at the test position is approximated to be Gaussian,
and the 2D shape of the beam during the experiments is described by the beam
center position iy, and the standard deviation of the beam intensity profile oy,
where the beam size is of the order of up to a few cm in diameter.

The experiments presented in [PI] utilized 100 bunches per bunch train and
a bunch train frequency of 10 Hz, with beam sizes of around 0y, = 12-15mm.
The average electron flux that was used was generally around 2-3 x 108 cm 257!,
which was rather low compared to the capability of the facility, where electron
fluxes of up to the order of a few 10> cm 2 s~ are possible. The monitored beam
profile at lower fluxes, such as was used in the experiments presented in this the-
sis, was rather diffuse using the YAG screen. This made the beam spot shape and
position difficult to exactly estimate in the recorded beam logs, and the uncer-
tainty of the resulting flux and fluence was estimated to be around 20 % instead
of the 10 % that is commonly used [139].

The beam shape was approximately Gaussian at the facility, and the beam
spot position was slightly drifting during the runs, by a few mm in horizontal
or vertical directions. The electron fluence on the DUT of the irradiations were
estimated as the average fluence in the center of the Gaussian beam, within one
o in the x and y directions.



3 RESULTS FROM RADIATION TESTS OF SDRAMS

3.1 Tested devices

The devices under test (DUT) were 512 Mb SDRAMs from the same manufac-
turer, but of different generations built using three separate technology nodes.
The oldest device referred to as model B, is a 110nm device built using a pla-
nar transistor technology, while the two newer ones, model D and model F, are of
72nm and 63 nm technology nodes respectively, and constructed using a recessed
channel array transistor (RCAT) technology [140]. These devices are listed in Ta-
ble 4, and the cell layouts of the models are displayed in Figure 15. The devices
were opened, and their layouts were studied using scanning electron microscopy
(SEM) imaging, to observe differences in the memory cell structures which can
be related to differences in the radiation responses of the devices.

TABLE 4 The tested SDRAMs in the described experiments.

Memory model Technology Node size (nm)

Model B Planar 110
Model D RCAT 72
Model F RCAT 63

The numbers in Figure 15 are showing the functionality of the different parts
of the cells, with corresponding numbers seen in the electrical schematic sketch
in Figure 10. The bit (I) and word (2) lines are shown with gold colors in the
tigures, where the active word line(s) in the cell shown in the figure is marked
with a number, while the non-active word lines which operate other cells behind
or in front of the depicted cell in the figure are not. The contact to the applied
gate voltage of the access transistor from the word line is marked 3 in the figures.

The cell structure of SDRAM model B depicted in Figure 15a is based on
a planar device structure of the access transistor, with the bit line contact (4)
connected to the storage capacitor (5-6) through a straight conducting channel
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(b) (©)

FIGURE 15 Schematic cross-sectional views of the memory cells of the tested SDRAM
models, based on SEM images. The figure frames show unit cells of model B
(a), model D (b), and model F (c). The numbers in the images refer to the dif-
ferent parts of the cell as shown in Figure 10, and the colors show metal con-
tacts in gold, insulating layers in orange, and silicon or poly-silicon in grey.
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opened under the access transistor gate. The storage capacitor is buried in the
silicon bulk, below the word and bit lines.

In contrast, the model D and F cells in Figures 15b and 15c utilize an RCAT
structure of the access transistors, where a curved channel is formed to connect
the bit line with the storage capacitor when the word line is biased. The stor-
age capacitors in these devices are formed by tubes located above the word and
bit lines. In Figure 15b the bottom of the capacitor tube is located just above
the schematic view, and in Figure 15c the capacitor tube is shown in orange and
marked with 6.

The device of model B was envisioned to fly on the JUICE space mission
to Jupiter. Therefore its response to high-energy electron radiation is of interest
due to the hard energy spectrum of electrons in the trapped Jovian radiation en-
vironment, as discussed in Section 2.1.1. This model, along with models D and
F, was tested under electron irradiation at VESPER and RADEF to investigate
its expected behavior in the Jovian electron environment. These experiments are
described in [PI] and Section 3.3. In those tests, stuck bits from the high-energy
electrons were observed, and the radiation-induced retention-time degradation
was studied. The formation of stuck bits and the degradation of the retention
time were further studied using proton irradiation. Those results are described
in [PII] and Section 3.4. In both papers, the results were compared to irradiations
with photon beams for comparison, highlighting effects of TID.

3.2 Experimental setups and procedures

The DUTs were packaged in plastic housing, and not opened before irradiation,
due to the long range of the high-energy electron and proton beams. During
the irradiation experiments, the DUTs were mounted on irradiation test boards
where the DUTs were placed under the radiation beams, and controlling elec-
tronics kept outside of the radiation field to as large extent as possible. For the
experiments, a Terasic DEO-CV FPGA development board was used as a test con-
troller board. This control board is shown in Figure 16 displaying the irradiation
location at VESPER. The DUTs were soldered on daughter boards (green in the
figure) that were connected to the control boards (blue in the figure). The fig-
ure shows also some of the dosimetry devices used at VESPER described in Sec-
tion 2.5.2. The BCT is shown in the bottom right corner of the picture through
which the electron beam is directed before reaching the DUTs, and the scintillat-
ing YAG screen is the yellow screen in front of the DUT on the left hand side in
the figure.

During irradiation, the DUTs were tested in either static or dynamic modes.
In static mode tests, a test pattern was written to the memory before irradiation,
then the stored data on the DUT was read back after the irradiation run. During
the dynamic tests, read and write operations were continuously performed on
the DUT. When testing SDRAMSs, tests are however not completely static since
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FIGURE 16 A photograph of the test boards and DUTs used at VESPER. Two setups are
shown in the figure, where the DEO-CV test boards have blue background,

daughter boards are in green, and the DUTs are soldered to the daughter
boards.

the memory array is periodically refreshed (as shown schematically in Figure 11),
and the cells are rewritten at each refresh event.

The dynamic tests that were performed during irradiation tests were vari-
ations of writing and then reading data patterns of all ‘0" and all ‘1" to the DUT.
One such dynamic test procedure that was often used in the irradiation tests was
the March C- test

T (w0); {1 (r0,wl); T (1L, w0);

L (r0,w1); 1 (r1,00);} 1 (10),
where w and r signifies write and read operations of ‘0’s or ‘1’s, and the op-
erations in parentheses are applied to the whole tested memory portion where
the addressing order is specified the arrows 1 and |. For example the segment
1 (r0, w1) means that a read operation with all ‘0" expected as return value is per-
formed starting at the word with the lowest logical address, then all ‘1" is written
to the same word. Then the same r0, w1 procedure is applied to all words in the
tested memory at increasing logical word addresses. The operations within the
brackets were looped over when multiple iterations of the test were performed
after each other, to not repeat the stand-alone read or write elements in the loop.

The irradiation tests were in all cases performed using a beam direction per-
pendicular to the device surface, i.e. in a normal incidence angle. The irradiation
tests, as well as storage of the devices before and after irradiation, were done in
room temperature. The analysis and visualization of the data were done using
python code.
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The radiation-induced retention-time degradation is an important part of
the experimental work and analysis presented in this Chapter. To properly in-
vestigate retention-time changes of the memory cells the time intervals between
memory refresh operations should be tuneable. This functionality was imple-
mented for the memory controller so that the refresh interval could be changed
or fully disabled. The retention time of the bits can then be investigated by set-
ting a refresh time interval, then, after writing the memory, waiting for some time
corresponding to multiple refresh cycles before reading the memory array back.
This approach was used for the characterizations done for the electron-irradiated
DUTs. An updated approach that was used for the proton irradiated DUTs, was
to keep a constant nominal refresh operation, then, some time after writing the
memory, disabling the memory refresh for a specified time interval, after which
the refresh operations are again applied before the memory is read back. Re-
peating such tests at various refresh time intervals or time periods with refresh
operations disabled makes it possible to study the retention time distributions
of the memory cells. The retention time characterizations were not done during
irradiation, but in between and after radiation tests, as well as after periods of
annealing.

3.3 Electron-irradiation effects

3.3.1 SEU and stuck bits

During the irradiation tests with electrons the March C- dynamic test loop was
used. One of each memory models was initially tested at VESPER using a beam of
200MeV electrons, up to electron fluences of 1-2 x 102 em—2. During these tests,
SEU (bit-flips) and stuck bits were observed in the model B DUT, but no errors
were observed in models D or E. Therefore the following irradiation tests were
focused on the model B devices. Irradiation tests using electrons with energies
of 123 and 61 MeV in addition to 200 MeV were performed at VESPER, and 20
and 6 MeV electron irradiations were performed at RADEF where also the 6 MV
photon beam was used. The nominal refresh frequency was used in these tests,
so the data in the bits of the DUTs were refreshed every 64 ms. The irradiation
tests with model B devices are summarized in Table 5, where the DUT IDs (used
to refer to the DUT in figures and discussion) are presented, along with the ir-
radiation conditions in terms of the particle energy, species, and dose rate. The
presented dose rate values are approximate, since some fluctuations and changes
of dose rate (beam flux) occurred during some of the tests.

In the table are also shown the numbers of bit-flips (SEU) and stuck bits
that were observed before the error rate increase, which is listed in the right-
most column of Table 5. After a certain electron fluence the number of observed
errors in the DUT as a function of fluence showed a distinct increase, which is
shown in Figure 17a, where the number of stuck bits follows a linear trend up to
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TABLE5 Summary of the irradiation tests with electron and photon beams using DUTs
of SDRAM model B. The number of observed bit-flips and stuck bits before the
fluence or dose specified in the last column is shown for each DUT. Adapted
with permission from [PI] © 2021, IEEE.

DUT Particle Energy Dose rate Bit- Stuck glsre:a(’i
ID (Gy(Si)/min) flips bits .
1increase

SDF1 Electrons 200MeV 1.9 10 11 1.58x10'%2e/cm?
SDF3 Electrons 123 MeV 5.6 10 13 1.61x102%e/cm?
SDF4 Electrons 61MeV 7.2 10 13 3.33x102%2e/cm?
SDF5 Electrons 20MeV 5.7 6 6 2.78x102 e /cm?
SDG1 Electrons 20MeV 8.2 2 5 2.95%x102e/cm?
SDG3 Electrons 6MeV 6.7 0 0 2.67x1012 ¢ /cm?
SDG4 Electrons 20MeV 25 2 6 2.43x102 e/cm?
SDG5 Electrons 20MeV 4.1 4 7  4.52x102e/cm?
SDG6 Photons 6MV 45 0 0 0.5kGy(Si)

around 1.6x10'2e/cm? or 0.5kGy(Si) after which the number of induced stuck
bits increased steeply. Conversion between electron fluence and dose was done
by using Eq. 23, with values of S.,;/p for each electron energy in Si obtained
from [54].

The observed errors in the DUT before the error rate increase are occurring
randomly and follow a linear trend with the dose and electron fluence. These er-
rors are attributed to an SEE phenomenon, where individual electrons are causing
the upsets in the device. After large electron fluences and amounts of deposited
dose in the DUTs, cumulative radiation effects start to show and the error rate
increases to higher order dependencies, following a power law function. For the
case of Figure 17a, this power is fitted to 25.7, which is a value representing the
number of particle interactions required for the stuck bits to form if the stuck bit
events are Poisson distributed.

The error trend, and the origins of the different types of observed errors fol-
lowing linear and power law functions were verified by simulation as shown in
Figure 17b. The simulation was performed using Python by defining a bit array
of 100 x 100 bits, then simulating random hit positions by particles on the bit ar-
ray. If the particle hit was close to a bit location, there was a certain probability
that the particle would induce a stuck bit immediately as an SEE, and a differ-
ent, larger probability, of inducing a small amount of damage to the bit. These
small amounts of damage accumulated in the bits over the simulation run, and
when the damage amount reached over a threshold the bit was defined as stuck.
The stuck bits from SEE as a function of the simulated fluence are marked as
red crosses in the figure, and the total amount of stuck bits are marked as blue
dots. The generation of the experimentally observed stuck bits in Figure 17a cor-
responds well to this simulated behavior resulting in the error generation as seen
in Figure 17b.
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(a) The cumulative number of induced stuck bits in the DUT SDF3 under irradiation
by 123 MeV electrons. The data is fitted to a function consisting of a sum of a linear
part fitting the errors from SEEs, and a power law part fitting the stuck bits from
cumulative effects. Adapted with permission from [PI] © 2021, IEEE.
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(b) The cumulative number of induced stuck bits in a simulated case. Each simulated
particle hit had a probability to induce a stuck bit directly, or to deposit a smaller
amount of damage in the cell, requiring multiple particle hits to cause a stuck bit.
The trends of this simple case follow the experimental observations.

FIGURE 17 The trends of induced stuck bits as a function of fluence as observed exper-
imentally, and by simulation.
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Based on the number of stuck bits and bit-flips from SEEs as listed in Table 5,
the SEE cross sections for bit-flips and stuck bits as a function of electron energy
were calculated. These cross sections are shown in Figure 18 together with fits to
the data using Weibull functions. No SEEs were observed during irradiation with
6 MeV electrons, so this data point is only represented by the upper limit of the
error bars. The error bars are constructed using Poisson statistics with 95 % confi-
dence limits, combined with the estimated error of the fluence measurements. In
irradiation facilities used for irradiation of electronic components, the estimated
value of uncertainty in the measured particle fluence is commonly 10 %, and this
is the value used for the beams at RADEEF. For the electron beams at VESPER 20 %
was used as the fluence uncertainty value as described in Section 2.5.2.
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FIGURE 18 Electron SEE cross sections for stuck bits and bit-flips for 6, 20, 61, 123 and
200 MeV electrons, from data of DUTs SDG3, SDG1, SDF4, SDE3 and SDF1.
Adapted with permission from [PI] © 2021, IEEE.

3.3.2 Dose rate and annealing effects

The point of onset of the observed error rate increase is related to the dose rate
of the beam. This was investigated by testing DUTs using 20 MeV electrons with
three separate dose rates, and the induced stuck bits as a function of dose and
dose rate in the DUTs are shown in Figure 19. The dose rates that are reported
are average dose rates, not instantaneous dose rates during the radiation pulses.
The dose rate dependence suggests an ongoing annealing process, where the im-
pinging radiation induces effects on the device which accumulate, but also anneal
over time. During irradiation with the smaller dose rates, more time is available
for the cumulative radiation effects to anneal, and the onset of the error rate in-
crease is delayed.

The annealing of the stuck bits was investigated using retention-time distri-
butions of the bits in the devices. This is shown in Figure 20, where the retention
times of bits were investigated at different times of annealing. The DUT was kept
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FIGURE 19 Induced stuck bits from 20 MeV electron beams at three different dose rates,
with fits to the data to a sum of a linear function and a power law function.

The error rate increase occurs earlier for higher dose rates. Adapted with
permission from [PI] © 2021, IEEE.

unbiased in ambient room temperature during the annealing periods. The reten-
tion time test was performed by setting the desired refresh period of the mem-
ory, writing a data pattern of all ‘0’ to the DUT, then waiting one minute before
reading it back, then repeating the write-wait-read cycle with an all ‘1" pattern.
The errors from these two memory readings were summed up, and the result is
shown on the y-axis of the figure.

After the irradiation was stopped, and the DUT in Figure 20 recently had
experienced the steep error rate increase as seen in Figure 19 for the SDG5 DUT
irradiated at 4.1 Gy(Si)/min, many bits were stuck at the nominal refresh time
period of 64 ms. Note that the errors in Figure 19 (and in figures presenting sim-
ilar data) are cut in the y-axis direction so that both the linear and power-law
parts of the data can be viewed. The irradiation runs were continued to slightly
higher doses, as seen when comparing with Figure 20 where the number of errors
after the irradiation end was around 10°. This number of errors at fast refresh fre-
quencies around the nominal value dropped quickly after the irradiation, while
the retention times of bits with intermediate to long retention times stayed fairly
constant. After longer annealing times, the number of errors at long times be-
tween refresh events even started to increase. This retention time decrease as a
function of annealing has also been reported in e.g. [141].
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FIGURE 20 The evolution of retention times of bits in DUT SDF5 after irradiation by

20MeV electrons at various times of annealing. Adapted with permission
from [PI] © 2021, IEEE.

3.3.3 Origins of the SEE and cumulative effects

The response of the devices to 6 MeV electrons was compared with the 6 MV
photon beam from the RADEF Clinac. No upsets due to SEEs were observed
for either of the cases, and in both cases a steep onset of errors occurred, after
0.5kGy(Si) for the 6 MV case (at 6.7 Gy(Si) /min) and 0.75kGy(Si) for the 6 MeV
case (at 4.5 Gy(Si) /min), as shown in Figure 21. In the figure only the power-law
increase of the error rate is observed. The suspected cause for the stuck bits due to
SEE are particle collisions involving a large transfer of energy to the target device,
at a sensitive location in the device, creating displacement damage clusters where
the stored charge on the memory cell can leak out, i.e., SPDDEs. The high-energy
electrons are then able to induce such displacement damage clusters through in-
teractions with PKAs, while the lower energy electrons and photon beams can
not create energetic enough PKAs.

The cumulative radiation damage leading to that the error rate increases
as a power law function could in principle occur due to either DDD or TID. In
the DDD process the accumulation of smaller defect centers over the irradiation
runs could occur, and in the TID process the radiation effects would originate
from the accumulation of charges in the oxides present around the memory cells,
such as in STIs, as well as the increase of interface states and defects at the bor-
der regions between the silicon and the insulators. The likely dominant effect for
the cumulative radiation effects should in this case come from TID. The retention
time decrease of many of the cells after long annealing times observed in Fig-
ure 20 for the bits with long retention times, could then be explained by the slow
migration of charges in the oxides. As they reach and get trapped in interface
regions, they can negatively affect the retention capabilities of the bits. Also po-
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FIGURE 21 The induced stuck bits from 6 MeV electron and 6 MV photon beams, to-
gether with fits to the data to a power law function. The data for the
6 MV photon beam is only related to the bottom axis and deposited dose,
while the scales of both dose and fluence apply to the 6 MeV electron data.
Adapted with permission from [PI] © 2021, IEEE.

tential evolution of the induced interface defects to more severe states associated
with higher cell leakage currents could cause a decrease of retention times and a
negative annealing trend, and vice versa for evolution towards less severe defect
configurations. The similar behavior observed in Figure 21 between DUTs irra-
diated by 6 MV photons and 6 MeV electrons, as well as the similar power-law
trends seen for higher energy electrons (e.g. the 123 MeV electrons in Figure 17a)
speak for a TID origin of the cumulative effects. The dose rates used for the DUTs
shown in Figures 17a and 21 were rather similar, where the photon-irradiated
DUT experienced the cumulative error onset at a similar or earlier stage than
the electron-irradiated DUTs. The photons at energies primarily around 1 MeV
should not be able to induce larger lattice displacements than the higher energy
electrons. Irradiation by such photons results however in a low rate of recombina-
tion of generated electron-hole pairs in the presence of an electric field compared
to many other radiation sources [142, 105], and thus has a strong ability to induce
TID effects. However, the difference in this regard should be small compared to
the electron beams, since the fraction of holes escaping recombination is fairly
similar for irradiations with ®°Co and high-energy electrons [105].

