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Abstract

La sterilizzazione è un processo critico in ambito medicale, poiché garan-
tisce che i dispositivi medici siano privi di microrganismi e sicuri per l’uso
sui pazienti. Tra le diverse tecniche di sterilizzazione, quelle che impiegano
radiazioni ionizzanti hanno assunto un ruolo sempre più rilevante, poiché
consentono tempi di trattamento ridotti, evitano l’esposizione dei prodotti ad
alte temperature e non lasciano residui chimici al termine del processo.

Questo lavoro di tesi si concentra sulla sterilizzazione a fascio di elettroni,
con applicazione specifica all’impianto industriale di Copan, aziende italiana
produttrice di dispositivi medicali.

Nello specifico, sono state impiegate simulazioni Monte Carlo (utilizzando
Geant4) per modellare la distribuzione della dose all’interno delle scatole
di prodotti, consentendo di identificare strategie — come l’ottimizzazione
dell’orientamento dei prodotti — per migliorare l’uniformità della dose. La
quantificazione delle incertezze delle simulazioni ha ulteriormente rafforzato
l’affidabilità dei risultati, fornendo linee guida per incrementare l’efficienza
del processo mantenendo al contempo la qualità del prodotto.

Inoltre, è stato studiato in maniera sistematica l’impatto delle radiazioni
ionizzanti sui polimeri utilizzati nella stampa 3D a deposizione di filamento
fuso (FFF), data la loro crescente rilevanza anche nella produzione di dis-
positivi medici. Le analisi meccaniche, termiche e spettroscopiche hanno
rivelato che il degrado indotto dalle radiazioni è dominato dalla scissione
delle catene polimeriche, con effetti principalmente sulle proprietà mecca-
niche. Tra i materiali testati, il PLA ha mostrato la minore resistenza alle
radiazioni, mentre TPE e ABS hanno dimostrato maggiore stabilità, mante-
nendo prestazioni meccaniche fino a dosi dell’ordine dei MGy.

Nel complesso, questo lavoro di tesi contribuisce a facilitare l’applicazione
su scala industriale della sterilizzazione a elettroni e ad approfondire il com-
portamento dei polimeri esposti a radiazioni. Il modello di simulazione svilup-
pato e i risultati sperimentali forniscono strumenti pratici per l’ottimizzazione
dei processi di sterilizzazione e per guidare la selezione dei materiali nei dis-
positivi medici sterilizzati con l’utilizzo di radiazioni, offrendo un valore diretto
a Copan e, più in generale, al settore medicale.
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Abstract

Sterilization is a critical process in healthcare, ensuring that medical devices
are free from viable microorganisms and safe for patient use. Among the
available sterilization techniques, ionizing radiation has gained increasing
importance due to its short treatment times, low operating temperatures,
and absence of chemical residues. This thesis focuses on electron beam
(e-beam) sterilization, with specific application to the industrial facility of Co-
pan, a leading Italian manufacturer of medical devices.

Monte Carlo simulations (based on Geant4) were employed to model
dose distributions within product boxes, and allowed the identification of
strategies — such as optimized product orientation — to improve dose uni-
formity. Uncertainty quantification further strengthened the reliability of the
results, providing guidelines for increasing process efficiency while maintain-
ing product quality.

In addition, the impact of ionizing radiation on polymers used in Fused Fil-
ament Fabrication (FFF) 3D printing was systematically studied, given their
growing relevance also in medical device manufacturing. Mechanical, ther-
mal, and spectroscopic analysis revealed that radiation-induced degradation
is dominated by chain scission, primarily affecting mechanical properties.
Among the tested materials, PLA exhibited the lowest radiation tolerance,
while TPE and ABS demonstrated higher stability, retaining mechanical per-
formance up to doses in the MGy range.

Overall, this work contributes to facilitating the industrial-scale applica-
tion of e-beam sterilization and to advancing the understanding of polymer
behavior under radiation exposure.. The developed simulation framework
and experimental findings provide practical tools for optimizing sterilization
processes and for guiding material selection in radiation-sterilized medical
devices, offering direct value to Copan and to the wider healthcare manu-
facturing sector.
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Introduction

The sterilization is a fundamental process that guarantees that medical de-
vices, pharmaceuticals, and other healthcare products are free of viable mi-
croorganism, to prevent patient exposure to infections or to a false diagno-
sis. Although basic methods of sterilization were already in use in the early
1900s [1], the practice has advanced greatly over the centuries, resulting
in the highly effective techniques used in modern times. Among the various
techniques available, those using ionizing radiation have gained increasing
interest because of the short treatment time, the relatively low temperatures
involved in the process, and the absence of chemical residuals after the
treatment [2, 3].

This thesis focuses on electron beam sterilization, as implemented at Co-
pan (Via F. Perotti 10, Brescia - Italy), an Italian company operating in the
medical device manufacturing sector, which also co-founded this work in the
context of the PNRR program, D.M. 352/2022. In particular, this research is
motivated by the need of Copan to further characterize the e-beam steriliza-
tion process, that is of course the first step towards an optimization of the
process, and to gain better understanding of the effect of ionizing radiations
on polymers used in medical devices, since radiation can induce physical
and chemical changes in polymers, potentially compromising product per-
formance.

This work is organized as follows. The first chapter provides a compre-
hensive overview of sterilization methods with ionizing radiation. It begins
with fundamental principles of medical device sterilization and then it de-
scribes the ethylene oxide sterilization process, one of the most common
(chemical) sterilization technique. The chapter then introduces the physics
of radiation-matter interaction, then it presents an overview on gamma rays,
electrons, and X-rays sterilization techniques. The chapter concludes with a
detailed discussion on dosimetry, a critical component of radiation steriliza-
tion validation, including common dosimeter technologies used in industry.
The second chapter describes the electron beam sterilization plant at the
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INTRODUCTION

Copan facility, which utilizes a Rhodotron accelerator. Detailed character-
ization of the irradiation process is performed using Monte Carlo simula-
tions (Geant4) to model dose distributions within products and packaging.
This chapter also addresses uncertainty quantification and, finally, evalu-
ates several methods for optimizing the irradiation setup to achieve uniform
dose distribution inside the product. The third and final chapter explores the
impact of ionizing radiation on polymers. More precisely, this chapters fo-
cuses on 3D printing materials for Fused Filament Fabrication (FFF), which
are increasingly used also in the medical device manufacturing field. Exper-
imental investigations were conducted on selected polymer samples, with
analyses including mechanical testing, thermal analysis, and spectroscopic
characterization. The irradiations were performed at the Hubert Curien Lab-
oratory (LabHC) in Saint-Etienne (France), and sample characterizations
were jointly performed at LabHC and at the Materials Science and Technol-
ogy Laboratory (MaSTLab) of the University of Brescia (Italy). The collected
data allow to compare the different materials analyzed, providing useful in-
formation for the selection of the most radiation tolerant ones.
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1
Sterilization Methods with Ionizing Radiations

The sterilization of a medical product is a fundamental process that guaran-
tees that the medical device is free of viable microorganism, to prevent pa-
tient exposure to infections or to a false diagnosis. International Standards
specify the requirements for validation and routine control of sterilization pro-
cesses: more precisely, the requirements for medical devices to be desig-
nated "sterile" are defined in the EN 556-1:2024, which defines a medical
device as sterile only when a validated sterilization process has been con-
ducted and its effectiveness is maintained under periodic monitoring. The
following sections will provide an overview of the medical device sterilization
principles and processes, with a focus on the ionizing radiation sterilization.

1.1 Medical Device Sterilization Principles

The sterilization procedure is intended to ensure that medical devices meet
the necessary sterility assurance levels in order to minimize the risk of infec-
tion transmission and/or false response for diagnostic devices. The Sterility
Assurance Level (SAL) quantifies the efficacy of inactivation, and it denotes
the probability of a single viablemicroorganism surviving on an item following
sterilization. SAL is a critical parameter that is employed to evaluate and vali-
date sterilization procedures, as per ISO 11137, one of the international stan-
dards that regulate medical sterilization processes. The definition of the SAL
also suggests that the inactivation of the microorganism is not deterministic,
but it is described in terms of probability. More precisely, the probability that
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CHAPTER 1. STERILIZATION METHODS WITH IONIZING RADIATIONS

a microorganism survives the sterilization process is described through an
exponential decay function in time of sterilization treatment. For this reason,
there is always a non-zero probability that certain microorganisms survive
the sterilization procedure, despite the use of rigorous sterilization methods.
This probability is influenced by a variety of factors, such as the environmen-
tal conditions in which sterilization is conducted, the physical and chemical
properties of the sterilizing agent, and the inherent resistance of various mi-
crobial species. Typical values for SAL are established at 10−6 and 10−3 in
order to quantify sterility assurance. A SAL of 10−6 suggests that the proba-
bility of a viable microorganism remaining on the sterilized product is one in
a million, thereby ensuring a high level of sterility. Conversely, a SAL of 10−3

is generally regarded as less stringent, as it corresponds to a probability of
one in a thousand. The selection of the appropriate SAL is contingent upon
the intended use of the medical device and the potential repercussions of
contamination. In order to guarantee the highest safety standards, critical
devices, including surgical instruments and implants, typically necessitate a
SAL of 10−6. Conversely, products with reduced sterility risks may be ac-
ceptable with a SAL of 10−3.

Other than reaching the desired sterilization level, an ideal sterilization
process should guarantee the following requirements:

• The sterilization process should not induce damage on the products.

• The sterilization process should be able to quickly treat high volumes
of products.

• Sterilization should be achieved for any products and packaging, inde-
pendently of the material, the geometry, the density, etc.

• The sterilization agent should not remain as a residual in the products
at the end of the sterilization process.

• The sterilization process should guarantee that the products are free
of amplifiable human DNA (especially in diagnostic devices).

On the other hand, a sterilization technique that satisfies all of these re-
quirements does not exist, and so the most appropriate sterilization technol-
ogy must be chosen to ensure that the device functions properly throughout
its shelf life, without causing any unanticipated or detrimental effects on the
product’s safety or performance. This necessitates the consideration of nu-
merous variables:
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• The product’s functionality: the comprehension of the product’s claim
is a critical factor in the consideration of the appropriate sterilization
modality for a device, among all the other factors.

• The design attributes: the mechanical properties, microbiological as-
pects, and biocompatibility of the device after the sterilization process
have to be evaluated to determine whether the sterilization procedure
can compromise the functionality of the product.

• The configuration: the geometry of the device and the layout of the
packagingmust be configured to ensure that microorganisms are prop-
erly killed when exposed to the sterilizing agent, thereby ensuring the
desired sterility assurance levels.

For medical applications, three primary sterilization methods are com-
monly used: ethylene oxide sterilization, gamma ray sterilization, and elec-
tron sterilization, which are discussed in the following sections.

1.2 Ethylene Oxide Sterilization (Chemical
Method)

The ethylene oxide (C2H4O, usually abbreviated in EO or EtO) is an excep-
tional sterilizing agent because of its effective bactericidal, sporicidal, and
virucidal activity due to its high reactivity and diffusivity [4]. EO reacts with
the cellular constituents of organisms, leading to the denaturation of the cell
and preventing the ability to reproduce, which makes the impacted microor-
ganisms nonviable [5].

During the EO sterilization process, the medical products are placed in-
side an airtight chamber where EO gas is insufflated. The gas has to reach all
the surfaces that need to be sterilized, penetrating inside the sterile barrier,
which is the minimum packaging that prevents the entry of microorganisms
and keeps the product aseptic until the time of use. For this reason, EO ster-
ilization can be used only with products with porous packaging. In addition,
EO treatment can not be performed on products with liquid inside, since EO
is soluble.

Before the sterilization, products are heated and exposed to a controlled
humidity level in order to ensure the repeatability of the process indepen-
dently of the environmental condition to which the products have been ex-
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CHAPTER 1. STERILIZATION METHODS WITH IONIZING RADIATIONS

posed before the sterilization process. The EO sterilization process starts
with an initial evacuation of the air in the sterilization chamber, since EO va-
por is flammable and explosive when mixed with air, as dramatically shown
at the Sterigenics sterilization site in Ontario (CA) in 2004, when an explosion
occurred inside an ethylene oxide sterilization chamber and an associated
thermal oxidizer [6]. Of course, the vacuum rate is chosen to protect package
integrity by allowing trapped air inside the package to vent without breaking
the seal integrity. As an alternative, nitrogen (which is an inert gas) is in-
jected during the evacuation of air in the chamber when pressure-sensitive
products are treated. The EO sterilization is successful only when the right
heat, moisture, and gas concentration are delivered for a sufficient amount
of time; therefore, before insufflating the EO vapor, steam is injected in the
treatment chamber. After the humidification phase, EO gas is injected in-
side the chamber, with a concentration that guarantees to achieve sterility
without reaching a too high level of EO in the product, which might lead to
difficulties in the post-sterilization phase, when EO becomes an undesired
residual, being a carcinogenic substance. The exposure time, as well as the
other parameters, is defined by the process design scientist. Finally, after
the exposure time, EO is removed from the chamber, and various washes
with nitrogen are performed to reduce product residues. After a safe level
of EO residuals, products might be placed out of the sealed chamber, in a
heated room, for additional removal of the residual gases.

To validate the EO sterilization process, two methods are typically used:
the overkill method, and the combined biologic indicator/bioburden method
[4]. The overkill approach uses the biological indicator (BI) to assess the ef-
fectiveness of the sterilization process. Figure 1.1 shows an example of a BI,
which is a vial that contains a disc with a culture of spores and a nutrient liq-
uid: if spores are still alive after the sterilization process, the liquid changes
color and indicates the failure of the process. The population of the BI (typ-
ically 106 microorganisms of "Bacillus Atrophaeus") and its resistance (i.e.
the ability of the microorganisms contained in the BI to survive exposure to
EO) have to exceed that of the product population of viable microorganisms,
to guarantee that if the sterilization condition is achieved in the BI, it will be
achieved also on the product. This conservative approach is likely the most
popular due to its simplicity and the robust sterility assurance level that is
achieved, despite the fact that it typically results in overestimating process
parameters [4, 5].
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Figure 1.1: Biological indicator consisting of a sealed glass ampoule contain-
ing a digest broth and a paper carrier inoculated with Bacillus Atrophaeus.
When the ampoule is crushed and incubated at the appropriate tempera-
ture, the organism can grow. The physical characteristic showing growth is
a color change from green to or toward yellow and/or turbidity. No variation
in the color means that the sterilization process was successful. Squares in
the background are 5 x 5 mm.

The combined biologic indicator/bioburden method is based on the con-
trol of the treatment time required to achieve sterilization. This method re-
quires various tests with BI during the sterilization process, and precise knowl-
edge of the product bioburden population, which is (by definition of the ISO
11137) the population of viable microorganisms on or in the product and/or
sterile barrier system, which come from various sources of contamination:
air, workers, raw materials, machines, environments, and so on. Therefore,
the bioburden indicates the quantity and quality (resistance to sterilization)
of microorganisms on the product, and a non-controlled bioburden of the
product might lead to non-sterile products, although the sterilization process
is validated. The bioburden is tested by counting the number of microor-
ganisms, and the average bioburden (on various samples) is expressed in
colony forming units (CFU), determined by culturing the sample on an ap-
propriate growth medium and enumerating the viable colonies that develop
after incubation under specified conditions. Based on the CFU and on the BI
tests, the EO treatment time is therefore assessed.

