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Abstract 

Excessive exposure to solar ultraviolet (UV) radiation is known to have 

detrimental effects on human health, some of which are cumulative in nature with 

impacts that may arise after years and decades of exposure. Therefore, it is important 

that the risk associated with prolonged UV exposure can be investigated; this 

requires long-term studies in which large-dose measurements can be accurately 

quantified.   

Chemically-based UV dosimeters have been widely used to measure personal UV 

exposure since 1976. Despite the development of electronic UV dosimeters, 

chemical dosimeters maintain their suitability in human exposure research as 

versatile, labour- and cost-effective UV monitors that require no power. The main 

limitation of existing chemical dosimeters is their short dynamic measurement range, 

as they are saturated after relatively short exposure times. Consequently, prolonged 

personal UV exposures are estimated either from measurements spanning just a few 

days, with high uncertainty, or by the regular replacement of dosimeters on location, 

a practice that increases the cost and effort. A dosimeter that continuously measures 

longer periods would facilitate the task and provide more reliable estimates of 

prolonged UV exposures.    

A new chemical UV dosimeter that meets this demand was developed and fully 

characterised in this study. The dosimeter, composed of unstabilised solvent cast 

polyvinyl chloride (PVC) in 16 µm thin film, is able to measure at least three weeks 

of full day exposure to solar UV radiation under clear sky conditions in summer at 

subtropical sites. This is twenty times the dose capacity of the most commonly used 

chemical UV dosimeter, a polysulphone based UV dosimeter.   

The optimal parameters of the dosimeter’s construction and its dosimetric 

properties were experimentally investigated and characterised. The results show that 

the proposed dosimeter is easy to prepare, inexpensive, physically robust and easily 

analysed using an FTIR spectrometer. It responds mainly to UVB radiation, and 

hence can be calibrated for quantifying erythemally effective doses for long-term 

personal exposure studies. The response of the dosimeter to solar UV radiation is 

independent of temperature and dose rate. It also, exhibits an acceptable 

angular-error (defined as the deviation of the dosimeter’s relative response from the 

cosine function when the angle of incident beam is changed) and almost no dark 

reaction. 

A field test was conducted to validate the proposed dosimeter with long-term 

personal UV exposure measurements. The erythemal UV exposures to selected 

anatomical sites on rotating head form manikins measured with the PVC dosimeter 

agreed well with the measurements obtained concurrently by a lower dose capacity 

chemical UV dosimeter, and are on a level with the results reported in earlier similar 

studies.  
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The characterised dosimeter is a valuable tool for research on the latent effects of 

cumulative UV exposure on human health. Measurements over longer periods will 

provide more reliable annual and lifetime exposure estimates as the larger the sample 

size (length of measurement period), the more accurately the sample will present the 

population (annual or lifetime UV exposure).   
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1.1 Introduction  

The sun is necessary for maintaining life on Earth. It provides the earth with the 

solar radiation required for all creatures and vegetation to survive.  The infrared band 

of solar radiation warms the earth, while the light (visible band) is indispensable for 

visibility and the photosynthetic process in plants (Heisler & Grant 2000a). However, 

ultraviolet radiation (UV), the shortest waveband of solar radiation that reaches the 

earth, while it has some beneficial outcomes, has potentially deleterious effects on 

living organisms.     

 The effects of exposure to solar ultraviolet (UV) radiation on human health have 

long been an important subject of research. Moderate exposures to UV radiation are 

essential for cutaneous synthesis of vitamin D (Holick 2008; Juzeniene et al. 2011; 

Webb & Holick 1988) that plays a key role in skeletal health (Powers & Gilchrest 

2012; Ross et al. 2011; Webb & Holick 1988). On the other hand, excessive 

exposure to solar UV radiation may result in acute and chronic health issues. 

Excessive exposure may cause acute sunburn that takes hours to days to develop 

following the exposure (Carli et al. 2008; Juzeniene et al. 2011). Other known acute 

effects are the development of the eye problems such as photokeratitis and 

photoconjunctivitis (O'Shea 1996). Fortunately, acute effects are short-lived and 

reversible. In contrast, large UV doses accumulated through long-term exposures 

have been shown to cause irreversible damage, the effect of which may become 

evident after years to decades of exposure to UV radiation (Juzeniene et al. 2011). 

For instance, cumulative UV exposures are associated with the development of skin 

cancer, photo ageing, and degradation of the eyes (Azzam & Dovrat 2004; Chang et 

al. 2010; Juzeniene et al. 2011; Rabe et al. 2006).  

The assessment of individual solar UV exposure at any given time is, therefore, 

very important; particularly the estimation of doses accumulated through prolonged 

irradiation. In this regard, the World Health Organization has been encouraging 

researchers to develop and improve feasible techniques for personal UV exposure 

measurement (WHO 1979; 1994) to support studies relating UV exposure to human 

health. Measurements of personal exposure will help to better understand dose effect 

relationships and improve sun-protective strategies.    

Monitoring personal UV exposure can be achieved through the use of electronic, 

biological or chemical UV dosimeters.  

Miniaturised electronic dosimeters characterised by their reusability and high 

accuracy can be considered the optimum technique for personal exposure 

measurements. Some of these dosimeters have the ability to continuously register 

exposure for time periods up to several months of operation (Seckmeyer et al. 2012) 

with a response to UV radiation that matches the erythema action spectrum defined 

by the International Commission on Illumination (CIE) (CIE 1998). However, the 

high cost of electronic dosimeters often precludes their use in UV exposure research, 

especially for large scale anatomical measurements.  
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Biological dosimeters also provide a reliable means for quantifying UV 

exposures (Bérces et al. 1999; Munakata et al. 1996). Some bio-dosimeters are 

suitable for long-term measurements. However, the preparation of most 

bio-dosimeters involves complex procedures and the readout process often requires 

sophisticated techniques to determine the effect of exposure (Webb 1995). 

 Chemical dosimeters have long been the preferred method for measuring 

personal exposure to UV radiation as they are much cheaper than the electronic 

devices, and more simple and feasible than the biological dosimeters (Naggar et al. 

1995). The principle of chemical UV dosimeters is to measure the change in optical 

density induced in thin films of synthetic polymers by UV radiation (Diffey 2002a). 

The measured changes are then calibrated against a UV recording instrument to 

estimate the UV exposure (Parisi 2004).  

Several polymers have been characterised and employed in personal UV 

exposure measurements. At the top of the list come the polysulphone (PS) and 

polyphenlyne oxide (PPO) thermoplastics (Berre & Lala 1989; Davis et al. 1976). PS 

and PPO dosimeters have been successfully employed in a variety of personal UV 

exposure studies (e.g.  Diffey et al. 1996; Moise et al. 1999; Parisi & Kimlin 2000; 

Schouten et al. 2010; Siani et al. 2009; Siani et al. 2011; Turnbull & Schouten 2008). 

The main disadvantage of these dosimeters is that they become saturated after a 

specific exposure time and therefore their ability to measure solar UV radiation over 

extended periods (e.g. one week) is limited. 

Estimating long-term UV exposures using existing chemical UV dosimeters is 

conventionally undertaken by either frequently replacing the dosimeters before they 

saturate (Siani et al. 2008) or circulating (multiplying) the dose measured in a short 

period (e.g. one-day sun exposure) over a longer period (Moehrle et al. 2003). The 

first methodology is time consuming and labour intensive, while the latter increases 

the margin of error of estimated doses by ignoring the day-to-day variation in the 

solar spectrum, as the measured one-day sun exposure does not represent the general 

average daily sun exposure through a season or a year (Moehrle et al. 2003). A 

chemical dosimeter that is capable of recording a cumulative solar UV exposure over 

long periods (weeks) will provide more reliable estimations and will be of great 

benefit for studies of latent outcomes of exposure to UV radiation that are related to 

cumulative exposure throughout a lifetime.  

This research intends to identify and characterise a photosensitive polymer with a 

greater dynamic measurement range than the known polymers employed as chemical 

UV dosimeters. The proposed polymer has to be inexpensive and commercially 

available and the dosimeter construction and readout processes should be simple and 

able to undertaken in a standard laboratory. Importantly, the new dosimeter should 

meet all the dosimetric and physical requirements of chemical UV dosimeters with 

the ability to measure UV exposure over an extended period of time.   
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1.2 Objectives  

The overall objective of this research is to determine at least one polymer that 

satisfies the requirements for use as a long-term UV dosimeter. To reach this goal, 

the research also has the following subsidiary objectives:   

1. Review the literature and conduct pilot studies in order to identify polymer(s) 

that seem to have the required basic properties of a long-term UV dosimeter. 

Once the best polymer(s) for this purpose have been identified, undertake the 

following tests.  

2. Determine the optimal parameters for the dosimeter fabrication and the 

standard specifications of the dosimeter. 

3. Investigate the dosimetric properties relevant to the quantification of solar 

UV radiation and listed in the literature. These properties are: film 

reproducibility, spectral response, angular response, dose-rate independency 

and temperature independency.  

4. Investigate any possible impacts of the dark reaction and background material 

on the measured exposures.    

5. Construct dose-response curves (calibration curves) of the dosimeter for each 

season of the year. 

6. Employ the dosimeter in long term UV exposure experiments to compare and 

evaluate the results and estimate the measurement uncertainty of the proposed 

dosimeter.  
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1.3 Dissertation Outline 

The approach of the research conducted to achieve the above-mentioned 

objectives is outlined as follows: 

 Chapter 2 sets out the background to the study and presents a critical 

review of the relevant literature. This chapter defines ultraviolet radiation 

and provides details regarding its specific properties and quantities. The 

chapter also describes solar UV radiation, its origin and the factors 

impacting global solar UV on the earth’s surface. The effects of human 

exposure to solar UV radiation and the necessity to quantify UV radiation 

are discussed. The three main categories of personal UV dosimetry 

outlined above are examined and the focus on chemically based UV 

dosimeters as a preferred tool justified. The dosimetric properties required 

for any chemical dosimeter are then reviewed in detail along with other 

practical requirements. The last point of this chapter is a review on the 

suitability of the polymer polyvinyl chloride (PVC) for long term UV 

measurements.  

 The experimental research conducted in the development and 

characterisation of the PVC dosimeter is presented in Chapter 3. This 

chapter provides a detailed description of the instrumentation that was 

used and procedures that were followed to fabricate the dosimeter and 

investigate its properties and performance. 

  Chapter 4 presents the results and analysis of research that was 

conducted based on methods described in Chapter 3.  

 Chapter 5 presents and discusses the results of research conducted 

outdoors to measure long-term solar UV exposure of some anatomical 

sites using the new chemical UV dosimeter.  

 The experimentally determined fabrication parameters, standardised 

specifications, dosimeteric properties and performance of the proposed 

PVC dosimeter are discussed in Chapter 6. This chapter concludes by 

suggesting some recommendations for future research.  
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Chapter 2 Literature review 

Chapter 2                                                                .             
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2.1 Ultraviolet radiation (UV). 

2.2 UV Quantities and units. 
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2.6 Chemical UV dosimeter requirements. 

2.7 Suitability of polyvinyl chloride (PVC) for long-term 

UV dosimetry. 

2.8 Conclusion. 
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2.1 Ultraviolet radiation (UV) 

Ultraviolet radiation is electromagnetic radiation with a wavelength )(  shorter 

than that of visible light, but longer than X-rays, i.e., wavelengths from about 10 nm 

to 400 nm (Madronich 1993), corresponding to photon energies between 4 and 

124 eV.  

The full identification of UV radiation has been gradually achieved over about 

two centuries, coupled with the development of theoretical concepts and the 

improvement of devices for producing and quantifying radiation. The first major 

discovery was made by Ritter in 1801 who proved the existence of invisible radiation 

beyond the violet end of the light spectrum (radiation with shorter wavelength -

higher energy-  than 400 nm) (Hockberger 2002). Ritter dubbed the new radiation 

“deoxidizing rays” as it darkens silver chloride-soaked paper even more than visible 

light does. The term was later replaced by “chemical rays” to describe the 

UV-Violet-Blue region of the electromagnetic spectrum; this term remained in use 

during the 19
th

 century until the term “UV radiation” was adopted specifically only 

for the invisible radiation beyond violet light (Hockberger 2002). By 1920, with 

improved knowledge of the concept, nature and properties of UV radiation, scientists 

were able to produce and quantify the entire band of UV radiation (Hockberger 

2002).  