3.3.4 ISB and cell damage from SEE

All observed stuck bits were intermittently stuck bits (ISBs), so that they were
stuck over some periods of time and then were able to operate normally at other
times. An example of this is shown in Figure 22. The figure shows the amount
of time each stuck bit spent in its stuck state compared to in a normally func-
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FIGURE 22 The error intermittency of the stuck bits in DUT SDF3 irradiated by
123 MeV electrons. All stuck bits were intermittently stuck, with periods
during which they were stuck and other periods during which they be-
haved normally and returned the expected value when read. Adapted with
permission from [PI] © 2021, IEEE.

tioning state in DUT SDF3 during irradiation. Each bit is represented with a line
that goes up to a level representing a stuck state when errors are detected in the
bit, and then goes down to the normal state when a correct reading is performed
of the charged state of the bit. Since a loop of the March C- test was run during
the irradiation, the memory was alternately written to its charged and discharged
states, but only the ability to read back the bit value corresponding to the charged
state was of interest regarding the stuck bits. Thus a correct reading of the dis-
charged state does not make the line go down to the normal state in Figure 22.
Since the definition of stuck bits in this work are bits where reoccurring errors
were observed, bits with only two error occurrences would be counted as stuck.
The number of error occurrences for each bit during the irradiation is written on
the left side of each line in the figure, where a few of the bits were returning errors
only twice.

Retention time distributions of bits that had stuck bits and bit flips as SEEs
during irradiation, as well as of the full bit populations are shown in Figure 23
for DUTs of model B tested at different electron energies. The data for the figure
were generated after irradiation, by the same procedure as the one described for
Figure 20. Bits that had bit flips, as well as bits that were stuck during irradiation
show a decrease in data retention time compared to the bits without errors. The
data retention time trends in the two bit-populations that had SEEs are fairly
similar to each other, and show similar degrees of degradation compared to the
all-bits population. The same trend has also been shown for a different model of
DRAM in [143].

The similarities between the bits with bit-flips and bits that were stuck dur-
ing irradiation in terms of retention time degradation, as well as the intermittency
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of the stuck bits shown in Figure 22, suggest that the mechanism causing them in
this type of memory could be the same. Since there are stuck bits with only two
error occurrences, the same type of event in the DUT could result also in only one
error occurrence. The proposed mechanism for stuck bits by SEE in the current
literature revolves around single particles creating clusters of lattice displacement
in a sensitive region of the memory cell as an SPDDE. This lattice damage struc-
ture can be more or less stable, so that stuck bits can anneal and disappear. The
cluster could also evolve between different configurations through e.g. thermal
excitations, which may cause varying leakage currents from the memory cells
and thus variations in the data retention times leading to intermittently stuck
bits [111, 112].
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FIGURE 23 Retention time distributions of bits which had SEE in the form of stuck

bits and bit flips in the irradiated DUTs, compared to the retention time

population of the full bit population in the respective DUTs. Adapted with
permission from [PI] © 2021, IEEE.

3.3.5 SEE in the Jovian environment

The Jovian electron environment shown in Figure 5 can be compared to the cross
sections in Figure 18 to estimate the number of SEEs the model B DUT would
experience due to the electron radiation if it flew on the JUICE mission. The cross
sections with the associated Weibull fits are shown together with the electron en-
ergy spectrum in Figure 24. In the figure is also shown the resulting electron
spectrum after it has been transported through 15mm Al, simulating the mate-
rial of a spacecraft wall. The transported electron fluence was simulated using
GEANT4.
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FIGURE 24 The electron fluence encountered by JUICE, along with the transported flu-
ence through 15mm Al, is shown together with the electron SEE cross sec-
tions of SDRAM model B as a function of electron energy. Adapted with
permission from [PI] © 2021, IEEE.

The DUTs were only tested at normal incidence angle, so when calculating
the expected number of SEEs the differential fluence was multiplied with 47, ap-
proximating an isotropic fluence as well as an isotropic device response. Folding
the resulting fluence between the cutoff energy of the Weibull fit and the maxi-
mum energy in the fluence spectrum 1GeV, results in the estimated number of
stuck bits and bit flips. The resulting number of SEEs is sensitive to the final fitted
curve representing the cross-section data, where variations in the Weibull cutoff
energy and the shape of the curve can yield a varying number of calculated er-
rors. The fitting procedure was redone again for this document compared to the
presented values in [PI] where a corresponding table to Table 6 is shown with
slightly different values presented. The largest difference between the two is the
non-shielded stuck bits which in [PI] was calculated to be 2.7 instead of 1.7.

TABLE 6 Estimated amount of electron-induced SEE in SDRAM model B in flight on
the 11 year JUICE mission.

Error tvpe Errors With 15 mm
YPE  without shielding Al shielding
Stuck bits 1.7 0.5
Bit flips 0.6 0.2
Total 22 0.7

There is also a large expected TID associated with the electron fluence. The
TID during the JUICE mission is in [37] expected to be around 2.3 kGy(Si) using a
shielding of 10mm Al, and 1.2kGy(Si) when using 14 mm Al, with the majority
of the dose originating from the electron environment. In Figure 19, the low-
est tested average dose rate was 4.1 Gy(Si) /min, while the average dose rate of
the 11 year JUICE mission would be 0.39 mGy(Si) /min and 0.21 mGy(Si)/min
for the 10 and 14 mm cases respectively. The much lower dose rates in flight
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compared to the tested cases might cause the cumulative effects of the electron
radiation to be different than described here, and likely much less severe.

The low error cross section for SEEs caused by electrons of the DUTs, and
the number of errors estimated in Table 6, show that these types of events are
likely not a big issue in flight. The cumulative radiation effects could instead
be a larger issue, affecting the whole bit array and potentially causing multiple
stuck bits at the TID levels encountered during the mission, but low dose-rate
tests would be needed to be performed for better estimations of the in-flight TID
behavior.

3.4 Proton-induced retention-time degradation

For the tests conducted with 52 MeV protons at RADEEF, a part of the memory ar-
ray was characterized in detail in terms of the retention time of the bits before and
after irradiation. A memory portion of 128 kb was used, and the irradiation of the
DUTs was performed under a lowered refresh frequency to increase the SEE cross
sections. Each bit was refreshed every 8 s (much longer than the nominal value of
64 ms), and no errors were observed in the memory portion before irradiation at
this refresh interval. The data pattern AAj, (hexadecimal ‘AA’, corresponding to
“1010" repeated over the memory portion) was used for all tests, during irradia-
tion and for characterization. Half of the used bits were in the charged state using
this pattern, so effectively 64 kb were tested for and susceptible to stuck bits. One
sample of each SDRAM model from Table 4 was irradiated, and the retention
time distributions of the memory arrays before and after irradiation between the
nominal refresh time interval of 64 ms up to around 4.3 x 10% s are shown in Fig-
ure 25a. During irradiation, the test pattern (AAj) was read and rewritten every
60s. The DUT of model B was irradiated first, until a power-law increase of the
error rate was observed, along the same trends as presented in Figure 17. The to-
tal proton fluence on the DUT was 5 x 10! em~2, and the following two DUTs of
models D and F were irradiated up to the same fluence, to compare the responses
of the three DUTs. No error rate increase was observed in models D or F.

In Figure 25a are also shown the retention time distributions of the popula-
tions of bits which had SEE during irradiation, with the number of detected stuck
bits (at the tested refresh frequency) and bit flips (SBUs) displayed in the figure
frames. A shift to shorter retention times is seen for all three DUTs, with the
largest effect seen in the model B DUT and the smallest in the model F DUT. The
bits with SEEs during irradiation had large retention-time shifts towards shorter
retention times after irradiation, but the bits which had SEEs did not necessarily
have the shortest retention times of the tested memory portion before irradiation.
This makes a pre-irradiation screening process very difficult to put in place to
identify the most sensitive bits to SEE. The retention time distributions of the bits
which became stuck during irradiation are shown as dotted lines in blue as they
were before irradiation and in orange after irradiation. The same is shown for
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FIGURE 25 The cumulative retention time distributions in 128 kb of the three different
irradiated SDRAM models irradiated by a proton fluence of 5 x 10'* em 2.
Some of the data shown in the figures are also presented in [PII].

the bits with bit flips (SBU) with dashed lines. The one bit with an SBU during
irradiation of the model F DUT had longer retention time before irradiation than
the maximum tested value, so the blue dashed line is missing in Figure 25a for
model F.

General shifts of the full tested cell populations toward shorter retention
times are seen in Figure 25, most notably for the model B DUT but also clearly
for the DUT of model D. This is not clearly observed for the model F DUT, except
for an increase of cells with shorter retention times (below 100s). Relating this to
the device cell structures shown in Figure 15, there are more and larger insulating
structures present around the storage capacitor and access transistor regions for
models D and B compared to F. Deposition of TID in these insulating structures
can affect the cell operation by the accumulation of parasitic charges close to the
locations of the cell charge storage and the conducting path to the bit line, causing
cumulative effects on the full cell populations.

The time evolution of the retention time distributions after the irradiation
is presented for the irradiated DUTs in Figure 25b. No drastic changes are seen
for the DUTs of models D and F, where the model D device retention time dis-
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tribution stayed close to the distribution seen directly after irradiation. For the
model F DUT the retention time decrease observed around 10s after irradiation
was seen to anneal, and the distribution was approaching the pre-irradiation dis-
tribution. The same trend as was seen for electrons in Figure 20 is seen for the
annealing after proton irradiation for the model B DUT. The most affected bits
with the shortest retention times after irradiation are seen to anneal to longer re-
tention times, and at the same time the bits with the longest retention times show
a retention-time decrease. This creates a more vertical distribution where the bits
have retention times within a fairly small range compared to the distributions of
Figure 25a.
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FIGURE 26 The retention times of the bits in the proton irradiated DUT of SDRAM
model B. The bar heights signify the number of bits with retention times
within the width of the bar.

A different view of the retention time distributions is shown in Figure 26,
where the retention times of the bits in the DUT are shown in a non-cumulative
plot. After 12 months of annealing, the retention times are seen to be grouped
around a maximum at about 30s. The included fits to the retention time data in
Figure 26 are of lognormal distributions, fitted to the points at the top left corners
of the bars in the figure. The fitted lines show the behavior of the retention times
of the main part of the bits, i.e. not following the tail of bits with short retention
times after irradiation. The fitted lines follow the trends of the full distributions
well before irradiation, as well as after a long time of annealing after irradiation.
Just after irradiation, there is a tail present of the distribution towards shorter
retention times, seen also in Figure 25 for the model B DUT. This tail is seen to
anneal over time, so that the distribution of retention times in the memory portion
after one year of annealing is that shown in gray in Figure 26.
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3.4.1 Comparison with photon irradiation

The dominance of the TID effects can be seen comparing the post-irradiation
retention-time distributions of the proton irradiated DUT of model B with a DUT
irradiated with photons. This is shown in Figure 27, where the retention time
curve of the proton irradiated DUT is the same as the top frames in Figure 25,
and representing the same data as in Figure 26 after irradiation. This is compared
to a DUT irradiated by 6 MV photons up to a similar dose as that obtained dur-
ing the proton irradiation. The distributions in the figure are very similar to each
other, and since the displacement damage induced by the protons is consider-
ably larger than that of the photons it seems the TID is responsible for most of the
retention time degradation.

The deposited dose in Si by the proton irradiation was around 0.77 kGy(Si),
and the photon irradiation was performed up to 0.80 kGy(H,O) using the RADEF
Clinac 6 MV beam with a 1.5 cm buildup layer of acrylic over the DUT. Convert-
ing the 0.80 kGy(H,O) to dose in Si using Eq. 20 (at CPE), with values of y.,/p
from Table 3, this is estimated to be around 0.72 kGy (Si).
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FIGURE 27 Retention time distributions post irradiation from DUTs irradiated by pro-
tons and photons up to a similar level of dose. The data shown in the figure
are also presented in [PII].



4 RESULTS OF TESTS WITH FIBER-BASED
DOSIMETRY SYSTEMS

4.1 Tested fibers

Silica glass rods doped with Ce3"-, Cu™-, and Gd®>"-ions were tested for use as
dosimeters in the pulsed electron beams of the RADEF Clinac, described in Sec-
tion 2.5.1. The tested rods were 1 cm long with a diameter of 0.5 mm, and fusion
spliced to 5m long, 0.5 mm wide pure silica core optical fibers used to transport
the RIE from the irradiation area for detection. The samples are listed in Table 7
along with their dopant concentrations. The fabrication of the tested samples was
not part of this work, nor was the development of the fabrication procedure. Fur-
ther information on the samples and the fabrication process of them can be found
in e.g. [PIII, PIV, 144, 145].

TABLE 7 The three tested fiber samples. The table data is also presented in [PIII].

Sample Dopant Concentration (wt%)

Ce-rod  Ce3t 0.07
Cu-rod Cut 0.07
Gd-rod Gd3* 0.1

4.2 Emission spectra of the RIL

Each dopant from Table 7 in the silica matrix has its associated characteristic emis-
sion bands under excitation by ionizing radiation. These emissions are shown in
Figure 28 under excitation by the 20 MeV electron beam, detected utilizing an
Ocean Optics USB2000+ UV-VIS-ER spectrometer [146] for light detection at the
end of the transport fibers.
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FIGURE 28 The emission spectra of the three tested samples under excitation by 20 MeV
electrons, where the peak heights have been normalized to one. Adapted
from [PIII] under the license CC BY 4.0.

The observed emission bands agree with those presented in Table 1, with
the Gd3*-emission peaking narrowly around 314nm (3.95eV) [98], the Ce3*-
emission having peaks around 440 nm (2.8 eV) and 490nm (2.5eV) [89, 85], and
the wide Cu™-emission being centered around 543 nm (2.3 eV) [90].

4.3 Dosimetry of pulsed electron beams

The capabilities of the fiber-based dosimeters to measure dose in pulsed elec-
tron beams were tested by varying the dose delivered per electron bunch by the
Clinac, and detecting the pulses of RIE by the samples under irradiation. The
method of varying the Clinac electron bunch doses is described in Section 2.5.1,
and in detail in [PIII], using a different mode of operation than normally used in
Clinacs.

4.3.1 Experimental setup and method

The experimental setup that was used is also described in detail in [PIII], and
will only be described briefly here. The RIE of the tested samples was directed
to a photomultiplier tube (PMT) away from the irradiation area by the transport
fiber. The PMT was a Hamamatsu H9305-13 [147], and it was encased in a dark
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aluminium casing to shield the system from parasitic light. Also the sample and
transport fiber was enclosed and shielded from outside light by a thin black plas-
tic tube. The PMT output signal was sent to an oscilloscope with 1 MQ) input
impedance, and all tests described in this chapter were performed at room tem-
perature. The data analysis and visualization were performed using Python code.

For each of the tested settings of dose per electron bunch, a fixed dose cor-
responding to circa 30 s of irradiation was delivered to the sample, and the PMT
signal during irradiation was recorded on the oscilloscope. Two different bunch
frequencies were used, at around 200 Hz and 20 Hz, where the higher frequency
was used for the cases with a dose per electron bunch lower than around 1 mGy.
An example of a part of a recorded run can be seen in Figure 29, where also the
height and area of the recorded pulses are visualized. The height and area in-
tegration of the pulses were done relative to the zero-level shown in the figure
inset, calculated immediately before each new pulse.
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FIGURE 29 An example of the start of a recorded trace of RIL pulses in an oscilloscope.
The figure shows the case of the Cu-rod under 20 MeV electrons at a dose
rate of 5Gy/min and a bunch frequency of around 200 Hz. The figure inset
shows a schematic view of the calculations of pulse height and pulse area.
The variations of these properties of the output pulses were compared to
variations of the dose per electron bunches.

4.3.2 Dose per electron bunch measurement

All detected pulses recorded in the oscilloscope for each run were characterized
in terms of their height and area. The average values of these parameters were
compared to the average dose per electron bunch, which is shown in Figure 30a
for the pulse height and Figure 30b for the pulse area. The error bars in the y-axis
direction are the standard deviation of the pulse parameters, while the error bars
in the x-axis direction are 10 % of the measured average dose per bunch value. In
Figure 30c, the total integrated oscilloscope trace area is plotted against the total
run dose.
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FIGURE 30 The linearities of the recorded light-emission pulses from the doped silica
rods as a function of dose per electron bunch are shown for the pulse height
(a) and pulse area (b), as well as the integrated area of the total collected
trace in the oscilloscope as a function of the run dose (c). The average val-
ues of the pulse parameters are used, where the y-axis error bars are the
standard deviations of the parameters, and the x-axis error bars are 10 % of
the estimated dose value. Adapted from [PIII] under the license CC BY 4.0.
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All data in Figure 30 are from irradiation by a 20 MeV electron beam at a
normal incidence angle, without any dose buildup layers present above the sam-
ples. The dose values that are presented are not the deposited dose in the silica,
instead the samples were irradiated by a fluence of 20 MeV electrons which cor-
respond to the given dose at maximum dose depth in water. The data points at
a dose per bunch close to 1 mGy are overlapping points from frequencies of both
20 and 200 Hz.

For the case of the pulse heights shown in Figure 30a, there is a good lin-
earity observed for the Ce and Cu rods for electron bunch doses between about
10~° Gy and 1072 Gy. For the case of the Gd-rod, the pulse heights are consider-
ably smaller than the other samples, and for the lowest dose per pulse the noise
level in the recorded signal starts to affect the pulse-height measurement. The
point at the lowest dose per bunch for the Gd sample is because of this above the
linear fit line, and a fit containing an added constant representing the noise level
of the system is able to better follow the trend of the full data set.

The trends of the pulse areas versus the dose per pulse in Figure 30b show
also a good linearity. This is expected since the pulse shapes of the signals from
the samples at the different tested dose per pulse values are constant, and the
pulse heights show a good linearity. The noise level of the detected signal does
not have the same effect as in Figure 30a, since the noise is symmetric around
the signal level and cancels out during the integration. Instead the pulse area
linearity is affected by the change of the bunch frequency, and the figure shows
the 200 Hz data shifted upwards by a constant to fit with the trend of the 20 Hz
data. The unshifted original data points are shown as diamond markers visible
at the lower edge of the square 200 Hz markers. The shifting is due to the long
decay times of the collected pulses caused by the large input impedance of the
oscilloscope, where during a high bunch frequency the signal level does not have
sufficient time to decay down to the original zero level, and the new pulse is
located on the tail of the previous pulse. The calculated pulse areas are in these
cases slightly below the linear trend of the low frequency bunch data. This effect
is the biggest for the Gd-rod, since the decay time of the Gd>*-luminescence is
considerably longer than that of the Ce3* and Cu*-ions as seen from the listed
luminescence decay times in Table 1.