Typically, an EO treatment for medical products can last from a few hours
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to tens of hours, depending on the facility, the product, the treatment plan,
and so on. However, multiple pallets of products can be processed simulta-
neously within the treatment chamber, which typically has a volume of sev-
eral thousand liters; on average, EtO sterilization corresponds to approxi-
mately 3 minutes per box, assuming a standard medical-device box volume
of about 50 liters. The main criticality on EO today is related to gas residu-
als: ethylene oxide (EO) and ethylene chlorohydrin (ECH) residuals are toxic,
and so products might require a long aeration phase after the treatment, to
reach a residual concentration lower than the limit defined in the ISO 10993-
7. In addition, as previously mentioned, products must sustain temperatures
up to 60°C, and humidity of also 45%.

Before discussing gamma ray and electron sterilization, it is important to
present the key radiation-matter interaction mechanisms relevant to ionizing
radiation sterilization; this overview is provided in the following section.

1.3 Radiation-Matter Interaction in Radiation
Sterilization

Ionizing radiation, such as electrons and gamma rays, can be used for the
sterilization of medical products. By definition of ionizing radiation, in the
interaction of the radiation with matter there is a release of energy that is
enough to ionize atoms or molecules. More specifically, a microorganism
may become nonviable as a result of the interaction with the ionizing radia-
tion, and this is the mechanism at the base of the ionizing radiation steriliza-
tion.

The fundamental quantity in the ionization sterilization processes is the
dose, which is the energy absorbed from any type of radiation per unit of
mass of the absorber [7]. The unit of measure is the Gray (Gy), which corre-
sponds to 1 J/kg.

Acute lethal effects from ionizing radiation in humans are observed at
doses exceeding 10 Gy; however, lower doses may also be fatal due to the
dose-dependent increase in cancer risk [8]. Such a dose corresponds to a
temperature rise of approximately 0.001 °C, indicating that the associated
biological effects cannot be attributed to thermal heating. From a biological
perspective, the ionization and excitation of atoms and molecules within the
cell initiate a complex series of events that could alter the chemical composi-
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tion of the biomolecules, potentially leading to cell mutation, transformation,
or death.

The part of the cell most sensitive to radiation damage is the DNA, which
is a molecule with a diameter of the order of nm (typically 2-3 nm). Following
the passage of a charged particle through the cells and the production of
ionized and/or excited atoms and molecules, several chemical and physical
events occur in rapid succession. Cells are more than 70% water, so most of
the absorbed energy gives rise to the formation of radicals H· and ·OH, that
are highly reactive molecules. In addition, the DNA can be directly damaged
by radiation, which can damage one of the bases of the DNAmolecule or can
cause a single or double strand breaking of the DNA helix. The extent of the
damage depends on factors such as the microorganism’s resistance and the
surrounding environmental conditions. The dynamic of the interaction also
depends on the type of radiation.

X-rays and gamma radiation interact with matter mainly with three pos-
sible mechanisms: photoelectric effect, Compton scattering, and pair pro-
duction. Briefly, in the photoelectric effect a photon (i.e. X-ray or gamma
radiation) interacts with electrons around the atoms, kicking out the electron
from the atom orbital with a kinetic energy equal to the energy of the photon
minus the bonding energy of the electron. In this interaction, the photon is
completely absorbed, different from the Compton scattering where the pho-
ton transfers only a part of its energy to an electron, which exits from the atom
orbital. Finally, in the pair production, the photon interacts with the electric
field of the nucleus of the atom, and the photon is converted into an elec-
tron and a positron [7]. More details on the three interactions are provided
in the following paragraphs, but what comes from this short introduction is
that regardless of the initial interaction, photon exposure ultimately leads to
the generation of an electron. From that point onward, the interaction mech-
anism is the same as that of an electron beam. As a result, the effects on a
material exposed to electrons, gamma rays, or X-rays are similar. In terms
of the fundamental processes responsible for sterilization, these three radia-
tion sources are effectively indistinguishable [9]. The type of radiation is more
relevant when considering the spatial distribution of deposited energy within
a product or a box of products. Photons penetrate the material and gener-
ate electrons at various depths, after which these electrons behave similarly
to those in an electron beam. In contrast, electrons from an electron beam
begin interacting with the material immediately upon entry. This difference
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affects how energy is absorbed and distributed, ultimately influencing the
uniformity of the sterilization process.

Radiation-matter interactions are probabilistic, which means that each of
the three interaction mechanisms previously mentioned has a certain proba-
bility to occur when a photon meets the electron, and that’s why photons are
gradually converted into electrons as they penetrate the material, rather than
all being transformed instantly upon initial contact. The interaction probability
strongly depends on the energy of the photons: for low-energy photons, the
photoelectric effect is dominant, while for about 1 MeV photons, like the ones
emitted by a Co-60 source, the main mechanism is the Compton scattering.
In general, the interaction probability increases as the energy decreases,
and for the photoelectric effect, the probability goes as Zn/E3.5, where Z is
the atomic number and n is in between 4 and 5, while for the Compton ef-
fect, the relation is Z/E [7]. The probability of interaction is expressed by the
attenuation coefficient µ, which quantifies the decrease in the intensity of a
narrow beam of monoenergetic photons:

I = I0 e
−µx

where I is the intensity of the beam penetrating a layer of material with
thickness x, with initial intensity I0. Considering 1 MeV photons, the attenu-
ation coefficient amounts to 0.07072 cm−1 (according to NIST tables [10]),
and so the intensity of the beam crossing 5 cm of water is decreased of
about 30%, while 10 MeV electrons are almost completely stopped in 5 cm
of water.

The interaction of energetic electrons (> 100 eV) with matter is described
by the Bethe–Bloch equation, which describes the average energy loss per
unit path length—known as the stopping power (S). This energy loss arises
from ionization and excitation of atoms in the material, commonly referred to
as collisional losses due to Coulomb interactions. As a first approximation,
the stopping power for electrons is proportional to [7]:

S = −dE

dx
∝ ρ

Z

A

1

E

The linear energy transfer is proportional to the density ρ, to the ratio of the
atomic numberZ and to the atomicmass numberA (which is almost constant
for light materials, about 0.5) and inversely proportional to the energy. In
principle, the stopping power of a material allows for an estimation of the
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average distance an electron travels within it. However, this distance differs
from the actual penetration depth, as an electron’s trajectory is not linear
due to multiple scattering events that continuously alter its direction. As a
result, energy deposition does not occur uniformly along a straight path but
instead builds up at a distance approximately equal to half of the electron’s
penetration depth [9].

Other than losing energy through Coulomb interactions, electrons also
emit photons through the Bremsstrahlung process: more precisely, X-rays
are emitted when electrons are accelerated (or decelerated), and the inten-
sity is proportional to the acceleration of the electron. Therefore, Bremsstrahlung
is more important for high Z materials, for which the electric field of the nu-
cleus is stronger, and so the acceleration; for this reason, targets of tantalum
(Z = 73) or tungsten (Z = 74) are typically used for X-ray conversion of elec-
tron beam in X-ray sterilization facilities. The energy spectrum of emitted
X-rays depends on the energy of the electrons and goes up to the maximum
energy of the electrons, with peaks at the characteristic energies of the ma-
terial (i.e. the energy of photons emitted from the dis-excitation of atoms
excited by the ionizing radiation).

The depth-dose curves shown in Figure 1.2 represent the dose deposited
in function of the depth for electrons and photons. Also for photons, a build-
up effect is visible, due to the fact that energetic electrons generated in the
first layers of the material deposit their energy more in depth in the material.
After the build-up region, the expected decrease is observed.

It is straightforward that electrons are much less penetrating than gamma
(and X-ray) radiation, and for this reason, electron sterilization is typically
performed on a single box (about 50 liters of volume), while gamma and
X-ray sterilization is performed on the entire pallet (about 3’000 liters of vol-
ume).

In a homogeneous material, the dose uniformity ratio (DUR), which is the
ratio between maximum and minimum dose (further details in Chapter 1.4),
can be easily assessed from the depth-dose curve. The DUR for electron
irradiation can be improved by increasing the energy of the electron beam,
but the threshold of 10 MeV must not be exceeded; otherwise, the induced
radioactivity in products shall be assessed according to ISO 11137. A good
practice to reduce the DUR is to perform a two-sided irradiation; the resulting
depth-dose curves are shown in Figure 1.3, where two depth-dose curves
are shown for 9.5 cm and 7.5 cm thick targets of water.
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Figure 1.2: Dose depth curve for electrons at 10 MeV and gamma at 1.3 MeV
in a slab of water (1 g/cm3 density) 10 cm thick, as obtained from Geant4
simulations.

The typical "apparent" density (i.e. the mass of the box over its volume)
of plastic medical products ranges between 0.1 and 0.5 g/cm3, but depth-
dose curves for electrons linearly scale with the density. In fact, the stopping
power is linear with density, and so what matters is the product of depth and
density, which is expressed in g/cm2. Since depth-dose curves reported in
Figures 1.2 and 1.3 are calculated for water with a density of 1 g/cm3, the
same curves hold for the standardized depth expressed in g/cm2: therefore,
the penetration depth of almost 5 cm of 10MeV electrons in water can also be
expressed in terms of 5 g/cm2. As a rule of thumb, for a a box of products the
maximum penetration is given by the ratio of the standardized penetration
depth (5 g/cm2) over the average density; for example, 10MeV can penetrate
a box of products of density 0.2 g/cm3 for 5 / 0.2 = 25 cm.

Of course, products are not made of water, but the stopping power de-
pends on the ratio of Z/A, and so plastic, which is composed of light ele-
ments, can be approximated to water. Nevertheless, it is possible to convert
a dose in water into a dose in another material according to Bragg-Gray the-
ory, which states that by having a material g with a small portion of another
material m inside and knowing the dose in the surrounding material Dg, it
is possible to estimate the dose in the other material Dm according to the
formula:
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1.3. RADIATION-MATTER INTERACTION IN RADIATION STERILIZATION

(a)

(b)

Figure 1.3: Dose depth curve for electrons at 10 MeV in a 9.5 cm (a) and
7.5 cm (b) thick target of water, with double irradiation (as indicated by the
yellow arrows), as obtained from Geant4 simulations.

13
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Dm = Dg
Sm/ρm
Sg/ρg

This relation comes from the definition of dose, which can be expressed
as:

D =

∫
ΦE

S

ρ
dE

where ΦE is the differential energy distribution of the electron fluence,
S is the stopping power and ρ is the density of the material. In case of a
monochromatic fluence of electrons, the relation simplifies to:

D = Φ
S

ρ

from which can be easily obtained the relation that allows to estimateDm

from Dg, assuming that the fluence in the two materials is the same (that’s
why the Bragg-Gray theory’s main hypothesis is of having a material g with
a small portion of another material m inside). In addition, this relation un-
derlines that the dose does not directly depend on the density; in fact, the
S/ρ coefficient only depends on A, Z (and on the ionizing potential of the
material). On the other hand, the fluence of electrons in a material depends
on the density, and so inhomogeneities in density should be taken into ac-
count, for example, in simulations to evaluate the dose in a box of product.
Finally, Figure 1.4 reports the Sm/ρm in function of energy for different mate-
rials normalized to the Sw/ρw of water, i.e. (Sm/ρm)/(Sw/ρw) and soDm/Dw:
as expected, the ratio is almost one for most of light materials, especially at
higher energies. This result will be significant for dose map simulations dis-
cussed in Chapter 2, where virtual dosimeters are defined of air to minimize
their impact on the electron fluence within the box, assuming that the dose
in air equals the dose in water, which is the reference material for dosimetry
systems.

As a final remark, although direct electronuclear reactions are in princi-
ple possible, their probability is extremely low; consequently, electrons do
not directly induce radioactivity in materials under practical conditions. Nev-
ertheless, by the production of Bremsstrahlung X-rays, they can induce ra-
dioactivity primarily via three mechanisms:

• A photon interacts with a nucleus, knocking out a neutron, and the
residual nucleus becomes unstable and decays, emitting radiation. This
nuclear reaction is called (γ, n) reaction.

14
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Figure 1.4: Ratio of dose in the material with respect to the dose in water for
different materials, according to Bragg-Gray theory for electrons (stopping
power in function of the energy from the NIST database[10]).

• The neutron generated in the above interaction can interact with an-
other nucleus, and the target nucleus becomes radioactive.

• Photons or neutrons can excite a nucleus, which becomes radioactive.

However, the probability of these interactions strongly depends on the en-
ergy of the photons, and ISO 11137 imposes a limit of 10 MeV on electron
beam energy and 7 MeV on X-rays to avoid induced radioactivity into the
material. In fact, the cross section of (γ, n) reactions for iron and copper, as
an example, for photons at 10 MeV is in practice zero, as shown in Figure
1.5.

1.4 Ionizing Radiation Sterilization (Overview)
In the ionizing radiation sterilization techniques, medical products are ex-
posed to a field of ionizing radiation, such as electrons and gamma rays,
which release energy to the contaminating microorganisms. To achieve ster-
ilization, it is necessary to deliver a minimum dose higher than the sterilizing
dose, which is assessed through two possible methods, according to the ISO
11137-2:

• Bioburden Method: The sterilizing dose is established on the base of

15



CHAPTER 1. STERILIZATION METHODS WITH IONIZING RADIATIONS

10 15 20 25 30
0.00

0.02

0.04

0.06

0.08

0.10

C
ro

ss
 s

ec
tio

n 
(b

ar
ns

)

Energy (MeV)

 Fe­56(G,N)Fe­55
 Cu­63(G,N)Cu­62

Figure 1.5: Cross section of the (γ, n) reactions for iron and copper, from the
TENDL database [11].

the population of viable microorganisms on the product (or a represen-
tative product of a family of products) and/or sterile barrier system.

• VDMax Method: 25 kGy is used as the sterilizing dose for any product.
This approach is more conservative than the first one, but simpler.

The dose delivered to each product within a box is not uniform due to
factors such as radiation beam attenuation, beam scattering, and edge ef-
fects, which are discussed in more detail in Chapter 2. Ideally, the minimum
dose required for sterilization would be evenly distributed throughout the box.
However, dose non-uniformities result in certain points receiving significantly
higher doses. In irradiation sterilization, the maximum dose is also a critical
factor, as higher doses can cause damage to the products. Therefore, tests
should be conducted to verify the functionality of products exposed to the
maximum dose.

The dose uniformity ratio (DUR) is typically used to express the dose
uniformity of the treatment, and it is defined by the ratio of the maximum
to the minimum absorbed dose within the irradiation container (ISO 11137-
3). Of course, the DUR is not a stable metric, since it depends on the ratio
of only two values of doses, while, for example, the variance of the doses
depends on the entire population of dose values, but it still provides imme-
diate information on the uniformity. The DUR depends on the product, on
the packaging, and on the sterilization setup, as discussed in Chapter 2. In
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addition, the DUR strongly depends on the sterilization process: the elec-
tron sterilization typically has a higher DUR than the gamma sterilization,
although electron sterilization deals with single boxes of products at a time,
while gamma sterilization with entire pallets. On the other hand, the dose
rate offered by the electron sterilization process is about 2-50 kGy/s, which
is much higher than the 1-10 kGy/h in a gamma sterilization facility. In the
end, the electron sterilization is the fastest one, with about 2 min/box, while
gamma sterilization takes about double the time.

From a regulatory perspective, all radiation sterilization techniques are
considered equivalent, and it is not required to specify whether a product
was treated with electrons or gamma radiation. According to the ISO 15223,
the label of an irradiated product should simply display the symbol "R", indi-
cating radiation treatment, to differentiate it from "EO" the one that denotes
ethylene oxide sterilization (as an example). However, electron and gamma
sterilization differ significantly in terms of operation. Therefore, the follow-
ing sections present the gamma, electron, and X-ray sterilization techniques
individually from an operational perspective.

