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Abstract:

In this project, the effect of radiation on polymer
samples is studied. Poly (Methyl Methacrylate)
(PMMA) and High Density Polyethylene (HD-PE)
samples are irradiated with doses from 10 Gy to 800
Gy, at dose rates of 6.00 Gy/min. The changes
in the refractive index are measured with Terahertz
Time-Domain Spectroscopy (THz-TDS). For HD-
PE, changes of % crystallinity are obtained with
Differential Scanning Calorimetry (DSC).
For the PMMA samples, an increase in refractive
index as the dose increases is observed. For the
HD-PE samples, the refractive index decreases with
the dose. The % crystallinity slightly correlates with
the refractive index for low doses.

For Polyethylene (PE) samples from a semester
project, the % crystallinity is measured by DSC
and X-ray Diffraction (XRD). The % crystallinity
measured by XRD has a higher value than measure-
ments obtained by DSC. A slightly linear tendency
between the refractive index and the % crystallinity
is observed.
The degradation of the polymers is studied by THz-
TDS, and the results show that the refractive index
increases over time.

The project shows that there is a correlation be-
tween refractive indices and doses, and between the
% crystallinity and the refractive index at low doses.
It makes THz-TDS a promising approach to study
materials response to irradiation. To obtain the most
accurate results with THz-TDS several factors, such
as ageing, light exposure, and sample purity need to
be taken into account.



Resume

I stråleterapi er der i de sidste mange år blevet forsket i udviklingen af nye dosimetri-metoder.
På kræftafdelinger er det vigtigt at kunne sikre præcis målretning, planlægning og overvågning
af behandlingen i forhold til dosering af stråling. De nuværende teknologier anvender tit poly-
mergel eller plastdosimetre i samspil med en af følgende billedteknikker: Computertomografi
(CT), Magnetisk Resonans (MR) og røntgen-CT, for at kunne danne tredimensionelle (3D)-
dosisprofiler. Ved de nuværende teknologier måles dosisen ikke direkte, men beregnes gennem
diverse modeller, som kan være komplekse og følsomme. De fleste billedteknikkerne er todi-
mensionelle (2D)-scanninger, så for at få en høj opløsning gennem hele prøven kræves mange
2D-scanninger. Derfor forskes der i nye metoder, som kan måle dosisprofiler direkte, hurtigt og
uden tung billedbehandling eller rekonstruktion af 2D-scanninger.

Formålet med dette kandidatspeciale er at undersøge, om TeraHertz Time-Domain
Spectroscopy (THz-TDS) kan bruges til at karakterisere ændringer i polymerer efter bestråling,
med henblik på dosimetri ved lave doser, som er relevant i klinisk praksis, såsom i stråleterapi.
THz-TDS er en ikke-destruktiv metode, som kan bruges til at måle optiske ændringer med høj
nøjagtighed uden at berøre prøven, der undersøges. I projektet undersøges, om THz-TDS kan
bruges til at måle brydningsindeks som funktion af den absorberede strålingsdosis for forskellige
polymerer. Poly(methyl methacrylat) (PMMA) og høj densitet polyethylen (HD-PE) er de
valgte polymere, som i deres kemisk struktur er forskellige, men begge er velkendte i medicinal
industrien. Polymererne er bestrålet i en lineær accelerator, en Varian TrueBeam, på Aalborg
Universitetshospital med doser fra 10 Gy til 800 Gy og en dosisrate på 6.00 Gy/min.

Derudover sammenlignes resultaterne fra THz-TDS med % krystallinitet målinger fra to
velkendte metoder: Differential Scanning Calorimetry (DSC) og X-Ray Diffraction (XRD). Begge
metoder er destruktive karakteriseringsmetoder, hvoraf ønsket om at erstatte metoderne med
THz-TDS er tiltænkt.

Resultaterne af dette projekt viser, at PMMA har en tydelig stigning i brydningsindeks,
når dosisen øges. Dette skyldes strukturelle ændringer såsom krydsbinding og reorientering
af polymerkæder. For HD-PE observeres derimod aftagende værdier for brydningsindeks ved
stigende dosis, hvilket tyder på en reduktion i krystallinitet. Dette bekræftes gennem DSC-
målinger, hvor et svagt fald i krystallinitet ses ved lave doser. Ved højere doser bliver
sammenhængen mindre tydelig, hvilket sandsynligvis skyldes konkurrerende mekanismer i
polymeren.

Polyethylen (PE) prøver fra et tidligere semesterprojekt analyseres med henblik på at finde
en sammenhæng brydningsindeks og % krystallinitet. Disse prøver måles med THz-TDS, DSC
og XRD. Der ses en svag lineær sammenhæng mellem % krystallinitet og brydningsindekset,
hvilket understøtter THz-TDS som metode til karakterisering af strukturelle ændringer.

Projektet undersøger også, hvordan prøverne ældes efter bestråling, og hvordan dette påvirker
de optiske egenskaber over tid. For alle polymer prøverne ses en stigning i brydningsindeks over
tid, uafhængigt af dosis, dosisrate og polymer type. Dette tyder på, at der stadig forekommer
strukturelle ændringer i polymererne over tid, hvilket tydeliggør vigtigheden af tidsafhængige
målinger i forhold til inducerede strålingseffekter i polymerer.
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Konklusionen er, at THz-TDS har potentiale som en ikke-destruktiv metode til karakterisere
strålingsændringer i polymerer ved lave doser. Projektet bidrager med viden om anvendeligheden
af THz-TDS i dosimetri og åbner op for videre forskning mod en mere direkte og realistisk 3D-
dosisprofilering i medicinske sammenhænge.
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Intro 1
Polymers are a fundamental class of materials that are widely used in both industrial and medical
applications. Therefore, it is important to study the properties of polymers. The structural,
mechanical, and optical properties depend on the chemical structure and morphology of the
polymers. One of the important properties is crystallinity, which variation leads directly to
changes in optical properties, such as refractive index.[1, 2, 3]