UV radiation is emitted from the atoms of some materials during the relaxation 

process of core electrons excited to higher energy levels either by heating the 

material to an incandescent temperature, as is the case with solar UV, or by passing 

electrical current through specific materials as in artificial UV sources (Hockberger 

2002). The emitted UV photons that have energies higher than 12 eV are capable of 

ionizing atoms and molecules when hitting a surface or passing through some 

materials (Persson 1991). Therefore, UV radiation is subdivided into ionizing UV 

(wavelengths < 100 nm) and non-ionizing UV (wavelengths > 100 nm). Ionizing UV 

is usually excluded from the UV spectrum and the UV band is considered to span the 

region from 100 nm to 400 nm (Diffey 2002b).  

UV radiation is classified into three major categories on the basis of its physical 

properties (Hockberger 2002): Vacuum UV, Near UV and Far UV. Vacuum UV 

refers to wavelengths below 180 nm as these wavelengths are absorbed strongly by 

air and can only propagate in a vacuum. Near UV includes wavelengths between 290 

nm and 400 nm; this is the entire band of solar UV radiation that reaches the earth’s 

surface. Far UV describes wavelengths between 180 nm and 290 nm (i.e., 

wavelengths between vacuum UV and near UV).  

In photobiology, where the effects of UV bands on biological systems are 

emphasised, UV radiation is subdivided into three main bands: UVC, UVB and 

UVA, representing the wavebands 100–280 nm, 280–315 nm and 315–400 nm, 

respectively (Sliney 2007). In this classification, UVC is designated for wavelengths 

that are very strongly absorbed by most biological systems, leading to severe damage 
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in living organisms (Sliney & Chaney 2006). Although UVC is energetically 

stronger than UVB, UVB is of greater importance for human health as it is the 

highest energy component of solar radiation that reaches the earth’s surface as solar 

UVC is blocked by the atmosphere. UVA is the lowest energy per photon UV sub 

band; however, it spans a wider range of wavelengths and has penetration 

characteristics that enhance its effects on living organisms (Vázquez & Hanslmeier 

2006). The boundaries between these three subdivisions, however, are somewhat 

arbitrary and vary according to disciplines. For instance, the wavelengths 290 nm 

and 320 nm are often used as boundaries between UVC/UVB and UVB/UVA, 

respectively (Diffey 1991; WHO 1994) while UVA may be subdivided into UVA1 

and UVA2 at 340 nm (Diffey 2002b) as these play different roles in some biological 

processes.  

In addition to the previous categories, there are also other conventions defining 

UV bands according to their use in different branches of science and technology. 

Figure  2.1 summarises the most common UV categories.  

 

Figure  2.1: Electromagnetic radiation spectral categories from gamma-rays through radio wavelengths (ISO 2007).  

In this research, the designations UVC, UVB and UVA indicate the spectral 

regions 100–280 nm, 280–320 nm and 320–400 nm, respectively.   
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2.2 UV Quantities and units 

UV radiation, as an electromagnetic radiation, is a propagation of quanta of 

energy (photons) by the oscillations of the electromagnetic field. Each of these 

photons is characterised by the wavelength   that determines its energy )(e , the 

fundamental quantity in radiometric measurements, according to Planck’s law: 

  


 h
hc

e )(    (2.1) 

where 3410626.6 h  Joules.second (J.s) is Planck’s constant, 8103c  meters 

per second (m/s) is the speed of light in vacuum, 



c

  is the frequency in Hertz 

(Hz),   is expressed in meters (m), and )(e in Joules (J). The energy transported by 

n  photons in a monochromatic beam of wavelength   is then )(ne  and is called 

the spectral radiant energy )(Q . For a beam of radiation, the term “radiant energy” 

)(Q refers to the integration of energies over all wavelengths of the desired waveband 

(UV in this case) (Kohler 1998), i.e., 

      

400

280

)(  dQQ  Joules (J)  (2.2) 

while the radiant flux (power) )(P  is the radiant energy passing through a point at a 

unit time (Kohler 1998), i.e.,  

    




400

280

400

280 )(

)(





dP
dt

dQ

P         Watts (W)  (2.3) 

where )(P  is the spectral power (spectral radiant flux).  

For studies that are concerned with the effects of UV exposure, i.e. the 

interaction between the incoming UV radiation and received surfaces (e.g. human 

exposure to UV radiation), the most fundamental radiometric quantities are the 

irradiance, radiant exposure and the spectrally weighted quantities. Irradiance )(E  is 

the incident radiant flux on a unit area of a receiver, and is expressed in 

Watts-per-square-meter (W/m
2
) (McCluney 1994). Spectral irradiance )(E  is the 

irradiance for a single wavelength or narrow spectral band; it is measured by 

spectroradiometers which give the spectral power distribution (spectral irradiance 

distribution) in W/m
2
/nm. The radiant exposure )(H  is the radiant energy striking a 

unit surface area of an irradiated object over a specific period of time t . It can be 

calculated from the relationship: 
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                      

t

areasurface

dtdQ
H

0

400

280

)( 
 

             

t

dtdH
0

400

280

)(    J/m
2
   (McCluney 1994)    (2.4)   

In several UV-matter interaction processes, such as the absorption of UV 

radiation by biological macromolecules, the effects of UV radiation are strongly 

dependent on the wavelength of radiation, i.e. they depend on how the power is 

distributed with respect to wavelength (Diffey 2002b). To take this fact into account, 

action spectra and spectrally weighted UV quantities have been introduced into 

radiometric terminology (WHO 1994). An action spectrum )(A  is a function that 

reflects the relative effectiveness of UV radiation at different wavelengths in 

producing a certain biological effect (Vecchia et al. 2007). Examples of some action 

spectra are displayed in Figure  2.2: the erythema action spectrum (CIE 1998); the 

mammalian non-melanoma skin cancer action spectrum (De Gruijl & Van der Leun 

1994); and the DNA damage action spectrum (Setlow 1974). 

 
Figure  2.2: Action spectra of selected UV-related effects. 

Specialized spectrally weighted quantities WSX .  can be obtained by integrating 

the desired spectral quantity )(X  with an action spectrum of interest )(A  over the 

relevant wavelength range (CIE 2014; Tarrant 1989), i.e.           
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  
UV

WS dAXX  )()(.     (2.5) 

Hence, spectrally weighted UV irradiance WSE . will be given by 

   
UV

WS dAEE  )()(.          W/m
2
      (2.6) 

and spectrally weighted UV radiant exposure WSH .  can be calculated by 

   
UV

WS dAHH  )()(.        J/m
2
    (2.7) 

The weighted UV irradiance is usually referred to as “exposure dose-rate” or 

“dose-rate” and the weighted radiant UV exposure as “exposure dose” or “dose”. It 

should be pointed out that the meaning of the term “dose” here is the radiant 

exposure accumulated on the external surface or interface (not the absorbed dose), 

unlike its concept in medicine, pharmacology and toxicology where it refers to the 

dose of a chemical agent that is actually absorbed by a target tissue (Sliney 2007).  

Erythema (sunburn or reddening of the skin), which is an indicator of the 

excessive exposure to UV radiation and may be the beginning of subsequent skin 

disorders, is also wavelength dependent. The active radiant exposure in producing 

erythema (erythemally effective dose) )( eryH  is then calculated by 

    
UV

eryery dAHH  )()(        J/m
2  

 (WHO 1994)  (2.8) 

 where )(eryA  is the erythemal action spectrum (CIE 1998). eryH is expressed in 

J/m
2
. Other units are the minimum erythema (MED) dose and the standard erythema 

dose  (SED) (Diffey et al. 1997). MED is the minimum erythemally weighted radiant 

exposure required to produce a just noticeable erythema on previously unexposed 

fair skinned individuals 8–24 hours after irradiation; MED is estimated to be 200–

300 erythemally weighted J/m
2
 (WHO 1994). Due to its dependency on the receiver 

and the observer, MED is not a purely physical quantity and thereby the SED unit 

has been introduced to describe the erythemally weighted dose (ICNIRP 2004), 

where 1 SED = 100 J/m
2
. In terms of this unit, the threshold for erythema for fair 

skins is about 2 SED (CIE 2014). 
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2.3 Solar UV radiation 

Life on earth depends on the sun. Although the sun is about 150 million km 

away from the earth, it provides the earth with the radiant energy required to drive all 

physical and biological processes in the earth system. The sun, which can be 

considered as a black body radiator having a surface temperature of about 5800 K 

(Diffey 2002a), emits radiation throughout the electromagnetic spectrum from 

gamma-rays to radio waves. The wavelength of emitted radiation depends on both 

the radiative temperature of the emitting region and its height from the centre of the 

sun. Generally, shorter wavelength radiations originate higher in the solar 

atmosphere (Floyd et al. 2005). UV radiation of wavelengths between 300 nm and 

400 nm originates in the solar photosphere, while shorter UV wavelengths originate 

up to 100 km higher in the solar atmosphere (Frederick et al. 1989). The calculated 

total solar irradiance on the sun’s surface (Stefan-Boltzman law) is about 63 MW/m
2
. 

Of this amount, only about 1.366 kW/m
2
 reaches the top of the earth’s atmosphere 

(Gueymard 2004). This value is known as the “solar constant” although it fluctuates 

within 3.3% of its mean value, depending on the 27-day apparent solar rotation, the 

earth-sun distance, which varies with an annual cycle, and the 11-year cycle of 

sunspot activity (Diffey 2002a; Frederick et al. 1989).  

2.3.1 Extra-terrestrial solar UV irradiance  

The solar constant is the integrated spectral solar irradiance measured at the 

upper end of the earth’s atmosphere, extra-terrestrial solar irradiance, on a surface 

normal to the incident radiation. Figure  2.3 illustrates the extra-terrestrial solar 

spectral irradiance (Gueymard 2004) plotted along with the emission of a 5800 ºK 

blackbody as calculated from Planck’s law. 
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Figure  2.3: A comparison between the extra-terrestrial solar spectral irradiance and 5800 ºK blackbody emission. 

     In general, the solar spectral irradiance approximates the blackbody emission 

curve at this temperature (5800 ºK) with some superimposed line structures due to 

Fraunhofer absorption lines (Madronich 1993) and other solar absorption features, 

particularly in the UV-visible broadband. In addition to the absorption lines, the UV 

band deviates considerably from the blackbody curve as a result of the 

non-isothermal behaviour of the solar atmosphere (Qiang 2003). The infrared and 

visible regions of the solar spectrum account for about 50% and 40% of the sun’s 

emission respectively, while the UVA, UVB and UVC represent only about 6.3%, 

1.5% and 0.5% of the total irradiance, respectively (Frederick et al. 1989). The 

extra-terrestrial spectrum is strongly affected by absorption and scattering when 

passing through the earth’s atmosphere; these reduce the radiation intensity and 

modify the spectral shape, particularly in the UV region.  

2.3.2 Global solar UV irradiance 

In contrast with the extra-terrestrial UV irradiance which describes the radiation 

that comes directly from the sun, the measured UV irradiance at the earth’s surface is 

a combination of direct and diffused UV radiation. Direct UV radiation is the 

radiation that is received at an object’s surface directly from the sun. Diffuse UV 

radiation is the part of UV radiation that has been modified by scattering before 

reaching the object’s surface. This combination is known as the global UV 

irradiance. Other common names are terrestrial, ambient, surface and total solar UV 

irradiance.  
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Global UV irradiance is proportional to the extra-terrestrial irradiance that enters 

the atmosphere and is affected by atmospheric geophysical variables. These variables 

include the absorption and scattering by atmospheric constituents and scattering by 

irregularities at the earth’s surface. Other factors that lead to large seasonal and 

geographical variations in the global irradiance are geometric variables such as the 

sun-earth distance and the solar zenith angle, which depends on latitude, date of the 

year and time of the day (Kerr 2005).   

2.3.3 Absorption and scattering of UV radiation 

Absorption and scattering processes may cause the extinction of a beam of direct 

radiation passing through the atmosphere. Absorption, in general, occurs when the 

energy of the incident radiation is high enough to take off an electron from an atom 

(ionization) or break a molecular bond (dissociation).  In scattering, the affected 

atom is excited to a higher energy and immediately drops down to its original level, 

emitting radiation at the same wavelength as the absorbed one, but in a random 

direction. If, however, the excited atom collides with another atom before reemitting 

the radiation, the absorbed energy will be converted into kinetic energy of the 

colliding atom and the process will be considered as absorption. The general formula 

that describes the decrease in intensity of the beam of radiation passing through an 

incremental path in the atmosphere is (Huffman 1992):  

dlIkdI )()()(        (2.9) 

where )(I  is the radiation intensity, )(k is the extinction coefficient, and dl is the 

path length. 