1.4.1 Gamma Sterilization

Inside a gamma ray sterilization facility, boxes of products are placed in trays
that move through a vault where the gamma source is exposed. The gamma
source typically consists of an array of Cobalt-60 bars, which emit photons
with energies of 1.17 and 1.33 MeV (gamma rays). Some facilities, however,
use Cesium-137 as the gamma source, which emits gamma rays at 0.662
MeV. Within the vault, the trays follow a designated path, passing alternately
in front of and behind the source to ensure a uniform dose distribution across
the products. The number of gamma ray emissions per second in these facil-
ities is impressive: about 1 MCi (mega-Curie) of activity, which is 1016 disin-
tegrations per second (Bq/s). Of course, such an intense radiation field has
to be contained inside a vault, with meter-thick walls of concrete. The ben-
efits of using gamma rays for sterilization of medical products are multiple:
the packaging has not to be porous as for EO sterilization, and products are
not exposed to high levels of temperature and humidity. In addition, no toxic
residuals are left in the product after the treatment. However, some materi-
als are not compatible with radiation sterilization, as discussed in Chapter 3,
which suffer from embrittlement, change of color/odor, and viscosity in liq-
uids, due to radiation. Finally, Cobalt-60 sources continuously emit radiation,
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posing ongoing safety concerns. Moreover, their activity gradually decreases
over time; thus, the bars must be reloaded annually, as the half-life of Co-60
— the period over which its activity is reduced by half — is approximately
five years.

1.4.2 Electron Sterilization

The core of an electron sterilization facility is the radiation source, which is
a particle accelerator. This machine is needed to accelerate electrons, usu-
ally at 10 MeV. Boxes of products to be treated are loaded on a conveyor,
which moves the boxes inside the vault, where boxes pass through a "cur-
tain" of high-energy electrons produced by the accelerator. The most com-
mon accelerating machine is the so-called LINAC, which stands for LINear
ACcelerator. A LINAC can produce a 10 MeV electron beam by progres-
sively accelerating electrons using variable electric fields. An alternative to
the very common design of the LINAC is offered by the Rhodotron, which
is described in the details at the beginning of Chapter 2. An important ad-
vantage of electron sterilization (and X-ray sterilization, described in the fol-
lowing Section) is that ionizing radiation is produced using a machine, which
can be turned off and stops emitting radiation, in contrast to gamma sources.
In any case, during operations the radiation should be confined, and so the
particle accelerator and the treatment room are surrounded by meter-thick
walls of concrete.

With respect to gamma rays, 10 MeV electrons can penetrate a smaller
distance inside the product. The penetration depth would increase by in-
creasing the energy of electrons, but 10 MeV is the limit over which the po-
tential for induced radioactivity in products shall be assessed according to
ISO 11137 (the analogous limit on the X-rays is 7 MeV). However, as previ-
ously discussed, medical products are packaged in boxes with an average
density of about 0.20 g/cm3, and so 10 MeV electrons can penetrate about
25 cm of products, which is the typical height of a single box of products.
Therefore, electron sterilization is typically irradiating one single box under
the beam at a time, while in a gamma sterilization facility, the irradiation
is performed on pallets of boxes inside the treatment room. Apart from this,
electron sterilization has the same advantages and disadvantages of gamma
sterilization (such as absence of residuals and potential product damage),
but it results in a faster process, as previously reported.
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1.4.3 X-ray Sterilization

The electron accelerator is also the core of X-ray sterilization facilities: in fact,
impinging the electron beam on a proper high atomic number target, as tan-
talum or tungsten, leads to the emission of X-rays through Bremmstrahlung,
which are ionizing radiations (high energy photons) used for sterilization. The
broad energy spectrum of photons emitted in the Bremsstrahlung process
goes up to the energy of the electron beam (5 MeV typically), although most
of the fluence is at lower energy. For this reason, X-ray sterilization com-
bines the penetration capabilities of gamma sterilization, with the advantage
of having a radiation source that can be turned off, as in an electron steril-
ization facility.

The X-ray sterilization process starts with the loading of pallets of prod-
ucts on trays, which move the products inside the vault where they pass in
front of the exit window of the X-ray source. Trays move and rotate in front of
the exit window to guarantee that the deposited dose is uniform in products.

Unfortunately, the Bremsstrahlung conversion is about 3% - 7% in terms
of power to the electron beam to power the X-rays. The conversion of beam
power to dose for electrons and X-rays is comparable [12], therefore, X-
ray sterilization results in being much less efficient compared to electron
sterilization in terms of costs of operations.

To summarize, ionizing radiation can be successfully used for steriliza-
tion, especially for treating all the devices that contain liquids or gels and/or
have impermeable packaging, which therefore cannot be treated using ethy-
lene oxide. Compared to EO, radiation techniques might be more efficient in
terms of treatment time, but radiation may induce damage to the products
because of the direct interaction of radiation with the products, but also be-
cause of the temperature during irradiation, which can reach 60°C in electron
sterilization. Electrons are less penetrating than gamma/X-rays, and so the
treatment is performed on single boxes of products rather than entire pallets
treated in the gamma facilities. As a final remark, radiation sterilization is not
capable of reducing human DNA, and so devices used in forensic science
cannot be sterilized using radiation to obtain a DNA-free product. The above
considerations are summarized in Table 1.1.

Radiation sterilization relies on accurate dose assessment and measure-
ment to ensure effective treatment. This process is carried out using dosime-
ters, which come in various types, each with specific properties suited for
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Device characteristics EO Gamma/X-ray Electron
The device materials are temperature sen-
sitive

Yes To be evaluated To be evaluated

The device materials, or its packaging con-
figuration, have high density

Yes Yes To be evaluated

The device contains liquids or gel No Yes To be evaluated
Some parts of the device are soaked in
aqueous solution

No Yes Yes

The device is vacuum packed No Yes Yes
The geometry of the device does not allow
gas penetration and exit (tunnels, long and
narrow tubes, etc.)

No Yes Yes

The device (or its packaging) is sensitive to
pressure changes

No Yes Yes

The packaging of the device is waterproof No Yes Yes
The packaging of the device is not porous No Yes Yes
The device requires hDNA reduction Yes No No

Table 1.1: Applicability of sterilization methods based on device characteris-
tics.

different applications, and the most common dosimeters used in radiation
sterilization are presented in the next Section.

1.5 Dosimetry in Radiation Sterilization
In the field of radiation sterilization, the requirements for dosimeters are good
precision on the measured dose in the range of 1 - 100 kGy, compact size,
and stability under varying environmental conditions and over time. Passive
detectors are particularly well-suited to these demands, offering reliable and
consistent performance. This Section provides an overview of the most com-
monly used passive dosimeters in industrial sterilization, highlighting their
characteristics, advantages, and applications.

1.5.1 Alanine Dosimeters

The alanine dosimeters are pellets containing alanine (CH3CH(NH2)COOH),
which is an amino acid composed of a carboxylic group (COOH), amino group
(NH2), a methyl (CH3) and a hydrogen atom, all bound to a central carbon
atom. The interaction of ionizing radiation with alanine results in the forma-
tion of radicals, which are molecules or ions with unpaired electrons that give
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paramagnetic properties to the material [13]. By analyzing the irradiated ala-
nine with an Electron Paramagnetic Resonance analysis (EPR), it is possible
to measure the EPR spectrum, whose intensity is related to the number of
paramagnetic centers created by the ionizing radiation, and so to the dose.

Figure 1.6: Alanine pellets: in a blister (top) and not packaged (bottom).
Squares in the background are 5 x 5 mm.

Alanine dosimeters are suited for a large range of doses, from 1 Gy to
150 kGy, that covers the typical sterilization dose range, and they are avail-
able as small cylindrical pellets of 4 mm diameter and 2mm height, as shown
in Figure 1.6. As previously mentioned, the readout of the dosimeter is per-
formed using an EPR spectrometer, and from the EPR spectrum it is possible
to determine the absorbed dose by the alanine through the dosimetry sys-
tem calibration, which depends on the type of radiation (gamma, electrons,
energy of the radiation, etc.), dose rate, irradiation temperature, humidity,
and time after irradiation. In particular, temperature has a significant impact
on the dose reading, and a correction factor of about +0.10%/°C should be
applied [14]. Of course, the temperature in the box during irradiation must be
measured, typically using thermolabels. On the other hand, alanine dosime-
ters are characterized by short time stability [15], and the response is not
significantly affected by humidity and dose rate in operative conditions [16].

The advantage of using alanine with respect to other commercial dosime-
ters is mainly the small measurement uncertainty that can be achieved, from
2% (reference standard) to 4% (routine monitoring) at a 95% confidence
level. On the other hand, the EPR spectrometer is quite an expensive instru-
ment, and also the alanine pellet itself is more expensive than other com-
mercial dosimeters.
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1.5.2 Radiochromic Dosimeters and CTA Strips

The interaction of ionizing radiation with radiochromic films (RCFs) induces
various processes in the sensitive element, whichmanifest as a color change
at the macroscopic level that is proportional to the absorbed dose [17]. The
change in the optical properties is measured using a spectrophotometer,
which determines the post-irradiated absorbance or the amount of color
change induced by the irradiation. Radiochromic films are typically very thin
10 mm x 10 mm films, and the dose range goes from about 100 Gy to more
than 150 kGy. The measurement uncertainty with RCF is typically higher
compared to alanine, and amounts to approximately 6% at a 95% confidence
level. In addition, RCF typically are affected by short-term instability, i.e. the
measured absorbance grows with time; to accelerate the stabilization, it is
sometimes recommended to perform a heat treatment of the film after the
completion of the irradiation, which takes from a few minutes to half an hour.
Temperature is also a limit during irradiation: in fact, some RCF cannot be
used at irradiation temperatures higher than 60°C, which are not unusual
with electron irradiation [18].

Figure 1.7: RCF films (on the left) and radiochromic PMMA dosimeters (on
the right). Squares in the background are 5 x 5 mm.

Small PMMA parallelepipeds of dimensions 30 x 11 x 5 mm containing
a radiochromic dye are also a widely used type of dosimeter. The repro-
ducibility of the measure for PMMA dosimeters amounts to 6% at a 95%
confidence level [19]. In addition, PMMA dosimeters are quite stable only
for temperatures below 40°C, but they are characterized by short-term post-
irradiation stability [20]. Due to the temperature constraints, PMMA dosime-
ters are more used for gamma/X-ray sterilization than for electron steriliza-
tion.

Finally, cellulose triacetate (CTA) strips are other dosimeters also based

22



1.5. DOSIMETRY IN RADIATION STERILIZATION

on the alteration of the optical properties of the sensiblematerial. CTA dosime-
ters are film dosimeters whose optical density increases by radiation expo-
sure, and can be used in a wide range of doses, from 10 kGy to 300 kGy [21].
The reading of the film is performed in the UV spectrum, and it is possible to
read continuously long strips of film; this might be useful for dose mapping,
but also to measure, for example, the uniformity of the electron beam along
the scanning direction.

23





C
h
a
p
te

r

2
The Electron Sterilization Process in Copan

Copan (Via F. Perotti 10, Brescia - Italy) is an Italian company that devel-
ops products for the collection of biological samples used in the diagnosis
of infectious diseases, human genomics, environmental, and forensic ap-
plications, as well as automated laboratory solutions. Copan is based in
Brescia, but it has productive plants and offices in the USA (California and
Puerto Rico), Japan, China, Australia, and in the next future also in Vietnam.
During COVID-19, Copan produced more than two billion swabs, a volume
enough to be able to test, at least once, more than a quarter of the world’s
population[22].

The CHAoS project, related to the installation of Copan in-house Accel-
erator for Sterilization, was launched in 2022. In 2025, the project advanced
to the construction phase with the establishment of a new sterilization fa-
cility. The new plant is built in Brescia, and hosts a Rhodotron, an electron
accelerator produced by IBA that is widely used for industrial applications,
which is described in more detail in Section 2.1. The internalization of the
process will lead to an increase in the efficiency of the production process
(reduction of time-to-market) and to a reduction of the environmental impact
(reduction of road transport, for sterilization by third parties). The following
sections present a detailed description of the sterilization plant and process,
including an in-depth analysis using Monte Carlo simulations. These simu-
lations offer further insight into the dose distribution within a representative
Copan product and serve as a foundation for evaluating and optimizing the
sterilization setup.
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2.1 Rhodotron Accelerator
The core of the sterilization plant is the electron accelerator, which, in the
case of Copan plant, is a Rhodotron machine produced by IBA (3, Chemin
du Cyclotron, Louvain-La-Neuve - Belgium). The Rhodotron, invented by J.
Pottier in 1989 [23], is an electron accelerator widely used today in the medi-
cal, food, and polymer industries because of its compactness, reliability, and
economy [24]. This machine, shown in Figure 2.1 consists of a toroidal res-
onant cavity that accelerates electrons with an RF field: the electrons gain
from 0.8 to 1.2 MeV of energy per pass through the cavity, and by multiple
passes it is possible to reach energies up to 10 MeV [25], that is, the en-
ergy limit over which, according to ISO 11137-1, the potential for induced
radioactivity in irradiated products shall be assessed, since γ-n reactions
could potentially activate the products [26].

The trajectory of electrons in the cavity is shown in Figure 2.2, and gives
rise to the name of Rhodotron: "rhodos" in Greek means rose [26]. In a few
words, the electron gun emits electrons along the diameter of the cavity,
and the electric field accelerates the beam until it exits the cavity. Bending
the electron beam and reinjecting it into the cavity allows successive accel-
erations along diametrical trajectories. Such bending is performed with the
bending magnet, that deflects the beam of 198° and sends it back toward the
cavity. Meanwhile, the electric field inside the cavity reverses polarity, and
the re-injected beam from the magnet is further accelerated. The same in-
version of polarity happens when electrons pass through holes in the hollow
inner conduct, so that the beam is continuously accelerated in the cavity.
With 9 deflection magnets and 10 passes, the final electron energy is 10
MeV [27].

More in the details, the toroidal cavity of the resonator can be simplified
as a λ/2 coaxial line short-circuited at both ends, as shown in Figure 2.3. The
first Rhodotron was designed to resonate at a frequency of 107.5 MHz, and
this frequency is still in use in modern Rhodotrons, because it is possible to
use a tetrode tube for the RF power amplifier, which is more efficient and less
expensive than the klystrons needed for higher frequencies [27]. However,
certain models of Rhodotron have been designed to resonate at double the
frequency [26], which offers the possibility of halving the height of the cavity,
since the frequency of the mode inside the cavity only depends on the cavity
height, but also the downside of an increase in the skin effect resistivity,
which for copper depends on the square root of the frequency [23].
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(a)

(b)

Figure 2.1: a) Rhodotron TT300 during the installation at Copan sterilization
plant, b) Internal view of the accelerating cavity [25], made out of welded
plates of steel plated with a copper layer.
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Electron gun

Magnet
Output
electron
beam

Figure 2.2: The trajectory of the electron beam as seen from the planar view
of the cavity of the Rhodotron.

The electric and magnetic fields inside the cavity are described by the
following equations (λ is the wavelength of the RF, and z is the axial coordi-
nate):

E =
E0

r
cos 2πz

λ
sin(ωt+ ϕ)

B =
B0

r
sin 2πz

λ
cos(ωt+ ϕ)

Notably, in themedian plane of such a resonator, the electric field is radial,
and the magnetic field is zero; therefore, electrons accelerated within this
plane are not subjected to parasitic deflection [23].