There are di�erent types of polymers, and in this project the focus is on PMMA and PE,
because these polymers are used in the medical �eld and are di�erent in chemical structure.
PMMA is an amorphous, transparent thermoplastic polymer. It has high optical clarity, good
stability, and resistance to ultraviolet (UV) radiation. The refractive index of PMMA is typically
related to chemical modi�cations and chain length, so small structural changes such as the
formation of small ordered segments can be detected by changes in the refractive index. PMMA
can be used as an alternative to glass in optics due to its transparency. In the medical �eld,
it is used as a reference in dosimetry, as it typically has a clear response to ionizing radiation.
Furthermore, PMMA has a wide application in, for example, intraocular lenses, bone cement,
dentistry, and prosthetics due to its transparency and mechanical properties.[3, 4, 5]

PE is a semi-crystalline and thermoplastic polymer. It is a quite �exible polymer and
can be produced in di�erent types depending on variations in density and crystallinity. PE
is commonly used as packaging material and is also widely used in the medical �eld. HD-PE
and Ultra High Molecular Weight PE (UHMWPE) are two polymers that have wide application
in medical devices such as implants, joint replacements, and medical containers. PE has a low
friction coe�cient and resistance, which makes it the polymer of choice for long-term implants
compared to PMMA. The crystalline regions in PE are closely packed and ordered. This results
in crystalline regions with a higher density level and thus a higher refractive index of PE than
of PMMA.[1, 2]

In medical application there is also a need to obtain the purity of the material with minimal
damage to the properties of the material. To perform sterilisation, the method of choice is often
irradiation by 
 -rays or electron-beams (e-beams). Since polymers are used in various �elds, it
is important to understand the changes induced by radiation. Instant changes and changes over
time are important and crucial for use in the medical �eld.[1, 3, 6]

Ionising radiation induces changes in many types of materials both at the microscopic and
macroscopic levels through interaction with the molecular structure. For polymers, the e�ect
leads to di�erent reactions, such as chain scission, cross-linking, oxidation, or reorientation of
polymer chains. These reactions result in changes in the physical properties, such as strength,
sti�ness, thermal transition points, refractive index, etc. Changes can occur immediately and/or
develop over time after irradiation. Furthermore, ambient environmental factors, such as heat,
moisture, and oxygen, can in�uence the reactions.[2, 4, 6, 7]

Post-irradiation degradation, also known as ageing, is a common process in polymeric
materials. Once a polymer is irradiated, free radicals are formed. The free radicals undergo
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chemical reactions, leading to chain scission, cross-linking, or oxidation. Both PMMA and PE
are sensitive to radiation, but react di�erently. The understanding of radiation-induced changes
in these polymers has been widely studied.[2, 4]

When PMMA undergoes post-irradiation degradation, it loses its transparency and becomes
more yellow in colour. PE can during its ageing process, experience changes in crystallinity and
increases in oxidative degradation, leading to a decrease in polymer stability.[2, 8]

An understanding of the long term e�ects of radiation is important in the medical �eld, as
devices should maintain their properties for the proper time periods. Therefore, it is important
to characterize the polymer and investigate changes in the polymer properties over time after
irradiation. There are a wide range of studies for high doses in the range from 1 kGy to 1000
kGy, whereas the responses of the polymer to lower doses, used in medicine, are not well inves-
tigated.[2, 4, 6, 8, 9]

Typically, changes in crystallinity after radiation are studied, as crystallinity has a crucial
role in the properties of the polymer.

DSC is a commonly used technique, where the heat �ow is measured as a function of
temperature. The samples are heated to investigate the melting properties of the polymer, which
provides information on the crystallinity from the endothermic peaks of the DSC curves before
and after irradiation. There are three main problems with DSC. The sample changes irreversibly
because the polymer is heated above its melting point or above its glass transition temperature,
leading to recrystallisation or/and thermal degradation. These changes are permanent and the
sample can not be reused for further measurements as it loses its original state. The second
problem is that the sample size needs to be small to �t in the machinery of a DSC. For larger
samples, it is not possible to get a representative measurement of the whole sample, in the case
of a varying dose pro�le. The last main problem is the use in situ. There is no opportunity to
break a medical device into smaller parts to monitor the changes.[10, 11]

XRD is another technique to investigate the crystallinity of polymers. X-rays are used to
reveal the di�raction patterns of the samples, and the degree of crystallinity is measured from
the position and intensity of Bragg peaks. The samples for XRD are in solid form as powder,
thin �lm, and polished surface. Therefore, samples need to be cut or pulverised to be able
to use the XRD for crystallinity studies. Moreover, in sensitive polymeric samples, prolonged
exposure with X-rays can induce structural damage or alteration. This problem also arises if
several measurements are needed for the samples. In situ, the size of the sample is the biggest
problem. The sample must be placed on the XRD device, which restricts the size of the samples.
Often modi�cations are needed, leading to less complete monitoring of the sample.[12]

Both DSC and XRD are common and standard methods for crystallinity studies of polymers.
In combination, they can give a clear idea of the crystallinity since they are complementary and
robust methods. However, they are both destructive in many cases and may not always be the
best choice for the study of radiation-induced changes. For example, in three-dimensional (3D)
mapping of dose distribution, both methods are limited and not suitable, since they are destruc-
tive and only able to give pointwise information, thereby restricting a spatial resolution. DSC
and XRD are therefore only used in laboratory studies, where samples can be destroyed without
taking into account the needs for re-measurement.