2.3.3.1 Absorption 

Taking into account the absorption process only, the decrease in intensity of the 

incident radiation at altitude h from the earth’s surface is given by (Huffman 1992): 

 ddhhnIdI
i h

ii  
















sec)()(exp)()( 0    (2.10) 

where )(0 I is the initial intensity, )( i is the absorption cross section of the 

atmospheric constituent i , )(hni is the number density of the constituent i at altitude 

h , and  is the solar zenith angle.  

2.3.3.2 Scattering  

The scattering process results in a change of direction of the radiation without a 

change in its wavelength, leading to a decrease in the direct radiation and a possible 

increase in the diffuse component of the local irradiance. Scattering in the 
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atmosphere can be caused either by molecules (Rayleigh scattering) or from larger 

solid or liquid aerosols (Mie scattering) (Sliney & Chaney 2006).  

Rayleigh scattering 
Rayleigh scattering is the scattering from atmospheric particles or molecules 

whose dimensions are much less than the wavelength of the incident radiation 

(Hansen & Travis 1974). The scattering cross section is a function of the reciprocal 

of the fourth power of the wavelength and, therefore, short wavelengths are scattered 

more effectively by atmospheric gases than are longer wavelengths (Heisler & Grant 

2000a). However, the strong absorption of ozone and molecular oxygen and nitrogen 

reduces the effect of Rayleigh scattering in the atmosphere at wavelengths shorter 

than 250 nm (Huffman 1992).  

Mie scattering  
Mie scattering occurs when the dimensions of the particles in the atmosphere are 

comparable to the wavelength of the incident radiation (Hansen & Travis 1974). This 

scattering is wavelength independent (Platt et al. 2007), and is more important at 

lower altitudes where the clouds, aerosols and pollutants exist. 

2.3.4 Atmospheric absorption  

During its travel through the atmosphere, UV radiation is affected by various 

absorption and scattering processes before reaching the earth’s surface. The 

absorption of solar radiation depends on the concentrations and absorption cross 

sections of the absorbing constituents of the atmosphere. The predominant absorbing 

atmospheric gases in the UV region are atomic oxygen (O), molecular oxygen and 

nitrogen (O2, N2) and ozone (O3).  

Most of the UV radiation of wavelengths shorter than 100 nm is absorbed at 

altitudes between 100 and 200 km by O, O2 and N2, resulting in ionizing products 

(Haigh 2007). UV radiation with wavelengths between 100 nm and 130 nm are 

absorbed in an irregular way at an altitude of about 100 km (Andrews 2000), making 

a significant contribution to heating rates and water vapour photolysis (Haigh 2007). 

The absorption of UV radiation in the range 130–175 nm occurs by molecular 

oxygen (O2) at altitudes of between 80 and 120 km and leads to the 

photo-dissociation of O2 into ground-state and excited oxygen atoms (Andrews 

2000). Wavelengths between 175 and 200 nm are absorbed at altitudes of between 

40 and 95 km and are associated with electronic and vibration transitions of the 

absorbing oxygen molecule O2. Molecular oxygen is also responsible for absorption 

within the waveband of 200–242 nm. Part of this absorption dissociates the 

molecular oxygen into ground-state oxygen atoms required for the formation of 

stratospheric ozone at about 18–50 km height  (Andrews 2000). The latter absorption 

process is overlapped by the absorption of the 200–350 nm waveband by the 

stratospheric ozone during ozone photo-dissociation at altitudes below 50 km (Haigh 

2007).  
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The atmospheric ozone is the main absorber at wavelengths longer than about 

250 nm. The absorption cross section of the ozone varies with wavelength and 

thereby the ozone absorption is 100% at 280 nm and decreases to 1% at 320 nm 

(Heisler & Grant 2000a), and the absorption is negligible at wavelengths longer than 

340 nm (Parisi et al. 2004). As a result, atmospheric ozone completely filters out any 

UVC radiation infiltrating from high layers and no UVC is measured at sea level and 

middle altitudes. In addition, atmospheric ozone modifies the UVB radiation on the 

earth’s surface, controlling not only its intensity, but also the cut-off wavelength of 

the global UV irradiance. Reduction in the atmospheric ozone reduces the cut-off 

wavelength and increases the irradiance in the UVB waveband. For instance, a 10% 

decrease in ozone with all other factors constant will lead to a doubling of the 

irradiance at 300 nm (Frederick et al. 1989). Variations in atmospheric ozone with 

season or altitude will influence global irradiance levels.   

The total atmospheric absorption could be altered by the absorption of 

tropospheric ozone, aerosols and air pollutants, especially above industrialized 

regions where the tropospheric absorption could more than offset the predicted 

enhancement in UV radiation because of the decrease in the atmospheric ozone 

(Frederick et al. 1989). Tropospheric ozone is produced naturally or when emissions 

of nitrogen oxides and hydrocarbon compounds react in the atmosphere in the 

presence of UV radiation (WHO 1994). Although tropospheric ozone makes up less 

than 10% of the total atmospheric ozone, its higher density enhances the ozone 

absorption by 3% to 15% (Barnard & Wenny 2009). In addition, tropospheric ozone 

is a more effective UV absorber than the stratospheric ozone for high solar zenith 

angle (SZA) (the angle between the zenith, directly overhead direction, and the sun) 

because of the increase in the path length of the scattered radiation in the lower 

atmosphere  
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2.3.5 Cloud cover 

Cloud cover is the predominant atmospheric variable that affects local solar UV 

irradiance at a given time and leads to short-term variations (Bais & Lubin 2006). 

The complexity of cloud effects on UV radiation restricts the accurate prediction of 

UV trends when other atmospheric conditions are constant. While clouds can 

decrease the direct radiation mainly by reflecting some radiation back to space 

(Diffey 2002a; Qiang 2003), they can also increase the amount of diffuse radiation 

reaching the earth’s surface by scattering (Estupiñán et al. 1996). The overall 

instantaneous effect, therefore, could be either an attenuation or increase in the local 

irradiance, depending on a combination of factors such as cloud type, cloud altitude, 

fraction cover, cloud composition and geometry (Bais & Lubin 2006; Estupiñán et al. 

1996; Weihs et al. 2000). However, attenuation seems to be the dominant process. 

 

 

The effect of cloud cover on local UV irradiance is often described by the Cloud 

Modification Factor (CMF) defined by the relation: 

cl

m

UV

UV
CMF                (2.11) 

where mUV is the measured UV irradiance in the cloudy sky and clUV is the 

calculated UV irradiance for a cloudless sky for the same conditions as the actual 

measurements. CMF values less than one correspond to attenuations in the global 

irradiance and values more than one reflect irradiance enhancements.  

 A wide range of attenuations of UV radiation by clouds (CMF <1) has been 

reported in the literature. The annual CMF was reported to be 0.66 and 0.75 in 

temperate latitudes and tropics respectively (Diffey 2002a). A four-month average 

CMF of UV irradiance of 0.36 was recorded for cloudy weather (Aun et al. 2011), 

indicating that, in this study, a 64% decrease of the UV radiation could have resulted 

from the presence of clouds. Under heavy cloud conditions, reports indicate that UV 

irradiance can be reduced by more than 90%  (WHO 1994), while Estupiñán et al. 

(1996) found that 99% of UVB irradiance can be attenuated by cumulus-type clouds 

during overcast conditions. Ilyas (1987) has established an empirical relationship for 

the attenuation of UV radiation measured on a horizontal surface as a function of 

cloud cover in the form:  

)056.0(1 CF        (2.12) 

where F  is the attenuation factor and C is the covered part of the sky expressed in 

numbers between 0 for clear sky and 10 for totally covered sky. However, the 

predicted change is only an attenuation which is not always the case. According to 

Equation 2.12, complete cloud cover will reduce the irradiance by 56% of its value if 
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the sky is clear. Many other formulae with different uncertainties in predicting cloud 

effect on UV irradiance have also been  reported in the literature (Calbó et al. 2005). 

A localized increase in the amount of the UV irradiance was observed under 

broken cloud conditions when direct solar radiation is unobstructed. The UV 

enhancement by a wide range of fractional cloud coverage is reported. It has been 

shown that in some partially covered skies the measured surface irradiances exceed 

those of clear skies by as much as 11% (Schafer et al. 1996). In addition, an increase 

in  UVB irradiance by about 27% above irradiances of the corresponding clear sky 

cases was observed for 80–90% cloud cover (Estupiñán et al. 1996). Clouds can also 

increase local UV irradiance by reflecting back downward the reflected UV radiation 

from the earth’s surface, especially for high albedo surfaces. An enhancement by 

tens of percent in local UV irradiance is possible by multiple reflections between 

clouds and snow-covered surfaces (Weatherhead et al. 2005).     

The wavelength dependence of the cloud effect has been investigated by several 

studies. The effect of clouds on UV radiation is less than that for total solar radiation 

(Foyo-Moreno et al. 2003). The attenuation in the infrared part of the spectrum is 

greater than that in the UV waveband (Diffey 2002a), increasing the risk of 

overexposure to UV radiation as the warning sensation of heat is reduced. Although 

the cloud effect was assumed to be independent of wavelength over the UV region 

(Diffey 2002a; Frederick et al. 1989), some recent findings contradict this 

assumption (Kerr 2005; Sabburg & Parisi 2006; Weatherhead et al. 2005).  
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2.3.6 Surface albedo 

 The albedo of the surface is the ratio of the irradiances reflected from the surface 

to the irradiances falling on the surface (Melnikova 2005). The surface albedo is a 

function of the surface type and the waveband of radiation, and it ranges between 

0.005 for grass and 0.8 for snow (Parisi et al. 2004). The enhancement of global 

irradiance measured on a horizontal surface by high albedo snow can be as high as 

28% for clear sky conditions and increasing significantly under partly cloudy 

conditions (Parisi et al. 2004)    

2.3.7 Solar zenith angle 

Solar zenith angle (SZA) is the angle between the zenith, directly overhead 

direction, and the sun; it is a function of the latitude, time of day and day of year. 

Global UV irradiance is inversely proportional to the SZA. This can be explained as 

follows: the increase of SZA from its value at local solar noon to an angle   will 

increase the area struck by the beam of direct radiation by Sec  and, as a result, the 

irradiance will be reduced by a factor of cos  (Parisi et al. 2004). In addition, UV 

radiation has its shortest path length to the surface at local solar noon and thus, the 

greatest irradiance. As the SZA increases, the radiation takes a longer path through 

the atmosphere and, as a result, more absorption and scattering of the UV radiation 

will occur before reaching the earth’s surface.     
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2.4 Effects of exposure to solar UV radiation on 
humans 

Exposure to sunlight has always been part of humans’ daily lives. People usually 

spend long times outdoors, either for work or recreational activities, and therefore 

almost everyone has some exposure to solar UV radiation on a daily basis. Solar UV 

radiation is known to have dual effects on human health. Small amounts of UV 

radiation are beneficial, while excessive exposure is a risk factor for several diseases.  

Fortunately, the penetration of UV radiation in human tissues is very weak (Diffey 

1991) and therefore the harmful effects are limited primarily to the skin and eyes.  

2.4.1 Positive effects: vitamin D production 

One of the confirmed beneficial consequences of exposure to UV radiation is the 

production of vitamin D. Moderate exposures to UV radiation are essential for 

cutaneous synthesis of vitamin D (Holick 2008; Juzeniene et al. 2011). This vitamin 

is important for calcium homeostasis (Nordin, cited in Webb & Holick 1988) and 

skeletal maintenance in the human body (Powers & Gilchrest 2012; Webb & Holick 

1988); there are also contradictory research findings regarding the role of vitamin D 

in reducing the incidence of some diseases and cancers (Powers & Gilchrest 2012; 

Schwartz & Hanchette 2006). Although vitamin D can also be taken in via diet and 

supplements, exposure to UV radiation is the primary source for vitamin D for most 

people (Grant & Holick 2005).  

The daily exposure time required for an exposure dose that produces sufficient 

vitamin D levels, defined as a blood level of 25-hydroxyvitamin D of at least 

20 ng/ml (50 nmol/litre) (Rhodes et al. 2010; Ross et al. 2011), varies mainly 

depending on the environmental conditions and individual genetic factors (Webb & 

Engelsen 2006). Generally, dark skinned people need about six times more sun 

exposure than people with white skin to give enough vitamin D (Juzeniene et al. 

2011). Grant and Holick (2005) suggest that exposing 40% of the body surface to 

midday solar radiation in mid-latitude summer for 4–10 minutes for fair skinned 

people and 1–1.3 hours for dark skinned people provides an optimal amount of 

vitamin D for human health.  