The full dose of the measurement runs are compared to the total integrated
recorded trace areas in Figure 30c. These show a linear relationship over the
tested range from a few cGy to around 7 Gy. The luminescence of all three sam-
ples is thus able to represent the dose delivered by the pulsed Clinac beam for
different amounts of dose per pulse.
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4.4 Dose depth curves of electron beams

4.4.1 Oscilloscope-based acquisition setup from Section 4.3

All tests of Figure 30 were performed under the same conditions, with the 20 MeV
electron beam at a normal angle. Using the oscilloscope-based setup as was de-
scribed in Section 4.3.1, the Gd-rod sample was also irradiated at various depths
in water. The ability to measure dose accurately in water is important for dosime-
try in clinical environments, since a water phantom can be used to simulate the
dose depth behavior in a human body. The recorded pulse heights of the Gd-rod
as a function of depth in water under irradiation by 20 MeV electrons are shown
in Figure 31, together with the dose measured by an IBA PPC40 dosimeter ([135])
for reference.
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FIGURE 31 Dose depth curve measured with an IBA PPC40 reference dosimeter, along
with the recorded pulse heights of the luminescence from the Gd-rod as a
function of depth in water for 20 MeV electrons.

In this case the recorded pulse heights of the Gd-rod luminescence are not
able to follow the curve of the deposited dose, and the initial relative pulse height
at the water surface is considerably below the surface dose measured by the refer-
ence dosimeter. A closer look at the recorded peak shapes of the data in Figure 31
is shown in Figure 32. This reveals a varying pulse shape with increasing water
depth, where the average pulses of the 30s irradiation at each tested depth are
shown. The pulse shape at the water surface shows a relatively larger signal tail
than what is seen as the water depth increases. This suggests an increase of the
prompt signal component relative to the luminescence tail as the water depth in-
creases, caused by an increase of Cherenkov radiation at larger water depths. The
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scattering of the electron beam increases as the water depth increases, which lead
to more electrons traversing the sample at larger angles. This causes an increase
of the generation of Cherenkov radiation along the direction of the sample and
transport fiber. The shape of the Gd-rod pulse height curve in Figure 31 is very
similar to previously measured curves of Cherenkov radiation measurements us-
ing optical fibers in water, e.g. in [148], which suggests that Cherenkov radiation
is the cause of the luminescence profile seen in Figure 31.
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FIGURE 32 Shapes of the Gd-rod pulses in the oscilloscope as a function of depth in
water under irradiation by 20 MeV electrons. The peaks are seen to get
sharper as the water depth increases, with smaller pulse tails relative to the
peak height.

4.4.2 Separating emission components using a monochromator

To separate and further analyze the different components of the RIE, a monochro-
mator setup was used. This allowed narrow wavelength bands of the RIE to
be investigated separately. At the end of the transport fiber, a pair of aspheric
lenses were used to focus the light emission from the sample onto the end of a
guide fiber bundle used as the monochromator input light guide. The monochro-
mator was of Fastie-Ebert type with a focal length of 996 mm, and is described
in further detail in [149, 150]. The transmitted light emission was detected us-
ing a R9880U-110 PMT [151], where the resulting light spectrum segment had an
FWHM of about 3.5 nm.

The signal from the PMT was recorded using the digitizer module CAEN
N6751 [152], in which a sampling interval of 0.5ns in traces with lengths of up
to 1ms was used. Parallel to the sample in the beam window was a Si diode
detector, which was used to generate an acquisition trigger signal to the digitizer.
The resulting PMT signal of each electron bunch was saved as a digitized trace
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using this procedure, each in the same time frame relative to the electron bunch.
Details of this experimental setup is described in [PIV].

l ® 314 nm RIE data
Electron bunch
[}
S 102 A :
s
2
= ]
c
(7]
.Eu ® o [ ]
c
o
G 101 4 :.
0 k
€
o6
w I~
[ J
0 200 400 600 800 1000

Time (us)

FIGURE 33 The RIE at 314 nm of the Gd-rod under irradiation by 20 MeV electrons over
time relative to the 3 ps long electron bunch. Adapted from [PIV] under the
license CC BY 4.0.

The time of each detected light quantum in the PMT after the RIE passed
through the monochromator was recorded, and the light intensity over time in
relation to the electron bunch position can be visualized through histograms, as
is done in Figure 33 with the monochromator set to 314nm. The time of the
electron bunch is shown by orange lines, showing a prompt emission response
during the electron bunch, followed by a long luminescence tail composed by the
slow Gd** decay at 314nm. A short period of time before the electron bunch is
also included as an estimation and visualization of the noise level.

The detected light emissions as exemplified in Figure 33 can then be sep-
arated in prompt emissions during the electron bunch, and luminescence after
the electron bunch. Investigating dose depth curves in an acrylic phantom using
these two separated emission components results in the curves seen in Figure 34.
Data using electron beams of 6 MeV and 20 MeV are shown in Figures 34a and 34b
respectively. The prompt emission curves are similar to the results shown in Fig-
ure 31. They are caused by the induced Cherenkov radiation, while the lumines-
cence components follow the shapes of the reference dosimeter curves.

In the figure legends the quantities zyay and Dy f4c, are also shown for each
curve. These values signify the depth of the signal maximum, z;;4x, and the frac-
tion of the signal at the water surface (at 0 cm depth) and the signal at the depth
Zmax-

Data at different depths of acrylic were also obtained using a spectrome-
ter in addition to the monochromator setup, using the same spectrometer system
as described in Section 4.2. The RIL signal can in this case be separated from
the Cherenkov background using the emission spectrum. An example of the
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FIGURE 34 Dose depth measurements of electron beams in acrylic for the electron en-
ergies 6 MeV in a) and 20 MeV in b). The prompt and fluorescent emissions
at 314 nm are shown separately in the figures. Adapted from [PIV] under
the license CC BY 4.0.
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FIGURE 35 RIE spectra of the Gd-rod irradiated by 20 MeV electrons at a beam angle
of 45° in a), and in b) by 12MeV electrons at a depth of 2.5 cm in acrylic.
The 314 nm luminescence peak is shown in both figures, along with a back-
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FIGURE 36 Dose depth measurements of a 12MeV electron beam in acrylic. Prompt
and fluorescent emissions at 314 nm measured using the monochromator
setup are shown, as well as the 314nm RIL peak along with the total in-
tegrated Cherenkov emission measured using the spectrometer. Adapted
from [PIV] under the license CC BY 4.0.
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emission spectrum containing a considerable amount of Cherenkov radiation is
shown in Figure 35a, which was measured by tilting the electron beam in relation
to the sample. In this case the beam was tilted 45° compared to the normal inci-
dence angle to increase the amount of Cherenkov radiation transported through
the fiber. The RIL peak at 314 nm is still clearly visible, but the spectrum is dom-
inated by the Cherenkov radiation. The 314 nm peak can be separated from the
Cherenkov background by the procedure visualized in Figure 35b, where the RIL
peak at 314 nm was fitted with a Gaussian and the Cherenkov background in a
narrow region around the 314 nm emission line was fitted by a straight line.

The dose depth curve for 12 MeV electrons in acrylic is shown in Figure 36,
with the prompt and luminescence component at 314 nm obtained by the monochro-
mator setup as was done also in Figure 34, but also with the separated RIL and
Cherenkov components from data measured using the spectrometer. The ex-
tracted Gd>*-luminescence from both acquisition methods capture the shape of
the dose depth profile measured by the reference dosimeter well.

4.5 Luminescence properties of Gd*>*-doped silica

Data in the form shown in Figure 33 can be used to calculate the decay time of the
luminescence. A fitted exponential decay curve is presented in Figure 37a, where
the function

I(t)=Ae T4+ C (29)

describing the emission intensity as a function of time I(#) with one decay time
component T was used, where A is a constant describing the intensity amplitude,
and Cis a constant describing the background intensity. The resulting fitted decay
time T is here 1.3 ms, similar to previously reported values [98]. The decay curves
show however a tendency to have an increase in luminescence intensity shortly
after the electron bunch. A fit taking this effect into account with a term added
for a signal buildup according to

I(H) =A <e—f/fl _ e—f/TZ) +C (30)

is presented in Figure 37b, where T, signifies the time constant of the signal in-
crease early after the electron bunch and 7; describes the luminescence decay
time.

Fits on the form of Eq. 30 were performed for the electron energies 6, 12
and 20 MeV, at the various tested depths of acrylic. The fitted values of 71 and &
were similar to each other across the energies and depths, and the averages of the
titted values at various depths of acrylic for each energy are listed in Table 8. The
estimated standard deviation of the averages shown in Table 8 in parentheses are
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FIGURE 37 The luminescence decay of the Gd-rod under irradiation by 20 MeV elec-
trons at a depth of 5cm of acrylic. a) shows the decay fitted to one decay
time component according to Eq. 29, while in b) the decay fit includes also
a buildup term according to Eq. 30 accounting for the initial increase of lu-
minescence observed after the electron bunch. The constant background
term shown by a blue dashed line is fitted to the initial noise level before
the electron bunch arrival. Adapted from [PIV] under the license CC BY
4.0.
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including the averages of the estimated error of each fitted decay time, based on
the covariance matrix from fitting procedure.

The cause of the initial increase in luminescence after the radiation pulse
can be a transient RIA phenomenon, where the high level of radiation causes a
strong RIA by a modification of the material matrix, which leads to absorption
bands in the silica glass. If these defects are non-permanent and decay, the RIA
is transient with some decay time constant, here described by 17,. One type of
transient effect which could have this impact at emissions around 4 eV is the STX,
which is discussed further in Section 4.5.1.

TABLE 8 RIL decay times of Gd3+—doped silica at 314 nm with time constants fitted
according to Eq. 30. The average of the fitted values at different depths are
shown for each energy, with an estimation of the standard deviation of the
average fitted value in parentheses after each value. Adapted from [PIV] un-
der the license CC BY 4.0.

Electron RIL decay RIL buildup time
energy (MeV) time 71 (us) constant 7, (us)

6 1257 (43) 22 (4)
12 1267 (44) 28 (5)
20 1257 (44) 22 (9)

451 STX decay and luminescence

The STX is a defect which has an absorption band centered at 4.2 eV, and which
covers the 314 nm emission line of Gd3* at 3.95eV, as well as an absorption band
at slightly higher energies, observed at 5.3 eV [80, 153, 1]. The STX centers were
in [154] suggested to be formed by the rupture of a Si-O bond as an electron
is excited, and the excited electron and hole pair getting trapped on the broken
apart Si and O atoms respectively. A luminescent decay of the STX was observed
in [153], with an emission around 2.4eV (517 nm). This emission was there ob-
served to exhibit a blue-shift, with slightly shorter wavelengths of the emissions
as the time after the radiation pulse causing the STX formation increases, mov-
ing from around 2.05eV towards 2.4 eV at the temperature 80 K which was used
under those experiments. In [80], this luminescence was observed around 2.8 eV
with a decay time at around 1 ms at temperatures below 170K, with decreasing
decay times as the temperature increased above 170 K.

In tests at RADEE, as presented in [PIV], the emission spectrum shown in
Figure 38 was collected using the Gd-rod sample under 20 MeV electrons at 0°
beam angle without acrylic above the sample. The irradiation conditions were
similar to those when the Gd-rod spectrum in Figure 28 was collected, but in
Figure 38 an emission structure around 500 nm (2.4 to 2.8 eV) is clearly visible,
which is not clear in the spectrum in Figure 28. In between the spectra taken for
Figure 28 and Figure 38, many experiments were conducted with a fairly large
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FIGURE 38 The emission spectrum of the Gd-sample under 20 MeV electron irradiation
at normal incidence angle without acrylic covering the sample. The emis-
sion structure around 2.4 to 2.8V is fitted with a sum of three Gaussian
components. The 314nm (3.95eV) peak has a height of around 10 in the
scale of the figure for reference. Adapted from [PIV] under the license CC
BY 4.0.

total dose on the sample (multiple kGy), which suggests that the visible emission
structure in Figure 38 could be dependent on the dose history of the sample, and
that the emissions at 2.4 to 2.8 eV increases with increasing dose history.

The transient RIA observed at 314 nm, in combination with the emissions at
2.4 to 2.8 eV shown in Figure 38 suggest a creation of STX defects in the Gd-rod
during the radiation pulses. The difference between the Gd-rod emission spectra
of Figures 28 and 38 suggests an evolution of the STX defect creation with dose
history on the sample.

The fitted Gaussian components of the spectrum in Figure 38 are speci-
tied with their peak position y and width parameter o. Three components were
needed to recreate the shape of the observed peak, with components centered
close to 2.5, 2.6 and 2.8 eV, agreeing well with the previously reported lumines-
cence of the STX decay. Noteworthy is however that the acquired spectrum is not
corrected by the spectral response of the used setup, i.e. the transport fiber and
spectrometer, so the measured spectra is not necessarily exactly the one of the ma-
terial, but is convoluted by the transfer function of the parts of the measurement
setup.

The decay time of the luminescence in the observed peak structure of Fig-
ure 38 was investigated in the same manner as was done in Figure 37. The
monochromator was then tuned to select wavelengths within the peak, result-
ing in measured decay curves as exemplified in Figure 39 where the emissions
around the radiation pulse at the wavelength 475 nm are shown.

The emission structure in Figure 38 was investigated under irradiation by
20 MeV electrons at a normal angle of incidence without acrylic covering the sam-
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FIGURE 39 A decay time curve measured at 475 nm under irradiation by 20 MeV elec-
trons. The data was fitted to one decay time component according to Eq. 29.
Adapted from [PIV] under the license CC BY 4.0.

TABLE 9 Fitted decay time values of the luminescence after the radiation pulse at differ-
ent wavelengths under irradiation by 20 MeV electrons. The values in paren-
theses are the estimated standard error based on the covariance matrix from
the fitting procedure. Adapted from [PIV] under the license CC BY 4.0.

Wavelength (nm) Decay Time 7 (ps)

425 12.6 (3.7)
450 16.7 (3.3)
475 11.5 (3.5)
500 8.3 (2.8)

ple, and the fitted decay time parameters at the investigated wavelengths are
presented in Table 9. The decay times are observed to be in the vicinity of 10 to
15 ps, where the observed decay times at the different tested wavelengths show
similar results to each other. The estimated standard error at each wavelength is
reported in parentheses, based on the resulting covariance matrix from the fitting
procedure.



5 CONCLUSION

This thesis work contains two fairly separate topics of investigation: the topic of
radiation effects on SDRAMSs, and the topic of dosimetry using the RIL of doped
silica glasses. The SDRAMSs were initially investigated under electron beams, to
observe what radiation effects were induced by high-energy electrons in the con-
text of upcoming space missions to Jupiter and to the especially harsh electron
environment found there. In those experiments, described in [PI], it was found
that stuck bits could be induced by single high-energy electrons in one of the
tested components. It was also found that a comparable retention time degrada-
tion was observed in bits which were stuck, and bits which had SBUs, indicat-
ing that the two fault modes were induced by a similar upset mechanism. The
SDRAMs were later studied also under proton irradiation, for a more detailed in-
vestigation of the retention-time degradation induced by the irradiation that was
presented in [PII]. The observed retention-time degradation was there discussed
in the context of variations in the memory cell layouts between the tested com-
ponent types. The observed collective degradation of retention time of the mem-
ory array caused by cumulative radiation effects was found to originate from the
deposition of TID. The presented results show that also high-energy electrons
when present need to be considered for potentially causing SEE and stuck bits
in SDRAMs, as protons and heavy ions for a long time have been known to be
capable of. For smaller technology nodes, and smaller critical charges and pertur-
bances necessary for causing upsets, electrons might pose increasingly important
threats to causing upsets in various technologies.

On the topic of optical-fiber based dosimetry, the capability of three differ-
ently doped sol-gel silica glass rods to represent the dose of a pulsed electron
beam was investigated in [PIII]. The tested rods were doped with Ce3t, CuT,
and Gd>", each exhibiting different luminescence properties. It was found that all
samples could well monitor the dose on a pulse-by-pulse manner from the med-
ical electron accelerator that was used, when the luminescence decay time and
pulse frequency were taken into account. When measuring dose-depth curves of
electron beams in water however, the Cherenkov radiation background needs to
be considered. The RIL and Cherenkov components of the RIE were investigated
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for the Gd*>"-doped sample in [PIV], where the two emission components could
be separated using two different measurement setups. In that study it was also
found that the pulsed radiation induced a transient RIA affecting the main RIL
component of Gd**, which was likely caused by generation of STX centers. These
results show that the tested systems are viable candidates for dosimeters to mon-
itor pulsed electron beams, and that the RIL proportional to the deposited dose
can be separated from the background Cherenkov emission providing a parasitic
light emission.

Some questions are left open after these conducted studies. One is regarding
the clearer appearance of the emission structure at 2.6 to 2.8 eV in the Gd>"-doped
sample over time, and after an increasing dose history. The evolution of this
emission structure, along with that of the transient RIA observed at the main
emission line at 314 nm, as a function of deposited dose in the sample should be
studied, potentially also revealing further details on the formation of STX centers.

Studying retention-time distributions of the memory arrays is a powerful
way of observing radiation-induced degradation of the memory performance in
DRAM-type devices. Continued studies of the radiation-induced retention-time
degradation on modern device technologies and under various types of radiation
beams can give a good measure of how susceptible the device cells are towards
specific radiation fields. These studies in combination with annealing properties
of the radiation damage, also under elevated temperatures, are valuable future
investigations.
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Abstract—This study investigates the response of synchronous
dynamic random access memories to energetic electrons, and
especially the possibility of electrons to cause stuck bits in these
memories. Three different memories with different node sizes
(63, 72 and 110 nm) were tested. Electrons with energies between
6 MeV and 200 MeV were used at RADEF in Jyviskyld, Finland,
and at VESPER in CERN, Switzerland. Photon irradiation was
also performed in Jyviskyld. In these irradiation tests, stuck
bits originating from electron-induced single event effects were
found, as well as single bit-flips from single electrons. To the best
knowledge of the authors, this is the first time that stuck bits
from single electron-events has been reported in the literature. It
is argued in the paper that the single event bit-flips and stuck bits
are caused by the same mechanism, large displacement damage
clusters, and that they represent different amounts of damage to
the memory cell. After a large particle fluence, a rapid increase in
the error rate was observed, originating from the accumulation
of smaller displacement damage clusters in the memory cells.
The 110 nm memory was a candidate component to fly on the
ESA JUICE mission, so the single event effect cross section as a
function of electron energy was compared to the expected electron
environment encountered by JUICE to estimate the error rates
during the mission.