In radiotherapy, there have been a lot of studies in the recent years to develop new dosimetry
methods to gain 3D imaging of dose �elds. This is highly needed to target portrayal, treatment
planning, and monitoring of the treatment response, especially in the oncology departments.[13]
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Several technologies are used nowadays to make 3D reconstruction of dose pro�les based on
the changes in chemical and physical properties of di�erent materials. Most commonly, this
requires a polymer gel dosimeter or a plastics dosimeter combined with an imaging technique.
There are di�erent kinds of imaging techniques such as Computed Tomography (CT), Magnetic
Resonance (MR), and X-ray combined with CT, to visualise the spatial dose distribution in
di�erent objects, but there are still a lot of limitations.[14, 15, 16, 17]

One limitation is that the dose is not obtained directly with the 3D imaging dosimetry.
Instead, a secondary property such as optical density, �uorescence, etc. is obtained. The
conversion to dose is done by a calibration model, which can be a time-consuming and complex
process, since it can be sensitive to material, temperature, and setup.[17]

A lot of the reconstruction algorithms used are based on ideal conditions considering geometry
and homogeneity. Ideal conditions are rarely seen in real life, and small deviations such as air
inclusion, mechanical stress, or local changes in refractive index, can have an impact on the
reconstructed 3D dose image. Thereby, misinterpretation of the spatial dose distribution can
occur, which is not ideal in treatment planning.[13, 17]

Another limitation is the need for high resolution throughout the whole sample. To construct
a good 3D dose pro�le, several two-dimensional (2D) scans are usually combined. There are a
lot of standardised protocols and great advancement with proper reconstruction algorithms, but
3D dosimetry needs to be improved further.[13, 17]

Therefore, there is a need for new and alternative approaches, where radiation-induced
changes in materials can be measured in volume, directly, rapidly, and without any destruction of
the sample. If all these parameters can be ful�lled, a technique without heavy image processing
can be used.

THz-TDS is an interesting candidate for a more direct, rapid, and non-destructive method
to investigate the radiation dose. THz-TDS can measure changes in the optical and dielectric
properties of materials exposed to radiation. At the same time, THz-TDS is a sensitive technique
and provides precise information on the properties of the samples.[18, 19]

THz-TDS uses radiation in the range 0.1 THz to 10 THz, corresponding to wavelengths
between microwave and infrared range. It is a non-destructive and contactless method, which
does not require a lot of sample preparation. The THz radiation can, depending on the material,
penetrate several millimeters, enabling depth and tomographic measurements.[18, 20]

The system uses short laser pulses and photoconductive antennas for the generation and
detection of short THz pulses. Some of the THz pulses are then transmitted or re�ected by
the sample, meanwhile the rest of the THz pulses are probed by a delay line. Thereby, the
transmitted and re�ected signal can be detected as functions over time and Fourier transformed
(FT) into the frequency domain. Both amplitude and phase can be analysed in the frequency
domain to obtain information about the dielectric properties of the sample, such as refractive
index and absorption coe�cient.[19, 21]

THz radiation is non-ionising and has low photon energy, 1�100 meV, which makes it
preferable for use in the medical and biological �eld. With THz radiation it is possible to study
the properties of the material by investigation of the inter- and intramolecular interactions.
Furthermore, it is also possible to investigate molecular vibrations and biochemical dynamics in
biological tissue.[19, 20] THz-TDS is sensitive to changes in the microscopic level, moist content,
crystallinity, and molecular polarisation, which makes it suitable for the polymer studied. After
irradiation, chain scission, cross-linking, or reconstruction of chains can occur within the polymer,
which a�ects the dielectric response and can be detected by THz-TDS.[20, 22]

3
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Comparing THz-TDS to DSC and XRD, it is a method with potential for minimal damages of
the sample, but there is also one main practical complication. THz radiation is strongly absorbed
by water, and since there is a large water content in the air, a clear control is commonly needed
during measurements.[23]

THz-TDS is a promising approach for the development of a new type of dosimetry techniques
to provide dose-dependent changes in real time. It is still a relatively unexplored method and
despite the fact that a lot of studies have already been performed for high doses, there is still
a high need for systematic studies to connect the THz parameters, such as the refractive index,
with the absorbed dose.

1.1 Aim of the Project

The purpose of this project is to investigate THz-TDS as a non-destructive characterization
technique for irradiated polymers, with a focus on dosimetry. Hence, lower radiation doses are
applied, which are more commonly used in the medical �eld. PMMA, HD-PE and PE are used
as polymers, since they di�er in structure and already well-known in the medical �eld.

4



Theory 2
2.1 Polymer

Polymers are large molecules built up by repeating units, known as monomers, which are linked
into chains by covalent bonds during a polymerisation process. The degree of polymerisation
(DP) provides information about the total number of monomers, including the end groups.
Polymer samples typically contain chains of varying lengths, therefore the average degree of
polymerisation (DP) is commonly used.[24]

2.1.1 Molecular Weight

Molecular weight is one of the important parameters when discussing the physical properties of
polymers. Materials with low molecular have di�erent properties compared to those with high
molecular weight, even when the chemical composition of the materials are the same.

To measure molecular weight, di�erent techniques can be used. Some techniques, such
as titration, cryoscpoy, and ebulliometry, depend on end-group analysis of the polymer.
In these techniques, the number of molecules of each weight is counted to determine the
number average molecular weight, M n :[24]

M n =
P

N i M iP
N i

(2.1)

where N i is the number of moles of molecules with a molecular weightM i .
Other techniques, such as light scattering and ultracentrifugation, determine molecular weight

based on the polarisability or mass of the molecules, respectively. Whereas the calculation ofM n

is based on the mole fraction of each species, these techniques use the weight fraction instead.
The molecular weight in these techniques is called theweight average molecular weight, M w and
is expressed as:[24]

M w =
P

Wi M iP
Wi

=
P

N i M 2
iP

N i M i
(2.2)

where Wi is the weight of the molecules with a molecular weightM i .
In end-group analysis techniques, each molecule contributes equally, regardless of its weight.