The effectiveness of UV radiation in producing vitamin D varies with wavelength 

and UVB is the responsible band for this action (Bouillon et al. 2006)  (Figure  2.4), 

so that the best time for exposure to solar radiation is near solar noon when the UVB 

reaches its maximum (Grant & Holick 2005). 
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Figure  2.4: The action spectrum of vitamin D production by UV radiation (Bouillon et al. 2006). 

2.4.2 Detrimental effects of exposure to UV radiation  

The adverse effects of exposure to UV radiation can be classified into two 

general types of effects, acute and chronic. An acute effect, whose symptoms are 

severe, develops rapidly and leads quickly to damage that lasts for a relatively short 

time, is usually reversible. In contrast, a chronic effect develops gradually and its 

final result is often irreversible.    

2.4.2.1 Acute effects on the skin 

Sunburn (Erythema)  
Sunburn is an acute skin injury following excessive exposure to solar UV 

radiation. It results in redness and sometimes blistering within 8–24 hours after 

exposure (ASCC 2008). In severe cases, in addition to blistering, sunburn may result 

in swelling, and later, peeling of the skin (WHO 1994). The susceptibility of 

individuals to sunburn depends mainly on the pigment in their skin (skin colour) and 

therefore, the time course of sunburn varies from 15–30 minutes to 1–2 hours of 

midday exposure to solar UV radiation in mid-latitude summer for moderately 

pigmented skin while some people with dark skin will not sunburn even after a full 

day of exposure (Vecchia et al. 2007). Sunburn is usually followed in 3–6 days by 

tanning in individuals capable of producing melanin. This mechanism is a protective 

device of the skin against further damage by the UV radiation. The actual amount of 

energy required to induce sunburn varies with wavelength, since some regions of the 

spectrum are more effective than others. The relative effectiveness of UV 
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wavelengths in inducing sunburn is represented by the erythema action spectrum 

(CIE 1998) shown in Figure  2.2. 

It can be noticed from this figure that the UVB waveband is more erythmogenic 

than UVA by a factor of about 1000. The efficiency decreases rapidly with 

wavelength even within the UVB; the effectiveness of the 320 nm wavelength is only 

1% of that at 300 nm. The radiant exposure, therefore, is weighted by the action 

spectrum to calculate the erythemal dose (eq. 2.8). The major problem of sunburn is 

that there is an increasing risk of skin cancer, as some cancers are believed to be 

related to episodes of sunburn (Heisler & Grant 2000b). 

2.4.2.2 Chronic effects on the skin 

Photo-aging 
Photo-aging is the premature aging of the skin caused by repeated exposure to 

solar radiation (Yan et al. 2013). The resulting changes in the skin include dryness, 

wrinkling, dark spots, loss of elasticity and a leathery appearance (WHO 1979). 

These cutaneous changes are due to collagen degeneration in the dermis caused by 

cumulative injury from solar UV, which in turn depends on the degree and frequency 

of exposure to solar UV over the years (WHO 1979). The changes are irreversible 

and may cause major cosmetic and psychological problems, particularly for women. 

The spectral dependence for the cumulative damage in the skin (photo-aging) is 

different from the erythemal  action spectrum (Lavker et al. 1995). UVA is the band 

responsible for photo-aging changes  (Bens 2008) and the action spectrum of the 

photo-aging mechanism lies mainly in the UVA1 band. 

Skin cancer  

Skin cancer was identified as the cause of more than 2 thousands deaths of 

Australians in 2011 (ABS 2013). This is about 2.1% of all deaths registered in that 

year. Exposure to solar UV radiation is well established as the major cause of skin 

cancer in fair-skinned people (ASCC 2008). Prolonged exposure and/or intermittent 

episodes of sunburn can damage skin cells in a way that leads to the cancer. There 

are two main categories of skin cancer according to the skin cells that cancers can 

develop from. These are melanoma and non-melanoma skin cancers. 

- Melanoma skin cancer: 

Cutaneous malignant melanoma (CMM) is the type of skin cancer that occurs in 

cutaneous cells called melanocytes. These cells are located between the epidermis 

and dermis skin layers, and produce melanin that gives human skin, hair and eyes 

their colour. Although the melanin produced by melanocytes cells and transferred to 

the outer skin layer provides some protection against skin damage from solar 

radiation, it has been proven that melanocytes cells themselves, especially in 

fair-skinned people, may become cancerous due to overexposure to solar UV 

radiation (Alexandrescu et al. 2013). CMM accounts for about 5% of skin cancer 

cases worldwide. However, the fatality rates are the highest of the types of skin 
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cancer (Diaz 2013) and may exceed 40% of diagnosed cases (WHO 1979). The 

major risk factor of CMM is believed to be intermittent overexposures and blistering 

sunburns in childhood and throughout adulthood (Alexandrescu et al. 2013; Diaz 

2013; Norval et al. 2011). Three blistering sunburns or more before the age of 18 

years is classified as one of the greatest risk factors for CMM (Diaz 2013). 

- Non-melanoma skin cancers (NMSCs): 

Non-melanoma skin cancers are the cancers that develop from cutaneous cells 

other than melanocytes. Although NMSCs are the most commonly occurring 

malignancies among fair-skinned people worldwide (Diaz 2013), they are much less 

dangerous than CMM with an associated mortality of about 1% of diagnosed cases 

(WHO 1979). The most common types of non-melanoma skin cancers are basal cell 

carcinoma (BCC) and squamous cell carcinoma (SCC). 

 Basal cell carcinoma (BCC):   

BCC is the most common non-melanoma skin cancer and represents about 75% 

of diagnosed non-melanoma skin cancers. This cancer develops from basal cells that 

are found at the bottom of the epidermis and are responsible for the production of all 

the normal skin cells found above the basal cells. The positive side is that this cancer 

rarely spreads to another part of the body. The risk of BCC is more related to the 

number of reported sunburns rather than to cumulative exposure (Norval et al. 2011).  

 Squamous cell carcinoma (SCC) 

SCC refers to the type of skin cancer that develops from cutaneous cells called 

keratinocytes which make keratin. SCC can spread to the deeper layer of the skin and 

nearby lymph nodes and other organs, causing secondary cancers. Therefore the risk 

of SCC is 10 times greater than BCC (Diaz 2013). The risk of SCC is believed to be 

more related to cumulative life-time exposure to solar UV radiation (Norval et al. 

2011).   

2.4.2.3 Acute effects on the eyes  

   In a similar way to the sunburn of the skin, excessive exposure to UV radiation 

may burn the eyes (O'Shea 1996), leading to what is known as photokeratitis and 

photoconjunctivitis. These are inflammations of the cornea and conjunctiva 

accompanied with eye pain, sensation of foreign body in the eyes, swelling and 

difficulties looking at unshielded lights (ASCC 2008). The latency of these 

symptoms varies inversely with the severity of exposure; they usually appear within  

6–12 hours following the exposure (WHO 1979) and typically disappear after about 

72 hours.    
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2.4.2.4 Chronic effects on the eyes  

Prolonged exposure to UV radiation has also been linked to some eye disorders 

such as cataracts and the development of pterygium (Yam & Kwok 2014). 

Cataracts: 
Cataracts are the leading cause of blindness in the world (Long et al. 1996). The 

condition involves cloudiness or opacity in the transparent crystalline lens of the eye, 

leading to a decrease in vision that may progress to blindness. The eye lens is made 

up mainly of proteins and water. Degenerative changes in the proteins occur as 

people age and hence cataracts are common in the elderly and believed to be a 

normal part of the aging process. However, there is considerable evidence that 

prolonged exposure to UV radiation is a risk factor for the development of some 

types of cataracts (Roberts 2011; Yam & Kwok 2014) and about 20% of cataracts are 

believed to be associated with cumulative exposure to UV radiation (WHO 1994). 

Pterygium: 
A pterygium is simply an overgrowth of the conjunctiva on to the cornea of the 

eye (Sekelj et al. 2007)  that may eventually interfere with vision. Exposure to UV 

radiation appears to be the most significant factor in the development of pterygium 

(Moran & Hollows 1984; Sekelj et al. 2007; Yam & Kwok 2014). It has been 

estimated that about half of the cases of pterygium treated in Australia are caused by 

exposure to solar UV radiation (Wlodarczyk et al. 2001). 

 2.5 Measuring personal exposure to UV radiation 

One of the main goals of UV research is to optimise exposure levels to UV 

radiation in order to reduce the risks and gain the maximum benefits. In this regard, 

monitoring UV levels is fundamental.  

The most measured UV quantities worldwide are the global UV irradiance (the 

incident irradiance on a horizontal plane), ambient irradiance (global irradiance 

weighted with the erythemal spectrum) and the ambient exposure (integrated ambient 

irradiance over the time the surface was exposed). These quantities can be obtained 

by spectroradiometers that measure the spectral irradiance in particular wavelength 

increments and give the entire spectral shape and power, or by narrow-band and 

broad-band radiometers that measure the irradiance in a desired spectral band and 

can be weighted to approximate a chosen action spectrum (Diffey 2002a). Although 

these instruments are necessary for the continuous measurements that provide 

information to the public on UV levels, they are too bulky, stationary and can be of 

limited value for monitoring personal UV exposure which is related to the moving 

body with differently oriented sites. Alternatively, personal UV dosimeters have 

been intensively used in human exposure studies. Three main categories of personal 

dosimeters are used to quantify personal UV exposure. These are physical, 

biological, and chemical UV dosimeters.  
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2.5.1 Physical UV dosimeters (Electronic dosimeters)       

Physical dosimeters are miniature electronic devices that can be attached to 

clothing or worn on the wrist to record the incident UV radiation. In principle, the 

incident UV radiation induces a measurable physical property such as the 

thermoluminescent   phenomenon in specific crystals (Wulf & Gniadecka 1996a), or 

initiates a photoelectric current in a photodiode that is proportional to the incident 

UV radiation (Wulf & Gniadecka 1996b). Physical dosimeters can either accumulate 

the exposure over any time or record the time varying irradiance with a resolution of 

a few seconds (Seckmeyer et al. 2012). They may measure the absolute irradiance or 

radiant exposure (Wulf & Gniadecka 1996b), or may have specific built in filters that 

adjust the spectral response of the detector to approximate a certain biological effect 

(McKenzie et al. 2013). The main advantages of physical UV dosimeters are the 

ability to deliver data with a high resolution in time and amplitude (Naggar et al. 

1995), the re-usability (Allen & McKenzie 2010), ease-of-use and simple readout 

process. These advantages and the continuous development of the dosimeters have 

made physical dosimeters one of the optimum methods of measuring personal 

exposure to UV radiation. They have been effectively used to quantify personal 

exposure of some population groups such as skiers, fieldworkers and school students 

(Allen & McKenzie 2005; 2010; Cockell et al. 2001; Rigel et al. 2003a; Rigel et al. 

2003b; Schmalwieser et al. 2010a; Weihs et al. 2013), to study the variation of 

anatomical exposure with day time (Hu et al. 2010) and to investigate some UV 

protection strategies (McMichael et al. 2013). Although electronic UV dosimeters 

are suitable for long term measurements, the cost and availability may restrict their 

use for simultaneous large scale anatomical measurements and reduce their 

advantage compared to biological and chemical UV dosimeters. Another 

disadvantage of physical dosimeters is the gradual loss in sensitivity due to frequent 

use (Izewska & Rajan 2005).   

2.5.2 Biological UV dosimeters (Biosensors) 

Biological UV dosimetry is a technique that employs biological organisms as 

targets of UV radiation. The biologically effective UV dose is quantified by 

measuring the UV-induced effect within the exposed simple biological target (Rontó 

et al. 2004). The dosimeter automatically weights the incident UV wavelengths 

according to their biological effectiveness and provides an integrated biologically 

weighted dose (Bérces et al. 1999; Gróf et al. 1996). Several biological targets of 

varying degrees of complexity have been developed and employed in personal UV 

measurements. For instance, Bacillus subtilise spores have been used in spore 

dosimeter and DLR-biofilm as UV detectors; the UV effect is evaluated by 

measuring the colony-forming survival after exposure to UV radiation (Munakata et 

al. 2000; Munakata et al. 1996; Rettberg & Cockell 2004). Another type of the 

biological targets is phage T7 where the UV-induced effect is quantified by the 

inactivation of phage particles as a result of DNA damage (Bérces et al. 1999; Rontó 

et al. 1992). Polycrystalline uracil thin layers also employed as targets in UV 

measurements. The layers undergo change in the optical density upon exposure to 
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UV radiation due to photodimerization of uracil monomers (Gróf et al. 1996; 

Horváth et al. 2001). In addition, vitamin D photoisomers produced under UV 

exposure has been used in D-dosimeters as a means of determining UV dose 

(Terenetskaya 2000; 2003). 