The oscillating electromagnetic field inside the cavity is self-consistent
with the electric current that flows on the surface of the cavity, which causes
heating of the cavity and power loss. This power loss is proportional to the
square of the voltage inside the cavity, and amounts to less than 100 kW in
modern Rhodotrons [27]. The other important contribution to the total power
loss in the cavity is, of course, due to the acceleration of the beam, which is
proportional to the cavity voltage and the beam current [28].

With respect to a conventional LINAC, the interior wall surface area of the
Rhodotron is several orders of magnitude larger, and so heating is less se-
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Figure 2.4: Rhodotron electron source during the installation at Copan ster-
ilization plant.

Figure 2.5: Rhodotron bending magnet (one out of nine) during the installa-
tion at Copan sterilization plant.
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the next acceleration will be smaller [25].
When the beam exits the cavity, with an energy of 10 MeV, it is bent at

270° towards the floor by a bending magnet as the one shown in Figure 2.6,
where there is an aperture that allows the beam to reach the conveyor that
is downstairs with respect to the Rhodotron.

Figure 2.6: Rhodotron 270° bending magnet during the installation at Copan
sterilization plant.

The beam is focused thanks to quadrupoles and magnetic lenses (beam-
line is partially shown in Figure 2.7), and it is then scanned in a direction per-
pendicular to the direction of motion of boxes on the conveyor, with a typical
frequency of 50 Hz.

This scan generates a uniform surface dose distribution in the box of
products under irradiation, and the high-frequency scan avoids "zig-zag"
dose patterns in the products. After the scanning magnet, there is a second
bending magnet assembly (called pseudo-parallel magnet) that reorients the
electrons, so that the resultant beam is non-divergent, in order to obtain a
"curtain" of electrons perpendicular to the conveyor, for increased dose uni-
formity and less beam power wastage in the fall-off zones. In addition, the
scan width and its offset with respect to the center of the conveyor can be
adjusted to match the dimensions of boxes under treatment. Finally, the exit
window of the beam is a sheet of titanium a few tens of µm thick. The scan
horn and part of the conveyor inside the bunker are shown in Figure 2.8.
However, this is not the only configuration, and certain models of Rhodotron
are configured to generate X-ray radiation through Bremsstrahlung, imping-
ing the beam on a heavy target of tungsten.
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Figure 2.7: Rhodotron exit beamline during the installation at Copan steril-
ization plant.

Figure 2.8: Rhodotron scan horn (highlighted by the red rectangle) and con-
veyor system during installation at the Copan sterilization plant.
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2.2 Copan Sterilization Plant
The Rhodotron that will be installed at the Copan site is a TT300 machine,
with maximum beam power at 10 MeV of 300 kW, operating in pulse mode.
Pulsing the beam allows delivering the same average current, but reducing
the time in which the RF system is switched on, saving electric energy and
improving the efficiency of the machine.

Naturally, the efficiency of the machine improves with increasing beam
power, as constant power losses—such as RF power—become less signifi-
cant in comparison. Therefore, it is advantageous to operate the Rhodotron
at maximum power, corresponding to an average pulsed-mode current of 5
mA. Maximum power also allows obtaining the same dose in less exposure
time, and so running the Rhodotron at full power improves the efficiency of
the plant also from the operative point of view.

The overall dimension of the machine is 3.0 m in diameter and 2.4 m in
height, for a total weight of 11 tons. The machine is installed inside a bunker
made of at least 1 m thick concrete walls. At the level of the Rhodotron (first
floor of the building), there is the the supply room, and the water cooling
room; one level below (ground floor), there is the treatment room and the
control room. Boxes of products to be treated are placed on a conveyor (re-
alized by OCME, an Italian company specialized in the design of conveyors
for the sterilization industry), that transports the boxes from the storage room
to the treatment room.

Each product (or family of products) has its own sterilization recipe, which
includes all the sterilization plant parameters that ensure the products re-
ceive the minimum dose required for sterilization. Furthermore, the irradia-
tion should achieve a homogeneous dose distribution throughout the product
box while using the minimum amount of energy and time. Inside the steril-
ization recipe, the following parameters are defined:

• Average beam current.

• Speed of the conveyor under the beam.

• Number of passages under the beam.

• Scanning width and offset.

The definition of the recipe is therefore at the base of the optimization
process of the sterilization plant, and it is performed during the Product Qual-
ification phase (PQ), through an experimental dose mapping of the product.
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In this phase, Monte Carlo simulations are very helpful in guiding the place-
ment of the dosimeters. In fact, using Monte Carlo simulations, it is possible
to estimate the distribution of dose inside the box of products—the dose
map—and so to assess the position of the minimum and maximum dose.
Furthermore, the simulated dose map can be used to estimate the steriliza-
tion recipe parameters, but simulations can also be used at a higher level in
the design of the product, to optimize, for example, the packaging, materials,
and so on. In the next section, various studies with Monte Carlo simulations
on a representative Copan product are reported, and some strategies to op-
timize the dose distribution and the sterilization process are evaluated.

2.3 Dose Map Simulations Using Geant4

Monte Carlo codes are extensively employed across a range of physics disci-
plines. In particular, Geant4 [30] is a Monte Carlo simulation toolkit designed
for modeling the interaction of particles with matter. It is widely applied in
areas such as high-energy physics [31], medical physics [32], space and
cosmic-ray physics [33], nuclear facility research, and many other domains.

Using Geant4, it is possible to estimate also the dose in certain volumes
of interest, and in the following Sections, various dose maps for a repre-
sentative product of Copan are reported. More in detail, the product that has
been modeled in the simulations is a swab in tube. Figure 2.9a shows a pho-
tograph of the single product. The CAD model of the product (Figure 2.9b)
was imported into the Geant4 model using CADMesh [34], to achieve an
accurate modeling of the product in the simulation, as shown in Figure 2.9c.
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Figure 2.9: Swab in tube produced by Copan.
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The product is packaged into small cardboard boxes, each containing
1’000 units. Ten of these boxes are then placed together in a larger shipping
box. Figure 2.10a illustrates the complete geometry of the model used in the
simulations, while Figure 2.10b presents an example of electron trajectories
(shown as red lines) originating from a planar source positioned above the
box and interacting with the products.

(a) (b)

Figure 2.10: a) Geant4 simulation of a box containing swabs inside a tube. b)
The box is irradiated with 10MeV electrons (shown as red lines) emitted from
a planar source positioned above it. Green lines represent X-rays produced
by interactions between the electrons and the products, while each yellow
point marks a location where an electron interacts with the products.

Two approaches in the estimation of dose inside the box of products were
considered: the first is to divide the volume of the box into smaller volumes,
called voxels, and to estimate the dose in each voxel. The second approach
is to define small volumes inside the tube and to estimate the dose in each
volume. In the following, the two approaches are presented and compared.

2.3.1 Dose Mapping Using Voxels

In Geant4 it is possible to define a parallelepiped mesh, which is a volume
divided into smaller volumes called voxels, in which several quantities, aver-
aged on that voxel, can be estimated, such as the absorbed dose, the energy
deposited, the flux, etc. Figures 2.11, 2.12 report the energy deposited and
absorbed dose maps for the box of products, with 310 × 160 × 120 cubic vox-
els with a side length of 2 mm. The XY view shows the box from above, while
the XZ view from the side, according to the reference frame shown in Figure
2.10. The plots show the dose (or the energy deposited) averaged on the
dimension perpendicular to the view, and quantities are expressed in terms
of Gy/primary (or MeV/primary). In fact, the estimated dose is divided by the
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number of generated electrons—which are called primary particles—that are
supposed to cross the box. The simulation was performed by generating 107

vertical (-Z direction) 10 MeV electrons uniformly from a planar source 390
× 690 mm in order to have at least 50 mm on each side of overscan on the
box, whose dimensions are 275 × 565 mm.

Figure 2.11: Deposited energy for a box of swabs in tube.

The energy deposition maps give an interesting "imaging" of the box,
where it is possible to recognize the positions of swabs, the caps, and the
boxes. As expected, the maximum energy deposition is on the caps, which
are the most massive components.

The dose map reveals other interesting aspects: from the XY view, it is
clear that products on the edges receive less dose with respect to the ones
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Figure 2.12: Absorbed dose for a box of swabs in tube.

in the center of the box. In fact, products in the center of the box receive
electrons directly from the irradiation but also from the surrounding products,
which scatter electrons. This last contribution is clearly lower for products
on the edge of the box since the number of electrons scattered from the
surrounding air to the box is much lower. The same dynamic also happens
for secondary electrons produced in the interaction, and this explains the so-
called edge effect. From the XZ view, the edge effect is even more evident.
In addition, the dose is higher on the top with respect to the bottom; this is
due to the fact that the fluence of electrons decreases with depth because of
scattering and so the dose. Finally, regions with no products, as in between
the small cardbord boxes, have higher dose because of the lower beam
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attenuation.
Although the simulations revealed interesting and important aspects of

the electron irradiation on products, it should be noted that the estimated
doses are not expressed in terms of dose to water, which is the standard
unit of measure for dosimeters used in radiation sterilization (ISO 11137-3
§4.1.2). This not only complicates the comparison with experimental results
but also prevents direct comparison of doses at different locations within the
box, as each voxel contains a unique mixture of materials that varies from
one voxel to another. In principle, if all the voxels were of the same material,
it would be possible to convert the dose in the material to dose to water (see
Chapter 1), but this is clearly not the case, and so it is not straightforward
to use these types of dose maps for estimating the DUR of the box, the
irradiation time, the position of maximum and minimum dose, etc. For this
reason, the next Section proposes another method that solves (although not
completely) this problem.

2.3.2 Dose Mapping Using Sensible Volumes

Real dose maps are measured placing small dosimeters inside the products,
in various positions inside the sterile barrier. The same approach can be ap-
plied to a simulation in Geant4. In Geant4, it is possible to define a "sensible
volume" which can score various quantities, among which the energy de-
posited. The idea is to place sensible volumes of air inside each product,
record the energy deposited, and finally obtain a dose map, where the dose
in each swab is reported. Figure 2.13 reports the absorbed dose map for
the box of products, obtained with the same simulation conditions reported
in Section 2.3.1, and setting the full volume of air inside the tube as sensible
volume.

The edge effects described in Section 2.3.1 are still evident, and in this
case it is possible to compare doses at different locations within the box, as
each sensible volume is the same. Assuming that the energy spectrum of
the electrons that interact with the sensible volume doesn’t change with the
position, it is possible in principle to convert the dose into a dose to water, as
described in Chapter 1. However, since electrons are not monoenergetic in-
side the box, it is difficult to assess the conversion factor, that varies with the
energy of electrons. On the other hand, the conversion factor for air varies
from 1.08 to 0.99 in the energy range from 2 to 10 MeV (see Chapter 1).
Therefore, assuming that the dose in air is equal to the dose in water is a
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Figure 2.13: Absorbed dose map for a box of swabs in tube.

reasonable approximation, especially considering the simulation uncertain-
ties that are discussed in the following sections.

Expressing the dose in terms of Gy/primary1 allows estimating the con-
veyor speed required to achieve the minimum dose for the sterilization:

v = k
I · Abox · (D/primary)min ·NP

Dmin · SW

where:

• v is the speed of the conveyor [cm/s].

• I is the current of the beam [mA].

• Abox is the area of the box exposed to radiation [cm2].

• (D/primary)min is the minimum dose/primary (accounting only for the
primaries that crossed the box) found in the simulation [Gy/primary].

• Dmin is the minimum dose for the sterilization [kGy].

• k equals 6.24×1012 [1/C], which is related to the number of electrons
that amounts to 1 Coulomb (6.24×1018 electrons = 1 C) and to other
conversion factors (from kGy to Gy, from mA to C/s).

1An equivalent formulation would be the dose per unit of fluence, where the fluence
is calculated based on the number of primaries crossing the box. In the following, the unit
dose/primary is used to avoid any ambiguity associated with the definition of fluence.
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• NP number of passages under the beam.

• SW is the scan width [cm].
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Figure 2.14: Absorbed dose map for a box of swabs in a tube, double irradi-
ation.

Typically, products like the swab in a tube perform a double passage
under the beam, and the second time the box is overturned, to improve the
dose homogeneity. Figure 2.14 shows the dose map for a box irradiated with
a double passage. To simulate the double irradiation, primary electrons are
generated from two planar sources, one above the box and the other below.

With a single passage, Dmin = 9.69e-14 [Gy/primary], Dmax = 1.92e-13
[Gy/primary], DUR = 1.98, Dmean = 1.63e-13 [Gy/primary], while with a double
passage Dmin = 1.16e-13 [Gy/primary], Dmax = 1.90e-13 [Gy/primary], DUR
= 1.64, Dmean = 1.73e-13 [Gy/primary]. Considering the minimum D/primary
of 1.16e-13 Gy/primary, and assuming a current of 5 mA, a scan width of 80
cm, and a target dose of 25 kGy (typical for e-beam sterilization), the speed
of the conveyor would be 5.6 cm/s, which is in the range of the possible
speed of the Copan conveyor, i.e. from 3 to 20 cm/s. This means that for
each passage, the box is irradiated for 10 s.

Until now, several aspects have been (on purpose) left out:
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• Statistical uncertainty on results: Monte Carlo code estimations are af-
fected by an uncertainty that is linked to the number of events that have
been generated (i.e. the number of primary electrons generated).

• Product position uncertainty: products in the proposed simulation are
placed according to a maximum packing configuration, that is not the
real one.

• Sensible volume geometry: simulations were performed recording the
dose in a sensible volume of the dimension of the void space in the
tube, but this might hide effects that would be visible using smaller
volumes of different shapes (e.g. dose gradients).

• Primary source: electrons are uniformly generated from a planar source,
but in practice, they are emitted from the Rhodotron as the box of prod-
uct moves under the beam.

• Physics model: simulations have been performed using QBBC_EMZ
as physics list in Geant4, but many other physics models are possible.

The following sections will discuss in detail these points, and in the end,
it will be possible to estimate the uncertainty (statistical and systematic) on
the simulation related to these aspects. However, it should be noted that un-
certainty values (also the statistical one) hold only for the presented type of
simulation, with a swab in a tube packaged in the presented configuration.
Changing product and packaging requires, in principle, a new estimation of
the uncertainties; the following analysis aims at estimating the variability of
results because of the systematic uncertainties more than precisely estimat-
ing the systematic uncertainty.

2.4 Dose Map Simulations Uncertainty
As previously mentioned, Geant4 is a Monte Carlo code, and it propagates
a particle in matter sampling from probability distributions based on physical
models. To estimate average properties of the radiation-matter interaction,
as the Dose/primary, it is important to generate and transport a sufficiently
large number of particles, since the statistical uncertainty on the average
properties inversely scales with the number of particles generated. More
precisely, since the uncertainty on an average quantity scales with 1/

√
N ,

where N is the number of samples, in this case the number of samples is
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related to the number of primaries generated, and so we expect that the
uncertainty on the Dose/primary scales with 1/

√
primary .

The statistical uncertainty is only a part of the total uncertainty on the sim-
ulations. In fact, themodel in the simulation is only a numerical approximation
of the real object, and so there are also systematic uncertainties related to
the geometry, as well as on the physics model used in the simulation, and
so on.

In the next Sections, all these uncertainties will be analyzed and esti-
mated for dose simulations using sensible volumes.