In light scattering, weight is taken into account as larger molecules scatter light more e�ectively.
Therefore, M w is always higher thanM n , except in the case where all molecules are of the same
weight, resulting in M w = M n . In general, molecular weight can be expressed as:[24]

M =
P

N i M a+1
iP

N i M a
i

(2.3)

where a = 0 to obtain M n and a = 1 to obtain M w .
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2.1.2 Classi�cation

The structure of polymers varies depending on the type of monomer, DP, and the polymerisation
process. The three main types of polymer structures are linear, branched, and network, see �gure
2.1.[24]

Figure 2.1. The di�erent polymer types: (a) A linear polymer. (b) A branched
polymer.(c) A network polymer. Taken from [24].

In a linear polymer, there is no branching, and the polymer forms a long structure with
straight chains. Branched polymers have chains with side branches. In network polymers, the
chains are interconnected in a large mesh. Polymer chains are linked through cross-linking, a
process where covalent bonds are formed between chains. Network polymers are more strongly
bonded, making them insoluble, whereas linear and branched polymers can be dissolved with
the proper solvent.[24]

Polymers can also be classi�ed as either thermoplastics or thermosets, depending on their
ability to remelt after solidi�cation. Thermosets form strong cross-linked molecular structures
during solidi�cation, making them incapable to remelt. In contrast, thermoplastics have the
ability to remelt after solidi�cation. Depending on molecular arrangement during solidi�cation,
thermoplastics can be further classi�ed as either amorphous or semi-crystalline.[25]

2.1.3 Morphologies

Polymers can be roughly divided into two main morphological groups: amorphous and semi-
crystalline.

An amorphous polymer is characterised by a lack of order in molecular packing. The
molecules are arranged in a disordered and irregular way, leading to varying intermolecular forces
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and distances between the molecules. In a semi-crystalline polymer, the molecules are arranged
in regular arrays, leading to crystal lattice packing. The intermolecular forces are uniform and
the degree of packing gives a di�erent degree of crystallinity.[24]

Semi-crystalline Polymer

Semi-crystalline polymer materials can be produced in di�erent ways, such as cooling from the
molten state, evaporation of polymer solutions, or annealing. These methods allow the polymer
chains to reorient themselves into crystalline structures. A semi-crystalline material consists of
crystalline regions interconnected by amorphous areas and are typically more sti�, more opaque,
more resistant, and have higher density than amorphous polymers.[24]

The degree of crystallinity is often determined by DSC, which analyses the heat of fusion,
or XRD, which analyses the atomic arrangement within the material. In both methods, the%
crystallinity is determined using the density of a fully crystalline sample as a reference. There
are several factors such as molecular weight, symmetry of the monomer, chain branching, and
cross-linking that can in�uence the crystallinity of a polymer:[25, 26, 27]

ˆ A high molecular weight leads to a high% crystallinity due to the larger number of chain
entanglements.

ˆ A symmetrical repeating unit has the ability to crystallise, meanwhile, random copolymers
cannot crystallise due irregularities.

ˆ Branches and other defects a�ect the % crystallinity. Few defects result in high %
crystallinity. Larger amount of defects result in low % crystallinity.

ˆ Crystalline regions increase the density of the material, resulting in an increase of%
crystallinity. Branched polymers have a lower density compared with linear polymers,
resulting in a lower % crystallinity.

ˆ High cross-linked density polymers have lower% crystallinity, due to defects.

A semi-crystalline material melts over a narrow temperature range, known as the crystalline
melting point ( Tm ), where the polymer undergoes transitions from a microcrystalline solid to a
viscous liquid, resulting in changes in density, refractive index, heat capacity, etc., as shown in
�gure 2.2. On the other hand, amorphous polymers do not have a distinct melting point but
instead softens gradually over a boarder temperature range. The glass transition temperature
(Tg), is the temperature for the transition from the glassy state to a rubbery state. This transition
is possible only for the amorphous part of a semi-crystalline material, whereas the crystalline
part does not undergo any transition at Tg, see �gure 2.2.[27]

Temperature

Glassy state
(Brittle plastic)

Tg

Rubbery state
(Tough plastic)

Tm

Viscous liquid
(Polymer melts)

Figure 2.2. Polymer states at the glass transition temperature,Tg, and the
crystalline melting point, Tm .
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Amorphous Polymer

To characterise an amorphous polymerTg is one of the most commonly used parameters. In
the beginning of heating, the kinetic energies of the polymer molecules increase to a certain
extent, but the increase is limited, as the glass-like structure of the polymer provides short-
range vibration and rotation. As the temperature continues to increase, the polymer gradually
loses its glass-like properties and undergoes a transition into a rubbery state. When a rubbery
state is formed, Tg is reached. The factors that in�uenceTg are mainly the size, polarity, and
stereochemical structure of the polymer. Polymers with bulkier monomers has reduced rotational
freedom, resulting in a higherTg.[24]

The stereochemical structure of an amorphous polymer can be described by three di�erent
tacticities: atactic (mr), isotactic (mm), or syndiotactic (rr), see �gure 2.3.[28]

(a)

(b)

(c)

Figure 2.3. The blue circle represents the functional group of the monomer.(a)
Atactic structure. (b) Isoactic structure. (c) Syndioacactic structure.