Index Terms—Electron radiation, radiation effects, single event
upsets, stuck bits, total ionizing dose

I. INTRODUCTION

ADIATION effects in electronic components caused by
energetic electrons is of higher concern in the Jovian
radiation environment than in the radiation belts surrounding
Earth, due to the harder energy spectrum present around
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Jupiter [1]-[3]. This study is motivated by the European Space
Agency’s (ESA) JUpiter ICy moons Explorer (JUICE) mission
in the Jovian environment, and focuses on electron-induced
radiation effects in synchronous dynamic random access mem-
ories (SDRAM), where one of the tested components was a
candidate to be used on board JUICE.

One of the main points of interest of this work was to
investigate the possibility of stuck bits being induced by single
electrons. This has, to the best of the authors’ knowledge, not
previously been observed or reported.

Previous studies of single event effects (SEE) caused by
energetic electrons have been reported in e.g. [4]-[9], where
single event upsets (SEU) and single event latch-up (SEL)
were investigated mainly in static random access memories
(SRAM). In [4] SEUs from secondary electrons induced by
X-rays were studied, while in [5] and [6] SEUs in FPGA
embedded and configuration RAM were studied. In [7] SEUs
in SRAMs operated at a low voltage were observed. SEUs
from high energy electrons were studied in [8], and the same
authors studied electron-induced SEL in [9].

In this work concerning SDRAM, stuck bits are defined as
bits with reoccurring errors, so that the memory cell is return-
ing the same data when it is read (‘0’ or ‘1), independent
of the value which was written to the cell. This behaviour is
different from typical SEU, which manifest themselves as a
bit-flip, only present in a single reading of the bit in question,
but not in any consecutive reads of the cell after it had been
rewritten.

Stuck bits in SDRAM have been studied in irradiation
experiments using different particle species, such as protons
and ions, e.g. in [10]-[13]. There, a common suggested cause
for the stuck bits is single particles creating leakage paths from
the cell capacitor by displacement damage. In [13], as well
as in [14], [15], intermittently stuck bits (ISB) are discussed,
which deals with the phenomenon of bits appearing as stuck
in some periods of time, when otherwise they can operate
normally and return the correct value which was written to
the memory cell. Stuck bits are discussed in [16] under the
terminology weakened cells, where flight data and ground data
are presented. Here displacement damage from single particles
is also identified as the cause for the upsets.

In this paper, experimental SEE results from electrons,
resulting in stuck bits and bit-flips are presented and discussed.
No new interpretation of the mechanism causing stuck bits or
ISBs in SDRAMs is presented, but the cause of stuck bits is
put in relation to that of single bit-flips. The degradation of the



TABLE I
SUMMARY OF SPECIMEN USED IN THE EXPERIMENTS.
Memory  Node DUT IDs
size (nm)
SDFT, SDF3, SDF4, SDFS,
15428864008 10 spG1, SDG3, SDG4, SDGS, SDG6
1S42516320D 7 SDBI
18425 16320F 63 SDEI

cells subject to SEE is studied, and implications of the usage
of the studied SDRAM in the JUICE mission are discussed.

II. TESTED COMPONENTS AND EXPERIMENTAL
PROCEDURE

The tested components are described in Table I, where the
ISSI 512 Mb SDRAM 1S42S86400B [17] was a candidate to
be flown on the JUICE mission when the irradiation tests were
performed.

The tested memory devices were all ISSI 512 Mb Single
Data Rate (SDR) SDRAMSs, with 536,870,912 bits separated
on four banks. The IS42S86400B memory banks are orga-
nized into 8192 rows by 2048 columns of 8 bits, while the
1S42S516320D/F [18], [19] memories have 8192 rows of 1024
columns by 16 bits in their banks. They all have an operating
frequency of up to 143 MHz, with a 3.3 V bias, and were
packaged in 54-pin TSOP-II packages. None of the devices
were delidded for the irradiation experiments, and no further
information about the memory layout in terms of physical
structure or physical mapping of the memory bits are known
to the authors.

A Terasic DEO-CV FPGA development board [20] was used
as a memory control board during the experiments, and the
samples were mounted on daughter boards connected to the
control board through a GPIO pin interface. Only the device
under test (DUT) was placed in the radiation field during
irradiation, and the control board was kept outside the beam.

The components were running dynamic tests during irradi-
ation, with read and write operations carried out continuously.
The memories were running a March C- test, which was
slightly modified so that it would not have any stand-alone
write or read elements [21]. The dynamic test cycle of read
and write operations for the DUTs during irradiation is shown
in (1).

T (w0); {1 (r0,wl); 1 (r1, w0);
1 (r0,wl); | (r1,w0)}

The operations within the brackets { } in (1) were looped
over during irradiation, the r and w are read and write
operations respectively, the ‘0’ and ‘1’ are data patterns of
all ‘0’ and all ‘I’, and the arrows represent the address
accessing order in the operation, starting from either the lowest
address and stepping upwards (T), or vice versa (}). The
1S42886400B memories were operated at 100 MHz, while
the 1S42S16320D/F memories were operated at 75 MHz,
because the D/F memories could not operate without issues
at higher frequencies with the cabling and set-up used in
the experiment. During all runs, the memories were operated

)

with their nominal refresh frequency 128 kHz. This frequency
is based on the auto refresh command, which automatically
defines the row address to refresh. At 128 kHz, this command
is executed 8192 times every 64 ms [17] so that every row
of the memory is refreshed once per 64 ms. This refresh
frequency was altered during analysis procedures to investigate
data retention times of the memories’ bits.

III. TEST FACILITIES

The tests with high-energy electrons (60 - 200 MeV) were
performed at VESPER (the Very energetic Electron facility
for Space Planetary Exploration missions in harsh Radiative
environments) [22] at CERN (The European Organization for
Nuclear Research). Lower energy electron (up to 20 MeV)
and photon exposures were performed at RADEF (RADiation
Effects Facility) at the University of Jyviskyld, Finland, with
a Varian Clinac (Clinical LINear ACcelerator) 2100 CD [23].

A. VESPER

The VESPER beam is pulsed, and the electrons arrive in
short bunches (< 10 ps) at a frequency of 3 GHz. The electron
bunches were arranged in trains of 100 electron bunches each,
and the trains were arriving at a 10 Hz frequency.

A beam current transformer (BCT) was used to monitor
the beam current during the runs, and an Yttrium Aluminium
Garnet (YAG) screen was used to monitor the beam spot
shape. A camera was filming the scintillating YAG-screen
to monitor the beam profile during the run. The beam spot
was approximated to be of Gaussian shape, and the shape
parameters of the beam centre and standard deviation (pi y
and o, ,) were logged in real time while performing the
experiment.

This system for beam monitoring worked rather well with
a high intensity beam. As the beam intensity gets lower, and
as the beam energy gets lower, the beam profile and charge
is monitored less efficiently. Since the irradiation was done
in air, with the beam having to pass through an exit window
as well as a scattering screen to enlarge the beam spot, a
more diffuse and scattered beam would reach the scintillating
screen when a beam with lower energy and penetration power
is used for a given beam intensity. The DUTs were unable to
operate under high electron fluxes without large portions of
the memory being corrupted, so a rather low flux (in general
about 2 — 3- 108 e/cm?/s, which is low in relation to what the
facility could provide) had to be chosen. The beam spot was
thus rather diffuse, and the exact beam position difficult to
recreate. In combination with this, the beam spot was drifting
(generally < 5 mm) vertically and horizontally during the runs.

To calculate the electron fluence on the DUT, the beam
charge and measured shape (0, = 12 — 15 mm depending
on beam energy) were used. The fluence on the DUT was
assumed as the average fluence within the area o, X o, and
with an estimated uncertainty 20 % due to drifting of the
electron beam position during irradiation and the diffuse beam
spot.
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Fig. 1. Simulated photon energy spectrum of the 6 MV photon mode of the
RADEF Clinac.

B. RADEF

Electrons with energies of 6, 9, 12, 16 and 20 MeV are
available at the Clinac at RADEF. This electron beam is also
pulsed and consists of 5 ps long pulses every 5 ms (pulse
frequency of 200 Hz). Furthermore, the radiation from the
machine is provided in runs of up to 10 krad(H2O) each, so
the irradiation has to be restarted every 10 krad(H,O). This is
however a fast procedure, taking only a few seconds of time.
6 MeV and 20 MeV electrons were used for tests discussed
in this paper.

The Clinac can be run in electron mode or in photon mode.
In photon mode, a target is placed within the electron beam,
converting the incident electrons to a bremsstrahlung spectrum
of photons. In photon mode, the Clinac can be run at 6 MV
or 15 MV, which means that the resulting photon spectrum is
that of the bremsstrahlung from electrons accelerated over a
6 MV or 15 MV electric field (electrons with energies 6 MeV
and 15 MeV) respectively. The 6 MV mode were used for
photon-tests with results presented in this paper.

The photon energy spectrum for the 6 MV operating mode
is a smooth continuous distribution from 0 to 6 MeV, with
an intensity maximum at about 1 MeV, and can be seen in
Fig. 1. The spectrum is the result of a Geant4-simulation [24]
where 6 MeV electrons were impinging on a 2.5 mm thick
Ta-target. The bremsstrahlung photons generated in the target
was transported through a tungsten flattening filter, which is
present in the beam line to create a spatially homogeneous
photon field, and a 1 m air column, after which the photon
energy spectrum was recorded. The sharp peak in the spectrum
located at 0.511 MeV consists of annihilation photons.

The beam was monitored with in-beam ionization chambers,
which were calibrated against a dosimeter in the beam centre
at maximum dose depth in water (i.e., at the water depth where
the dose rate is the highest). An IBA PPC40 dosimeter [25]
was used for electrons and an IBA FC65-P dosimeter [25] for
photons.

At the facility, the dose at maximum dose depth in water is
measured and recorded. In addition, the water surface dose was
also measured, so the dose rate ratio between the maximum

TABLE 11
PARAMETERS OF THE USED BEAMS AT THE RADEF CLINAC.

Ener Surface dose Max Scoll Scoll
(Me\gg rate (fraction dose depth (MeV cm?/g  (MeV cm?/g
of max) (cm H20) (H20)) (Si))
6 0.78 1.19 1911 1.639
20 0.91 1.58 2.046 1.796
6 MV @ 0.47 1.56 - -

Secolr values obtained from [26]
2 Photon radiation field

depth and surface is known. From this, the electron fluence
on the DUT was calculated as the surface dose in water,
divided by the collision stopping power (S..;;) in water (using
appropriate units). The surface dose factors and S, for the
electron energies used at RADEF are shown in Table II.

When values of deposited dose are presented for electrons in
this paper, it is the surface dose in Si. This is calculated from
the electron fluence, by multiplying the fluence with S, in
Si for the electron energy in question. For photon irradiation,
the surface dose is as seen in Table II much smaller than the
dose at maximum dose depth in water. The irradiation with
photons was performed with 6 MV photons with the DUT
covered by 1.5 cm of acrylic (polymethyl methacrylate), and
with 2 cm of acrylic below the DUT. This was done so that
the dose level in the DUT would correspond to the dose at
maximum dose depth in water.

Another factor that was taken into account was the sur-
face homogeneity. No electron applicator was used during
the irradiation, which makes the beam surface slightly less
homogeneous. The electron fluence at the DUT position was
measured to be the fractions 0.79 and 0.88 of the fluence at the
beam centre for 6 MeV and 20 MeV electrons respectively, and
the presented fluences was corrected with these factors. For the
photon mode operation, the inhomogeneities were negligible.
The uncertainty of the calculated electron fluence is estimated
to be less than 10 %.

The memory dies are encapsulated in a plastic package, and
part of the die is covered by the metal bonding. Metal could
have an impact on the absorbed dose in the Si die due to dose
enhancements present in the interface regions between Si and
high-Z materials [27]. The interior design of the memory is not
known, in terms of the location of possible metallic material in
relation to sensitive die regions. The dose enhancement effect
is largest for photons of lower energy, due to the dominance
of the photoelectric effect as a photon interaction mode at
lower energies. Low energy electrons that are released from
the high-Z material can then cause a dose enhancement effect
in the interface regions. For higher energy photons, like the
ones present here (Fig. 1), this effect is not as big [27]. In this
work, the displacement damage effects are also more important
than the total dose, and the low energy secondaries are not as
important in this regard as the higher energy particles, so no
modifications to the value of the absorbed dose was made due
to dose enhancement effects.
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Fig. 2. Time structure of the errors from stuck bits in memory SDF3 under
123 MeV electron irradiation during modified March C- test loops. The bits
are numbered as 1 - 13, with each row displaying the behaviour of one of the
observed stuck bits.

IV. RESULTS AND DISCUSSION

A. Observed errors

The memory models with smaller node sizes (72 nm and
63 nm, Table I) were only tested at VESPER with 200 MeV
electrons. They did not show any response to the energetic
electrons during the irradiation, and they were not subjected
to irradiation tests with lower energy electrons.

During the irradiation tests, two types of errors attributed to
SEE were observed in memory type [S42S86400B. One type
manifested themselves as bit-flips, which resulted in a single
recoverable erroneous read of a bit in a word. The other type
was stuck bits. These were bits that returned faulty values
more than once, while the bit had been rewritten in between
the read operations. They were however generally stuck only
for a few write/read cycles. An example of the pattern of errors
in the stuck bits can be seen in Fig. 2. In the figure, the red
dots represent initial errors, with the previous write and read
of the same value in the bit not resulting in an error. The
blue dots represent an error in the memory where also the
previous write and read cycle of the same value in the bit did
give an error. Note that the abscissa of Fig. 2 is irradiation
time, since the write/read cycles are periodic in time and the
pattern of recurring errors is more clearly visible like this, and
is independent of flux fluctuations.

Many of these stuck bits in Fig. 2 were ISBs, i.e. bits that
switch between being stuck, and being normally operational.
This effect has been discussed e.g. in [13]-[15] with stuck
bits observed during irradiation with other particle types than
electrons. ISBs discussed in these publications have, like the
ones found here, long periods of time where they are not stuck.

The number of detected errors during the tests present a
sudden increase at a certain dose level (electron fluence). An
example of this is shown in Fig. 3 for the SDF3 memory
under 123 MeV electron irradiation after 50 krad(Si). Up to
this dose level the errors follow a linear trend with the electron
fluence. The same effect was seen in all memories of this
model (IS42S86400B), and the point of onset of this error
increase is displayed in Table III. The errors up to this point,
following a linear trend with the electron fluence, are assumed
to originate from SEE induced by the impinging electrons.

TABLE III
SUMMARY OF IRRADIATION RESULTS. THE OBSERVED ERRORS
OCCURRING BEFORE THE FLUENCE LIMIT IN THE RIGHTMOST COLUMN
ARE PRESENTED FOR EACH DUT.

Electron Dose rate Bit-  Stuck Fluence at onset
ID energy (rad‘(Si) flips bits ] of error rate2
(MeV) /min) increase (e/cm~)
SDF1 200 1.9 - 102 10 11 1.58 - 1012
SDF3 123 5.6 - 102 10 13 1.61 - 1012
SDF4 61 7.2-102 10 13 3.33.10'2
SDF5 20 5.7-102 6 6 2.78 - 1012
SDG1 20 8.2-102 2 5 2.95 - 1012
SDG3 6 6.7 - 102 0 0 2.67-1012
SDG4 20 2.5-103 2 6 2.43 - 1012
SDG5 20 4.1-10? 4 7 4.52 1012
SDG6 6MV 2  5.0-102 0 0 50 krad(H20) 2
SDB1 200 1.9 - 102 0 0 1.0-1012Pb
SDEI 200 3.8-102 0 0 1.8-1012b
& Tested with 6 MV photon radiation field.
b Total fluence on DUT, no errors observed.
Fluence (102 electrons/cm?)

0.00 0.32 0.64 0.97 1.29 1.61 1.93
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Fig. 3. Errors during irradiation with 123 MeV electrons at VESPER in
memory SDF3. The figure shows the onset of new stuck bits in the memory
as a function of the surface dose in Si and electron fluence. The trend of new
errors has been shown with a fitted function, that is a sum of a linear part and
a power law part. The fitting function is errors = A-doselkrad(Si)] + B -
dose[krad(Si)]€, where A, B and C are fitted parameters.

The number of such errors in each DUT is also presented in
Table III.

Similar errors to the electron stuck bit SEEs observed here,
are in e.g. [13], [14] discussed as single particle displacement
damage effects (SPDDEs), where the errors are induced by
single protons and neutrons that create damage clusters in a
depletion region of the memory cells, increasing the leakage
from the stored charge in the cells and causing the bits to
become stuck. In [14] a power law dependency on the stuck
bits as a function of particle fluence is also discussed, where
the exponent (C in Fig. 3) according to Poisson statistics
correspond to the number of single particle interactions in a
sensitive region that are required to cause a stuck bit.

For the 123-MeV electron case in Fig. 3, there is an initial
linear slope with single particle interactions causing stuck bits,
followed by the error rate increase where around 26 particle
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Fig. 4. Stuck bits found in DUTs SDG1, SDG4 and SDGS at different dose
rates of 20 MeV electrons, with fits to the data to show the initial linear region
with errors originating from SEE, and the subsequent increase in errors due
to the cumulative effects.

interactions are needed to induce the errors. This suggests that
rare events induced by single electrons are capable of creating
large enough damage clusters to create a stuck bits, while
more common, smaller displacement damage complexes can
accumulate, and eventually become large enough to also create
a stuck bit.

The fitted factor C varied between 19 and 37 in the fits to
the stuck bit data for all tested IS42S86400B devices. The
fitted variable C seems to be quite sensitive to the fitting
procedure, with fluctuations on the fitted values that were
rather independent on particle type and energy, and should
rather be viewed as a qualitative measure than an exact
numerical value to rely on.

The error rate increase, and the consecutive annealing of
the stuck bits discussed later in the paper, present competing
effects. In Table III, the reported dose rate is the approximate
median for most DUTSs, and variations in dose rate occurred
during the irradiation. However, in DUTs SDG1, SDG4 and
SDGS5 the dose rate was kept constant throughout the tests with
20 MeV electrons. The induced stuck bits for the different dose
rates in these memories are shown in Fig. 4. In the figure it can
be seen that the sharp increase in error rate occurs earlier at
higher dose rates, when less time is allowed for the annealing
to happen. At a low enough dose rate, the memory might
thus not necessarily suffer this kind of break-down from the
accumulated damage at all, if the annealing is faster than the
damage cluster accumulation.