Biological UV dosimeters have been successfully employed in personal exposure 

measurements during various activities in different environments (Cañada et al. 

2014; Moehrle et al. 2000; Munakata 1999; Serrano et al. 2010; 2011). The 

DLR-biofilm was reported to be able to measure up to two months of continuous 

exposure to solar UV radiation (Rettberg & Cockell 2004). However, the preparation 

of the biological dosimeter and the analysis required to determine the degree of 

UV-induced effect of the dosimeter material involves, in many cases, specific 

laboratory techniques and is often time consuming, which hinder their wide use in 

comparison with chemical UV dosimeters.          

2.5.3 Chemical UV dosimeters (UV actinometers) 

Chemical dosimetry is the technique that employs thin films of synthetic 

polymers which undergo photochemical changes upon exposure to UV radiation. The 

measurement principle of chemical dosimeters is based on the UV-induced change 

that occurs in one of the physical properties of the film, usually the optical density, 

upon exposure to UV radiation. The change is then compared to the calibration curve 

(dose response curve) of the dosimeter to obtain the integrated exposure dose. A 

passive integrating personal UV dosimeter is, therefore, obtained as a cheap, small, 

handy UV monitor that requires no power (Kimlin 2003). The most common 

chemical UV dosimeters that have been proposed and used in UV measurements are 

polysulphone (Diffey & Davis 1978), polyphenylene oxide (Davis et al. 1976), 

phenothiazine (Diffey et al. 1977a; Parisi & Wong 2000), allyl diglycol carbonate 

(Wong et al. 1992) and nalidixic acid (Tate et al. 1980). Among these dosimeters, 

polysulphone have been widely employed in personal exposure research, followed by 

the recently characterised polyphenylene oxide. 

The polysulphone polymer in a form of 40 µm thin film is the most widely used 

chemical UV dosimeter in research of personal exposure to solar UV radiation. 

Diffey and Davis (1978) reported the increasing fragility of polysulphone due to 

complex photo-degradation of the film when exposed to UV radiation. This 

degradation resulted in a change in the UV absorption spectrum of the film which 

can be determined to provide a measurement of the absorbed UV exposure (Casale et 

al. 2009). The highest relative UV-induced increase in the polysulphone film 

absorbance was found to be at 330 nm and thereby the film can be used as a UV 

dosimeter by relating the incident radiant exposure or exposure dose to the increase 

in the absorbance measured at 330 nm (Diffey & Davis 1978). The polysulphone 

dosimeter responds mainly to the UVB band of radiation and its spectral response 

approximates the CIE erythemal action spectrum (CIE 1993) (Figure  2.5); and, as a 

result, the dosimeter is often calibrated to measure personal erythemal UV doses.  
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Figure  2.5: Polysulphone spectral response (CIE 1993) (dashed line) compared to       

erythemal action spectrum (CIE 1998). 

In addition to the similarity between the PS dosimeter response and the erythemal 

response, the PS dosimeter is characterised by its independency of temperature 

(Diffey & Davis 1978), acceptable cosine response (Krins et al. 2000), ability to be 

miniaturised (Downs & Parisi 2009), low cost and light weight. The PS dosimeter 

has been extensively employed to: investigate the proportions of ambient UV 

radiation received at several anatomical sites in different occupations and various 

recreational activities (Allen & McKenzie 2005; Downs & Parisi 2008; Herlihy et al. 

1994; Holman et al. 1983; Kimlin et al. 1998; O'Riordan et al. 2000; Siani et al. 

2008; Siani et al. 2009; Siani et al. 2011); estimate the fluctuations of the 

stratospheric ozone layer (Kollias et al. 2003); evaluate different strategies of 

protection against solar UV radiation (Diffey & Cheeseman 1992; Gies et al. 2007; 

Gies et al. 2006; Gies & Mackay 2004); and correlate 25-hydroxycalciferol levels in 

blood with personal UV exposure dose (Beadle et al. 1980; Webb et al. 1990). The 

main disadvantage of the PS dosimeter is the fast saturation. The dosimeter is 

saturated after 3–6 hours of exposure to solar radiation (Parisi & Kimlin 2003), 

limiting its ability to continuously measure over long exposure periods. Therefore, 

the dosimeter has to be replaced regularly before it is saturated, increasing not only 

the cost and effort, but also the margin of error. Parisi and Kimlin (2003) have 

extended the polysulphone dynamic range to 3–6 days of exposure by incorporating 

an UV-attenuating filter with the dosimeter. Although this methodology was 

successfully applied in few-days-long measurements (Parisi & Kimlin 2004), in 

addition to the cost and time of preparing the dosimeter, it may increase the error 

margin due to changes in the transmission spectrum of the filter as a result of UV 

exposure (Parisi & Kimlin 2003). 

0.0001

0.001

0.01

0.1

1

10

280 300 320 340 360 380 400

R
el

at
iv

e 
se

n
si

ti
v
it

y
 

Wavelength (nm) 



28 

 

Another polymer, besides polysulphone, that was recently reported as a reliable 

chemical UV dosimeter is polyphenyline oxide (PPO). Although the potential of 

PPO as a monitor for UV radiation was realised early by Davis et al. (1976), the full 

characterization of the dosimeter has been carried out later than PS (Berre & Lala 

1989; Lester et al. 2003). The PPO quantification principle and dosimetric properties 

are similar to the PS, yet the dynamic range of the dosimeter is about five times 

longer than that of the PS (Lester et al. 2003). The PPO dosimeter has been 

employed to measure UV exposure in various environments such as evaluating UV 

radiation in air (Schouten et al. 2010) and aquatic locations (Schouten & Parisi 2012; 

Schouten et al. 2008; 2009), and measuring the incident UV on plant leaves (Parisi et 

al. 2010a; Turner et al. 2009). Specific filters have also been incorporated with the 

dosimeter to either extend its dynamic range (Schouten et al. 2010) or  measure only 

the UVA exposure (Turnbull & Schouten 2007; Turnbull & Schouten 2008). 

Chemical UV dosimeters as a measurement technique are much cheaper than 

electronic devices, and more simple and feasible than the biological dosimeters. The 

improvement of existing dosimeters for measuring longer periods, or the introduction 

of new polymers capable of measuring long-term exposures, will be of great benefit 

for studies of latent outcomes of exposure to UV radiation that are related to 

cumulative exposure throughout a lifetime.  

2.5.4 Determination of UV-induced changes within chemical 
UV dosimeters   

There is a wide spread of techniques used to determine the structure of 

compounds and detect possible changes over time.  Examples of these techniques 

are: Mass spectroscopy (MS), Nuclear Magnetic Resonance spectroscopy (NMR), 

UV spectroscopy (UV) and Infrared spectroscopy (IR).  

The quantification of UV-induced changes in chemical dosimeters is traditionally 

done using UV spectroscopy because of its low cost, ease of usage and simplicity of 

interpreting data (Field 1995) and its availability in basic physics laboratories. 

However, Fourier Transform Infrared (FTIR) spectrophotometers, which have long 

been used to identify unknown compounds and determine molecular structures (Sun 

2004) and to investigate mechanical, thermal and photo-degradation of polymers, can 

also offer a promising simple technique for this purpose.  

Regardless of the difference in the way that UV and IR interact with matter, 

Beer’s law is the basis of both UV and IR spectroscopy. Beer’s law states that the 

radiation absorbed by a sample at any particular wavelength is proportional to the 

concentration of the absorbing species in this sample (Smith 1996), i.e.  

lcA    (2.13) 
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where A  is the optical absorbance of the material,   is the molar absorptivity of the 

material, l  is the path length through the material and c is the concentration of the 

absorbing species. 

 The optical absorbance can also be written in terms of the incident radiation in 

the form: 

I

I

T
A 0log

1
  (2.14) 

where T  is the optical transmission of the material, 0I  is the radiation intensity 

before absorption and I  is the radiation intensity after absorption. The absorbance of 

the material before and after exposure can be measured using an appropriate 

spectrophotometer and, therefore, any changes that may occur through the absorbing 

species can be recognised and quantified.  

In the field of UV dosimetry, a UV spectrophotometer provides a graph of the 

absorption of a dosimeter in the UV region of the electromagnetic radiation as a plot 

of wavelength )(nm   against the absorbance )(A . This is called the UV absorption 

spectrum. In many cases, the UV absorption spectra of a dosimeter before and after 

exposure to UV radiation can indicate if there are any UV-induced changes in the 

dosimeter material. Figure  2.6 illustrates the changes in the UV absorption spectrum 

of 40 µm polysulphone film as a result of the exposure to UV radiation.  

 
Figure  2.6: Changes in UV absorption spectrum of 40 µm polysulphone film 

as a result of the exposure to UV radiation. 
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The IR absorption spectrum provided by the IR spectrophotometer represents the 

absorbance (or transmission) of a sample in the IR region as a function of its wave 

number (  ̅), where   ̅   
 

 
. This spectrum contains information about the sample 

structure and, as in the case of polymer degradation, can also be used to detect the 

formation or disappearance of some components in the sample (Schnabel 1981). 

Figure  2.7 shows the IR absorption spectrum of 40 µm polysulphone film.  

 
Figure  2.7: IR absorption spectrum of 40 µm polysulphone film. 

The main advantage of using IR spectroscopy over UV spectroscopy is that IR 

absorption spectra contain far more bands (characteristics) than UV absorption 

spectra and therefore have a larger information content (Field 1995).     
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2.6 Chemical UV dosimeter requirements  

2.6.1 Dosimetric properties 

To function as a reliable UV dosimeter, the material used must satisfy the basic 

dosimetric properties of UV dosimeters. In this context, the following properties 

have to be investigated: 

2.6.1.1 Monotonicity of dose response curves 

The underlying principle of monitoring UV radiation using chemical UV 

dosimeters is to measure the absorbance change induced by UV radiation in the 

dosimeter material and then compare the change with a dose response curve 

(calibration curve) to obtain the UV exposure. In general, it is desirable for all 

measuring systems to have a linear response over the entire range of exposures which 

they may be expected to measure (Webb 1995). Therefore, the ideal dosimeter 

should show a doubled response whenever the incident radiation is doubled. 

However, non-linearity of a dose response curve can be accepted and the curve does 

not need to be a straight line as long as the response is a monotonic function of the 

exposure dose.       

2.6.1.2 Reproducibility 

The ability of the dosimeter to monitor UV radiation depends on its 

reproducibility. Equal radiant exposures from the same source should induce the 

same measured response. The dosimeters used to establish the calibration curve 

cannot be used again in the measurements; instead, other dosimeters from the same 

batch are used. The ideal dosimeter then should respond to the radiation in a 

reproducible manner as the calibration dosimeters do, and any errors related to the 

film reproducibility have to be assessed and taken into account during the 

measurement process. 

2.6.1.3 Spectral response (Spectral sensitivity, Spectral dependence) 

The response of UV-sensitive materials to UV radiation is usually wavelength 

dependent, i.e., equal exposures with different wavelengths will induce different 

responses. This property is referred to as a spectral response, and it is one of the most 

important characteristics of radiation dosimeters. The spectral response of a UV 

dosimeter shows how the dosimeter response changes as a function of the 

wavelength of the incident UV radiation. The overall responsivity (S) of a dosimeter 

to a UV source of radiation with constant irradiance spectrum is given by: (CIE 

1984)  

H

A
S


     (2.15) 
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where A  is the absorbance change (dosimeter response) and H is the radiant 

exposure received by the dosimeter during the exposure period t  and given by  

tdEH
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)(       (2.16)  

where )(E is the spectral irradiance. The response of the dosimeter to 

monochromatic radiation of wavelength   (spectral response) is then: 
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The relative spectral response 
rS )( is the ratio of the spectral response )(S  of 

the dosimeter at wavelength   to a given reference value. The reference value is 

often taken as the spectral response at wavelength m that maximises the response  
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The spectral response should be defined in order to identify which UV 

wavebands the dosimeter can detect and whether the polymer response approximates 

any of the biological action spectra. 

2.6.1.4 Dose-rate independency (Receprocity law) 

Chemical UV dosimeters measure the integrated radiant exposure (dose), i.e., the 

product of the irradiance and the exposure time: 
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where  H  is the radiant exposure, )(E is the spectral irradiance and t is the total 

exposure time. Therefore, the UV induced response within the dosimeter should be 

independent of the rate of the received dose (irradiance), i.e., equal doses are 

supposed to induce the same response regardless of the dose-rate and duration of 

exposure. In other words, the response should obey the reciprocity law. The law 

which was first investigated by Bunsen and Roscoe and states that all photochemical 

reactions depend only on the total absorbed energy and are independent of the radiant 

intensity (irradiance) I and exposure time t  (Martin et al. 2003). The reciprocity law 

has the form  

.constIt    (2.20) 
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The validity of the reciprocity law means that the same response is observed 

when dosimeters receive the same integrated total exposure regardless to whether the 

exposures are performed at high irradiance for a short time or at low irradiance for a 

long time.    