In an atactic structure, the monomers are added in a racemic diad mode, with the successive
asymmetric carbons randomly oriented on both sides of the polymer chain, see �gure 2.3a. In
an isotactic structure, the monomers are added in a meso diad mode, leaving the successive
asymmetric carbons oriented on the same side of the polymer chain, see �gure 2.3b. In a
syndiotactic structure, the monomers are added in di�erent racemic diad mode, where successive
asymmetric carbons are alternated and oriented on both sides of the polymer chain, see �gure
2.3c. Typically, (rr) has the highest value ofTg and (mm) has the lowest.[28, 29]

The side groups on the polymer backbone also in�uenceTg. The chloro and hydroxy groups
are approximately the same size as methyl groups, but they have signi�cantly higher polarity.
The higher polarity leads to a higherTg for polymers with chloro or hydroxy groups compared
to those with methyl groups.[24]

8



2.1. Polymer Aalborg University

Stabilisers

Tg and Tm can also change over time for a given polymer sample, due to ageing factors such as
oxidation and exposure to UV radiation.[24] To prevent unintentional degradation in commercial
polymer products, di�erent types of stabilisers are used. Several stabilisers can be combined
during the production of the polymer to in�uence the stabilisation process and to improve the
properties of the polymer. The use of stabilisers varies depending on the polymer but is common
in the production of commercial polymers. Most polymers are indirectly in�uenced by oxygen in
the atmosphere, as they have free radicals along the polymer chain. The free radicals react with
oxygen and form peroxy radicals, which can lead to polymer degradation and, consequently,
to a loss of mechanical strength. Therefore, many polymers are treated with antioxidants as
stabilisers to prevent the formation of free radicals.

To overcome UV degradation, stabilisers can act as shields preventing UV light from reaching
the chromophores and thereby inhibiting autoxidation. Furthermore, these stabilisers should not
facilitate any energy transfer, as this can initiate oxidation. The e�ectiveness of shield stabilisers
is limited, as they are non-speci�c and may also absorb light outside the UV spectrum, leading
to changes in the colour and/or opacity of the original material, making them less favourable in
transparent applications.[26, 30]

In this project two di�erent types of polymers are investigated: a semi-crystalline polymer,
PE, and an amorphous polymer, PMMA.

2.1.4 PE

In PE, multiple ethylene monomers are linked into a chain, see �gure 2.4.

H

C

H

C

H

H

(a)

H

C

H

C

H

H n

(b)

Figure 2.4. (a) The molecular structure of ethylene.(b) The molecular structure
of PE.

PE is a transparent thermoplastic used in multiple applications depending on its morphology.
HD-PE generally has a low level of defects and is therefore the closest to pure PE. Because of
fewer defects, the chains can be arranged into a highly crystalline polymer, resulting in a high
density. HD-PE has the highest sti�ness among the di�erent types of PE, and is therefore
suitable for liquid containment and storage container applications.[24, 26, 31]

Low density PE (LD-PE) has a substantial amount of branches and defects, which leads to a
less crystalline polymer and thus a lower density. LD-PE is much more �exible due to the lower
degree of crystallinity, which also decreases its melting point. LD-PE is used, for example, in
retail packing and trash bags. Both types of PE also have wide applications in the biomedical
�eld, for example for implants and wrapping.[24, 26, 31]

The physical properties of LD-PE and HD-PE are presented in table 2.1.[26, 31]
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Property LD-PE HD-PE
Density, �

� g
cm3

�
0.90-0.94 0.94-0.97

Type Branched Linear
Crystallinity % 42-53 64-80
Melting temperature, Tm [°C] 98-115 125-132
Refractive index, n 1.51 1.54

Table 2.1. Physical Properties of PE.

2.1.5 PMMA

PMMA is a polymer composed of methyl methacrylate (MMA) monomers, see �gure 2.5.[25, 28]

CH3

C

C

O

CH3

C

H2C

(a)

CH3

C

C

O

CH3

C

C
H2

n

(b)

Figure 2.5. (a) The molecular structure of MMA. (b) The molecular structure of
PMMA.

PMMA is a transparent thermoplastic with a wide range of applications in biomedicine,
optics, nanotechnology, etc.[5, 32, 33] The polymer structure is de�ned by the presence of a
methyl group in the monomer, see �gure 2.5a, which is responsible for the amorphous behaviour
of PMMA. The methyl group prohibits the rotation around C-C bonds and prevents the polymer
chain from packing tightly into a crystalline structure. PMMA is therefore classi�ed as an
amorphous thermoplastic.[34]

Some of the physical properties of PMMA are presented in table 2.2. [28, 35, 36]

Property PMMA
Density, �

� g
cm3

�
1.18

Melting temperature, Tm [°C] 220-240
Glass Transition temperature, Tg [°C] 110-120
Refractive index, n 1.49

Table 2.2. Physical Properties of PMMA.

The properties of di�erent types of polymer depend on the stereochemistry of the linkage. The
amorphous nature of PMMA varies according to its tacticity : isotactic < atactic < syndiotactic,
which also in�uences theTg: 55°C < 120°C < 130°C.[28, 29]

Pure PMMA can be synthesised by controlling the polymerisation reaction. Commercial
PMMA is often a cross-linked mixture of the di�erent tacticities, for example, isotactic PMMA
and syndiotactic PMMA, atactic PMMA and syndiotactic PMMA, or atactic PMMA and
isotactic PMMA. As a result, the Tg, crystallinity, and solubility of commercial PMMA are
also varied.[28]
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2.1.6 Irradiation of PMMA and PE

When a polymer is irradiated, di�erent chemical reactions can occur, such as chain scission,
cross-linking, gas evolution, etc. The most common changes are chain scission and cross-linking.
In cross-linking, new chemical bonds are formed between nearest neighbour polymer molecules,
increasing the molecular weight. Conversely, chain scission breaks bonds, leading to a reduction
in molecular weight. In both processes, the physical properties, mainly optical and structural,
of the polymer undergo changes.[4, 37]

When PMMA is exposed to 
 -radiation at low doses, changes are mainly caused by chain
scission, leading to lowering of molecular weight andTg. As the dose increase,Tg increases due
to cross-linking, where recombination of the side groups removed due to the chain scission results
in an increase in molecular weight. PMMA exposed to low doses, undergoes degradation caused
by chain scission and at higher doses cross-linking becomes the dominant process.[4]

Irradiation of a PE sample with 
 -radiation typically leads to cross-linking and chain scission.
At low to moderate doses, cross-linking dominates, since free radicals in PE recombine to
form new bonds between the polymer chains. At higher doses, chain scission becomes the
dominant process, as there is an excessive amount of radical formation, which leads to molecular
fragmentation rather than recombination.[2]

This project studies the changes in refractive index and crystallinity induced in PE and
PMMA exposured to low dose
 -radiation.