2.4.1 Statistical Uncertainty on Simulations

The statistical uncertainty on the Dose/primary reflects the variability of the
energy deposition process. For example, assuming that the deposited en-
ergy distribution is a Gaussian distribution, the uncertainty on the average
dose can be easily estimated from the variance of the Gaussian. However,
the energy deposition distribution in the sensible volume is far from being a
Gaussian distribution, as shown in Figure 2.15. As expected, the deposited
energy distribution is peaked for low energy contributions and decreases
with energy.
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Figure 2.15: Energy deposited distribution on Detector #0, i.e. the sensible
volume of air (9.188 cm3) inside the swab on the bottom left of Figure 2.14.
Average energy deposited is 225 eV.

To estimate the uncertainty in the Dose/primary, a different approach
must be adopted: the simulation should be repeated n times, each time us-
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ing a different seed — that is, a different sequence of randomly generated
numbers. As a result, each of the n simulations will produce different primary
particles, leading to variations in the outcomes. However, average quantities
such as the dose are expected to remain consistent. The uncertainty in the
Dose per primary can then be evaluated by calculating the standard devia-
tion of the n Dose per primary values obtained for each dosimeter. Thanks
to the central limit theorem, these values can be assumed to follow a normal
distribution. Figure 2.16 reports the Dose/primary averaged on the n = 20
simulations, and the error bars reflect its variability (1σ variation), as a func-
tion of the number of primaries (i.e. 104, 105, 5x105, 106). The Dose/primary
depends on the position of the sensible volume, and so the uncertainty: for
this reason, Figure 2.16 reports two curves for two sensible volumes, one
placed on the corner of the box, and the other in the center of the box. In-
creasing the number of primaries, the relative uncertainty (σ/µ) decreases,
and in practice it seems that the relative uncertainty does not depend on
the position of the sensible volume at high enough statistics (i.e. ≥ 5x105

primaries).
Figures 2.17, 2.18 report the average Dose/primary (averaged on the

whole box) and the DUR in function of the number of primaries. The rel-
ative uncertainty on the average Dose/primary is a few percent already at
the lowest number of primaries, while the DUR reflects the variability of the
Dose/primary shown in Figure 2.16.
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Figure 2.16: Average dose (left) and relative uncertainty (right) estimated re-
peating 20 times the simulation with different seeds on two different sensible
volumes, i.e. one inside a product on the corner of the box, and another in
the center of the box. Error bars are statistical only and correspond to one
standard deviation.
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Figure 2.17: Average of the mean dose within the box (left) and relative un-
certainty (right) estimated by repeating 20 times the simulation with different
seeds. Error bars are statistical only and correspond to one standard devia-
tion.
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Figure 2.18: Average of the DUR (left) and relative uncertainty (right) esti-
mated by repeating 20 times the simulation with different seeds. Error bars
are statistical only and correspond to one standard deviation.
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In all the cases, increasing the number of primaries has a benefit on the
relative uncertainty, but this has, of course, an impact on the computational
time that is almost linear, as shown in Figure 2.19, on a 12-core Intel Core
i7-8700H @ 3.70 GHz PC (only 8 cores were used).
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Figure 2.19: Computational time in function of the number of primaries

2.4.2 Systematic Effects on Simulations

Systematic uncertainties in simulations arise from the approximations that
are necessary to describe and resolve a complex physical problem using a
numerical model. More in detail, the main approximations for the simulations
presented in this work come from:

• Geometry of the simulation: the model in the simulation is not the real
box of products, and the sensible volumes are not the dosimeters placed
inside the products.

• Physics of the simulation: the physical model used in the simulation is
necessarily an approximation of the real-world physics.

• Source of primary particles: electrons are uniformly produced from a
planar source; in practice, they are emitted from the Rhodotron as the
product box passes beneath the beam.

In the following, the impact of these approximations is evaluated.
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2.4.2.1 Geometric Approximations in the Simulations

In addition to the unavoidable approximations in the definition of the mate-
rials in the Geant4 model, and in the geometry of the products (CAD model
is a mathematical description of the real product), the previous dose maps
were performed assuming that products are placed inside the box following
a configuration of maximum compaction. In practice, the free space avail-
able in the box allows the products to move, and so the real configuration
inside the small box is more disordered, as shown in Figure 2.20.

Figure 2.20: Configurations of products inside the small box. Some blue caps
are missing only for visualization purposes.

In some areas of the box, products are really arranged in a configuration
of maximum compaction, but generally they are positioned following a more
disordered pattern. Figure 2.21 reports the dose map with products placed
inside the small box in a manner analogous to the configuration depicted
in Figure 2.20. Only 88/100 of the products were placed inside the box in
the simulation without overlaps, because in reality products and boxes are
deformable objects, and this allows for more random configurations that are
not possible in the simulation model without introducing overlaps.

The effect of the different configuration of products is shown in Figure
2.22, where the dose distribution inside the box of product is represented as
a box plot. The "ordered" scenario refers to the dosemap where products are
placed according to the maximum compaction configuration (Figure 2.13),
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Figure 2.21: Absorbed dose maps for a box of swabs in a tube following the
arrangement shown in Figure 2.20.

while the "disordered" scenario refers to the dose map reported in Figure
2.21, where products are placed according to the configuration shown in
Figure 2.20.
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Figure 2.22: Dose distribution comparison between "ordered" scenario
(products placed according to the maximum compaction configuration), and
"disordered" scenario (products are placed according to the configuration
reported in Figure 2.20)

The continuous line within the box represents the median of the dose
distribution, the dashed line its mean. The upper and lower sides of the rect-
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angle are the upper (Q3) and lower (Q1) quartiles, meaning that 75% of the
data points are less than Q3, and that 25% of the data points are less than
Q1. The whiskers represent the part of the distribution not covered by the
box: the maximum length of whiskers is set to 1.5 times the interquartile
range, and any points outside the whiskers are represented by crosses.

Both simulations are performed generating more than 106 primaries (i.e.
4x106 primaries); therefore the expected relative uncertainty on the single
value of the dose is less than 5%, and less than 0.2% on the average dose.
Although it cannot be excluded that the difference in minimum dose and DUR
of 6.8% and 7.6% respectively is due to statistical fluctuations, the difference
in the average dose of 1.3% is statistically significant, as well as the narrower
interquartile range for the disordered configuration, suggesting that the latter
one has a more uniform dose distribution.

Another approximation on the model is using a sensible volume that com-
pletely fills the volume of air inside the tube. Estimating the dose on such a
"big" volume smears dose gradients that might be important for the ster-
ilization process, i.e. some points inside the sterilization volume might not
reach the sterilization dose, although the mean dose inside the whole prod-
uct is higher than the sterilization dose. However, it is possible to use smaller
scoring volumes placed at various points inside the sterilization barrier, but
this leads to a lower number of events collected inside the volume, and so
a poorer statistic and a higher relative uncertainty for the same number of
generated primaries. Figure 2.23 shows the dose distributions scored inside
a "film" sensible volume (10 x 1 x 6.76 mm) and a "disc" sensible volume
(outer diameter 10 mm, inner diameter 3.73 mm, height 1 mm) placed at
three different heights along the swab, as shown in Figure 2.23. Simulations
were performed generating 1E7 primaries, with double passage irradiation
(same configuration as Figure 2.14). The volume of the film and the disc
amounts to 0.0676 cm3, while the volume of air inside of the swab amounts
to 9.188 cm3, therefore, the number of events scored in the smaller volumes
will be with a good approximation 0.0676/9.188 = 0.007 times the number
of events scored in the "full" volume, and so the relative uncertainty on the
Dose/primary, DUR and average dose in the disc or film volume with a sim-
ulation of 1E7 primaries corresponds to the uncertainty for a simulation with
0.007 x 1E7 = 7E4 primaries using a full sensible volume inside the swab.
Referring to Figure 2.17, the uncertainty on the average dose on the box us-
ing films and discs amounts to approximately 1%, while the uncertainty on
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the dose values and on the DUR amounts to > 15% and 10% respectively
(see Figures 2.16, 2.18).

Simulation results show that the average dose absorbed by the film is
consistently higher than that measured by the disc. Furthermore, among the
three defined sensitive volumes within the product, the dose recorded in sen-
sitive volume no. 3—located directly beneath the swab’s cap—is the highest.
This is followed by sensitive volume no. 2, and finally by sensitive volume no.
1, which receives the lowest dose. This gradient in dose deposition aligns
with expectations for double-sided irradiation. Specifically, when the prod-
ucts are irradiated from the bottom (tip) upward to the top (cap), the dose
distribution across the three sensitive volumes tends to be more uniform. In
contrast, when irradiation is performed from the top (cap) downward to the
bottom (tip), a more pronounced dose gradient is observed. This is due to
the fact that the cap, being denser than the surrounding material, is the first
structure encountered by incoming electrons. As a result, the beam under-
goes increased scattering and attenuation, leading to a broader spread and a
significant reduction in electron flux deeper in the product, particularly at po-
sition 1. This effect is clearly illustrated in Figure 2.24, where the differences
in dose deposition between the two irradiation directions are depicted.

In conclusion, the maximum discrepancy between film, disc and entire
volume, placed at various heights, is approximately 6% on the average dose,
and the average dose calculated over the entire volume of the product falls
within the range defined by the average doses measured using the film and
disc sensitive volumes.

2.4.2.2 Physical Approximations in the Simulations

Geant4 offers various reference physics lists, which are routinely validated
and updated with each release. In particular, for the electromagnetic physics,
there are ten available extensions, and in the following four different physics
list are compared: three of them are variations of the "QBBC" physics list,
which is recommended for medical and space physics simulation [35], and
one is the "LHEP" physics list, which is one of the fastest of all physics lists.
More in the details [36]:

• QBBC_EMZ: QBBC physics list with EMZ extension of the electromag-
netic physics. EMZ offers the best set of electromagnetic physics mod-
els selected from the low energy and standard packages, but at the
cost of a high computation time.
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Figure 2.23: Dose distribution comparison between three simulations: one
with disc sensible volumes, one with film sensible volumes, and one with
sensible volumes that completely fills the volume of air inside the tube. Film
and disc volumes are placed at different heights along the tube.
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Figure 2.24: Dose distribution comparison between irradiation downwards,
upwards, and double irradiation with (top) film sensible volumes and (bottom)
disc sensible volumes. Film and disc volumes are placed at different heights
along the tube.
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• QBBC_EMV: QBBC physics list with EMV extension of the electromag-
netic physics.

• LHEP: LHEP physics list with the standard electromagnetic model.

• QBBC_PEN: QBBC physics list with PEN extension of the electromag-
netic physics. PEN uses Penelope-2008 set of models in substitution
of standard models for gamma, electrons, and positrons.

Figure 2.25 shows the dose distributions using the four physics lists pre-
viously described. Simulations were performed with 1E7 primaries (down-
wards, dose on the full volume inside the product).
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Figure 2.25: Dose distribution comparison between simulations with four dif-
ferent physics lists.

The differences in the average dose, with a maximum 11%, are statisti-
cally significant, as well as the minimum and maximum doses, which reflect
a maximum variation in the DUR of 8%. Finally, the difference in time of sim-
ulations is also significant: EMV, EMZ, and PEN are 87%, 43%, and 53%
slower than the standard electromagnetic model.

2.4.2.3 Electron Source Approximation in the Simulations

During the sterilization process, the box of products is moving along the con-
veyor, and the beam of electrons is scanned along the perpendicular direc-
tion of the conveyor. In addition, the beam is deflected by a pseudo-parallel
magnet such that it always impinges on the product (almost) perpendicularly
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to the box. The speed of the conveyor and the scanning frequency are such
that electrons are uniformly distributed in the box, and so the uniform planar
source approximation would be valid. In practice, electrons do not follow ex-
actly a uniform distribution in space. Figure 2.26 compares the dose distribu-
tion in the box of product with electrons generated from a planar source and
electrons generated following the distribution of electrons given by the com-
bined motion of the box under the conveyor and the scanning of the beam,
i.e. a zig-zag pattern on the box. For the latter simulation, standard values
for the scanning frequency, duty cycle, and speed were assumed to be 50
Hz, 50%, 3.3 cm/s. The beam was represented as a 2D Gaussian profile,
and its orientation is also defined by an angle sampled from two Gaussian
distributions.
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Figure 2.26: Dose distribution comparison between a simulation with a pla-
nar source of electrons, and a simulation with a spatial generation of elec-
trons more similar to the one from the Rhodotron combined with the motion
of the boxes.

In this comparison, the differences between the two distributions are not
statistically significant, and so the planar source provides a good approxi-
mation of the real distribution of the beam.

Another approximation in the simulation is the omission of the 40 µm-
thick titanium window at the beam scan exit, which may affect the electron
energy spectrum, their angular distribution, and the generation of X-rays.
Figure 2.27 compares the dose distribution in the box of product with elec-
trons generated from a planar source with and without the titanium window
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below the planar source, and the effect of the titanium window results being
not relevant.
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Figure 2.27: Dose distribution comparison between two simulations with and
without the titanium window below the source plane.

Finally, the monochromatic approximation of the beam is evaluated: the
electron beam from the Rhodotron is very narrow in energy, with a peak in
the spectrum at 10 MeV and an energy spread tolerance of a few hundred
keV. Figure 2.28 compares the dose distribution in the box of product with
electrons generated from a planar source and titanium window with an initial
energy of 10 MeV and 9.75 MeV. The difference in energy results in two dose
maps that do not differ, except for statistical fluctuations.

2.5 Irradiation Setup Optimization
As discussed at the beginning of the Chapter, it is important to achieve uni-
formity of the dose inside the box of products in order to achieve the steriliz-
ing dose in all products without exceeding the maximum dose tolerable for
the product. Without changing the packaging of the products, which might
require considerable effort from the production point of view, several precau-
tions can be applied to increase dose uniformity [37–39]:

• Box positioning with the denser part on the bottom (when single irradi-
ation).

• Beam scan modulation and optimization of the pseudo-parallel angle.
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Figure 2.28: Dose distribution comparison between two simulations with pri-
mary electrons generated at 10 MeV and 9.75 MeV.

• Overscan and irradiation of a continuous row of boxes.

• Scattering plate.

The impact of these measures and adjustments is evaluated in the fol-
lowing.

The box positioning under the beam is relevant when the irradiation is
performed in only one passage (or an odd number of passages). As shown
in Section 2.4.2.1, when products are irradiated with the cap (the denser part
of the product) on the bottom of the box, i.e. the "upwards" irradiation, the
dose distribution is more uniform, since the beam penetrates more in the box
before being scattered out of the box by the denser region. The difference
in the DUR in the two cases is significant, from 3.1 with the beam downward
to 2.2 with the beam upward using the disc sensible volume, and from 3.5 to
2.4 using the film sensible volume. Therefore, a significant improvement in
homogeneity can be easily reached by positioning the box with the denser
part at the bottom whenever possible.

Improved uniformity can be achieved with an optimized beam modula-
tion: slowing down the scanning speed of the beam close to the edges of
the box of product can improve the DUR, as more electrons are impinging
on the box where the dose is lower because of edge effects. However, the
beam modulation is performed by changing the function of the current in the
scanning magnet, and this might not be accessible to the accelerator user.
Furthermore, the pseudo-parallel magnet may be tuned to divert electrons
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that would otherwise go out of the box, but this is also limited by the acces-
sibility to the user.

Another crucial factor for uniformity is the overscan, which represents
half the difference between the beam scan width and the box width—in other
words, the extent to which the beam extends beyond the box. Of course, the
overscan cannot be zero because of the uncertainty of the position of the box
under the beam, but also because electrons that do not impinge on the box
may be scattered towards the box, delivering a dose especially on the sides
of the box. In addition, primary electrons that interact with the surrounding air
generate secondary electrons that give a dose to the products. Figure 2.29
compares the dose distributions in the box of products with different values
of overscan.
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Figure 2.29: Dose distribution comparison between three simulations with
different values of overscan.