2.6.1.5 Temperature independency 

Chemical dosimeters employed in solar UV radiation measurements experience 

different ambient temperatures. Different findings for the temperature effect on 

chemical UV dosimeters have been reported in the literature. Polysulphone and 

polyphenylene oxide dosimeters, for instance, have been classified as temperature 

independent dosimeters (Casale et al. 2009; Davis et al. 1976; Lester et al. 2003) 

while the measurements obtained by a chemical dosimeter based on nitrate and 

nitrite solution are strongly dependent on ambient temperature (Jankowski et al. 

2000). Therefore, the thermal stability of the dosimeter has to be ensured and the 

temperature range of the dosimeter validity should be identified. 

2.6.1.6 Angular dependence 

The angular dependence of the dosimeter is the variation in its response with the 

angle of incidence of incoming radiation. The direct component of solar irradiance 

strikes the dosimeter surface with an angle that varies according to the solar zenith 

angle (SZA). In addition, the diffuse part of the irradiance strikes the dosimeter at 

random angles. The dosimeter area )(a  irradiated by a beam of radiation increases in 

proportion to the increase of the angle of incidence of the beam )(  

cos

0a
a    (2.21) 

where 0a is the area corresponding to 00 . The result is that the number of 

incident photons that strike a fixed area decreases with the increasing , i.e. the 

irradiance E is reduced according to the relation (Parisi et al. 2004) 

cos0EE    (2.22) 

where 0E  is the irradiance at 00 . The relative change in irradiance )(
0E

E
 is then 

a cosine function. Therefore, for an ideal UV dosimeter, the response to the change 

in the angle of incidence of the beam (cosine response) should be a cosine function. 
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2.6.1.7 Dark reaction 

Previous research has reported changes in the responses of some chemical UV 

dosimeters after the UV exposure has been terminated (Davis et al. 1976; Diffey 

1989; Lester et al. 2003; Parisi & Kimlin 2003). This behaviour is commonly known 

as the dark reaction. The dark reaction induced change in the dosimeter response 

)( DA after a period t  of terminating the exposure can be calculated by 

   0)(  ttD AAA   (2.23) 

where 0tA  is the dosimeter absorbance as measured immediately after exposure and 

tA  is the absorbance after a period t  of terminating the exposure.    

For dosimeters that are designated for long term use, the measurement intervals 

may include nocturnal periods. In addition, the readout process is not always 

available immediately after exposure and the dosimeters may have to be stored for a 

while. In both cases, the dark reaction may take place during exposure or after 

exposure and may invalidate the results of the dosimeter. However, the change that 

occurs between exposures can be overcome as it is included in the calibration curve, 

since the calibration dosimeters will experience the same change. Any changes after 

exposure can be eliminated by adopting a standardization of read-out time after 

exposure (Diffey 1989). Ideally, a dosimeter with no dark reaction will allow it to be 

used in remote and inhospitable areas, leaving the read out process to a more 

convenient time and conditions (Webb 1995).  
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2.6.2 Practical requirements 

In addition to the aforementioned dosimetric properties that the material must 

exibit to function as a UV dosimeter, practical conditions impose some requirements 

for personal UV dosimetry. A reasonable personal UV dosimeter would have the 

following characteristics:  

2.6.2.1 Ease of preperation 

Chemical dosimeters are preferable to biological and electronic dosimeters, in 

part, because of their low cost per dosimeter which permit large scale monitoring 

(Vecchia et al. 2007). The dosimeter material, therefore, should be commercially 

available at low cost and easy to synthesise (Kuhn et al. 2004) using simple 

techniques that require no specific experience or sophisticated equipment.  

2.6.2.2 Convenience of use 

The ease with which the dosimeter can be exposed should be one of its 

advantages. The dosimeter has to be small and light so that it does not restrict the 

activities of the wearers. In addition, the dosimeter has to be sufficiently physically 

sturdy and environmentally stable to withstand weather conditions during outdoor 

applications.    

2.6.2.3 Readout convenience 

In contrast to physical dosimeters which give direct measurements, chemical 

dosimeters as passive dosimeters do not provide immediate readings. Additional 

measurements, analysis and calculations are required to determine the dose. The ease 

and reliability of the technique used to determine the exposure are considered when 

the overall applicability of a dosimeter is evaluated (Webb 1995). In this regard, the 

direct spectrophotometric technique is preferred (Kuhn et al. 2004). 
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2.7 Suitability of polyvinyl chloride (PVC) for 
long-term UV dosimetry 

The polymer polyvinyl chloride (PVC), with the chemical formula nClHC ][ 32 , is 

one of the most widely produced and used plastics worldwide (Kaczmarek et al. 

2005) because of its particular properties and low production cost. PVC is a 

light-weight and non-flammable thermoplastic with a strong and durable structure 

(Gupta et al. 2012). The use of PVC is widespread and diverse; and PVC products 

are included in almost all industrial activities including the manufacture of 

agricultural and household goods. The main disadvantage of using PVC is that PVC 

materials undergo serious deterioration when they are exposed for a long time to 

natural weathering, especially solar UV radiation (Zhang et al. 2012).  

PVC is produced by free-radical polymerization of monomer vinyl chloride 

(MVC) according to the equation (Patrick 2005): 

 
Figure  2.8: Polymerization of monomer vinyl chloride (MVC) to polyvinyl chloride (PVC).  

The most common commercial techniques involved in PVC production are 

suspension polymerization, emulsion polymerization and bulk polymerization (Braun 

2004). At the research level, PVC films can be produced by either casting from 

solution or pressing PVC powder under high pressure at high temperature.  

Figure  2.8 shows that the PVC polymer contains only the saturated bonds CC  , 

HC   and ClC  . These bonds absorb only radiation of wavelength less than 

200 nm (Wirth & Andreas 1977). According to the first law of photochemistry, the 

Grotthuss-Draper law, which states that light must be absorbed by a compound in 

order for a photochemical reaction to take place, pure PVC is expected to be 

transparent to terrestrial sunlight and should not show any UV exposure related 

changes. Nevertheless, the susceptibility of PVC to photodegradation during outdoor 

applications due to UV exposure has long been confirmed and extensively reported 

in the literature (Baum 1967; Hirt & Searle 1967; Martin & Tilley 1971; Rasheed et 

al. 2009; Reinisch et al. 1966; Ye et al. 2010). This degradation has been attributed 

mainly to the chromophoric impurities (Wiles & Carlsson 1980) introduced during 

syntheses, processing or storage.      

Polymer photo-degradation is a very complex process (Kaczmarek et al. 2002) 

that is governed by a large number of factors such as the number and nature of 

absorbing chromophores in the polymer system, polymer morphology, crystallinity, 

photo-physics and chemical chain reactions (Wiles & Carlsson 1980). In general, the 
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detailed process is out of the scope of this project; however, the main photochemical 

reactions in PVC are cleavage of main chain, photo-dehydrochloration, 

photo-oxidation, branching, crosslinking and side group abstraction (Kaczmarek et 

al. 2005; Sabaa et al. 2005; Yi et al. 2011). As a result of these reactions, the 

appearance of the PVC material, and its mechanical and physical properties, would 

be deteriorated (Yi et al. 2011). The degradation mechanisms and effects are 

analysed and followed using several modern experimental techniques such as FTIR, 

UV-Vis, and NMR spectroscopy (Sabaa et al. 2005). These techniques are used also 

to determine the effectiveness of UV wavelengths in inducing PVC 

photo-degradation. 

Since pure PVC is transparent to ambient UV radiation (280–400 nm) and any 

absorption in this region is dependent upon the processing conditions or added 

ingredients, the spectral response of PVC varies according to the type of 

photo-degradation process, which in turn depends on the nature and concentration of 

existing impurities, and the criterion employed to evaluate this degradation.  

Change in the carbonyl absorbance at 1730 cm
−1

 of melt-pressed 160 µm PVC 

films as a function of the wavelength of irradiation has been reported (Martin & 

Tilley 1971) and the wavelength region 355–385 nm was identified as the most 

active region in inducing photo-oxidation within the polymer. Different findings 

were reported by Hirt and Searle (1967) who found that 320 nm was the wavelength 

with the greatest effect on photodegradation of PVC as detected by means of the 

change in UV absorbance spectra, but neither the film preparation method nor its 

thickness were given. Reinisch et al. (1966) irradiated PVC films in a vacuum to 

investigate the potential of PVC for use in extra-terrestrial space. The UV absorbance 

spectra were used to measure the UV induced changes in solvent-cast PVC films of 

thickness 14–30 µm. The resulting response was to wavelengths between 238 and 

332 nm with a maximum response at 254 nm. Andrady and Searle (1989) used the 

yellowness index (YI) as a measure of photo-degradation of UV irradiated PVC thin 

films and found that the maximum change in YI for extruded rigid 1 mm thick PVC 

films is due to wavelengths between 300 and 320 nm while, under similar exposure 

conditions, the solvent-cast 5 µm thick films did not show any change in YI.  

Although the main topic of PVC research is the stabilization of PVC products 

against UV radiation by the use of UV absorbing additives or opaque pigments and 

polymer blends, some research has focussed on the positive side of PVC degradation. 

The enhancement of PVC photo-degradation has been studied in order to produce 

degradable polymers with the aim of decreasing waste plastics (Torikai & Hasegawa 

1999). PVC has also been investigated as a monitor for measuring high energy 

particles and radiation (Ilic-Popovic 1966; Kattan et al. 2011; Mai et al. 2004; Miller 

& Liqing 1985). 

In UV dosimetry, PVC has usually been used as a matrix for UV sensitive 

chemicals employed as dosimeters. The reason for using PVC as a matrix is that the 

UV absorption spectrum of PVC can be affected by doses much greater than those 

measured by the incorporated chemicals (Diffey et al. 1977a). Several photoactive 
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chemicals have been incorporated into thin PVC films to form UV dosimeters.  Such 

chemicals include phenothiazine (Diffey et al. 1977a) that was introduced to measure 

about 0.3 MJ/m
2
 of UVA radiation, 8-methoxypsoralen (Diffey & Davis 1978), and 

nalidixic acid (Tate et al. 1980) that was found to be suitable as a short term 

dosimeter within the range 280–350 nm.    

The suitability of pure PVC for use as a UV dosimeter was reported by Martin 

(1973) who tested the unstabilised PVC to use as a simple UV monitor. Martin has 

reported that the infrared absorbance at 1730 cm
−1

 of PVC film linearly increases 

with the incident total solar radiation up to about 14 MJ/m
2
. The films were used to 

compare the ratio of UV to global radiation in different cities. However, to the best 

of our knowledge, a full characterization of the investigated dosimeter or any other 

UV dosimeter based on PVC has not been undertaken. 

2.8 Conclusion 

Ultraviolet (UV) radiation is one component of solar radiation that reaches the 

earth’s surface and, therefore, almost everyone has some exposure to solar UV 

radiation in a daily basis. Ambient solar UV levels are affected by some geophysical 

factors including absorption and scattering by atmospheric constituents, and 

geometric factors such as the sun-earth distance and the solar zenith angle. Moderate 

exposures to solar UV radiation are beneficial, especially for cutaneous production of 

vitamin D. Exceeding safe exposure levels increases the risk factor of some diseases 

including sunburn, photo-aging, skin cancer and UV-related eye diseases. The 

assessment of personal UV exposure is therefore required for UV dose-response 

relationship studies. Chemical UV dosimetry is an effective tool for this purpose and 

is preferred over biological and physical methodologies, but is limited to short-term 

measurements. In addition to possessing adequate dosimetric properties for UV 

quantification, chemical dosimeters are characterised by their low cost and high    

versatility. Quantification of long-term UV exposure, which is responsible for 

UV-related effects with a cumulative nature, can be achieved by replacement of 

short-term exposure dosimeters, increasing the cost, effort and measurement error. 

Development of long-term exposure chemical UV dosimeter capable of monitoring 

large UV doses with single dosimeters would be of great value. There is sufficient 

evidence in the literature for the deterioration of unstabilised PVC on prolonged 

exposure to UV radiation. Whether this deterioration can be used to quantify UV 

exposure is a question that has previously not been investigated.     
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Chapter 3 Materials and Methods 

Chapter 3                                                                .             

 

 

Materials and Methods 

 

3.1 Introduction. 

3.2 Equipment and instrumentation. 

3.3 Optimal parameters and construction specifications of 

the PVC based dosimeter. 