2.2 THz-TDS

For the characterisation of the di�erent samples in this project, THz-TDS is used as the main
method. It is based on the generation and detection of THz radiation using femtosecond laser
pulses.

This section presents the basic principles of the technique. A typical TDS setup consists of
the following components: a laser, an emitter, a receiver, a beam splitter (BS), and a lock-in
ampli�er, see �gure 2.6.

BS
Emitter

Receiver

Sample

Laser

Lock-in
Detection

Vbias

Menlo TeraSmart

Delay Line

Figure 2.6. Schematic presentation of the Menlo TeraSmart system[38].

A sequence of femtosecond laser pulses is split by a BS into two separate pathways. One part
of the pulse propagates towards an emitter and the other part towards the receiver. In this way,
THz pulses are generated and detected, respectively.
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2.2.1 Generation and Detection of THz Pulses

The emitter and receiver are typically photoconductive (PC) antennas, see �gure 2.7. They
consist of two metal electrodes lithographically fabricated onto a semiconductor substrate. The
electrodes have opposite charges and are separated by a �xed distance,a, allowing them to act
as a capacitor.[21]

a

Metal Contact

Metal Contact

Area for
Laser Pulse

Semiconducting Substrate

Vbias

Figure 2.7. Photoconductive antenna.

THz Pulse Generation

The emitter is a PC antenna with a biased voltage applied to the electrodes. When the
semiconductor is excited by short laser pulses with photon energies over the bandgap, a time-
dependent photocurrent is generated. The photocurrent in the emitter consists of free carriers
that change the dipole moment of the semiconductor when they accelerate and decay. These free
changes lead to the generation of an electromagnetic �eld proportional to the time derivative of
the photocurrent:[21]

ET Hz (t) / a
@i(t)

@t
(2.4)

whereET Hz is the electric �eld at time t, a is the �xed distance between the electrodes, and
i is the photocurrent.

Applying FT, the spectral amplitude of the THz electromagnetic �eld in the frequency domain
can be written as:[21]

ET Hz (! ) / !�V biasPlaser (2.5)

where Plaser is the power of the laser,� is the mobility of electrons, and Vbias is the applied
voltage. Since there is a dependence on the mobility of electrons, the PC antennas for the
emitter should have a high carrier mobility and a high breakdown �eld to enable maximum THz
generation.[21]

THz Pulse Detection

The receiver operates on the same principle as the emitter. The main di�erence is that, for
the detection of THz pulses, the biased voltage is replaced by an ampere meter. When the
electromagnetic THz pulse hits the gap between the electrodes in the receiver, free photocarriers
are generated and accelerated, producing a photocurrent. This current is measured with an
ampere meter. When no bias �eld is applied to the emitter, no current is generated between the
electrodes, as carriers recombination and lifetime are equal, and thus no current is detected by
the receiver. As the photocurrent is typically of the order of nanoampere, for successful detection,
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a lock-in ampli�er is used. Thereby necessary modulation can be achieved by either modulating
the emitter's bias voltage or chopping the optical pump and the THz beam. The current density
of the induced photocurrent can be written as the convolution of the THz electric �eld and the
response function of the PC switch:[21]

Jph(t; � ) / ET Hz (t � � )
� 1

0
Plaser (t � t0)G(t0)dt0 (2.6)

where � is the time delay between emission and detection, andG(t0) is the response function
of the PC switch.

The electronics used to measure the photocurrent are much slower than the pulses. Therefore,
as a result, it produces a time-integrated signal:[21]

S(� ) =
� 1

�1
Jph(t; � )dt (2.7)

It is worth mentioning that since G(t) = 0 for t < 0, the integration over t0can be extended to
the range from �1 to + 1 . Applying FT, the recorded signal can be obtained in the frequency
domain as:[21]

S(! ) / G� (! )I laser E �
T Hz (! ) (2.8)

whereG� (! ) and E �
T Hz (! ) are the complex conjugated of the response function and the THz

electric �eld amplitude, respectively.[21]
Unlike emitters, the PC antennas used for the receiver need to be fabricated from

semiconductors with fast response times, as they require short carrier lifetimes to obtain a broad
and �at response function in the frequency domain.[21]

2.2.2 Data Extraction

The THz spectrum in the frequency domain is obtained by measuring the delay between the
optical delay line signal and the unknown THz beam signal through the sample. The signal
obtained can be described as the convolution of the two pulses:[19]

S(t) / I fs (t) � ET Hz (t) (2.9)

where S(t) is the instantaneous signal at time t, I fs (t) is the intensity pro�le of the
femtosecond laser pulse, andET Hz (t) is the electric �eld amplitude of the THz pulse.

To obtain S(t), sub-picosecond resolution is required, which means that speci�ed detectors
are needed to get the su�cient resolution.