No SEEs were observed during the tests with 6 MeV
electrons or 6 MV photons. Only the error increase due to the
cumulative damage was observed. The stuck bits as a function
of deposited dose for these tests are shown in Fig. 5. The dose
level in this figure is calculated as described in Section III-B,
with dose in Si for the electrons, and a water equivalent dose
for photons. These results with no errors found before the
sharp increase in errors for the cases with low-energy electrons
and with photons suggest that these individual particles are not
capable of inducing large enough damage clusters to cause
stuck bits, but they can still induce smaller damage clusters

Fluence (1012 electrons/cm?)
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Fig. 5. Stuck bits found in DUTs SDG3 and SDG6 during the tests with
6 MeV electrons and 6 MV photons. Only the sharp increase in errors due to
the cumulative damage is seen, and no SEEs before this increase is observed.
The dose level is specified in krad(Si) for the electrons and krad(H2O) for
the photons.
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Fig. 6. Stuck bits and single bit-flip cross sections of electron irradiation under
dynamic testing. The Weibull fits of the cross sections are also presented,
which will be used later for a discussion of the memory behaviour in the
Jovian environment. No events were observed for 6 MeV electrons, and only
the upper limit is shown.

that may accumulate to large enough complexes which causes
the bits to become stuck.

No errors were observed in the IS42S16320D/F memories
during the irradiation with 200 MeV electrons. This could be
due to a lower error cross section due to the smaller node
sizes of the memories, but also due to other design changes
between the different memory versions which are unknown to
the authors.

B. Stuck bit and single bit-flip cross section

The calculated cross sections for the errors obtained before
the increase in error rate are presented in Fig. 6. The error bars
in the figure represent a 95 % confidence interval with a 20 %
beam fluence uncertainty for the data points at energies over
20 MeV, and 10 % at 20 MeV and below. A similar number
of stuck bits and single bit-flips were observed at each of the
tested energies, and thus the cross sections for the two failure
modes are similar.
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Fig. 7. Stuck bit and single bit-flip cross sections from tests with 20 MeV
electrons at different dose rates. The dose rate on DUT SDF5 was varied
during the test, while the dose rates for SDGS, SDG1 and SDG4 was kept
constant.

In Fig. 6, the 20 MeV point is from the test with SDGI,
which was tested at a dose rate of 820 rad(Si)/min. DUTs
SDG4, SDG5 and SDF5 were also tested with 20 MeV
electron irradiation, but at different dose rates. The resulting
SEE cross sections from these tests are shown in Fig. 7, where
all tests resulted in similar results for the calculated cross
section independent of dose rate, with largely overlapping
error bars as would be expected for SEE.

C. Damage in memory cells subject to SEE

The bits that are stuck have been damaged by the incident
radiation, so that the storage capacitors in the memory cells are
not anymore able to hold its charge during the refresh cycles
of the memory, and the bits get stuck to their discharged state.
For the cells exhibiting single bit-flips, the memory cell storage
capacitor has been discharged due to the electron strike, but the
cell can still hold the stored charge during the refresh cycles
in the following write and read cycles of the test. Fig. 8 shows
how the retention time distributions of the cells that have
been subject to SEE during irradiation, compared to the total
distribution of retention times of all the cells in the memory.
This study was made for the memories SDF1, SDF3, SDF4
and SDF5 post-irradiation, with three different cell populations
considered in each memory: all cells (All), cells that got stuck
during irradiation (Stuck), and cell that exhibited a single bit-
flip (Flipped).

The different populations of each memory were for each
tested refresh frequency separately checked for failing bits.
For the cells that had been subject to SEE during irradiation,
the same words which contained the errors during irradiation
were written with the same value as when the error occurred
(0’ or ‘1’) to the memory. One minute later, the data was
read back, and the fraction of the population exhibiting errors
at the reading of the data is displayed in Fig. 8. The same was
done for all words in the memory, where the fraction of the
total number of words failing at patterns of either all ‘0’ or
all ‘1’ is displayed.

The population of cells that had SEEs fail earlier, at lower
refresh frequencies, than the rest of the memory (i.e. all bit

200 MeV
—8— Flipped
0.75 9 —%— Stuck
- All

123 MeV
—@— Flipped
T —%— Stuck

—— All

1.00 4 61 MeV 20 MeV
—e— Flipped —8— Flipped

0.75 4 —%— Stuck T —%— Stuck
—& All

—i— All

0.25 1

Normalized amount of words with errors

0.00

10° 10 10° 10~ 10 1
Time between auto refresh commands (s)

Fig. 8. The amount of words with bits that fail at given refresh frequencies,
as a function of auto refresh command frequency of the memory (abscissa
is 1/Fr). The populations that are shown are the bits which had only one
bit-flip during irradiation, bits that were stuck, and all bits in the memory.
Data taken post irradiation for the four tested SDF# memories (see Table III).

population). Also, the population of bits that were stuck during
irradiation seem, in general, to fail at lower refresh frequencies
than the ones that had a bit-flip. Still, the behaviour of the stuck
and the flipped populations, as seen in Fig. 8, are similar.

This can indicate that the mechanisms behind the different
failure modes are similar, but differ mainly in the severity.
The suggestion that displacement damage caused by single
particles creating leakage paths, e.g. in a depletion region
common to the storage capacitor and the access transistor [12],
[14] (depending on the specific memory layout), is the cause
for the stuck bits from SEE in this study is a likely case. This
displacement damage would be caused by reaction products
from nuclear interactions involving the energetic electrons [8],
[9].

Since the cells that exhibited only a single bit-flip display
similar behaviour in Fig. 8 to the bits that were stuck, and they
display a worse data retention capability than the population
of all cells, it is possible that the cause for the single bit-flips
found in this study is the same as for the stuck bits. Looking
at the behaviour in Fig. 2, some bits are stuck only twice or
a few times, while others are stuck in many more instances.
It is therefore reasonable that the same kind of failure could
result in an error at only one occasion.

D. Retention time distributions and annealing

The retention time distribution of the words in the SDF5
memory during irradiation with 20 MeV electrons is presented
in Fig. 9. This figure shows the number of words with bits
that are stuck at different refresh frequencies at increasing
dose levels. The nominal refresh frequency of the memories,
128 kHz, is marked in the figure with a dotted black line.

These distributions were produced by changing the auto
refresh command frequency F'r of the memories (the abscissas
in the figures are the inverse of this, 1/Fg), then writing the
memory with all ‘0’ pattern, waiting 60 s, then reading back
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Fig. 9. Retention time distribution of the words in the SDF5 memory during
20 MeV electron irradiation at 5 different refresh frequencies at different
deposited doses.
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Fig. 10. Retention time distribution of the words in the SDF5 memory after
20 MeV electron irradiation after different annealing times.

the memory. Thereafter the procedure was repeated for an
all ‘1’ pattern. The sum of the words with errors in these
tests is presented on the vertical axis.

The retention time distribution of the words in the SDF5
memory post-irradiation with 20 MeV electrons is presented
in Fig. 10, where the annealing of the memory is shown.
The memories were kept in room temperature (only room-
temperature annealing was performed), and without bias when
not characterized. A complete recovery to the pristine case
is not observed in the annealing. Instead, the distribution of
retention times is approaching one which is shifted upwards,
with more words containing failing bits at each measurement
point compared to the pristine case. As a comparison, this is
the same type of data as is shown in Fig. 8 for the population
of all bits in the SDF5 memory.

After the annealing time is in the time-scale of thousands of
hours, the amount of errors at lower refresh frequencies start
to increase dramatically, while the number of errors at high
Fr continues to decrease. This is consistent with results in
e.g. [11]. This behaviour, with a continuing decrease of errors
at high g, and an increase of errors at low Fp after 10° h
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Fig. 11. The total differential electron fluence of the JUICE mission from [1],
as well as the transported electron fluence through 15 mm Al. The Weibull
fits of the electron cross sections from Fig. 6are also presented.

of annealing time, is consistent in the tested memories in this
study, both for memories tested with electrons and photons.

The increase in errors at low F'r might be due to an increase
of interface traps, accumulating over the annealing time by the
access transistor, storage capacitor, or closely located dielectric
allowing the storage capacitor to leak its charge faster and
reduce the retention time of the bits. At least up to the doses
applied in this work, this effect has not been observed to affect
the normal operation of the cells at 128 kHz.

V. IN-FLIGHT PREDICTIONS

Based on the cross sections presented in Fig. 6, and the
expected electron environment during the JUICE mission [1]
which is depicted in Fig. 11 along with the cross section
Weibull fits, an estimation of the number of upsets the
1S42886400B memory would have during the JUICE mission
was made. The mission duration is in total planned to be
11.1 years, with different phases of the mission receiving
different fluxes of particles [1].

As an estimation, the presented differential fluence was mul-
tiplied with 47 to assume an isotropic radiation field, and also
as an approximation an isotropic sensitivity of the component.
The component has only been tested with electrons at a normal
incidence angle, so the normal incidence angle sensitivity is
used for the whole isotropic fluence. The cross section was
then folded with the electron fluence over the energies between
the cross section cut-off energy and 1 GeV, and multiplied with
the number of bits in the memory to obtain an estimation of
the number of upsets.

Geant4 was also used to simulate the resulting electron
fluence after the original electron fluence had passed through
a spacecraft shielding of 15 mm Al. The estimated errors from
the shielded and non-shielded electron fluence are shown in
Table IV. Due to the low error cross section very few electron-
induced SEEs would be expected: 4 for the non-shielded case
and 1 for the shielded. In a memory using an error detection
and correction system, this low number would not present a
problem in the usage.

Shielding thicknesses of 10 mm Al and 14 mm Al during
the JUICE mission would result in a TID of 227 krad(Si) and
120 krad(Si) respectively [1], of which a large majority would
originate from the trapped electron environment. These doses



TABLE IV
ESTIMATED NUMBER OF SEE FROM ELECTRONS IN 1S42S86400B
DURING THE JUICE MISSION.

Fault Non-shielded errors 15 mm Al-shielded errors
Stuck bits 2.7 0.6
Single bit-flips 1.1 0.4
Total 3.8 1.0

would translate to average dose rates of about 39 mrad(Si)/min
and 21 mrad(Si)/min, instead of the 10? — 103 rad(Si)/min
which was used in the testing in this work. The memory tested
at the lowest dose rate 410 rad(Si)/min in Fig. 4 failed due
to the accumulated radiation damage after about 130 krad(Si).
However, with the much lower dose rate encountered on the
JUICE mission, it is not clear if the small damage clusters
would anneal before accumulating and being capable to induce
stuck bits even at 227 krad(Si). If a thicker shielding than
10 mm Al is used (e.g. 14 mm), then the mission dose values
are comparable to the ones reached during some of the tests
presented here.

VI. CONCLUSION

In this paper, high-energy electron irradiation is demon-
strated to cause stuck bits and bit-flips in SDRAMs as SEEs,
and cross sections for these failure modes are determined.
These cross sections are put in relation to the Jovian environ-
ment, and a number of expected SEEs from electrons if the
memory was to be used on the JUICE mission is estimated.
The estimated number is low, 3.8 in total without shielding
and 1.0 with 15 mm of Al shielding, and electron-induced
SEEs are not expected to be a large problem if the memory
is to be used on the mission.

The mechanism behind the two observed SEE failure modes
stuck bits and single bit-flips is suggested to be the same.
This is based on the similarity of the degraded retention time
distributions of the cell populations consisting of bits that were
stuck, and those that had bit-flips, compared to that of the total
cell population.

The electron irradiation is found to degrade the memory
cells on a long time scale. Annealing of the cell damage was
observed, but also an increase in failing cells at low refresh
rates was observed after long annealing times.

In these accelerated tests, where high dose rates and electron
fluxes were utilized, a sharp increase in the number of errors
in the memory was observed. This effect is attributed to the
accumulation of smaller damage clusters, and occurs at lower
dose levels for higher dose rates, when less time is allowed
for annealing in between events.

To estimate the total performance of the memory in the
JUICE environment, it would be needed to perform tests at low
electron fluxes and dose rates. This because of the dose rate
dependence on the memory response observed in this study.
The temperatures effect on the annealing properties would
also have to be investigated to be able to predict the memory
response on board JUICE.
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Abstract: Radiation-induced emission of doped sol-gel silica glass samples was investigated under a
pulsed 20-MeV electron beam. The studied samples were drawn rods doped with cerium, copper, or
gadolinium ions, which were connected to multimode pure-silica core fibers to transport the induced
luminescence from the irradiation area to a signal readout system. The luminescence pulses in the
samples induced by the electron bunches were studied as a function of deposited dose per electron
bunch. All the investigated samples were found to have a linear response in terms of luminescence as
a function of electron bunch sizes between 10~ Gy/bunch and 1.5 x 10~2 Gy/bunch. The presented
results show that these types of doped silica rods can be used for monitoring a pulsed electron beam,
as well as to evaluate the dose deposited by the individual electron bunches. The electron accelerator
used in the experiment was a medical type used for radiation therapy treatments, and these silica
rod samples show high potential for dosimetry in radiotherapy contexts.

Keywords: dosimetry; electron accelerator; optical fiber; point dosimeter; pulsed electron beam;
radiation-induced luminescence

1. Introduction

A large part of the previous studies on radiation-induced luminescence (RIL) of doped
silica glasses for ionizing radiation dosimetry has been done under X-ray irradiation.
Regarding particle beams, most of the studies focused on proton beams. Examples of such
studies are reported in [1], where Ce3*- and Cu™*-doped samples were evaluated for proton
therapy dosimetry purposes, and in [2], where Gd3*-doped silica glass was also studied.
In these studies, a dose rate range of about 0.02-0.30 Gy/s from a continuous beam was
used, and proton energies between 8 and 63 MeV were investigated. In [2], dose-depth
profiles were also studied using Gd-, Cu-, and Ce-doped samples. A further review of
optical fibre-based dosimetry for radiotherapy is reported in [3].

Ce-doped silica glass has been studied under X-ray irradiation in e.g., [4], where
the optically stimulated luminescence (OSL) and RIL properties of the sample were in-
vestigated, and a linear RIL output for continuous dose rates between at least 26 and
1187 mGy /s was found. The electronic transition 4f-5d in Ce3* ions is the basis for RIL
emission, which is discussed in e.g., [4-6].

Ce-activated silica glass was also studied in [5]. The doped glass was tested with a con-
tinuous X-ray beam up to a dose rate of 50 Gy /s, with a linear output up to 30 Gy/s. At dose
rates higher than 30 Gy /s, a luminescence response over the linear trend was observed.

Sensors 2021, 21, 7523. https:/ /doi.org/10.3390 /521227523
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Silica glass doped with Gd®*-ions has been studied in [7], where the RIL response un-
der steady-state X-ray irradiation was found to be linear between at least 125 pnGy(SiO,)/s
and 12.25 Gy(SiO,)/s. The RIL of Gd** ions is ascribed to the transition between the °P; /,
and 83, /2 levels [2,7,8].

Cu-doped silica samples were studied in e.g., [9], in the shape of a photonic crystal
fibre (PCF) under UV light excitation, and in [10], under X-ray irradiation. In [10], a linear
trend of the luminescence response was also reported up to a dose rate of 30 Gy/s, and then
a response over the linear trend above 30 Gy/s, as was the case for Ce-doped samples
in [5]. In Cu™ ions, the transitions responsible for the RL emission are those from the state
3d%4s to the ground state 3d10[9,11].

Very limited results of doped silica glass RIL responses to pulsed electron beams exist
in the literature. In [12], a scintillating material (terbium-activated gadolinium oxysulfide)
was placed in contact with a light-guiding fibre. The sample was then subjected to a beam of
pulsed X-rays from a clinical linear accelerator (Clinac®). Studies of electron beams include
those of thermoluminescence (TL) of Ge-doped optical fibers, such as in [13,14], and the
same type of samples has been tested with other particles in e.g., [15]. The scintillation and
OSL response of a Cu™-doped quartz glass was investigated in electron and X-ray beams
from a Clinac in [16,17], where the sample was used to measure the total dose deposited
during radiation runs.

In this paper, the RIL responses of Ce-, Cu-, and Gd-doped sol-gel silica glasses under
a pulsed electron beam are investigated. The emission properties, and possibilities of
monitoring the beam pulse-by-pulse with these samples are presented.

The interest and possibility of using these types of samples for dosimetry in the context
of radiation therapy [1,2] makes the investigation of their responses to pulsed electron
beams highly relevant. The particle accelerator used for irradiation tests in this study
is a Clinac, and a characterization of the doped sol-gel silica rods in the pulsed Clinac
electron beam opens the prospect of using the doped rods for dosimetry in a wider range
of radiation therapy contexts.

2. Materials and Methods
2.1. Tested Samples

The tested materials were sol-gel glass rods. Further information regarding the produc-
tion and fabrication of these samples can be found in previous publications, e.g., in [18,19].
Each sample, consisting of a rod drawn from doped silica glass, was fusion-spliced to
500-um core multimode pure-silica core optical fibers (here referred to as transport fibers)
to guide the induced RIL to the read-out electronics. The radioluminescent rods were
approximately 1 cm long and 0.5 mm thick. Information about the tested samples and their
doping concentrations are listed in Table 1.

Table 1. Summary of tested samples

Sample Dopant Dopant Concentration (wt%)
Ce-rod Ce3t 0.07

Cu-rod Cu™ 0.07

Gd-rod Gd3+ 0.1

2.2. Test Setup

At the end of the transport fiber, the signal readout system was located. For the tests of
the response of the fibers as a function of electron pulse size, the readout system consisted
of a photomultiplier tube (PMT) to convert the incident light to a voltage pulse, which was
collected in an oscilloscope with high input impedance (1 MQ).

The PMT, a Hamamatsu H9305-13 [20], was encased in a dark metal casing where
the luminescent light from the sample could be collected from the transport fiber in the
PMT window without background light contamination. A schematic of the PMT setup
and a sample is shown in Figure 1, where the whole system was kept in darkness to
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shut out parasitic light. The transport fibers were running through a black tube, and the
samples were covered with dark tape. Between the transport fiber and the PMT, an optical
band-pass filter was placed to select a relevant wavelength span that included the RIL.
The used filter was thus specific for each sample.

20 MeV
electrons

Gd: no filter
Ce: 500+40 nm
Cu: 550440 nm

1l e

Optical ~om Tem
filter Transport fiber Doped rod

PMT

Figure 1. Schematic overview of the setup, where radiation-induced luminescence (RIL) in the doped
rods are transported to a photomultiplier tube (PMT) through an optical filter.

To measure the optical emission spectra from the samples, an Ocean Optics USB2000+
UV-VIS-ER spectrometer [21] was used. The transport fiber was then placed directly against
the spectrometer window, which thus replaces the optical filter and PMT in Figure 1.

2.3. Test Methodology

To investigate the RIL response of the samples when subjected to a pulsed beam,
a large number of RIL pulses were collected at a fixed beam setting. Then, the properties of
the collected pulses in the oscilloscope were investigated after irradiation. The experimental
procedure was the following for the different samples:

1. Fix a constant electron bunch size and frequency in the accelerator;

2. Startirradiation and keep on for circa 30 s, by irradiating until a fixed dose value;

3. Save the collected trace from the oscilloscope containing RIL pulses from the 30 s
of irradiation;

4. Tune to a different electron bunch size and repeat.

During irradiation, a Si-diode detector was also located in the beam. The signal from
this detector was saved as well, and used to identify electron bunches also in certain beam
configurations where the signal in the tested sample was small. Such configurations consist,
for example, in a shielded sample, in a sample positioned outside of the beam, or for very
small bunch sizes.