3.4 Determination of dosimetric properties. 
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3.1 Introduction 

The review of research on PVC materials (Section 2.7) demonstrated the high 

susceptibility of PVC to photo-degradation when exposed to long-term solar UV 

radiation, leading to detectable changes in its physical properties. In addition, the 

results of the pilot study (Appendix A) showed that the UV-induced changes within 

solvent cast PVC thin film can be described in terms of the absorbance change in the 

1064 cm
−1

 peak intensity. This change was found to be proportional to the incident 

UV radiation and, therefore, the PVC satisfies the fundamental requirement for any 

chemical UV dosimeter (Davis et al. 1976; Webb 1995). The pilot study results also 

showed that PVC can be calibrated against a suitable instrument to provide a 

measure of solar UV radiation for periods of at least three weeks of exposure at 

subtropical sites. Therefore, a full characterization of the dosimetric properties of the 

PVC film was required before acknowledging PVC as a suitable long-term UV 

dosimeter.  

The investigation of the dosimetric properties of the proposed dosimeter listed in 

Section 2.6.1 requires first the determination of the optimal parameters for the 

fabrication of PVC thin films and the development of standardized specifications of 

the dosimeter.  

The following sections describe in detail a variety of indoor and outdoor 

experiments that were performed at the University of Southern Queensland (USQ), 

Toowoomba, Queensland (27° 33' S 151° 55' E, elevation of 691 m) using a wide 

range of available research instruments to test the optimal parameters, specifications 

and the dosimetric properties of the PVC based UV dosimeter.             
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3.2 Equipment and instrumentation  

3.2.1 Polymer film casting table  

PVC sheets of A4 paper size in differing thickness were produced using a 

polymer film casting table (Figure  3.1).  

 
Figure  3.1: The polymer film casting table 

The casting table consists of a stainless steel blade and a highly polished glass 

plate to one micron of flatness. The latter is installed on a metallic base that is 

mounted on four adjustable screws to level the plate horizontally. The stainless steel 

blade is installed above the glass plate so that it can be driven along the glass plate by 

an electric motor. The blade can be adjusted in height using side screws to achieve 

the desired film thickness.       
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3.2.2 Film thickness measurements  

The thickness of the prepared PVC sheets was measured using a dial thickness 

gauge (Logitech, UK) mounted on a metal base (Figure  3.2).  

 
Figure  3.2: Dial thickness gauge employed in determining the PVC thin sheets. 

The metal base provides a smooth flat ground surface upon which the PVC sheet 

is placed. The dial gauge consists of a dial indicator attached to a circular metal table 

and connected to a flat-end steel anvil. The dial indicator has a thumb-operator lifting 

lever at the top in order to raise the anvil through a spring-loaded spindle. The entire 

assembly is supported upon a tripod of three equidistant legs. The measuring range 

of the gauge is 0–10 mm with 2 µm resolution.  

Before taking the measurements, the metal base and the anvil were cleaned with 

alcohol. A clean piece of paper was then put between the anvil and the base and 

pulled out slowly in order to polish and further clean the surfaces. After removing the 

paper, the gauge was allowed to close. The bezel was adjusted until the indicator 

lined up exactly with the zero. The anvil was lifted several times by pressing the 

lifting lever to ensure that the indicator coincided with zero. In order to avoid the 

localised compression of the PVC film by the anvil of the measuring gauge, the 

measured PVC film was placed between two feeler gauge leaves of known thickness 

and the combined thickness of the sheet and the leaves was measured. From this 

value the thickness of the film was determined by difference.    

The accuracy of the manual thickness gauge was investigated using feeler gauge 

leaves of different thickness. Each leaf was measured five times and the standard 

deviation and percentage error were calculated (Table  3.1).  
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Table  3.1:  Deviation of the thickness gauge measurements from the thickness of standard feeler gauge leaves. 

 

Sample 

Leaf thickness (µm) 

60 100 150 200 250 300 350 400 450 500 

1 60 101 158 207 258 304 362 400 454 512 

2 60 101 158 207 259 306 360 402 454 508 

3 61 102 158 207 259 305 364 402 454 512 

4 60 102 158 207 258 304 364 402 454 512 

5 60 101 158 208 258 304 364 402 454 512 

Average 60.2 101.4 158.0 207.2 258.4 304.6 362.8 401.6 454.0 511.2 

SD 0.40 0.49 0.00 0.40 0.49 0.80 1.60 0.80 0.00 1.60 

Error 

(%) 

0.3 1.4 5.3 3.6 3.4 1.5 3.7 0.4 0.9 2.2 

 

The maximum error encountered for an averaged five measurements was 5.3%. 

The average error for all measurements was 2.1%. However, the error for thicknesses 

up to 100 µm (thin film dimensions) was less than 1.5%. The accuracy of the 

measured thicknesses, therefore, will be considered to be within ±2% of the 

measured thickness. 
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3.2.3 Irradiation facilities 

3.2.3.1 Fluorescent UV lamp 

A 40-watt fluorescent UV lamp (model TL 40/12, Philips, Lawrence and Hanson, 

Toowoomba, Australia) was employed as an artificial UV source to irradiate a large 

number of dosimeters simultaneously. Figure  3.3 shows the relative spectral 

irradiance of the fluorescent lamp as measured using a spectroradiometer (model 

USB4000, Ocean Optics). The UV band represents about 80% of the total radiation 

intensity of the lamp with predominant UVB output (63%).   

 
Figure  3.3: The relative spectral irradiance of the fluorescent lamp as measured at the exposure site. 

Since fluorescent lamps usually require warm-up time before reaching their full 

output, the warm-up time of the lamp was investigated and was found to be about 10 

minutes. Furthermore, as the lamp is employed without an exposure controller and 

the output of the lamp is expected to fluctuate with time, the UV irradiance of the 

lamp was measured using a spectroradiometer (model DMc150, Bentham 

Instruments Ltd, Reading UK) at a distance of 7 cm at various intervals over about 

900 hours and the average deviation from the measured irradiance was about 3.5%. 

In addition, the UV irradiance was measured at different distances from the lamp. 

The measured UV irradiances between 280 nm and 400 nm as a function of the 

distance are shown in Figure  3.4. The error bars represent an uncertainty of 3.5% of 

the measured irradiance related to the instability of the lamp output. 
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Figure  3.4: The UV irradiance between 280 nm and 400 nm at the exposure site 

as a function of the height of the lamp. 

A UV irradiation mini chamber (Figure  3.5) was constructed to facilitate the 

measurements using the fluorescent lamp and provide the maximum protection to the 

researcher from UV radiation.  
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Figure  3.5: UV irradiation mini chamber employed in exposing a number of PVC dosimeters to the 

same UV radiant exposure. 

The chamber is a 130 cm × 50 cm × 30 cm frame covered by black cloth and 

contains a horizontal 128 cm × 28 cm black board that was installed across the 

middle of the frame. The lamp was mounted on the board using adjustable stands to 

control the height of the lamp and hence the irradiance at the dosimeters site. The 

board was designed with a specific arrangement of 3 mm diameter holes (to suit the 

spectroradiometer’s detector) through which the distribution of UV radiation over the 

board can be mapped. The irradiance at an area of 10 cm × 60 cm was measured 

along the lines parallel and perpendicular to the longitudinal axis of the lamp.  
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Figure  3.6: The irradiance distribution as measured at the exposure site for different distances between the lamp 

and the exposure site. The x and y axes represent the length and the width of the board, respectively. 
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The uniformity of the irradiance over the studied area was calculated at distances 

between 6 cm and 25 cm from the lamp (Figure  3.6) using the following IEC 

(International Electro-technical Commission) standard formula (IEC 2007): 















minmax

minmax100
EE

EE
Uniformity   (3.1) 

where maxE and 
minE are the maximum and minimum irradiances measured at the 

investigated area respectively. 

An area of 10 cm × 30 cm was determined to be suitable to ensure that the 

dosimeters were uniformly irradiated (within 3%) along the parallel lines for all 

distances from the lamp. However, the uniformity along the perpendicular lines 

varies, as expected, from about 15% to about 3.5% for distances between 6 cm and 

25 cm from the lamp. Therefore, the dosimeters were exposed in parallel lines across 

the test area so that they received irradiance with a uniformity of about 4%.      

3.2.3.2 Solar UV simulator 

For laboratory experiments that require a stable spectrum and a collimated beam 

of UV radiation, a 300 W UV solar simulator (19160–1000, Newport Co., California, 

USA) combined with a digital exposure controller (model 68945, Newport Co., 

California, USA) (Figure  3.7) was used to simulate the UV portion of solar radiation. 

The simulator is powered by a highly regulated power supply (model 6991, Newport 

Co., California, USA) that provides constant power required for stable output and 

includes a multi-function LED display to monitor the power supply functions.  

 
Figure  3.7: Set up of exposures using the solar simulator. 
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The optical components of the simulator are shown in Figure  3.8.  

 
Figure  3.8: Optical configuration of the 19160–1000 solar simulator (Jeong 2007). 

The radiation source is a 300 W xenon arc lamp that emits a 5800 K 

blackbody-like spectrum positioned at one focus of an ellipsoidal reflector. The small 

dimensions of the arc allow efficient beam collimation. A combination system of 

reflecting mirrors, optical integrator, spectral correction filter (atmospheric 

attenuation filter No. 81017), UVA/UVB dichronic mirror, Vis-IR attenuating filter 

and collimating lens modify the irradiance geometry to obtain a continuous 

collimated beam with a solar-like spectrum (Figure  3.9) of ± 5% uniformity over a 

5.1 cm × 5.1 cm working plane.  
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Figure  3.9: The relative spectral irradiance of the solar simulator as measured at the exposure site. 

A digital exposure controller was employed with the solar simulator to maintain 

the irradiance relatively constant, regardless of lamp aging or changes in ambient 

temperature; it also allowed predefined timed exposures to be preset. 

3.2.3.3 Irradiation monochromator 

The investigation of the effectiveness of different wavelengths for producing 

change in the examined polymer has been undertaken using a Cornerstone™ 

260 ¼ m motorized monochromator (Oriel Instruments, USA). The radiation source 

was a 1600 W xenon mercury arc lamp held in a sophisticated housing (model 

66870, Oriel Instruments, USA). The lamp was powered by a digital arc lamp power 

supply (model 69922, Oriel Instruments, USA) with an exposure controller (model 

68945, Newport Co., California, USA)  (Figure  3.10) to stabilize the lamp output.  
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Figure  3.10: The system of the monochromator and the xenon mercury housing lamp. 

The monochromator is characterised by a double grating, 0.35 nm wavelength 

accuracy and 0.08 nm wavelength precision (Newport n.d.). The width of the input 

and output slits of the monochromator can be adjusted to control the full width at half 

maxima (FWHM) of the output beam. The slits were set to produce a beam with a 

FWHM of approximately 5 nm. 

The relative spectral distribution of different wavebands produced by the 

monochromator is shown in Figure  3.11. 
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Figure  3.11: The relative spectral distribution of the irradiation monochromator at different UV wavebands. 
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3.2.3.4 Solar UV radiation 

Solar UV radiation was used to establish the seasonal calibration curves and in 

anatomical exposure measurements conducted outdoors. Figure  3.12 shows the solar 

UV spectrum as measured in a partially cloudy day at Toowoomba, Australia (27º33´ 

S), for solar zenith angle of 64.72º. 

 
Figure  3.12: Global solar UV irradiance. 
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3.2.4 Irradiance measurements 

3.2.4.1 The Bentham spectroradiometer 

The primary instrument used for spectral irradiance measurements of artificial 

sources of UV radiation was a scanning spectroradiometer (model DMc150, 

Bentham Instruments Ltd., Reading UK) (Figure  3.13).  

 
Figure  3.13: The DMc150 Bentham spectroradiometer. 

The Bentham instrument is a double monochromator spectroradiometer with 

gratings of 1200 lines/mm. The incident radiation on the diffuser is transferred 

through a quartz fibre optic cable to the monochromator where the radiation is 

directed by a particular arrangement of mirrors to the first diffraction grating that 

separates the radiation into its specific wavebands. Further dispersion takes place 

through the second grating and the radiation is then directed, wavelength by 

wavelength, through the movements of the grating to measure a complete spectrum 

(Bentham 1997). A calibration was applied to provide a spectrum in units of 

mW/m
2
/nm. The spectroradiometer was calibrated for wavelength against the 

365.0 nm mercury emission line of a mercury electric discharge lamp to within 

± 0.1 nm, and against an air-cooled secondary standard quartz-tungsten halogen lamp 

for spectral irradiance.  
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3.2.4.2 The Ocean Optics Spectrometer 

A portable spectrometer (model USB4000, Ocean Optics, USA) was used in 

monitoring the irradiance uniformity of the fluorescent UV lamp (Figure  3.14).  