It is also assumed that the THz pulse is signi�cantly higher than the femtosecond pulse,
therefore equation 2.9 can be approximated with a delta function resulting in:[19]

S(t) / I fs (t) � ET Hz (t) � � (t) � ET Hz (t) = ET Hz (t) (2.10)

From equation 2.10, the THz electric �eld in the time domain can be obtained. Applying
FT, the measured THz electric �eld in the time domain is transformed to the frequency domain,
providing spectral information of the pulse.[19]

E(t) FT��!
1

p
2�

� 1

�1
E(t)e� i!t dt = E(! ) (2.11)

where 1p
2�

is the normalisation factor.
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E(! ) can be separated into a phase part and an amplitude part as:[19]

E(! ) = A(! )ei� (! ) (2.12)

where A(! ) is the amplitude and � (! ) is the phase.[19]
When the samples are capable to transmit the THz pulse, transmission mode THz-TDS can

be used to determine the dielectric function of the given material. In transmission mode, two
measurements are obtained and compared: a reference pulse propagating through an empty
spectrometer, Eref , and a sample pulse propagating through a spectrometer loaded with a
sample,Esam . Both pulses are recorded in the time domain, and then FT is applied to obtain
the measurements in the frequency domain. From the ratio ofEref and Esam the refractive index
and the absorption coe�cient of the samples can be determined:[39]

n(! ) = 1 +
c

2�!d
� (! ) (2.13)

� (! ) = �
2
d

ln
�
A(! )

(n(! ) + 1) 2

4n(! )

�
(2.14)

whereA(! ) is the amplitude of the ratio between the two spectra,� (! ) is the phase di�erence
between the two spectra,n(! ) is the refractive index of the sample,� (! ) is the absorption
coe�cient, ! is the frequency, d is the thickness of the sample, andc is the speed of light in
vacuum.[39]

2.3 DSC

DSC is commonly used to characterise the physical properties of polymers, such as melting
temperature, glass transition temperature, crystallinity, enthalpy and entropy changes can be
obtained.

In this project, a heat �ux DSC is used, where the sample and a reference are placed in the
same oven and the heat �ow di�erence between the sample and a reference is recorded by heating
the furnace to a chosen temperature with a constant heating rate.

A typical heat �ux DSC consists of a disk (1), a furnace (2), a lid (3), di�erential
thermocouples (4), a controller (5), and two crucible, one with reference material (R) and one
with sample material (S), see �gure 2.8.[40]
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Figure 2.8. Schematic prensentation of a heat �ux DSC.� F S , � F R , and � m are
the heat �ow rate from the furnace to the sample crucible, the heat �ow rate from
the furnace to the reference crucible, and the measured heat �ow rate, respectively.
K(T) is a calibration factor, which depends one the temperature. [40].

When the heat �ow is identical for both the sample and the reference, the temperature of
the sample,TS, and the reference,TR , are equal. The di�erence in temperature,� T = TS � TR ,
is null, which is characterised as the equilibrium state.

In practical application, it is not possible to get complete thermal symmetry of the measuring
system and thereby� T is always di�erent from zero, providing a temperature dependent signal.
The measured heat �ow rate, � m , can be obtained by:[40, 41]

� m = � K � T (2.15)

where K is the calibration factor.
During the heating process, the polymer sample undergoes di�erent transitions, such as glass

transition, melting, or crystallisation, which disturbs the equilibrium. All these transitions can
be observed on the heat �ow curve shown in �gure 2.9.[40]

Figure 2.9. A typical DSC curve for a semi-crystalline polymer. [40].

If the sample requires more energy to have the same temperature as the reference, then an
endothermic process occurs, resulting in a positive change in enthalpy and a higher heat �ow.
For an exothermic process, the sample requires less energy than the reference, resulting in a
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negative change in enthalpy and a lower heat �ow. In DSC, the absolute change in heat �ow
is measured, and therefore it is necessary to mark all DSC graphs with either theendo or exo
direction.[42]

2.4 XRD

XRD is a well-known technique that commonly is applied to study the atomic structure of
crystals. By XRD, information about structural parameters as grain size, crystallinity, and
defects can be obtained.

The X-rays are produced in the cathode tube. The electrons are generated by heating a
�lament and accelerated towards a target material by an applied voltage. If the accelerated
electrons have gained su�cient energy, they can displace the electrons of the target material, and
an X-ray spectrum can be obtained. An X-ray spectrum consists mainly of two components,K �

and K � with di�erent wavelengths, which depend on the characteristics of the target material.
The most commonly used are: Cu, Fe, Mo, and Cr. To obtain a di�raction, monochromatic
X-rays are �ltering with foils or crystals.

In this project, the % crystallinity is measured by XRD with Cu as the target material with
a wavelength ofK � = 1 :5418Å. The monochromatic X-ray beams are directed at the sample,
where they are bounced onto a detector, to measure the intensity of the re�ected X-ray beams,
see �gure 2.10.[12]

Goniometer

X-ray Tube

Sample

X-ray Detector

2�

Figure 2.10. Schematic presentation of an XRD.

To get a signal, the incoming X-ray beams should obey Bragg's law:[12]

n� = 2dsin(� ) (2.16)

where n is an integer,� is the wavelength of the X-rays, d is the distance between the atomic
planes, and� is the angle of di�raction.

While the X-ray di�ractometer is running, the sample rotates within the path of the
collimated X-ray beam at an angle� , while the detector rotates with an angle 2� . The detector
records and converts the X-ray signal into a count rate. In this way, it is possible to measure
the structure of the crystal. Typically data are captured with an angle 2� from 5° to 70°. In this
project, the angle range is from 5° to 40°, since high count rates are captured in this interval.[12]
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Method 3
3.1 Sample Preparation

All samples used in this project are 2D batches of polymer cut from large commercial polymer
sheets into suitable sizes.