The saved traces of pulses were analyzed post-irradiation in terms of the height
and area of the separate pulses. One pulse from a run with the Ce-rod sample is shown
in Figure 2, where the separate procedures for determining the height and area of the
pulses are presented. The baseline for the pulse was calculated as the average signal level
immediately before the pulse, and the height of the pulse was recorded as the absolute
difference between the pulse maximum and the calculated baseline, as shown in orange in
the figure. The area was calculated as the absolute value of the integral of the pulse with
respect to the calculated baseline, so that effectively the pulse area below the zero level was
counted as positive, and the area above the zero level as negative.
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Figure 2. Example of one recorded pulse from a test using the Ce-rod, where the methods of calculating the height and area

of the pulses are presented.

2.4. Irradiation Facility, RADEF

The irradiation experiments presented in this paper were performed at the radiation
effects facility (RADEEF) at the accelerator laboratory of the University of Jyvaskyld, Finland.
A Varian Clinac 2100C/D [22] was used to generate the electron beam that was used in the
experiments. At the facility, 6,9, 12, 16, and 20 MeV electrons are available, with dose rates
between 1 and 10 Gy(H,O)/min in standard operation. The dose rates mentioned here
correspond to the dose rate at maximum dose depth in water. The machine was, however,
not utilized in the standard mode of operation during the experiments presented in this
paper, but instead used in a manner allowing for manual tuning of the amount of electrons
present in the separate electron bunches from the machine.

In the standard mode of operation (which was not utilized here), 5-ps long electron
bunches are delivered at a frequency of up to 200 Hz when the machine is set to a dose
rate of 10 Gy(H2O)/min. When the dose rate is lowered, an increasing number of 5-pis
electron bunches are removed, so that when, e.g., running at 1 Gy(H,O)/min, 10 times
fewer bunches are present than in the 10 Gy(H»O)/min operation, but the sizes of the
individual electron bunches stay the same. This is shown for a few dose rate settings in
Figure 3a, and is also discussed in e.g., [12]. In Figure 3, the PMT signal from consecutive
electron bunches collected in an oscilloscope are shown (see Section 2.2) for different
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operating modes and different dose rates. The figures are made using the signal from a
Cu-doped rod.

In this work, 20-MeV electrons were used at different dose rates, where the dose rate
was modulated in a different manner than described above. Here the automatic dose
rate regulation of the machine was turned off, and a certain bunch frequency was fixed.
The bunch frequencies that were used were 20 and 200 Hz, corresponding to electron
bunches delivered every 50 ms and 5 ms. Then the sizes of the electron bunches at the fixed
frequency could be manually tuned by changing the current to the electron gun. This way,
the responses of the samples to different sizes of electron bunches could be investigated.
The dose rate tuning in this operating mode is shown in Figure 3b.
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(@) (b)
Figure 3. Dose rate tuning of the electron machine in different operating modes, recorded using a Cu-doped rod. (a) The
standard dose rate tuning scheme is shown in the figure, where the bunch frequency is automatically modulated while the
bunch sizes are kept constant. (b) The operation mode used in the experiments, where the bunch frequency is kept constant
(shown in the figure inset) while the electron bunch size is tuned (see the varying size of the PMT pulses).

Changing the electron bunch sizes, so they become larger than normal, affects the
functionality of the built-in dosimetry system of the electron accelerator. In the accelerator,
there are ionization chambers which monitor the outgoing accelerator beam, which are
meant to handle electron bunches of a certain size as shown in Figure 3a. As the bunches get
larger, non-linearities in the built-in dosimeters are observed. This can be seen in Figure 4,
where the nominal bunch size of the machine corresponds to a dose rate of 1 Gy(H,O)/min.

The saturation of the Clinacs internal ionization chambers at large bunch sizes is shown
in Figure 4a, comparing the dose recorded by the machine with an external dosimeter
(IBA PPC40 dosimeter [23]) at a maximum dose depth in water. Comparing this external
dosimeter with a second one (IBA FC65-P [23]) located in the beam periphery in air, results
in a linear relationship as seen in Figure 4b. The external dosimeters were used to ensure
that the correct values of dose and dose rate were recorded, and they were used as the
reference dosimeters during the experiments in the tests where electron bunches larger
than nominally was used.

The values of dose and dose per electron bunch that are reported in this study refers
to the electron fluence, which corresponds to said dose at maximum dose depth in water,
and not the absorbed dose in the tested samples. During irradiation, the samples were
located under a thin layer of darkening material (a black plastic sheet and a layer of black
tape), but it can be approximated as the samples being located in air and being subjected to
the immediate electron beam.
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Figure 4. Response of the built-in dosimetry of the accelerator and external dosimeters when the electron bunch sizes are

changed. The data points are each taken at a fixed dose rate (bunch size) for one minute of irradiation at a bunch frequency

of 20 Hz. At this setting, the bunch size corresponding to the nominal machine value is 1 Gy/min. (a) Accelerator internal

dosimetry against an external dosimeter at maximum dose depth in water. (b) Dosimeter at maximum dose depth in water

against a peripheral dosimeter in air.

3. Results and Discussion
3.1. Emission Spectra of the Samples

The measured RIL emission spectra of the samples are shown in Figure 5 for the
different types of samples under 20-MeV electron irradiation. The emission spectra for
the three different dopants correspond well to previously reported RIL emission spectra
in the literature where X-rays were used as the excitation source. The reported spectra
are all dominated by the expected RIL wavelengths without visible contamination from
other sources such as Cerenkov radiation. No optical filters were used while obtaining the
spectra presented in Figure 5.

The emission spectrum of the Gd-doped sample is a narrow peak at 314 nm. This is
the same result as was discussed in [7], where a narrow emission peak at 314 nm was found
under both X-ray and 275-nm UV excitation. The emission spectra of a Cu-doped sample
under X-ray and 325-nm UV excitation was compared in e.g., [24], where the UV excited
spectra was seen to be slightly broadened. This was ascribed to an increased emission from
non-bridging oxygen hole centers (NBOHC) in the UV excitation case. The corresponding
spectrum in Figure 5 peaks at 543 nm, and does not show this broadening. It is similar to
the reported X-ray excited spectrum in [24].

This same comparison was done for a Ce-doped sample in [4] between X-ray and a
351-nm UV excited emission spectra. The X-ray emission spectrum in that study corre-
sponds well to the one in Figure 5, however the knee structure around 450 nm is slightly
less pronounced in [4] than it is here. Such differences can however be masked or amplified
depending on the total transfer function of the detection system that was used (the com-
bination of transport fiber and spectrometer), on calibrations of the spectrometer, and on
potential post-processing of the data.

For the following tests, optical band-pass filters at 500 £ 40 nm and 550 4 40 nm were
used for the Ce-rod and the Cu-rod respectively, in front of the PMT window. No optical
band-pass filter was used for the Gd-rod tests, since none were available that could cover
the 314-nm emission peak of Gd.
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Figure 5. RIL emission spectra taken from the different sample types.

3.2. Sample Response to Varying Electron Pulse Sizes
3.2.1. Variations of Output Pulse Height

Examples of collected pulses in the oscilloscope are shown in Figure 6. All the resulting
pulses from the PMT for half a minute of irradiation at a fixed electron bunch frequency
of 20 Hz, and at constant electron bunch sizes of 9.7 x 10~* Gy /bunch impinging on the
Ce-doped sample are displayed in the figure. The electron bunch that resulted in the pulse
at 1.0 V in pulse height was the first recorded bunch of the run. This is a common behavior
among all the runs in that the machine reaches the set bunch size after one or two smaller
initial bunches.

The relation between the height of the pulses and the size of the electron bunches is
seen in Figure 7 for different sample dopants, and for dose rates up to 1.5 x 10~2 Gy/bunch.
A note to keep in mind is that this dose rate corresponds to an instantaneous dose rate
during a 5-ps pulse of 3 kGy/s. The data is based on 30-s irradiation runs at each electron
bunch size, and the data points are located at the average pulse height (see Figures 2 and 6).
The error bars represent, in the y-axis direction, the standard deviation of the pulse height,
and in the x-axis direction, 10% of the reported dose per pulse.

The results in Figure 7 show a linear trend over the whole tested range of bunch sizes
for the Ce- and Cu-doped rods. For the Gd-doped rod, the point at 2 x 107> Gy/bunch is
slightly above the fitted linear slope. The signal light output was smaller from this sample
than the others in terms of the pulse height, and at smaller electron bunches, the signal
was influenced by noise. Thus a fit to the data containing a constant factor taking into
account the background noise level in the signal gives a better representation of the sample
response for small electron bunches. The constant factor (i in the figure legend) in the
dotted line was fitted to a value of 3.8 X 0,,;s,, Where 0,,;s, = 0.6 mV was the calculated
standard deviation of the signal noise in the data point at 2 x 10> Gy/bunch.
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Figure 6. Collected pulses in the oscilloscope from 20-Hz electron bunch irradiation of the Ce-doped
rod sample at 9.7 x 10~* Gy/bunch.
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Figure 7. Pulse height as a function of electron bunch size in the different samples. The average pulse
height is shown for electron bunch rates of 20 Hz and 200 Hz.

The actual magnitude of the data points in Figure 7 depend on many parameters.
Luminescence properties of the sample is one of these parameters, but PMT gain voltage,
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the thickness of transport fiber, and relative orientation between the transport fibers end
and PMT window are examples of parameters that will have an influence on the signal level.
Thus, a test setup like this will have to be re-calibrated each time the setup is constructed.
However, for a product where all relevant parameters can be kept constant or accounted
for, this would not be necessary.

Adding a term to the fit to account for the background for the Gd-rod data in Figure 7,
provides a better representation for the points with low dose per bunch. The effect of varying
the PMT gain voltage during tests with the Gd-rod is shown in Figure 8, where data sets taken
at 200-Hz bunch frequencies with PMT gains of 0.7 and 0.9 V are shown. When increasing the
gain voltage from 0.7 V to 0.9 V, the signal from the low dose pulses gets represented better
by the linear fit to the data. The error bars, i.e., the variations of the height of the pulses, are
still large at the low dose per pulse point with 0.9 V PMT gain. Thus, the Ce- or Cu-rods,
providing larger output pulses, are better suited to monitor small radiation pulses in this
manner than the Gd-rod.
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Figure 8. Pulse height as a function of electron bunch size in the Gd-doped sample at varying PMT
gain voltages.

In Figure 9, three different shielding configurations were used to study where the light
emission was induced in the Gd-doped sample, since no optical filter was used for this one.
The no shielding option is the same as shown in previous figures, where the sample was in
the beam center and no lead was present.

To shield different parts of the sample, 5-cm thick lead bricks were used, and when
the transport fiber is put under lead, the signal decreases slightly. Cerenkov radiation is a
possible source for light induced in the transport fiber, since it can be induced by 20-MeV
electrons in silica. However, it has a maximum emission angle at about 45° [25], and thus
much of the induced Cerenkov light would not be transmitted, as the angle between
the transport fiber direction and the beam direction was 90°, and no visible Cerenkov
component could be seen in Figure 5.
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Figure 9. Pulse height as a function of electron bunch size in the Gd-doped sample at different
shielding configurations using 5-cm thick lead bricks.

When also shielding the sample, there is still a signal in the system proportional to the
electron bunch size, as can be seen in Figure 9. To further examine this, the pulse height
of the signal as a function of the sample position is shown in Figure 10, where the beam
profile can be seen. No electron applicator was used for these tests, which would make
the beam edges sharper if it was used. Even when the sample is positioned outside of
the beam, as well as when the transport fiber (TF in the figure legend) is laid out beside
the accelerator (about 1 m below and beside the beam area), there is some signal in the
system. This shows that there is some radiation background present far from the beam,
which can explain the presence of the signal in the fully shielded case in Figure 9, in which
the unshielded transport fiber far from the beam has a similar position as the transport
fiber laying beside the Clinac in Figure 10.

In the sample position beside the Clinac, the whole transport fiber and rod was
stretched out on the floor of the irradiation hall, about 1 m from the irradiation window.
The signal that is present when the sample is outside of the beam is however not likely
induced in, or by, the electronics, because when the sample was located at the same position
as the PMT (the green datum point in Figure 10), the signal was at the noise level. In the
fully shielded case of Figure 9, some of the signal that is present will likely also come from
electrons and photons penetrating the Pb shield, since the high energy electrons and the
bremsstrahlung produced within the shielding material is highly penetrating.

3.2.2. Variations of Pulse Area

The output pulses from the PMT have the same shape for a given sample at varying
bunch sizes, and thus the area of the PMT pulses (the integrated voltage over time of the
PMT pulse duration) is also proportional to the electron bunch size, since the pulse height
is. The average PMT pulse area (c.f. Figure 2) as a function of electron bunch size is shown
in Figure 11.
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In Figure 11, the data taken at different bunch frequencies are scaled to match with each
other. There is an offset between the data at the different frequencies for the case of the pulse
area, which is shown with an arrow beside the Gd-rod data in Figure 11, and faint square
markers for the original 200-Hz data points. This offset is compensated with a constant
factor, and it comes from the fact that the signal from the previous pulses has not yet been
able to reach the baseline level when the electron bunch frequency is high. The arriving
pulses are thus located on the tail of the previous pulse (illustrated in Figure 12), and this
tail is then decaying, moving the baseline lower over the duration of the new pulse, thereby
decreasing the effective area of the pulses.

The tails of the Gd-sample are the longest due to the long decay time of the Gd
luminescence. The main decay time component of the Gd*>* ions luminescence is about
1.8 ms (see e.g., [26]) compared with Cu* ions and Ce®* ions where the decay times are
on the order of 40-50-us and 50 ns respectively [6,9,27]. The shift factor for the high-rate
points was also noted to be most apparent for the Gd-doped sample. The factors used to
scale the 200 Hz data to the 20 Hz data were 1.17 for the Gd-rod, and 1.10 and 1.09 for the
Ce-rod and Cu-rod, respectively.
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Figure 12. Signal from the Gd-doped sample when subjected to a pulsed beam with a frequency
of 200 Hz at 1 mGy/bunch. The signal does not have time to fall back to the baseline, and the
consecutive pulses are located on the tails of the previous ones.

The decay times of the pulses in e.g., Figures 6 and 12 differ from the decay times
of the luminescence of the dopant ions. This is because they were collected with a 1-MQ
input impedance in the oscilloscope, which affects the signal pulses relaxation time. As a
comparison for these samples, the fall times of the recorded pulses (here time from the
peak value Ve to the value V,q /€) were about 0.95 ms for the Gd-rod, 0.41 ms for the
Ce-rod, and 0.40 ms for the Cu-50 sample. These are approximate values observed for the
pulses behind the data in Figure 11, and are presented in Table 2 along with the decay
times of the dopant ions obtained from the literature.

Table 2. Time structure of the pulses from the samples.

Sample Dopant Dopant Decay Time (s) ~ PMT Pulse Fall Time to V,,.4x/e (s)
Ce-rod Cedt 50 x 1072 [6,27] 41x10*
Cu-rod Cut 40-50 x1070 [9] 40x10*
Gd-rod Gd** 1.8 x 1073 [26] 9.5 x 1074

From the tabulated decay and fall times in Table 2, it can be seen that the Ce3t and
Cu™ ions have shorter dopant decay times than the fall time of the pulse seen in the 1-MQ
impedance oscilloscope as would be expected. Moreover, the samples containing these
dopants were used with optical filters selecting the corresponding RIL emission spectral
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domain. Hence, the exact values of the PMT pulse fall time will depend on the total
relaxation times of each of the systems, which might differ from the specific decay time of
the dopant ions, along with the input impedance of the oscilloscope. For the Gd3*-doped
rod, the dopant decay time is instead longer than the PMT pulse fall time. For the Gd-
rod, no optical filter was used, and the prompt response of the sample (originating from
e.g., Cerenkov light) might have a larger impact. The prompt response of the sample will
quickly vanish, which for this case would make the resulting response time faster than the
decay time of the dopant.

The different properties of the samples will have implications in what bunch fre-
quencies can be resolved: A faster RIL decay makes it possible to use in a higher bunch
frequency. The pulse duration could also be further adapted to the bunch frequency in the
desired application, by tuning the input impedance of the readout system.

Using the pulse area instead of the pulse heights makes the noise level less significant,
as uniform noise around the zero-level cancels out to zero when integrating the PMT pulse
over time. Thus, no added constant factor to the linear fit, accounting for the signal noise,
is needed. The error bars are however still large for signals, which are close to the noise,
as seen for the Gd-rod sample at 10~ Gy/bunch in Figure 11.

3.2.3. Total Area of Traces with Many Pulses

Since the area of the individual pulses are proportional to the electron bunch sizes,
the area of the whole recorded trace should be proportional to the dose of the full run. This
is shown in Figure 13, where the y-axis direction error bars represent 10% of the numeric
value of the trace area as a guidance value, and the x-axis direction error bars represent
10% of the reported dose value.
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Figure 13. Total area of the recorded pulse traces as a function of run dose in the samples, from the
same data sets as in Figures 7 and 11.

When comparing the trace area values, no correction between high and low frequency
data points is needed, as the piling up of the individual pulses at high electron bunch
frequencies does not change the total trace area, as seen in Figure 13, where the high and
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low frequency data points follow the same linear trend over the tested dose range from
5 x 1072 Gy to about 6.5 Gy.

The noise is in Figure 13, as in Figure 11, uniform around the signal level and cancels
out when the trace area is calculated (signal trace is integrated over time). For each tested
rod, the data shows a good linearity between the dose absorbed by the sample and the
total signal area. Compared with Figure 2, the zero level of the trace was calculated only in
the beginning of each run to obtain the total trace area, and the separate pulses were not
specifically taken into account.

4. Conclusions

In this study, the RIL response of doped sol-gel silica glass samples to a pulsed electron
Clinac beam was investigated for the first time to the best of our knowledge. In effect, studies
addressing the RIL from luminescent glassy materials in a fibered system to probe electron
beams are scarce. Moreover, the doped sol-gel silica used here is quite different from materials
appearing in references [12-17]. The response of the tested samples was also studied in a
pulse-by-pulse manner for each impinging electron bunch. It was found that the height and
area of the output PMT pulses were proportional to the dose of the impinging electron bunches
in the range 10~ Gy/bunch—1.5 x 10~2 Gy/bunch. The total integrated trace areas of the
irradiation runs were also found to be proportional to the dose from the electron beam during
the runs. Based on these results, it is concluded that these samples have strong potential to be
used for radiation monitoring of electron Clinac beams.