For an overscan value of 0.5 cm, the minimum dose is sensibly lower with
respect to an overscan of 5 cm, and the distribution with an overscan of 15
cm is essentially the same as with 5 cm, suggesting that further increasing
the overscan does not lead to a more homogeneous dose, but only a longer
irradiation treatment.

Edge effects are also reduced by the surrounding boxes of products be-
cause of the electrons that scatter out from the boxes nearby. The effect is
clearly shown by the dose map in Figure 2.30, which comes from a simula-
tion of a box of products with two adjacent boxes on the two long sides of the
box (1E7 primaries downwards). In fact, this configuration is more realistic
than that of a single box, as sterilization plants typically irradiate a continu-
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ous line of product boxes, and a dedicated system pushes the box under the
beam such that no void spaces are left in between one box and the following.
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Figure 2.30: Absorbed dose map for a box of swabs in a tube with two adja-
cent boxes on the two long sides of the box.
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Figure 2.31: Dose distribution comparison between a simulation with a single
box and a simulation with a box of products with two adjacent boxes on the
two long sides of the box.

The difference in the dose distributions is significant, as shown in Figure
2.31: the DUR goes from 1.98 to 1.42, and the average dose is 8% higher.

Finally, the DUR can be effectively reduced through the use of a "scat-
tering plate": by placing a thin sheet of high-density material between the
electron beam horn and the product box, the energy dispersion (or strag-
gling) of electrons is enhanced, leading to improved radiotreatment quality
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both at the surface and at depth [40]. The scattering plate serves a dual
purpose:

• The plate scatters the electrons, and so the fluence decreases, but
some electrons that would not reach the box are directed toward the
sides of the box, reducing the edge effect.

• Electrons lose energy crossing the plate, and so the energy spectrum
is broadened and the stopping power increases.

The scattering plate technique has been investigated in collaboration
with Aerial (Illkirch-Graffenstaden, France) and IBA (Louvain-La-Neuve, Bel-
gium) on a specific Copan product composed of a swab and a tube with a
gel inside, as shown in Figure 2.32. This product is particularly challenging
for the electron sterilization, because of its dis-homogeneity and presence
of the gel. Through simulations, it is possible to estimate the benefit of the
scattering plate.

Figure 2.32: Swabs and gel-containing tubes manufactured by Copan irra-
diated at the Aerial center in Illkirch-Graffenstaden, France, both with and
without the use of a scattering plate. The irradiation was carried out in col-
laboration with IBA (Louvain-La-Neuve, Belgium).

However, the product also presents challenges for simulation efforts. In
fact, each tube and swab is packaged into a pouch, and then a strip of 50
pouches is placed inside a thin, aluminized bag. Eight bags are then placed
inside a box. The G4 model is shown in Figure 2.32: inside each pouch,
which is the sterilization barrier, five sensible volumes of air are placed to
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score the dose absorbed in the product. The scattering plate was modeled
as a 1 mm-thin sheet of copper 110 × 80 cm, placed at 10 cm above the box
of products.

From double irradiation simulations (using 5E7 primaries for each irradi-
ation), the minimum dose is recorded in both cases in the sensible volumes
inside the gel, and the maximum dose in the sensible volume close to the
cap. It turns out that the scattering plate reduces the DUR on the product
from 1.92 to 1.44, but also the surface dose is sensibly reduced because
of the scattering plate, of about 20%, that leads to a higher irradiation time.
However, the benefit of homogeneity is significant.

The challenges related to the scattering plate are primarily engineering
in nature. Specifically, the metallic plate tends to become very hot, and if it
is mounted beneath the beam scanning horn, it must be adequately cooled.
An alternative approach is to design trays with the scattering plate integrated
on top. However, in this configuration, the tray must be sufficiently large to
ensure the scattering plate produces the desired effect; otherwise, only a
minimal number of electrons will be redirected toward the sides of the box.
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Radiation Effects on Polymers

When ionizing radiation interacts with microorganisms, the deposited energy
can cause their inactivation: this process is at the basis for sterilization using
ionizing radiation. On the other hand, the interaction can also induce var-
ious side effects on the products under sterilization, which might alter the
functionality of the device itself. Many medical devices, and specifically all
the devices produced by Copan, are made of polymers, and the exposure
to radiation might lead to embrittlement of the material and degradation of
mechanical properties. For this reason, it is crucial to test and evaluate the
effect of ionizing radiation prior to sterilization.

The effect of radiation on products depends on various irradiation para-
meters, such as the dose level, the irradiation temperature, the dose rate,
and the oxygenation of the product, but also on product characteristics such
as the geometry, the material, and the manufacturing process [41, 42]. To
generalize the study of the radiation effects, it is therefore necessary to study
the raw materials and eventually focus on specific designs.

Since polymeric materials for 3D printing are of increasing interest for
applications and prototyping in the medical field [43–45], the following sec-
tions evaluate the effects on various categories of commercial 3D printing
materials and report experimental studies on the printing filament. Most of
the results are also presented in a scientific paper published in the Jour-
nal of Physics: Materials of which the author of this thesis is the first au-
thor [46]. Before presenting the study’s results, an overview of the physics
behind radiation-induced effects on polymers is provided in the next section.
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3.1 Physics of Radiation Induced Effects on
Polymer

A polymer is a material that has a large molecular structure composed of
chains of many repeating units called monomers ("poly" and "mer" mean
"many" and "parts" in Greek). Polymers are widely used in different industries
as plastics and resins; in fact, plastics are polymers with additives and are
based on long-chain molecules developed from alkenes [47].

The mechanical and chemical properties of the polymer strongly depend
on the chemical structure of the monomers and the configuration of the
chains. Chains can be arranged in an ordered configuration, defining a so-
called "crystilline" structure, opposed to the amorphous structure where chains
are displaced in a disordered manner. Many polymers, such as polyethylene
(PE) and polypropylene (PP), have a semicrystalline structure, i.e. present
both amorphous and crystalline areas, with a percentage described by the
degree of crystallinity. Crystalline areas exhibit a melting transition at the
melting temperature (Tm), at which aligned chains turn into a randomly ori-
entated viscous liquid, while amorphous areas are characterized by the glass
transition at the glass temperature (Tg), at which the material changes from
a hard and brittle state into a molten or rubber-like state [48].

The ionizing radiation induces excitations and ionizations of the polymer
chains, leading to the formation of free radicals and ions that react, resulting
in mainly two competing dynamics that occur simultaneously [41, 49]:

• Cross-linking: the formation of new bonds in between the polymer chains,
typically leading to an increase of the elastic modulus and strength
and to embrittlement of the material. Slightly cross-linked polymers
are called "elastomer", and are characterized by high and reversible
deformability.

• Chain scission: reduction in molecular weight and consequent degra-
dation of the mechanical properties of the polymer, usually losing in
strength and elongation at break.

The radical’s lifetime depends on its mobility, which in turn depends on
the amorphous/crystalline area, and its reactivity (the type of radical): radi-
cals are typically generated in a few nanoseconds and react very quickly, al-
though some radicals exhibit long lifetimes (days to weeks), especially in the

62



3.1. PHYSICS OF RADIATION INDUCED EFFECTS ON POLYMER

crystalline phase, where radicals have less mobility. For this reason, poly-
mers with a high degree of crystallinity are more radiation resistant[50].

The predominance of crosslinking or chain scission is expressed quanti-
tatively by the radiochemical yield, which is the number of molecules formed
or changed for 100 eV of energy absorbed. Table 3.1 summarizes the G-
values for crosslinking and chain scission for some common materials in the
medical field: LDPE, HDPE and PB are among the most crosslinkable ma-
terials. Interestingly, the HDPE, which has a high crystallinity degree, is less
prone to crosslinking than LDPE, since the higher crystallinity reduces the
mobility of chains. On the other hand, PMMA, PTFE result in being degrad-
able materials due to the high G-value for chain scission. Polystyrene is the
most resistant polymer among the ones reported in the table, and Figure
3.1 reports a further overview on the radiation stability of common medical
polymer families.

Polymer Acronym Crosslinking Chain Scission

Low-density polyethylene LDPE 1.42 0.48

High-density polyethylene HDPE 0.96 0.19

Isotactic polypropylene iPP 0.16-0.26 0.29-0.31

Atactic polypropylene aPP 0.4-0.5 0.3-0.6

Poly(methyl methacrylate) PMMA <0.50 1.1-1.7

Poly(tetrafluoroethylene) PTFE 0.1-0.3 3.0-5.0

Polystyrene PS 0.019-0.051 0.0094-0.019

Polybutadiene PB 5.3 0.53

Polyisobutylene PIB 0.05-0.5 5

Butyl rubber IIR <0.5 2.9-3.7

Table 3.1: G-values for crosslinking and chain scission for some common
polymers [51].

As discussed in Chapter 1, the interaction mechanisms of gamma and
X-ray radiation lead to similar effects as that of an electron beam, i.e. the
formation of secondary electrons, which ultimately leads to heating of the
material and chemical reactions. As a result, the effects on a material ex-
posed to electrons, gamma rays, or X-rays are similar. For this reason, tests
with X-rays allow the study of the radiation tolerance of materials exposed
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3.2 Experimental Investigation on Polymers for
3D Printing

Polymeric materials for 3D printing are of increasing interest for the real-
ization of components operating in extreme radiation conditions, not only in
the medical field [43–45], but also for applications in particle accelerators,
nuclear facilities [53, 54], and space missions [55, 56].

The existing literature on radiation effects in these materials primarily
focuses on printed samples. However, the effects on the raw material, i.e.
the printing filament, rather than the printed samples, must be thoroughly
assessed, since the raw material reflects and generalizes the key conse-
quences of irradiation on the printed item. Therefore, in the aim of this PhD
project, a new research activity has been developed to broaden the available
knowledge about radiation effects on popular 3D printing materials used for
fused filament fabrication (FFF), namely the poly(lactic acid) (PLA), the acry-
lonitrile butadiene styrene (ABS), and a thermoplastic elastomer (TPE).

3.2.1 Sample Irradiation

The irradiations were conducted at the Hubert Curien Laboratory (LabHC) in
Saint-Etienne, France, utilizing commercial X-ray tubes operating at a volt-
age of 160 kV, as shown in Figure 3.2a. Samples were placed on the sup-
porting metal plate, and X-rays were emitted from the X-ray tube above.
Printing filaments used as samples have a nominal diameter of 1.75 mm
and a length of 10 cm in case the samples were used for tensile tests and 3
cm for the other analyses. The dose rate on the surface of the metal plate of
support of samples was characterized using a PTW 23344 compact ioniza-
tion chamber to guarantee that samples were exposed to a dose rate of 0.60
Gy/s (2.16 kGy/h) ± 15%, ensuring therefore a proper dose homogeneity in
the irradiation area. In addition, such a low dose rate does not lead to signif-
icant heating of the sample. The various doses delivered to the samples are
reported in Table 3.2, and the range goes from 45 kGy[H2O] to 2 MGy[H2O]
(all the reported dose values refer to dose to water).

The energy spectrum of X-rays emitted by the tube depends on the ma-
terial of the target in the X-ray tube, which in this case is tungsten, the anode
angle (30°), and the inherent filtration, i.e. the layer of material used as the
exit window of the X-ray beam (4 mm of beryllium). Based on these parame-
ters, it is possible to estimate the spectrum (even after the filtration) by using
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(a) (b)
Figure 3.2: a) Irradiation setup, b) Printing filaments in ABS (black) and PLA
(white) [46].

SpekPy v2.0 [57], and it is shown in Figure 3.3a. As expected, the maximum
energy of X-ray photons is 160 keV, and most of the fluence is at relatively
low energy (< 30 keV) and in correspondence with the characteristic peaks
of tungsten. The low energy component is, however, not desirable, since
such photons deposit most of the energy in the first millimeter of samples,
leading to a non-negligible dose inhomogeneity in depth. For this reason, in
the experimental setup, samples are placed below an aluminium foil 1.5 mm
thick: this filter strongly attenuates photons up to (approximately) 30 keV, as
shown in Figure 3.3a. On the other hand, the dose rate on the sample is re-
duced by almost a factor of ten by applying the aluminium filter, as reported
in Figure 3.3b. Monte Carlo simulations performed by PHITS [58] were used
to estimate the dose profiles. The dose was computed in 15 slices of a 1.75
mm diameter and 30 mm length cylinder of water exposed to an isotropic
source of X-rays with an energy spectrum as the ones shown in Figure 3.3a.

The three printing materials investigated in this study are: PLA (Raise3D
Premium, Irvine, CA, USA), ABS (Raise3D Premium ABS, Irvine, CA, USA),
and TPE (Bioflex produced by Filoalfa and purchased by Maip Compound-
ing S.r.l., Torino, Italy). PLA is a semi-crystalline polymer that is widely used
because it is a biodegradable material and has low distortion during print-
ing, despite being characterized by low thermal conductivity and mechan-
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Figure 3.3: a) X-ray energy spectrum from SpekPy [57] and b) dose profiles
in water estimated using PHITS, with and without a 1.5 mm thick aluminium
filter [46].

ical properties [59]. ABS is instead an amorphous material [60] and it is
not a biodegradable material. However, it is one of the most used printing
materials because of its good mechanical properties and chemical proper-
ties [59]. Lastly, TPE is a thermoplastic elastomer composed of two distinct
semicrystalline phases [61]. The material TPE is recyclable, and it has ex-
cellent chemical resistance as well as rubber-like elasticity [62].

TheHubert Curien Laboratory jointly with theMaterials Science and Tech-
nology Laboratory (MaSTLab) of the University of Brescia (Italy) performed
the sample characterization. More precisely, the performed multi-scale in-
vestigations include thermal, mechanical and spectroscopical analyses, more
precisely the Thermogravimetric analysis (TGA), Differential scanning calorime-
try (DSC), DynamicMechanical Thermal Analysis (DMTA), tensile test, Fourier
transform infrared spectroscopy (FTIR), and Raman spectroscopy, aiming at
finding correlations between structural and macroscopic radiation effects.

3.2.2 Tensile Test

The mechanical characteristics of samples (60 mm long) before and af-
ter irradiation were examined under tensile conditions at room temperature
using an electromechanical dynamometer (model 3366, Instron, MA, US,
crosshead speed of 50 mm/min). Tests were repeated on 5 samples for each
material and each dose investigated, and from the nominal stress (σ) versus
strain (ϵ) curves, it is possible to evaluate the Young’s modulus (E) (i.e. the
initial slope of the curves), the tensile strength (TS) (i.e. the maximum stress,
which corresponds to the yield stress for specimens showing ductile failure
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and to the ultimate stress for those showing brittle failure), and the strain at
break (ϵb). In case specimens could not reach failure during the tests, as non-
irradiated TPE, it is indicated that TS and ϵb are higher than the last recorded
values.

A selection of stress-strain curves is reported in Figures 3.4, 3.5, 3.6,
together with optical microscope images of the specimens. Young’s modulus
(E), tensile strength (TS), and strain at break (ϵb) of all the performed tests are
reported in Table 3.2, showing the progressive radiation-induced damage on
materials; in fact, at the highest doses all the materials become too brittle to
be tested.