3.1.1 Linear Accelerator

Samples are irradiated using a medical linear accelerator, Varian Truebeam 2.7, with Millennium
dynamic multileaf collimators to shape and control the irradiation �eld. Irradiations are
performed at Aalborg University Hospital by Mads Høyrup Brincker. The following irradiation
setup is used:

ˆ Photon energy: 6 MeV
ˆ 10 mm build-up
ˆ 100 mm backscatter made of water equivalent plastic material
ˆ Source to Skin Distance (SSD): 100 cm
ˆ Irradiation �eld: 30 � 30 cm
ˆ Temperature: 23.3°C
ˆ Pressure: 1002 mbar

All doses are initially given in monitor units (MU) and subsequently converted to greys (Gy)
based on the reference calibration setup for the Varian Truebeam 2.7. The samples are aligned
with the beam from Varian Truebeam 2.7 and placed on the backscatter material, see �gure 3.1.
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Figure 3.1. The setup for radiation of the samples.

3.2 Characterisation Techniques

The properties of the polymers measured during this project are refractive index, absorption
coe�cient, and % crystallinity. The measurements are performed before and after radiation
exposure to investigate radiation-induced changes in the samples. To measure the refractive
index and absorption coe�cient, THz-TDS is used. To measure the% crystallinity of the PE
and HD-PE samples, DSC and XRD are used.

3.2.1 THz-TDS

The refractive index and absorption coe�cient are obtained using a Menlo TeraSmart system[38],
see �gure 3.2.

Figure 3.2. THz-TDS setup.
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The samples are measured before irradiation and used as reference material for irradiated
samples. Each sample is measured with an unfocused THz laser beam, in �ve di�erent places.
To optimise the signal and to increase signal to noise ratio, the following conditions are used:

ˆ All chambers for propagation are purged with nitrogen, to minimize absorption of the THz
radiation by water from the atmosphere.

ˆ All data sets are averaged over 1000 measurements, controlled by the Menlo TeraSmart
system[38], to avoid amplitude noise from laser �uctuations and electronic noise.

ˆ A lock-in ampli�er is used to signal modulation.
ˆ A Turkey window in post-processing is applied to remove the echoes from the multiple

re�ections in the samples.

3.2.2 DSC

For % crystallinity measurements by DSC, a heat-cool-heat program in a TA Q2000 calorimeter
is used. Approximately 5� 0.5 mg of material are cut from the sample and placed in several
Tzero Aluminium pan. The following setup, heat-cool-heat program, is used:

Heat-Cool-Heat Program
Equilibrate at 20°C
Ramp 10°C/min to 250°C
Mark end of cycle 0
Ramp 5°C/min to 20 °C
Mark end of cycle 0
Ramp 10°C/min to 250°C
Mark end of cycle 0

Table 3.1. DSC Heat-Cool-Heat program.

Figure 3.3 shows the melting and crystallisation process for one of the PE samples during
a heat-cool-heat program. The �rst heating curve and the cooling curve are disregarded, since
the injection molding and re-crystallisation history is not important for this study. The second
heating curve provides relevant information on the properties of reset melting and is used for the
calculations of the % crystallinity.
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Figure 3.3. Heat-cool-heat curve of the PE sample irradiated with a dose of 0.50
Gy and a dose rate of 6.00 Gy/min.

TA Universal Analysis software is used to calculate the melt onset temperature, melt peak
temperature, and enthalpy of fusion, � Hm . For calculation of the % crystallinity, the ratio of
� Hm and the enthalpy of fusion of a 100% crystalline PE,� H lit , is used:

% Crystallinity =
� Hm

� H lit
� 100 (3.1)

where � H lit = 293 J
g [43].

3.2.3 XRD

The % crystallinity is also measured with XRD, since it is a less destructive method. Smaller
pieces of the samples, suitable for the XRD sample holders, are placed in the sample holders
in an Empyrean X-ray di�ractometer from PANalytical with a transmission/re�ection spinner.
The measurements are obtained with Cu X-ray radiation at 45 kV and 40 mA. The slits for the
incident beam and di�racted beams are optimised to obtain the highest signal. The program
used, starts at an angle of 5.0209° and stops at an angle of 40.0000°, with a step size of 0.0263°.
The % crystallinity is calculated as follows:

% Crystallinity =
Area of crystalline peaks

Total area (crystalline+amorphous)
� 100 (3.2)

Origin[44] are used to analyse the data from the XRD to obtain the areas of the crystalline
and amorphous parts.

In �gure 3.4 the di�erent steps of the data analysis of the XRD measurements can be seen.

20




	Titelpage
	Intro
	Aim of the Project

	Theory
	Polymer
	Molecular Weight
	Classification
	Morphologies
	PE
	PMMA
	Irradiation of PMMA and PE

	THz-TDS
	Generation and Detection of THz Pulses
	Data Extraction

	DSC
	XRD

	Method
	Sample Preparation
	Linear Accelerator

	Characterisation Techniques
	THz-TDS
	DSC
	XRD

	Study Setup
	High Dose Study
	Low Dose Study
	Semester Project PE Study


	Results and Discussion
	Dependence of Optical Properties on Dose
	High Dose Study of PMMA and HDPE
	Low Dose Study of HD-PE

	% Crystallinity Study
	HD-PE Samples
	PE Samples

	% Crystallinity compared to Refractive Index
	XRD % Crystallinity and Refractive Index of PE
	DSC % Crystallinity and Refractive Index of PE
	DSC % Crystallinity and Refractive Index of HD-PE

	Degradation of PMMA, HDPE, and PE
	High Dose Study of PMMA and HD-PE
	Low Dose Study of HD-PE
	PE Samples


	Conclusion and Outlook
	Bibliography
	Appendices
	Appendix A
	High Dose Study of PMMA

	Appendix B
	High Dose Study of HD-PE

	Appendix C
	Low Dose Study of HD-PE

	Appendix D
	DSC Standard Deviation of a HD-PE Sample

	Appendix E
	PE Samples from Semester Project
	DSC % Crystallinity of 6 PE Samples
	XRD % Crystallinity of 6 PE Samples
	DSC % Crystallinity of 16 PE Samples
	XRD % Crystallinity of 16 PE Samples