These observations were true for all tested samples. However, choosing an appropriate
sample with properties matching the desired beam parameters is necessary. The sample needs
to have a high enough light output so the signal from the bunches is visible. In this case,
parameters regarding sample geometry and doping are important to consider, as well as signal
amplification such as the PMT gain. Further care should be taken at high bunch frequencies
of irradiation, so that the RIL in the sample can fully decay between consecutive bunches.
Alternatively, this could be compensated if necessary by applying an offset factor depending on
the bunch frequency and sample that is used.

Part of the induced signal was found to originate within the transport fibers, and not from
the RIL of the dopant ions in the samples. A linear agreement between the induced signal
and the dose of the electron bunches was still observed, but an important consideration is to
keep a controlled transport fiber orientation relative to the beam, to minimize variations in, for
example, induced Cerenkov radiation between runs.

In a radiation environment from a Clinac in use for radiotherapy, the variation of electron
bunch sizes would be much smaller than the range studied in this paper. The variations of the
bunch sizes in a Clinac in operation could originate from varying depth in a target material
or possible variations between different accelerator models. These variations would occur
within the central region of the studied range, where the tested samples would be well suited to
monitor the dose deposited by each electron bunch, or the total dose during a run with many
consecutive bunches.
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Abstract: The radiation-induced emission (RIE) of Gd**-doped sol-gel silica glass has been shown to
have suitable properties for use in the dosimetry of beams of ionizing radiation in applications such as
radiotherapy. Linear electron accelerators are commonly used as clinical radiotherapy beams, and in
this paper, the RIE properties were investigated under electron irradiation. A monochromator setup
was used to investigate the light properties in selected narrow wavelength regions, and a spectrometer
setup was used to measure the optical emission spectra in various test configurations. The RIE output
as a function of depth in acrylic was measured and compared with a reference dosimeter system for
various electron energies, since the dose-depth measuring abilities of dosimeters in radiotherapy is
of key interest. The intensity of the main radiation-induced luminescence (RIL) of the Gd3*-ions at
314 nm was found to well represent the dose as a function of depth, and was possible to separate from
the Cherenkov light that was also induced in the measurement setup. After an initial suppression of
the luminescence following the electron bunch, which is ascribed to a transient radiation-induced
attenuation from self-trapped excitons (STEX), the 314 nm component was found to have a decay
time of approximately 1.3 ms. An additional luminescence was also observed in the region 400 nm to
600 nm originating from the decay of the STEX centers, likely exhibiting an increasing luminescence
with a dose history in the tested sample.

Keywords: dosimetry; electron accelerator; optical fiber; point dosimeter; pulsed electron beam;
radiation-induced attenuation; radiation-induced luminescence

1. Introduction

Silica glass doped with Gd**-ions fabricated through the sol-gel process has been
shown to be suitable for use in dosimeters for X-ray beams [1], proton beams [2], and elec-
tron beams [3]. The radiation-induced luminescence (RIL) generated in the doped silica
glass has in these studies been shown to be proportional to the ionizing dose on the tested
samples, by studying the light generated in the doped glass, which was transported away
from the irradiation area through an optical fiber, fusion-spliced to the doped glass.

The RIL response under steady-state irradiation was studied using X-rays in [1]. There,
the response was found to be at least linear in the dose rate range 125 uGy(S5iO;)/s to
12.25 Gy(5iO3)/s. In the study using proton irradiation [2], the sample was irradiated by
the proton beams of energies between 6 MeV and 63 MeV, with dose rates from 0.02 Gy/s
to 0.30 Gy/s. The dose profile of the proton beams in water was also investigated in the
study, along with the samples doped with Ce3*-ions and Cu*-ions. The doped glass
samples’ ability to resolve the proton Bragg peak was compared with a reference Markus
chamber, where the Gd>"-doped sample came close to the performance of the Markus
chamber, and showed better capabilities in this aspect than the samples with other dopants.
The response to the electron radiation of doped silica glasses was tested in [3], where
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samples doped with Ce®>*-ions, Cu*-ions, and Gd**-ions were investigated. In that study,
a pulsed beam was used and the RIL response to the variations of the electron bunch sizes
were studied. The tested samples showed a linear RIL response in the dose-per-bunch
range 10~° Gy/bunch-1.5 x 10~2 Gy/bunch, for the 3 us long electron bunches. The RIL
of Gd3*-ions is ascribed to the transition between the °P;/, and 8S; /, levels [1,2,4]. This
transition produces a narrow emission peak at 314 nm [1,3,4]. The decay time of this
transition is fairly long, and has been measured to be 1.80 ms in [5] for the comparable
doping level of 0.05 mol%, and to 1.35 ms in [1], a similar sample as the one tested in this
paper, with a dopant level of 0.1 wt% ~ 0.04 mol%.

Si0O; also has radiation-induced absorption (RIA) and RIL bands, which are not related
to the Gd3*-dopant ions. Studies of the transient RIA was performed on amorphous
5i0O; samples using pulsed electron beams in [6], where transient absorption bands were
observed at 5.3 eV (234 nm), and at 4.2 eV (295 nm). These absorption bands are ascribed
to the metastable centers formed after electron-hole pair generation, called self-trapped
excitons (STEXs) [6,7]. The STEX centers in [8] were found to be formed by an Si-O
bond breaking when an electron was excited, and the lattice subsequently distorting,
trapping the excited electron and the hole, respectively, on the broken apart Si and O
atoms. The STEXs causing the transient RIA were in [6] found to have a luminescent
decay by emission energies around 2.4 eV (517 nm), also exhibiting a blue-shift over the
time of the decay. The luminescence in [9] was measured to have a peak energy around
2.8 eV, and a decay time close to 1 ms when the sample was cooled down to temperatures
below 170 K. At temperatures above 170 K, the decay time was found to decrease with
increasing temperature.

An important quality for dosimeter systems used in radiotherapy contexts is the ability
to represent dose as a function of depth in water, since the dose deposited in human tissue
is the key parameter for radiotherapy. For the Gd*>*-doped silica glass dosimeters studied
in this paper, the ability to measure the dose—depth curves of protons in water has been
previously demonstrated [2]. The corresponding dose-depth curves of electron beams
measured with this type of sample have not yet been studied in the literature to the best of
the authors” knowledge.

When measuring the light output of an optical fiber irradiated by electrons at a depth
in water or another material, a signal from Cherenkov light will be induced with increasing
intensity as a function of depth, as the electrons scatter more frequently at larger angles [10].
The depth profile of emitted Cherenkov light in an optical fiber differs from the depth
profile of an ionizing dose. The dose—depth profile from electron beams displays an initial
increase due to the generation of secondary particles up to the maximum dose value, then
a decrease of deposited dose due to the decrease in the primary beam intensity, and finally,
a longer tail by induced X-ray secondaries (see, e.g., [11] for further descriptions).

The dose-depth profiles of electron beams in an acrylic phantom, measured using a
Gd3*-doped silica glass sample, were studied in this paper. Acrylic is commonly used as
a substitute to water in the dosimetric measurements of clinical beams due to its similar
properties to water [12], and thus, provides a good understanding of the behavior of the
Gd**-doped sample under electron beams in tissue for medical applications. The sample
was also studied under electron beams at varying angles relative to the sample to for further
study the properties of the induced Cherenkov emission. The properties of the RIL from
the Gd*>*-doped glass was also investigated in narrow wavelength regions selected with a
monochromator setup, where the decay times of the RIL emissions were measured.

2. Materials and Methods
2.1. Tested Sample

A Gd3*-doped sol-gel silica glass rod was tested. The rod was 1 cm-long and had a
diameter of approximately 500 um, and a dopant concentration of 0.1 wt% Gd3*-ions. The
descriptions of the fabrication process of this type of sample were found in, e.g., [13,14].
The Gd**-doped rod, drawn at a temperature of approximately 2000 °C, was fusion-spliced



Sensors 2022, 22,9248

3of16

to a 500 pm pure-silica core multimode optical fiber, with a numerical aperture of 0.4. This
optical fiber was used to transport the RIL to the signal analysis and read-out systems
described in Section 2.2.

2.2. Test Setup

A monochromator was used to select specific wavelength regions of the RIL for
analysis. The monochromator was a 996 mm focal length Fastie-Ebert type monochromator
with a 2200 grooves/mm holographic diffraction grating, which was further described
in [15]. The RIL-light from the 500 pm transport fiber was sent to the monochromator
through two aspheric lenses, which converted the numerical aperture and focused the light
to fit a fiber bundle which led the light into the monochromator.

At the output end of the monochromator, the light was detected by a Hamamatsu
R9880U-110 photomultiplier tube (PMT) [16]. The spectral resolution of a monochromator
is partly determined by the width of its output aperture, and the total photon flux measured
at the output is determined by the aperture area. Typically, a narrow slit is used in front
of the output aperture in order to achieve the desired spectral resolution, at the expense
of measured light intensity. However, in order to obtain a detectable light signal in these
experiments, no exit slit was used and the detection resolution was limited by the 8 mm-
diameter photosensitive area of the PMT window, resulting in an instrumental FWHM of
approximately 3.5 nm.

The output wavelength of the monochromator was selected by rotating the diffraction
grating with a stepping motor. The stepper motor was driven by an ST-7128 Microstep
Driver, and controlled by an Arduino UNO. The amount of steps taken was set with the
measurement PC via a USB serial connection using Python. The same Python program also
controlled the data transfer to the PC of the digitized PMT signal through a CAEN N6751
digitizer module [17].

The PMT signal was sent to a fast linear amplifier then to the digitizer. The electron
beam used for the tests was pulsed (further described in Section 2.3), and the digitizer
acquisition was controlled by a trigger signal coming from an external Si-diode detector in
the electron beam. The induced signal from the Si diode when it was struck by an electron
bunch was sent to a single channel analyzer, which generated a trigger signal transmitted to
the digitizer. Upon the trigger signal arrival, the digitizer acquired a signal trace consisting
of a predefined length of the PMT signal. The trace was up to 1 ms-long, with a sampling
interval of 0.5 ns within the trace. This allowed the detection of emitted photons by the
sample at a specific wavelength, and with a known timing relative to the electron bunch.

To take wider emission spectra, an Ocean Optics USB2000+ UV-VIS-ES spectrome-
ter [18] was used. When the spectrometer was used, the end of the transport fiber was
directly fixed by the spectrometer input window.

2.3. Irradiation Facility

The irradiation tests were carried out at the Radiation Effects Facility (RADEF), in the
accelerator laboratory of the University of Jyvaskyld, Finland. A Varian Clinac 2100C/D
linear electron accelerator [3,19] was used to generate the electron beam for the experiments.
Electrons with energies of 6, 9, 12, 16, and 20 MeV are available from the Clinac, along
with 6 and 15 MV photon beams, consisting of photons with energy spectra, respectively,
reaching up to 6 and 15 MeV. The photon beams are bremsstrahlung spectra generated by
electrons with energies of 6 and 15 MeV impinging on a metal target.

This study focuses on electron beams, where the energies 6, 12, and 20 MeV were
used. The dose rates of the electron beams can be set between 100 rad(H,O)/min and
1 krad(HO)/min, corresponding to average dose rates of 17 mGy(H,O)/s-0.17 Gy(H,O)/s.
The dose rate was monitored by an internal ionization chamber in the machine, which was
calibrated against an external ionization chamber at the maximum dose—depth in water.
The dose and dose rate levels set by the machine therefore refer to the dose in water.
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When changing the dose rate, the electron bunch frequency is modulated, but the
size of the bunches stays the same. A ten-fold increase in dose rate thus corresponds
to a ten-fold higher bunch frequency. At the lowest dose rate setting from the ma-
chine, 100 rad(H0O)/min, the average electron bunch frequency is approximately 20 Hz.
This means that the dose per electron bunch is approximately 0.83 mGy, and the instanta-
neous dose rate from the machine is close to 280 Gy/s during the approximately 3 us-long
electron bunches.

The Clinac at RADEF is an accelerator that was previously used in a hospital for
radiotherapy purposes. The gantry is rotatable around the machine isocenter, which is the
position at which the dosimetry calibration of the machine is performed, and the location
where the tested sample was positioned.

2.4. Test Methodology

When using the monochromator setup, in combination with the PMT and digitizer,
the lowest available dose rate of 100 rad(H>O)/min (17 mGy(H,O)/s) from the machine
was always used. This was due to the long data traces saved through the digitizer (up to
1 ms), which was associated with a long data processing and transfer time. The digitizer
was always busy when recording the data; thus, a higher bunch frequency would not have
resulted in any benefits regarding the data collection rate.

The total light transfer efficiency from the doped sample to the PMT was not measured
explicitly. The amount of emitted light on the PMT was, however, not large, and irradiation
runs of approximately 1 h were utilized for each measurement point and test configuration.
To be able to compare the results between different test configurations, the number of
detected photon signals per saved digitizer trace were used as a comparable metric. Here,
one trace in the digitizer corresponds to one electron bunch from the accelerator.

With the spectrometer setup, the dose rate from the electron accelerator that was used
was instead the highest available, 1 krad(H,O)/min (0.17 Gy(HO)/s). In this case, the ac-
quired spectra were generated by summing up the emitted photons from the sample during
20 s-long time intervals. Three such intervals were used for each irradiation configuration,
reaching 1 min of irradiation per tested configuration.

The deposited dose as a function of depth in acrylic was tested, and discussed in
Section 3.2. This was performed by placing the sample in the machine isocenter on top of a
5 em thick block of acrylic, and placing the sample and transport fiber between two sheets
of acrylic with a thickness of 2 mm. The depth in acrylic was then varied by placing layers
of acrylic sheets of 5 and 10 mm thickness on top of the sample.

Tests at different beam rotation angles were performed as well, as shown in Section 3.3.
These were performed by suspending the sample freely in air, only supported by a thin
plastic sheet. The amount of material surrounding the tested sample was minimized to
lessen the scattering of electrons onto the sample from varying angles, potentially producing
additional Cherenkov radiation. The transport fiber was oriented away from the beam
tilting direction, which is schematically shown in Figure 1la, where ¢ is the tilt angle of
the gantry.

A beam window size of 15 cm x 15 cm was used for the tests at the normal incidence
angle (¢ = 0, and for dose—depth tests in acrylic), which is shown in Figure 1b, where the
sample is seen in the center of the beam window. The total length of sample and transport
fiber in the beam is thus 8 cm. After beam rotation, the beam area was changed so that the
portion of the sample and transport fiber that was irradiated was always the same. This is
shown in Figure 1a, where the 15 cm x 15 cm beam after rotation is drawn with a dashed
line, and the corrected beam after rotation is marked by full blue lines.
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15 cm

1
1
15 cm

(b)

Figure 1. Schematic view of the beam tilting procedure. (a) View from the side, where ¢ is the tilting
angle of the beam, and the sample with the transport fiber is marked by the horizontal black line
ending in a dashed line. (b) View from the top, with the sample laying in the center of the beam
window marked in orange, and the transport fiber directed to the left of the figure along the black
dashed line. The beam tilting direction is towards the right.

3. Results and Discussion
3.1. RIL at Selected Wavelengths

From the digitized traces of collected photons in the PMT, histograms of the times of
detected photons relative to the electron bunch can be constructed. From such histograms,
the RIL can be seen, as shown in Figure 2. In Figure 2a, the luminescence of the main
314 nm emission line of Gd>* is shown. If a different wavelength is selected from the
monochromator, the RIL after the electron pulse is gone, but the prompt luminescence
response during the electron bunch is still present, as shown for 300 nm in Figure 2b.

® 314 nm RIL data ® 300 nm RIL data
Electron bunch Electron bunch

Light intensity (AU)
Light intensity (AU)
@

']
101 @ 101 4 L ® o . o o
° ° °
L azpo b b LA S ol
(] 00 G0 O NIED SIHBEY NN LL ]
L] SHINEISSES GED 6D @ ¢ OO GRGIEIND WSS ¢ e
° 0| CNOGED ¢ I ® @0 ¢ 0 O CEBIID © CHEIINS
T T T T T T T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (us) Time (us)

@) (b)
Figure 2. Examples of the time structure of the radiation-induced emission (RIE), as detected at
different wavelengths under irradiation by a pulsed 20 MeV electron beam. (a) The radiation-induced
luminescence (RIL) of the Gd3*-ions at 314 nm, along with the prompt radiation response during
the electron bunch, marked with orange lines around 50 ps into the collected digitized data traces.
(b) Detected photons at 300 nm, consisting of a prompt response but no visible RIL component.

To generate the data shown in Figure 2, the sample was placed under the beam covered
with a thin black plastic tube to shield the sample from outside light sources, and without
any acrylic covering the sample. Under these irradiation conditions, the RIL was investi-
gated at different wavelengths, which is shown in Figure 3. The prompt responses to the
electron beam as well as the luminescence occurring after the electron bunch at different
wavelengths are displayed in the figure. The different parts of the detected luminescence
can be seen in Figure 2, where the time position of the electron bunch is marked in orange
vertical lines, the RIL is present after the electron bunch, and the prompt response from
Cherenkov radiation is obtained during the electron bunch.
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Figure 3. RIE spectra from 20 MeV electrons at a normal incidence angle without any water equivalent
material above the sample. The luminescence detected after the electron bunches is shown in blue,
and the prompt radiation response during the electron bunch in orange.

The prompt response spectral shape marked with orange dots in Figure 3 is similar to
what was observed in, e.g., [20] for Cherenkov radiation. In the figure, the PMT spectral
sensitivity was accounted and corrected for. The Cherenkov emission spectrum commonly
described by the Frank-Tamm formula [21,22] predicts a continuously growing emission
at shorter wavelengths. This is not observed, as the material absorbance at shorter wave-
lengths in the UV spectrum is high [23]. The suppression of the short wavelengths of
Cherenkov spectra is further discussed in, e.g., [24,25].

The RIL spectrum shown in blue in Figure 3 presents the expected dominating emission
of the Gd3*-ions at the datum point at 314 nm. Further tendencies of emissions can be
seen in the 450 nm-500 nm spectral region. This emission will be investigated and further
discussed in Section 3.5.