Among the investigated materials, the PLA shows the most significant
deterioration in mechanical characteristics following irradiation. In pristine
material, PLA stress-strain curves (Figure 3.4a) show a transition from an
initial linear elastic response to a stress peak followed by a plateau, typical
of ductile materials. In addition, Figures 3.4c and 3.4f show how the speci-
men’s neck gradually thins until it breaks. However, even at the lowest dose
(45 kGy) the specimens are severely embrittled, as shown by the stress-
strain curves (Figure 3.4b) and the appearance of the samples after failure
(see the absence of necking or other clear signs of yielding in Figures 3.4d
and 3.4f). Table 3.2 shows that E and TS are lowered by 15-20% compared
to non-irradiated values, whereas ϵb is reduced by about one order of mag-
nitude. When the dosage is raised to 144 kGy (see Figures 3.4e and 3.4f),
the material embrittlement is so strong that the specimens shatter during
clamping.

The mechanical properties of the ABS filament don’t vary much for doses
up to 300 kGy, but a significant degradation is observed at doses of 1–2MGy.
The stress-strain curves for the samples that were irradiated at 292 kGy (Fig-
ure 3.5b) are similar to those for the unirradiated material (Figure 3.5a). They
show ductile behavior with a linear elastic region up to the yield stress peak,
then a strain-softening region, and finally a plateau. The broken specimens
exhibit many white marks that are perpendicular to the load direction (Figure
3.5g), which are likely caused by yielding events. The more ductile the be-
havior, the more these white marks spread across the whole cross-section
of the specimens. Indeed, the fractured surface of non-irradiated ABS has
completely changed color (Figure 3.5d), while the fractured surface of ABS
irradiated with 292 kGy (Figure 3.5e) is only partially white. On the other
hand, at a dose of about 1 MGy (992 kGy, see Figure 3.5c, 3.5f, 3.5g), the
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Filament Dose [kGy] E [MPa] TS [MPa] ϵb [%]

PLA
0 1960 ± 160 53.2 ± 0.6 33 ± 16

45 1580 ± 200 45.5 ± 0.4 4.5 ± 0.3

144 n.a. (too brittle to be tested)

ABS

0 1470 ± 100 46.0 ± 0.2 31 ± 10

45 1560 ± 90 43.5 ± 0.5 24 ± 4

100 1620 ± 190 43.6 ± 1.1 12 ± 7

139 1460 ± 200 43.7 ± 0.8 32 ± 10

168 1520 ± 50 47.1 ± 0.3 26 ± 9

251 1680 ± 50 47.6 ± 0.7 15 ± 3

292 1470 ± 180 44.8 ± 0.2 21 ± 9

992 1630 ± 250 30.1 ± 8.2 2 ± 1

1900 n.a. (too brittle to be tested)

TPE

0 33.3 ± 1.4 >12* >800*

45 31.9 ± 1.6 >12* >800*

100 32.6 ± 1.4 >12* >800*

139 29.3 ± 0.6 >12* >800*

168 33.1 ± 1.0 >12* >800*

251 30.8 ± 1.0 6.4 ± 0.3 250 ± 50

292 27.8 ± 0.7 4.0 ± 0.1 43 ± 3

910 n.a. (too brittle to be tested)

992 20.8 ± 0.3 2.2 ± 0.1 35 ± 3

* failure could not be reached

Table 3.2: Mechanical properties under tension for PLA, ABS, and TPE fil-
aments tested in their pristine condition and after irradiation with various
dose values: Young’s modulus (E), tensile strength (TS), and strain at break
(ϵb) [46].
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Figure 3.4: Tensile test results for PLA filaments tested in their pristine con-
dition and after irradiation with different dose values, selected so to highlight
the progressive embrittlement induced by X-rays: (a-b) stress-strain curves
(each curve corresponds to one of the five samples exposed to the same
dose); (c-f) optical microscope images of the specimens after the tests. Ten-
sile test on the samples irradiated at 144 kGy was not possible [46].

ABS filament becomes much less ductile and shows stress-strain curves
that are typical of brittle materials and no signs of yielding (see Figure 3.5c).
Finally, ABS becomes so brittle at a dose of 1900 kGy that the specimens
can’t be tested because they were damaged when clamped in the tensile
stress machine.

In order to better quantify the described effects, it is useful to compare
the values of E, TS, and ϵb in Table 3.2. Irradiation up to 300 kGy makes no
substantial changes to the characteristics of the pristine filament. Despite a
minor drop in ϵb, the results remain comparable due to the high standard
deviation. At a greater dosage of 1 MGy, TS is lowered by roughly one-
third and ϵb by almost one order of magnitude compared to the comparable
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beginning values, although E remains constant.
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Figure 3.5: Tensile test results for ABS filaments tested in their pristine con-
dition and after irradiation with different dose values, selected so to highlight
the progressive embrittlement induced by X-rays: (a-c) stress-strain curves
(each curve corresponds to one of the five samples exposed to the same
dose); (d-g) optical microscope images of the specimens after the tests [46].

The impact of X-rays on the mechanical characteristics of the TPE fila-
ment becomes evident at dose levels of 250 kGy and above. It is significant
that, at lower dose levels, the TPE may undergo deformation at strain values
over 800%without fracturing; more than this value, the test could not proceed
at further strain levels due to challenges in maintaining proper specimen grip.

The stress-strain curves exhibit nonlinear elastic behaviour, characterised
by an initial zone with a steeper slope, followed by a knee that indicates the
transition to a subsequent region with a lower slope (Figure 3.6a). The spec-
imen’s surface exhibits a smooth texture both before to and during the test-
ing (Figure 3.6d). At dosages of around 250-300 kGy, the curves exhibit a
comparable trend (Figure 3.6b); however, the specimens ultimately fail, with
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fractures seeming to originate from the surface. Some of these cracks can be
identified on the surface of the examined specimens (Figure 3.6f), although
no cracks are observable under the optical microscope post-irradiation prior
to the tensile test (refer to Figure 3.6e). In contrast, specimens subjected to a
dose of approximately 1 MGy have a discernible repeating pattern of cracks
post-irradiation but prior to testing (refer to Figure 3.6g), and they fracture at
much reduced levels of stress and strain (Figure 3.6c). Additionally, a less
shiny outer region may be identified in the cross-sections of the specimens
that failed, suggesting the crack initiation site (Figure 3.6i). The appearance
of pores and fissures on irradiated elastomers has been documented for
certain rubbers subjected to high doses [63]; however, the distinctive pattern
observed here is theoretically attributed to the combined effects of irradiation
and residual stresses accrued during filament production.

Additional information on the evolution of TPE stiffness, strength, and
ductility is shown in Table 3.2. No substantial changes in E are detected for
dose levels up to at least 250 kGy, and the stiffness reduction reported at
higher doses is likely to be attributable to the remarkable alteration in the
specimen shape when cracks are clearly visible. On the other hand, a grad-
ual drop in TS and ϵb is readily visible as more dose is absorbed. Specimens
irradiated with dose levels below 200 kGy attain stress values surpassing 12
MPa and strain values over 800%, but at a dose of 250 kGy, TS falls below
6 MPa and ϵb below 250%. At larger dose additional damage is recorded,
until, at levels approaching 1 MGy, specimens may become too brittle to be
analysed. The specimens irradiated with 910 kGy and 992 kGy exhibited
significant embrittlement, with only the latter being testable (TS ≈ 2 MPa; ϵb
≈ 35%).

3.2.3 Thermal Tests

Both non-irradiated and irradiated specimens underwent a comprehensive
series of thermal and thermo-mechanical tests, including Differential Scan-
ning Calorimetry (DSC), Thermogravimetric Analysis (TGA), and Dynamic
Mechanical Thermal Analysis (DMTA).

DSC measurements were performed using a DSC Q100 calorimeter (TA
Instruments, NewCastle, DE, USA) under a nitrogen atmosphere (50mL/min).
Approximately 10 mg samples, taken from both prisine and irradiated fila-
ments, were subjected to the following thermal cycle: (i) heating from -80 °C
to 280 °C at a rate of 10 °C/min; (ii) cooling from 128 °C to -80 °C at the
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Figure 3.6: Tensile test results for TPE filaments tested in their pristine con-
dition and after irradiation with different dose values, selected so to highlight
the progressive embrittlement induced by X-rays (each curve corresponds
to one of the five samples exposed to the same dose): (a-c) stress-strain
curves; (d-g) optical microscope images of the specimens before and after
the tests (b.t. and a.t.) [46].

same rate; (iii) reheating from -80 °C to 280 °C at 10 °C/min.

TGA analyses were carried out with a TGA Q500 analyser (TA Instru-
ments, New Castle, DE, USA) on similarly sized (≈10 mg) samples from
pristine and irradiated filaments. A continuous heating ramp from room tem-
perature to 700 °C at 10 °C/min was applied.

DMTA testing was conducted using a DMA Q800 analyser (TA Instru-
ments, New Castle, DE, USA). Small rods (≈30 mm total length, ≈15 mm
gauge length) were cut from the filaments for analysis in both pristine and
irradiated states. However, irradiated PLA samples could not be tested due
to embrittlement that caused consistent breakage during sample mounting.
ABS and TPE specimens were analysed in dynamic tensile mode, using a
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displacement amplitude of 15 µm and a frequency of 1 Hz. Heating was
applied at a rate of 3 °C/min across temperature ranges specific to each
polymer. Starting temperatures were chosen to ensure the analyses began
below each material’s glass transition point: room temperature for ABS and
-40 °C for TPE. Tests concluded when samples exceeded the analyser’s
elongation limit, typically during the onset of the flow regime at elevated tem-
peratures.

To provide a comprehensive understanding of irradiation-induced mate-
rial effects, the thermal characterisation was aimed at identifying alterations
in thermal and mechanical behaviour. DSC was used to detect changes
in thermal transitions (glass transition temperature Tg, melting temperature
Tm, and cold crystallisation temperature Tcc) and in melting enthalpy (∆Hm).
TGA assessed shifts in the thermal degradation profile, focusing on the on-
set (Tonset) and peak (Tpeak) degradation temperatures. DMTA evaluated the
evolution of mechanical properties across temperature, including modifica-
tions in Tg and behaviour in the glassy, transition, rubbery, and early flow
regimes.

Results of DSC and TGA analyses for PLA are shown in Figs. 3.7a and
3.7b, respectively. Despite pronounced embrittlement in PLA following irradi-
ation, thermal analyses reveal only limited changes in these semicrystalline
systems. The DSC results, presented as second heating scans, show that
non-irradiated and moderately irradiated (45 kGy) specimens display similar
thermal behaviour—initial recrystallisation followed by melting—with compa-
rable Tg, Tcc, and Tm values (Tm measured at the highest endothermic peak),
as listed in Table 3.3. Only the specimen subjected to the highest irradiation
dose (144 kGy) exhibited significant differences: a reduction in Tg by nearly
20 °C and in Tm by approximately 10 °C, a slight decrease in crystallinity
(as indicated by the lower ∆Hm), and the absence of a cold crystallisation
peak. TGA results showed aminor dose-dependent decrease in degradation
onset temperature (Tonset, Table 3.3), while the overall degradation pathway
and Tpeak remained largely unaffected.

DSC and TGA analyses offer limited insight into the structural evolution
of ABS, as shown in Figs. 3.8a and 3.8b, respectively. The DSC profiles,
characteristic of an amorphous polymer, show negligible variation across all
conditions, with the glass transition temperature remaining essentially un-
affected by irradiation (Table 3.4). Similar to the findings for PLA, the TGA
curves suggest that the overall degradation behaviour of ABS is largely pre-
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Figure 3.7: a) DSC traces (second heating scan) and b) TGA traces of PLA
specimens, non-irradiated and subjected to various X-ray doses [46].

DSC (2nd heating scan) TGA

Dose [kGy] Tg [°C] Tcc [°C] Tm [°C] ∆Hm [J/g] Tonset [°C] Tpeak [°C]

0 57.4 104 152.7 28.51 309.8 366.9

45 56.4 101.4 151.5 27.79 305.6 366.9

144 39.4 - 141 26.67 300 366.4

Table 3.3: Effect of the irradiation condition on DSC results (from second
heating scan) and TGA results for variously irradiated PLA specimens [46].

served following irradiation. No significant changes are detected for doses up
to 300 kGy. However, a slight reduction in both the onset and peak degrada-
tion temperatures is observed in the most heavily irradiated specimens (990
kGy and 1990 kGy), with the extent of the decrease becoming more evident
at higher doses (see Table 3.4).

The storage modulus curves of ABS filaments, obtained via DMTA and
shown in Fig. 3.8c, capture the full progression of the material’s mechanical
response as temperature increases. The curves illustrate the typical transi-
tion from high modulus values in the glassy region, through the glass transi-
tion zone, into the rubbery plateau, and finally into the flow regime—marked
by a noticeable downward trend in the storage modulus. The transition from
the glassy to the rubbery state appears consistent across all samples, re-
inforcing the DSC results which suggest minimal structural change due to
irradiation. However, irradiation notably affects the terminal segment of the
curves: as the absorbed dose increases, the onset of the flow regime shifts
to progressively lower temperatures. This transition temperature, denoted

75



CHAPTER 3. RADIATION EFFECTS ON POLYMERS

­100 ­50 0 50 100 150 200 250 300

 0 kGy  45 kGy  100 kGy
 139 kGy  169 kGy  251 kGy
 292 kGy  992 kGy  1900 kGy

H
ea

t F
lo

w
 [W

/g
]

Temperature [°C]

0.1 W/g
exo up

Dose

(a)

200 250 300 350 400 450 500 550 600
0

10

20

30

40

50

60

70

80

90

100
 0 kGy
 292 kGy
 992 kGy
 1900 kGy

W
ei

gh
t [

%
]

Temperature [°C]

Dose

(b)

20 40 60 80 100 120 140 160 180 200 220
0.01

0.1

1

10

100

1000

10000

St
or

ag
e 

m
od

ul
us

 [M
Pa

]

Temperature [°C]

 0 kGy
 45 kGy
 100 kGy
 139 kGy
 251 kGy
 292 kGy
 992 kGy

Dose

(c)
Figure 3.8: a) DSC traces (2nd heating scan), b) TGA traces, and c) DMTA
storage modulus traces for ABS specimens, non-irradiated and subjected to
various X-ray doses [46].

DSC (2nd heating scan) TGA DMTA

Dose [kGy] Tg [°C] Tonset [°C] Tpeak [°C] Tflow [°C]

0 97.5 354.6 415.4 205

45 102.1 359.1 417.8 195

100 98.7 353.7 413.7 190

139 97.9 349.3 411.8 181

168 99.3 354.2 413.8 179

251 98.8 350.8 414.6 173

292 97.6 357.4 416.9 179

992 101.7 343.7 409.3 171

1900 101.6 324.2 403.2 -*

Table 3.4: Effect of the irradiation condition on DSC (from second heating
scan), TGA andDMTA results for non-irradiated and variously irradiated ABS
specimens (*: could not be tested due to severe embrittlement) [46].
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as Tflow in Table 3.4, decreases gradually with increasing dose, showing a
reduction of over 30 °C for doses approaching 1 MGy. At the highest irradia-
tion level (≈2 MGy), extensive embrittlement prevented mechanical testing
of the specimens

In the case of TPE, DSC analysis reveals a distinct exothermal anomaly
during the first heating scan (Fig. 3.9a), which disappears in the second
scan (Fig. 3.9b). The latter shows only two endothermic peaks correspond-
ing to the melting of the soft (low-temperature) and hard (high-temperature)
domains. These peaks align with those previously reported in literature for
Bioflex® [61], attributed to the melting of soft and hard segments in a ther-
moplastic copolyester-ether elastomer. In the first heating scan of irradiated
samples, the exothermal signal becomes more pronounced and shifts to
lower temperatures as radiation dose increases, as reflected in the peak
temperature (Texo) and enthalpy (∆Hexo) values listed in Table 3.5. At inter-
mediate doses (100 kGy and 140 kGy), the∆Hexo values are less significant
due to overlap with the hard segment melting peak. This exothermic anomaly
likely indicates early degradation, corroborated by TGA results (Fig. 3.9c),
which show a dose-dependent decrease in the onset temperature of thermal
degradation (Tonset in Table 3.5) by 10 °C at 45 kGy and up to 80 °C at 992
kGy.