3.2. Dose as a Function of Depth in Acrylic

The deposited dose as a function of depth in acrylic is shown in Figure 4. The response
to 20 MeV electrons is shown in Figure 4a, and for 6 MeV electrons in Figure 4b. The gold-
colored lines in the figures represent measurements taken using a reference parallel plate
ionization chamber dosimeter IBA PPC40 [26], and the blue lines are from measurements
with the tested sample, where the monochromator was set to 314 nm to select the Gd3*+
luminescence signal. The figure legends contain information of the depth of maximum
dose (maximum signal level) z,,,x measured by each method, as well as the fraction of dose
(signal strength) at 0 cm of acrylic compared to that at z;,r, denominated as the surface
dose Dsurface‘

The same procedure as described for Figure 3 was used to separate the luminescence
response after the electron bunch from the prompt signal caused by Cherenkov radiation.
The RIL at 314 nm from the Gd3*-ions is able to represent the dose as a function of depth
in water in a manner very similar to the reference dosimeter. The Cherenkov radiation
induced in the sample has a different shape, caused by the increased scattering of the
electrons at larger angles as the depth increases, which is also shown and discussed in [10].
Some parts of the prompt signal might originate from other sources than Cherenkov
radiation, but the shape of the depth profile of the prompt emissions in Figure 4 and the
wide emission spectrum in Figure 3 suggest that a large majority of the light originates
from Cherenkov radiation.
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Figure 4. Generated light intensity in the sample as a function of depth in acrylic at 314 nm. The RIL
after the electron pulse (squares) and the prompt light signal (triangles) were separated as in Figure 3.
The response of a reference dosimeter, an IBA PPC40, is included in the figures as a gold dash-dotted
line. The figure legends display the depth at which the maximal dose was recorded, zysx, and the
surface dose (0 cm depth) fraction relative to the maximum dose as Dy fyc.- (a) 20 MeV electron
beam. (b) 6 MeV electron beam.

The light output from the sample as a function of depth in acrylic was also analyzed
using a spectrometer, by obtaining emission spectra with various thicknesses of acrylic
covering the sample. The procedure used for separating the RIL at 314 nm (3.95 eV)
from the Cherenkov background is shown in Figure 5, where the measured RIL peak is
approximated as a Gaussian, the Cherenkov spectrum in the narrow region around the RIL
peak is approximated as a straight line, and the total signal is fitted to the sum of those
two components.
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Figure 5. The wavelength region with the 314 nm emission peak from the Gd3*-ions as measured
under 4 cm acrylic and 12 MeV electrons. The emission peak was approximated as a Gaussian over
the Cherenkov radiation background, which in turn was approximated with a straight line in the

region shown in the figure.

The dose—depth curve of 12 MeV electrons is shown in Figure 6. Results from measure-
ments with an optical spectrometer is included, where the size of the RIL peak at 314 nm
is extracted as the signal above the Cherenkov background in measured emission spectra
at each tested depth of acrylic, by the procedure exemplified in Figure 5. The Cherenkov
radiation component is approximated as the total amount of detected light which is not
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in the 314 nm peak, in the full measurement interval of the spectrometer from 180 nm to
875 nm.

Monochromator

314 nm prompt emission
Zmax = 3.5 Cm

Dsurface = 12%
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Figure 6. Dose—depth curves in acrylic of 12 MeV electrons obtained with the digitized PMT signal
and monochromator set to 314 nm as shown in blue, using optical spectrometer in orange, and IBA
PPC40 dosimeter in gold.

Both methods of light detection and separation between Cherenkov light and RIL from
Gd3t-ions, using a spectrometer and monochromator, show that the Gd3t luminescence
well represents the deposited dose in the material. They also show that Cherenkov radiation
is present and needs to be taken into account, since the radiation profiles by Cherenkov
radiation do not follow the profile of deposited dose.

3.3. Beam Tilting Tests

For further investigation of the Cherenkov component of the emitted light, irradia-
tion with a tilted beam was performed. The beam tilting was performed by rotating the
accelerator gantry around the sample, in the direction away from the transport fiber as
described further in Section 2.4. By this procedure, the Cherenkov radiation through the
transport fiber should increase with the beam angle ¢, up to a maximum emission located
at the Cherenkov emission angle 8 = 90° — ¢;,5x, when the induced emission is directed
along the transport fiber. The Cherenkov emission angle can be calculated as

1
cosf Bn(A)’ (1)
where f is the relative velocity of the charged particle inducing the Cherenkov radiation,
and n(A) is the refractive index of the material, which varies with the wavelength A of the
emitted light. This relation is discussed further in, e.g., [22].

All electrons do not arrive in a parallel orientation at the sample, since the beam is
narrow as it leaves the accelerator and spreads with an opening angle towards the irradiated
sample. The electrons will thus have a distribution of angles in relation to the sample and
transport fiber orientation. This angular distribution of electrons will cause a broadening of
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the peak around the Cherenkov emission angle in the detected light intensity as a function
of the beam tilting angle. Further broadening of the peak around the Cherenkov angle will
be caused by the acceptance angle of the fiber, since photons in a range of scattering angles
will be transmitted through the fiber.

The effect of the electron beam tilt angle on the light output is shown in Figure 7
using a 12 MeV electron beam. Similarly to Figure 6, Figure 7 shows the results from the
measurements with both the optical spectrometer and the monochromator set to 314 nm.
The effects of rotation on the different path-lengths of electrons in the sample and transport
fiber, and variations in the beam window size were taken into account and corrected for in
the figure.

1.0 ‘ ............... '-.-r.-.-.-.-.-.-.'.'.'.".'."su:;. ...... .’ ‘
\\\ ."... N\, '-.‘-"
‘l\\\‘...‘ I .
~
0.8 =
>
G 12 MeV electrons -
§ Monochromator
£ 0.6 1 —&— 314 nm prompt emission, ‘\
= Peak at 40 degrees .
2 o Monochromator \
i %7 314 nm luminescence g
N 0.4 4 —o- Spectrometer cherenkov,
g Peak at 42.5 degrees
s --¢- Spectrometer 314 nm peak
=
0.2
00 _ .— .......

0 10 20 30 40 50
Rotation angle (degrees)

Figure 7. Detected light intensity as a function of the beam tilting angle of a 12 MeV electron beam
obtained with digitized PMT signal and monochromator set to 314 nm shown in blue, and with
optical spectrometer shown in orange.

The measured Cherenkov emission angle 6 is related to the beam tilt angle ¢ so that
6 = 90° — Ppeak- The beam tilt angle of maximum Cherenkov emission was measured to be
approximately 42.5°, corresponding to a Cherenkov emission angle of 47.5°. The expected
Cherenkov emission angle according to Equation (1) is 47° for 12 MeV electrons in silica
with 1 ~ 1.47 (using the refractive index at around 314 nm), which corresponds well to the
measured peak emission.

In Figure 7, the emission peak luminescence is also shown at 314 nm, corrected for the
loss of electrons due to beam tilting, as well as the increased path-length of the electrons in
the material. The 314 nm RIL is thus expected to be fairly constant over all tested angles
with those corrections in place. This is true within 20% for the measurements with the
Ocean Optics spectrometer, and 35% with the monochromator. The decrease in observed
luminescence at 314 nm for larger beam tilting angles remains not fully explained. There
are some geometric effects that can play a role in the transmitted signal, such as the sample
not being perfectly cylindrical or the doping profile not being perfectly homogeneous
throughout the sample rod.
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The emission spectra acquired by the Ocean Optics spectrometer at different tilt angles
are shown in Figure 8. The large increase in light emission due to Cherenkov radiation
when the beam is tilted can be clearly seen, with a maximum in emission at approximately
42.5°. The exact shape of the measured optical spectra depends on many factors, where
the response of the photon sensor is an important part. The radiation-induced attenuation
(RIA) is also something that has an effect, since RIA has a spectral dependence and will
modulate the measured emission spectra.

The emission structure at 0° in the region from 400 nm to 500 nm, which could also
be discerned in Figure 3, has not previously been reported in the previous studies of this
type of sample [1,3]. The tested sample in this study is the same one as was tested in [3],
where very little emission can be seen in the region from 400 nm to 500 nm in the emission
spectrum. This emission structure is further discussed in Section 3.5.

Tilt angle
8000 (degrees)
— 0
— 30
S 6000 - — 425
L 50
2 |
‘@
[
9 4000 A
£
: |
iy
-
2000 A /
0 1—hoinjauny R&;'.;'“."g:

200 300 400 500 600 700 800 900
Wavelength (nm)

Figure 8. Emission spectra at different tilt angles, with the sharp emission peak of Gd3* at 314 nm,
as well as a wide Cherenkov emission spectrum with a maximum intensity at 42.5°.

3.4. RIL at 314 nm

The main luminescence peak at 314 nm in Gd*>*-doped silica glasses has a decay time
measured around 1.35 ms in [1] and 1.80 ms in [5]. Fitting the measured luminescence
signal after the electron pulse at 314 nm to an exponential decay function results in the
fitted data shown in Figure 9a. The fit function was

I(t) = Ae /T + B, (2)

where I(t) is the emitted light intensity as a function of time ¢, A is a constant scaling the
amplitude of the light emission intensity, T is the decay time of the luminescence, and B is
a constant corresponding to the background signal level. The fitted value of the decay time
is 1.33 ms, which is very similar to the decay time found in [1].

The fit is, however, not entirely satisfactory at times close after the electron pulse,
where an increase in light emission is seen before the exponential decrease in light intensity
is observed. A fit with a term accounting for the luminescence buildup is used instead to
account for this behavior according to

I(t) = C(e_t/T1 — e_t/TZ) + B, ®)
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where I, t, and B are described in connection with Equation (2), C is a constant governing the
amplitude of the signal, 7y is the decay time of the luminescence, and 1 is the characteristic
time constant describing the initial luminescence buildup. The data fitted to Equation (3)
are shown in Figure 9b.

L4 ® 314 nmRIL data e ® 314 nmRIL data
103 4 = —— Best fit, r-squared: 0.590 103 4 = — Best fit, r-squared: 0.609
H —— Constant = 8.57 H —— Constant = 8.57
_ : - 66.1xexp(~t/1333.7 ps) - H -+ 0.1x(exp(~t/1214 ps) — exp(~t/35 ps))
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> H > L
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Figure 9. Measured decay curves of the 314 nm RIL of the Gd®*-doped sample, using 12 MeV
electrons at a depth of 2 cm in acrylic. The time of the electron pulse is also shown. (a) Data fitted to
one exponential decay component (orange dotted line) plus a constant representing the background
level (blue dashed line), according to Equation (2). (b) The data fitted with one exponential decay
component with an additional term to account for the initial increase in light emission intensity over
time shortly after the electron bunch, described in Equation (3).

An interpretation of Equation (3) is that the luminescence of the decay described by
the time 77 is suppressed by a transient mechanism with diminishing strength described by
a time constant 7. This mechanism can be a transient radiation-induced attenuation (RIA),
which strongly attenuates the induced light directly after the radiation pulse, then less after
longer times. The transient absorption band at 4.2 eV caused by STEXs covers the 314 nm
emission line [6], and can well explain the luminescence attenuation at times shortly after
the electron bunch has hit the sample.

From the data in Figure 9, one can approximate the transient RIA behavior. As a
first-order approximation of the RIA strength after the electron bunch, we assume that the
luminescence described by 1 is correct (although it might also be affected by a longer lasting
time-dependent RIA). One can then extrapolate the fitted line in Figure 9b dominated by 7;
to the end of the electron bunch. The unattenuated (extrapolated) signal is then found to
be ~1.23x the attenuated (measured) signal there. Assuming a fiber length of 8 cm in the
beam where RIA is induced, this corresponds to an initial RIA of approximately 11 dB/m
after the end of the electron pulse for the case in Figure 9b.

Fits according to Equation (3) were made for 6, 12, and 20 MeV electrons at the
different tested depths of acrylic. For 12 MeV electrons, the characteristic decay times are
shown in Figure 10, with error bars signifying the estimated standard deviation of the
fitted parameters based on the covariation matrix formed during the fitting procedure.
The average values on the tested depths as indicated in Figure 10 are shown for all tested
electron energies in Table 1. The calculated average values of the initial RIA are also shown
in the table.

A further note is that the luminescence increase after the electron bunch is more
pronounced at the depth of the maximum dose in acrylic than without any material over
the sample, as well as more pronounced than points deeper in the acrylic. The reason for
this could be that the transient RIA is dose-rate-dependent, so that the higher dose rate
on the sample at the depth of the maximum dose in the material corresponds to a larger
initial RIA. The trend of measured RIA strengths as a function of depth in acrylic does
not, however, strictly follow the shape of the dose—depth curves. This could be masked
by uncertainties in the individual fits, which could distort the shape of RIA curves as a
function of depth. The measured values of 7, and the RIA strengths rather vary around
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a specific level, which motivates the use of the average value in Table 1 to represent the
generally observed trends.
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Figure 10. Fitted luminescence decay times (top), and transient RIA decay (luminescence buildup)
times (bottom) at different depths of acrylic for 12 MeV electrons, with the estimated standard
deviation of the fitted variable value as the error bars. The average of the measured values is shown
with dotted lines, with the estimated standard deviations of the averages in parentheses.

Table 1. Decay times of the luminescence at the main Gd>*-ion RIL at 314 nm under irradiation with
electrons at a normal incidence angle. Fitted decay time values, transient RIA time constant, and RIA
strength after the electron bunch are listed. The presented values are the average of the fitted ones at
different depths of acrylic, with the estimated standard deviation in parentheses.

Electron RIL Decay Transient RIA Initial RIA
Energy (MeV) Time 71 (us) Decay Time 1, (us) Strength (dB/m)
6 1257 (43) 22 (4) 43(2.1)
12 1267 (44) 28 (5) 7.2(2.7)
20 1257 (44) 22(9) 5.3 (2.4)

3.5. RIL between 400 and 600 nm

The optical emission structure seen at 0° in Figure 8 is further investigated in this
section. The photon emission as a function of time, as measured using the monochromator
setup at 450 nm, is shown in Figure 11, with the decay time T = 16.7 us when fitted to
Equation (2) (one decay component). Other fitted decay times in the same wavelength
region are shown in Table 2, where the best fits to the luminescence curves gave values
from 10 ps to 15 us.

The sum of detected photons in the region marked as Luminescence region in Figure 11 is
compared, for the tested wavelengths, with the spectrum measured with the spectrometer.
This is shown in Figure 12, where the emission spectrum from the spectrometer is the
0° spectrum from Figure 8. The 0° spectrum and the sum of detected photons in the
Luminescence region coincide well with each other from 400 nm to 500 nm, suggesting that
emissions in the luminescence region seen in Figure 11 are causing the peak observed using
the spectrometer in Figure 12.
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Figure 11. Luminescence decay measured at 450 nm, relative to the electron bunch time. The data
were fitted to one exponential decay (orange-dotted line) plus a constant representing the background
level (blue-dashed line), as given by Equation (2).

Table 2. Decay times of luminescence at different wavelengths in the emission region 425 nm to
500 nm during irradiation with 20 MeV electrons at a normal incidence angle without acrylic cover.

Wavelength (nm) Decay Time (us)
425 12.6
450 16.7
475 11.5
500 8.3

The measured peak is rather asymmetric, and likely does not consist of one static
emission band. The spectrometer data were fitted to a sum of three Gaussian components
in Figure 12, with a wide distribution centered at 2.53 eV (490 nm), and narrower peaks at
2.59 eV (479 nm), and 2.81 eV (441 nm). The position of the emission structure in the energy
spectrum coincide well with previous measurements of the emissions from STEX centers,
at,e.g.,2.4eVin[6] and 2.8 eV in [9].

The blue-shift of the luminescent decay of the STEX were in [6] at 80 K found to be
such that the luminescence peak center after 10 us was observed at approximately 2.05 eV
(605 nm), then shifting towards 2.4 eV (517 nm) over the course of tens of microseconds.
This blue-shift in the STEX decay can cause some of the broadening and structure of
the observed emission in Figure 12. Also note that the experiments in this study were
performed at the ambient room temperature and not in a cooled down configuration.

In Table 2, a slight shift to longer decay times for shorter wavelengths could be
estimated, but the fits made to the collected data in this experiment do not provide enough
confidence to support such a blue shift. Further studies would be needed to confirm
whether the emission peak observed in Figure 12 is composed of an emission center
experiencing a blue-shift over time in the tested sample.
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Figure 12. The observed peak in the optical emission spectrum between 400 nm and 600 nm.
The structure is reproduced with an optical spectrometer as the blue line, and by summing the
detected photons in the luminescence time region marked in Figure 11 by gold-dashed lines, resulting
in the points marked by gold triangles in this figure. The spectrometer measurement was also fitted
to a sum of three Gaussian components to recreate the peak shape.

4. Conclusions

Sol-gel silica glass doped with Gd3*-ions shows great promise for applications in
dosimetry as a point dosimeter using the RIL from ionizing radiation, which has an intensity
proportional to the rate of deposited dose. In this study, the properties of the RIE under
electron irradiation were studied under different irradiation conditions, allowing for the
novel measurements of dose—depth curves, RIL decay times, transient RIA properties,
and RIE spectra in this type of sample.

The RIL at 314 nm was found to be proportional to the deposited dose as a function of
depth in acrylic for electron beams at 6, 12, and 20 MeV. The luminescence at 314 nm fol-
lowed the dose—-depth profile measured with a reference parallel plate ionization chamber
dosimeter, while the Cherenkov radiation induced in the sample follows a different depth
profile. To accurately represent the dose at varying depths in materials, it is thus necessary
to only select the 314 nm RIL component.

The light emission was also investigated at a varying incidence angle of the beam,
confirming a large presence of Cherenkov radiation in the measured RIE. A clear dominance
of the Cherenkov light over the 314 nm RIL component was found for the angles allowing
maximum Cherenkov light injection through the transport fiber.

The experiments were performed with two different setups: a commercial spectrome-
ter and a monochromator with a PMT for light detection, which provided complementary
data to each other. The systems offered different methods of discriminating the Cherenkov
background, and only selecting the desired 314 nm RIL component.
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With the monochromator and PMT setup, the decay time of the luminescence at
selected wavelengths could be investigated. An emission band between 400 nm and
600 nm, with decay times of approximately 10 us to 15 us was observed. These emissions
can be ascribed to the luminescent decay of STEX centers caused by the radiation on the
sample. These emissions were not clearly observed in earlier tests with the same sample,
which suggests an increase in these emissions with an increasing dose history. This should
be further studied by obtaining emission spectra from this type of sample at increasing
dose levels.

At the main emission line from Gd>*-ions in silica glass at 314 nm, the RIL intensity
was found to first increase after the end of the impinging electron pulses. This is likely due
to a transient RIA caused by the pulsed electron beam, which has a large instantaneous dose
rate of approximately 280 Gy /s, attenuating the RIL signal at times close to the electron
bunch. The characteristic decay time of the transient RIA was found to be approximately
20 ps to 30 ps. The transient RIA is ascribed to the STEX absorption centers observed in
previous studies at 4.2 eV.

The decay time of the 314 nm RIL was measured to be approximately 1.3 ms for 6, 12,
and 20 MeV electrons at various depths of acrylic, with some fluctuations in the exact fitted
value. This decay time value is comparable with previously reported values of 1.35 ms
in [1] and 1.80 ms in [5].

Further research into the formation of STEX centers, and the link to the property of
increasing luminescence from the STEX-center decay as a function of radiation history on
the sample, is needed. A study of the properties of the emission bands which form the RIE
structure from 400 nm to 600 nm is also of interest.
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