In contrast, the second heating scan reveals no significant changes with
increasing dose: both melting temperatures (Tm1 and Tm2, for the soft and
hard domains respectively) and their corresponding enthalpies (∆Hm1 and
∆Hm2) remain largely unaffected, except in the most heavily irradiated sam-
ples (910 kGy and 990 kGy). These specimens exhibit a slight decrease in
∆Hm1, suggesting reduced crystallinity in the soft domain, and a 20 °C re-
duction in Tm2, indicating the formation of lower-quality hard domain crystals
(Table 3.5).

DMTA results reveal a consistent mechanical response across all TPE
samples. Initially, the storage modulus gradually decreases from –50 °C to
0 °C, attributed to the melting of the soft crystalline phase, followed by an
extended, gently sloped plateau. Eventually, the modulus declines sharply,
marking the onset of the flow regime as the hard domains begin to melt. The
temperature at which this deviation occurs, defined as Tflow in Table 3.5,
decreases progressively with increasing radiation dose.

Based on the influence of irradiation, TPE specimens can be grouped
into three categories:
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• Low-dose group (≤ 100 kGy): Storage modulus curves and flow tran-
sition temperatures remain unaffected by irradiation.

• Intermediate-dose group (100–300 kGy): The onset of the flow regime
is modestly reduced, by no more than 10 °C.

• High-dose group (≥ 910 kGy): A pronounced reduction in Tflow is observed—
by 20 °C for 990 kGy and 30 °C for 910 kGy. Additionally, the storage
modulus at fixed temperatures is lower, consistent with a decrease in
Young’s modulus measured via tensile testing at room temperature.
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Figure 3.9: DSC traces (a) first and b) second heating scan), c) TGA traces,
and d) DMTA storagemodulus traces for TPE specimens, non-irradiated and
subjected to various X-ray doses [46].

3.2.4 Spectroscopy Tests

FTIR analysis was carried out using a Thermo Scientific Nicolet iS50 FTIR
spectrophotometer (Thermo Fisher Scientific, Madison, WI, US) equipped
with a PIKE MIRacle attenuated total reflectance (ATR) accessory. Spectra
were collected in the range of 600–4000 cm−1. Raman spectroscopy was
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DSC
TGA DMTA

1st heating scan 2nd heating scan

Dose [kGy] Texo [°C] ∆Hexo [J/g] Tm1 [°C] ∆Hm1 [J/g] Tm2 [°C] ∆Hm2 [J/g] Tonset [°C] Tpeak [°C] Tflow [°C]

0 236.5 13.3 5.7 18.6 189.3 11.9 212.2 350.9 159

45 222.3 10.5 8.5 16.7 189.9 11.3 200.2 341.4 159

100 213.9 5.3 11.2 18.7 191 10.6 177.4 378.4 158

139 185.5 4.9 11 18.8 188.6 9.9 167.5 367.7 154

168 187.4 12.1 14.5 22.4 190.4 13.4 163.7 359.1 152

251 169.7 40.2 13.7 23.2 186.8 14.3 152.3 374.2 151

292 168.3 46.7 13.4 20.6 185.8 12.6 147.4 389.9 150

910 155.9 71.2 2.9 12.5 164.6 8.3 143.1 388.5 128

992 154.5 70.7 5.2 16.5 167.7 11.2 123.1 390.2 139

Table 3.5: Effect of the irradiation condition on DSC (from first and second
heating scans), TGA and DMTA results for non-irradiated and variously irra-
diated TPE specimens [46].

performed using an inVia Qontor Raman microscope (Renishaw plc, UK)
with a laser excitation wavelength of 442 nm. Raman spectra were recorded
across the 500–3500 cm−1 range. For Ramanmeasurements, samples were
sectioned perpendicular to the filament axis, and data were collected at three
radial locations on the cut surface: near the outer surface, near the core, and
at an intermediate point.

The FTIR spectra of non-irradiated filaments were found to be broadly
consistent with literature reports [61, 64, 65]. Upon irradiation, all materials
exhibited spectral features indicative of oxidation, most notably the appear-
ance of a broad absorption band in the 3100–3600 cm−1 region, attributed
to O–H stretching vibrations. Aside from this oxidation signal, the remainder
of the spectra showed no significant shifts in peak positions and only minor
variations in intensity, suggesting limited changes in the overall chemical
structure of the filaments.

Raman spectra acquired from the three materials were also consistent
with previous literature data [61, 64, 66]. All spectra were normalized to the
total Raman peak area and are presented as a function of irradiation dose
in Figure 3.10.

For both ABS and TPE, the Raman spectra did not show significant
changes in peak positions or relative intensities as a function of irradiation
dose. However, an increase in the fluorescence background was observed
with increasing absorbed dose. In the case of ABS, a slight broadening of
the peak at 1600 cm−1—associated with the skeletal vibration of the C=C
aromatic ring [66]—was also noted.
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Figure 3.10: Raman normalized spectra for a) PLA, b) ABS and c) TPE fila-
ments [46].
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No substantial differences were detected in ABS spectra based on the
sampling position along the filament radius. In contrast, for TPE irradiated at
high doses, a systematic increase in fluorescence background was observed
across the filament cross-section, with higher background levels consistently
recorded near the outer surface, as illustrated in Figure 3.11.

Regarding PLA, the Raman spectra exhibited low repeatability in terms
of fluorescence background intensity. Nonetheless, no new spectral features
emerged across the different irradiation conditions.
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Figure 3.11: Raman spectra for non-irradiated (dotted lines) and irradiated
(at 992 kGy, solid lines) TPE filament in function of the position along the
radius of the filament [46].

3.2.5 Analysis and Results

The marked deterioration in mechanical properties, in contrast to the rela-
tively modest changes in chemical and thermal characteristics, supports the
hypothesis that chain scission is the dominant radiation-induced mechanism
affecting all three materials examined, as discussed below.

In the case of PLA, mechanical properties degrade significantly with in-
creasing X-ray dose.While non-irradiated specimens exhibit ductile behaviour
and undergo substantial plastic deformation, even the lowest investigated
dose (45 kGy) leads to brittle failure. At 144 kGy, degradation is so severe
that specimens become untestable. These findings align with previous re-
ports on gamma-irradiated PLA [65, 67]. For instance, West et al. [67] and
Wady et al. [65] were able to test samples up to 150 kGy and 300 kGy, res-
pectively; however, above 100 kGy, strain at break consistently dropped be-
low 1%, and tensile strength decreased by more than 50%, indicating severe

81



CHAPTER 3. RADIATION EFFECTS ON POLYMERS

embrittlement. The slight discrepancy in dose thresholds for tensile testing
compared to the present study may stem from differences in experimental
conditions, such as radiation type, dose rate, strain rate, or sample geome-
try.

Thermal analysis via DSC provides subtle but meaningful insights into
the effects of radiation on PLA. The observed decrease in glass transition
temperature (Tg) and melting temperature (Tm), the slight reduction in melt-
ing enthalpy (∆Hm), and the disappearance of the cold crystallisation peak
in the most irradiated samples (144 kGy) are consistent with a reduction in
molecular weight due to chain scission. The presence of shorter chains may
contribute to a plasticising effect that lowers Tg, impairs the formation of well-
ordered crystals (reflected in decreased Tm and ∆Hm), and facilitates more
complete crystallisation upon cooling, eliminating the need for recrystallisa-
tion during the second heating scan. These trends mirror observations in
studies on gamma-irradiated PLA [65, 67, 68]. Regarding melting enthalpy,
similar reductions in∆Hm have been reported for doses up to 150 kGy, while
higher doses have been associated with an increase in crystallinity [68].

TGA results also indicate modest but relevant changes, consistent with
literature on PLA exposed to gamma radiation from 60Co sources up to 400
kGy [65, 67]. In those studies, higher doses correlated with an increased
mass loss during the early stages of thermal degradation, attributed to chain
scission and the formation of thermally labile peroxy groups that decompose
upon heating [69]. Altogether, the observed deterioration in mechanical per-
formance and the supporting thermal data reinforce the conclusion that chain
scission is the predominant radiation-induced mechanism in PLA.

The tensile properties of ABS filament remain largely unaffected by ir-
radiation doses up to 300 kGy. However, at higher doses between 1 and 2
MGy, substantial changes are observed. Tensile testing reveals a radiation-
induced transition from ductile to brittle behaviour, marked by reductions in
both tensile strength (TS) and elongation at break (ϵb), while the Young’s
modulus (E) remains unchanged. This trend aligns with previous findings on
ABS exposed to gamma irradiation at doses below 1 MGy [55, 65]. At the
highest dose tested (1900 kGy), samples become mechanically untestable.

Differential Scanning Calorimetry (DSC) and Thermogravimetric Analy-
sis (TGA) provide limited insight into the structural evolution of ABS. The
glass transition temperature (Tg) stays constant, although both the onset
(Tonset) and peak (Tpeak) degradation temperatures exhibit slight reductions
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with increasing dose. This decline has also been reported in literature and
is typically attributed to the enhanced volatilization of low molecular weight
fragments formed during high-dose gamma irradiation (2.68 MGy) [65].

Dynamic Mechanical Thermal Analysis (DMTA) in this study shows a
dose-dependent shortening of the rubbery plateau, indicating a progressive
decrease in molecular weight due to X-ray exposure. The extent of the rub-
bery plateau generally correlates with polymer chain length: more precisely,
shorter chains are less entangled, reducing this plateau and anticipating the
onset of flow behaviour. This observation suggests that chain scission dom-
inates over crosslinking in ABS irradiated with X-rays up to 1 MGy. This
conclusion is further supported by the stable Young’s modulus, which shows
no signs of radiation-induced stiffening. In contrast, gamma irradiation has
been linked to crosslinking at similar dose levels, as inferred from the in-
crease in stiffness[65]. Nevertheless, the concurrent drop in tensile strength
in gamma-irradiated ABSmay still be attributable to chain scission. Given the
overlapping mechanisms and varying dose ranges, current evidence does
not definitively support a distinct effect of X-rays versus gamma rays on ABS.

Raman spectroscopy on ABS supports these findings: an increase in
spectral background suggests radical-induced fluorescence, while broaden-
ing of the 1600 cm−1 band indicates the formation of additional carbonyl
groups, consistent with previous reports [65].

The most pronounced radiation-induced mechanical degradation is ob-
served in the TPE samples. Initially capable of sustaining elongations ex-
ceeding 800%, the material becomes extremely brittle at doses near 1 MGy.
Above 250 kGy, tensile strength, elongation at break (ϵb), and Young’s mod-
ulus all decline noticeably with increasing dose. DSC results suggest that the
crystalline structure of TPE remains mostly unaffected until around 1 MGy,
where slight reductions in soft domain crystallinity and the quality of hard
domain crystals are detected. On the other hand, thermal stability is signifi-
cantly compromised: both TGA and DSC reveal earlier onset of degradation
with increasing dose. Additionally, DMTA results show that the flow transition
temperature of TPE decreases progressively at doses above 100 kGy.

A notable observation is the progressive shift indicative of a reduction
in molecular weight, likely due to chain scission processes. This interpreta-
tion is supported by the observed decline in mechanical properties such as
strength and ductility. At higher radiation doses (around 1 MGy), a noticeable
reduction in stiffness is also recorded, affecting both Young’s modulus and
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storage modulus. This may be attributed to the cracks which appeared on
the surface of the filaments after irradiation at such high doses, significantly
altering the specimens’ geometry. Additionally, TPE exhibits an increased
fluorescence background in the Raman spectra post-irradiation. This fluores-
cence enhancement is more prominent near the surface, suggesting poten-
tial oxygenation effects influenced by material porosity, geometry, and other
factors, which affect radical formation and subsequent damage. This phe-
nomenon correlates with the surface cracks observed on the TPE filaments
irradiated at high doses. However, it remains unclear whether increased oxy-
genation is the cause or a consequence of the cracking, underscoring the
need for further research to clarify the relationship between oxygen ingress
and structural deterioration.

Overall, the irradiation results indicate a gradual degradation of material
properties with increasing dose, predominantly affecting mechanical charac-
teristics more than chemical or thermal ones. The data consistently support
chain scission as the primary damage mechanism.

Sample geometry appears to play a significant role in the observed ef-
fects, as inferred from the spectroscopic behavior of TPE. Oxygenation con-
tributes to more severe damage, suggesting that degradation in filament
form may differ from that in 3D-printed objects. These differences stem from
variations in oxygen diffusion dynamics, which are influenced by factors such
as sample thickness, surface area, porosity, and overall geometry.

The findings also facilitate a comparative assessment of the materials’
radiation tolerance, offering valuable insights for selecting the most resilient
options. Among the three tested materials, PLA shows the lowest tolerance,
with a marked drop in tensile strength beyond 100 kGy. In contrast, TPE
and ABS demonstrate superior radiation resistance, showing comparable
mechanical degradation only after 1 MGy and 2 MGy, respectively. Future
experiments will further explore the influence of parameters such as temper-
ature, ambient environment, sample geometry, and dose rate on radiation
effects, particularly in relation to oxygenation. Preliminary results indicate no
significant difference between samples irradiated at 0.2 Gy/s and 0.6 Gy/s,
prompting further investigation using a substantially higher dose rate (via 2.5
MeV electron beam exceeding 10 MGy/h).
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Conclusion

This thesis explores industrial sterilization using ionizing radiation, with a
particular focus on electron beam (e-beam) sterilization.

Monte Carlo simulations were employed to accurately model dose distri-
butions within real product geometries and packaging configurations. Specif-
ically, simulations performed on commercial products provided deeper in-
sights into electron interactions with the product boxes and enabled quan-
tification of strategies to optimize dose distribution. These simulations also
guide the estimation of optimal process parameters to minimize sterilization
time without compromising process quality.

The effects of specific configuration choices—such as placing denser
product components at the bottom of the box during single-side irradiation,
and the use of scattering plates—were assessed. Both approaches were
found to significantly reduce the Dose Uniformity Ratio (DUR). Furthermore,
uncertainty quantification added confidence to the simulation outcomes, sup-
porting systematic process optimization aimed at increasing throughput.

In addition, this thesis investigated the effects of ionizing radiation on
several commercial polymers commonly used in Fused Filament Fabrica-
tion (FFF) 3D printing, which are gaining relevance also in the medical sec-
tor. Combined mechanical, thermal, and spectroscopic analyses revealed
progressive material degradation with increasing radiation dose, primarily
impacting mechanical properties more than chemical or thermal ones. Re-
sults consistently indicate chain scission as the dominant degradation mech-
anism. Among the three tested polymers, PLA exhibited the lowest radiation
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tolerance, with a significant decrease in tensile strength beyond 100 kGy.
In contrast, TPE and ABS showed higher resistance, with similar levels of
mechanical degradation occurring only after exposure to 1 MGy and 2 MGy,
respectively.

Overall, this work contributes to both the optimization of industrial e-beam
sterilization processes and the broader understanding of polymer behavior
under ionizing radiation. The proposed simulation framework supports more
efficient process design while preserving product integrity. These findings
offer practical value to Copan and similar manufacturers in selecting appro-
priate materials and irradiation strategies.
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