 
Figure  3.14:  Ocean Optics USB4000 Fiber Optic Spectrometer. 

The spectrometer is characterised by a resolution of less than 1 nm. Wavelength 

and irradiance calibration of the USB4000 was undertaken by employing the 365 nm 

mercury spectral line and a 150 W quartz halogen lamp with calibration traceable to 

the National Physical Laboratory, UK standard. The USB4000 measured the spectral 

irradiance from 178 nm to 888 nm in approximately 0.2 nm steps with an integration 

time of 20 ms and averaged over 10 scans. The main advantage of the USB4000 is 

that it draws power from the host computer, eliminating the need for an external 

power supply. Other advantages are the light weight, ease of usage and the small size 

of the detector.  
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3.2.4.3 The Erythemally weighted Biometer 

Outdoor exposure measurements for erythemally weighted UVB were made 

using a permanently installed outdoor UVB Biometer (model 501 Biometer, Solar 

Light Co. PA. USA) mounted on the roof of one of the university buildings with no 

significant obstructions to the hemispheric field of view of the sky (Figure  3.15). 

 
Figure  3.15: The outdoor UVB Biometer mounted on the roof of a USQ building. 

The Biometer is a Robertson-Berger type meter with a sensor that comprises a 

gallium-arsenide diode positioned under a phosphor-coated glass detector. The 

sensor is protected from weather conditions by a quartz dome. The angular response 

of the Biometer detector is within ±5% from ideal cosine for incident zenith angles 

less than 60º (Morys & Berger 1993). The output signals, which are proportional to 

the measured solar UV irradiance and ambient temperature, are directed from the 

Biometer to the data logger by a shielded cable. The Biometer has a controlled 

internal temperature to ensure a high level of accuracy within an ambient 

temperature range of -40 to +50 ºC. The measured spectrum range is 280–320 nm 

with spectral response close to the erythema action spectrum defined by the 

International Commission on Illumination (CIE) (CIE 1998); and the measured dose 

range of 0–10 MED/hr. The instrument is regularly calibrated against the Bentham 

spectroradiometer and set to record the cumulative erythemal UV exposures each 5 

minutes. The accuracy of the Biometer is ±10% of the daily total (Lester et al. 2003).          
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3.2.5 Optical absorbance measurements 

3.2.5.1 Fourier Transform Infrared (FTIR) spectroscopy  

FTIR spectrophotometer (model IRPrestige-21 FTIR-8400S, Shimadzu Co., 

Kyoto) combined with IRsolution software version 3.1 was used to record and 

compare the IR absorption of the dosimeters (Figure  3.16). The spectra were 

obtained at a resolution of 4 cm
−1

 with the absorption mode and corrected baseline 

within the range 400–4000 cm
−1

. 

 
Figure  3.16: The FTIR spectrophotometer employed in measuring the IR absorption of the dosimeters. 

The uncertainty of the measured absorbance related to the reproducibility of both 

the instrument and the dosimeter placement was investigated by measuring the 

absorbance of five dosimeters ten times in a random order. The measured absorbance 

was found to be within ± 1% of the mean and, therefore, the absorbance uncertainty 

will be considered within ± 1%.     
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3.2.5.1 UV spectroscopy 

A UV-Vis double beam spectrophotometer (model UV-1601, Shimadzu Co., 

Kyoto, Japan) combined with UV Probe software (Figure  3.17) was used to monitor 

changes in the UV absorbance spectra of the investigated polymers due to exposure 

to UV radiation.  

 
Figure  3.17: UV-Vis Spectrophotometer 

The radiation sources of the instrument are halogen and deuterium lamps with an 

on-board automatic light source positioning mechanism. The spectrophotometer is 

characterised by a photometric range of -0.5 to 3.99 ABS for the absorbance mode 

and 0.0 to 300% for the transmittance mode. The manufacturer specifies the 

wavelength accuracy to be  ± 0.5 nm and the photometric accuracy to be ± 0.4% at 

1.0 ABS (Shimadzu 1994).  
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3.3 Optimal parameters and construction 
specifications of the PVC based dosimeter 

3.3.1 Mixing ratio 

In order to determine the best mixing ratio (mass concentration), defined as the 

ratio of the mass of dry PVC powder in grams to the volume in millilitres of the 

tetrahydrofuran (THF) solvent used in the PVC solution for casting multiplied by 

100 (W/V%); for the preparation of solvent cast PVC thin films, different 

concentrations  of PVC solution were prepared by dissolving between 2 and 

15 grams of PVC powder (Aldrich Chemical Company, Inc., catalogue number 

34675-6) in 100 ml of THF solvent under vigorous stirring at 25 ± 2 °C. The 

dissolving time was recorded for each concentration and then each solution was cast 

in a thin layer using the polymer casting table and adjusting the stainless steel casting 

blade to be 100 µm above the plate. The solvent was allowed to evaporate at 

25 ± 2 °C for at least two hours and the dry thin film was then removed. The 

thickness was measured at five different sites on the film using a dial thickness gauge 

(Logitech, UK) which was previously calibrated against feeler gauge leaves; its 

accuracy was found to be within ± 2% of the measured thickness. Five PVC 

dosimeters were then fabricated from each film by cutting the PVC film into 2 cm × 

2 cm pieces, each attached with tape to cover the 1.8 cm × 1.2 cm aperture of a 3 cm 

× 3 cm plastic holder. The infrared (IR) absorption spectra of the dosimeters within 

the range 400–4000 cm
−1 

(IR region) were recorded using a Fourier Transform 

Infrared (FTIR) spectrophotometer (IRPrestige-21/FTIR-8400S, Shimadzu Co., 

Kyoto) at a resolution of 4 cm
−1

 in the absorption mode and corrected baseline.  

3.3.2 Film thickness  

The concentration of 10% of PVC/THF solution was determined as the best 

concentration for preparing PVC thin sheets for use in PVC based UV dosimeters 

(Section 4.4.1). This concentration was therefore employed for casting all subsequent 

PVC sheets that were used in this research.  

In order to determine the thickness of PVC thin film appropriate for use for the 

UV dosimeters, PVC sheets of different thicknesses were prepared, as described in 

Section 3.3.1, using 10% PVC/THF solution and changing the distance between the 

casting blade and the glass plate from 60 μm to 480 μm in 30 μm steps. After 

measuring their thicknesses, the films were utilised to fabricate PVC dosimeters 

whose IR absorption spectra were measured using the FTIR spectrophotometer. The 

dosimeters’ quality was evaluated and four thicknesses were selected to examine the 

relationship between the PVC’s sensitivity to UV radiation and film thickness. Three 

dosimeters of each of the four thicknesses were irradiated (after measuring their pre 

exposure IR absorption spectra) at 28 ± 2 °C for about 650 hours (~ 20 MJ/m
2 

of 

UV)  using a UV fluorescent lamp (model Philips TL40/12, supplier Lawrence and 

Hansen, Toowoomba). The distance between the lamp and the dosimeters was 
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adjusted to be 7 cm and the spectral irradiance of the lamp was measured regularly 

with a calibrated scanning spectroradiometer (model DMc150, Bentham Instruments 

Ltd, Reading UK). The average integrated UV irradiance, average deviation of the 

lamp output and irradiance uniformity at the dosimeters’ site were 9.1 W/m
2
, 3% and 

3% respectively. The dosimeters were removed from exposure for measurement of 

the IR absorption spectra at various exposure time intervals. The decrease in the 

absorption intensity of the dosimeters at the 1064 cm
−1 

peak after a period t  of 

exposure  tA  was calculated by: 

  final

t

initial

t AAA       (3.1) 

where initialA is the initial absorbance of the dosimeters at 1064 cm
−1

 and 
final

tA is the 

absorbance after a period t  of exposure. The dose response curves were generated by 

relating the change in the absorbance to the corresponding unweighted UV radiant 

exposure  H  over 280–400 nm which was calculated from the relation: 

   tEH 







 





400

280

)(




    (3.2) 

where )(E  is the spectral irradiance,  is the wavelength increment and t  is the 

exposure time.  The dose response curves were then compared to determine the most 

suitable thickness for the PVC dosimeter.   

3.3.3 Drying time determination 

Pure PVC does not absorb any radiation above 220 nm (Zweifel et al. 2009) and 

thereby no changes should occur in PVC during its exposure to UV radiation. 

However, PVC is known to be degraded on exposure to UV radiation mainly because 

of impurities, arising from either thermal treatment during processing or added 

ingredients, which catalyse photodegradation processes or absorb UV radiation to 

form radicals that initiate further reactions (Wypych 2008). In this research, PVC 

thin films prepared by casting from tetrahydrofuran solution for use in UV dosimetry 

have not been treated thermally and contain no additives. Therefore, the UV-induced 

changes are assumed to be a result of the influence of residual tetrahydrofuran, which 

is a photosensitiser (Wypych 2008) and responsible for the 1064 cm
−1

 peak in the 

infrared (IR) absorption spectra of solvent cast PVC samples (Wypych 1985). 

Solvent residues remain even when the films are dried at high temperatures (up to 

120 ºC) for extremely long times (Maláč et al. 1969). Maláč et al. (1969) dried 

solvent cast PVC samples at 50 ºC in air and found that the amount of residual 

tetrahydofuran in the samples decreases with time up to about 25 days and then 

remains nearly constant (Figure  3.18). The response of PVC dosimeters, that have 

been dried for various times, to UV radiation, therefore, has to be investigated to 

determine if it is necessary to dry the PVC thin films and for how long. 
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Figure  3.18: Quantitative dependence of residual tetrahydrofuran in solvent cast PVC samples 

on drying time at 50 ºC (Maláč et al. 1969). 

Ninety solvent cast PVC dosimeters of thickness of about 16 µm were prepared 

as described in Section 3.3.1. The absolute absorbance of the dosimeters at 

1064 cm
−1

 was measured immediately using the FTIR spectrophotometer and found 

to be 0.249 ± 0.012. The dosimeters were then dried at 50 °C in air for about four 

weeks and their absorbance was measured periodically. During the drying process, 

eight dosimeters were removed each five days and exposed to a broadband UV 

radiant exposure of 200 kJ/m
2
 supplied by the UV fluorescent lamp that emits 

radiation primarily in the UVB region of the UV spectrum. Four of the dosimeters 

were exposed at 25 °C and four at 45 °C. The spectral irradiance at the dosimeters’ 

site )(E  was measured with the calibrated Bentham spectroradiometer and the 

radiant exposure H  received by the dosimeters was calculated by using Equation 

3.2. The corresponding absorbance change )( A  was calculated with Equation 3.1. 

The average deviation of the lamp output during the exposure and the irradiance 

uniformity at the dosimeters’ site were about 3% and 4%, respectively. 
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3.4 Dosimetric properties 

3.4.1 Reproducibility  

The reliability of any chemical UV dosimeter is determined, in part, by its 

reproducibility. Equal radiant exposures from the same source should induce the 

same measured response. Any errors related to the film response sensitivity have to 

be quantified and taken into account during the measurement process. To quantify 

the reproducibility of the measurements taken by the PVC based UV dosimeter, ten 

dosimeters were irradiated evenly by the fluorescent UV lamp for 20 days, receiving 

a total radiant exposure of 27 MJ/m
2
 of broadband UV radiation.  

The absorbance change of the ten dosimeters iA%)( , where 10,...,2,1i  is the 

dosimeter number, was measured at various intervals during the exposure. The 

average absorbance change of the ten dosimeters was then calculated by:  

10

%)(

%)(
 

 i

iA

A     (3.3) 

and the absolute deviation from the mean for each dosimeter i  was obtained by  

100
%)(

%)(%)(







i

i

i
A

AA
   (3.4) 

The average deviation then equals 

10


 i

i

    (3.5) 

The average deviation from the mean was obtained and plotted as a function of the 

radiant exposure. 
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3.4.2 Determination of the spectral response 

The responsivity of chemical dosimeters to UV radiation is dependent on 

wavelength and therefore the dosimeter spectral response should be known. The 

spectral response of the PVC based UV dosimeter was investigated in this research 

using three different approaches and employing both poly and monochromatic 

radiation sources. This is because of the importance of the spectral response property 

of the proposed dosimeter, and to ensure the reliability of the obtained results.  

In the first approach, which was used in an earlier study by Martin and Tilley 

(1971) to determine the relative wavelength sensitivity of unstabilised PVC to 

photo-oxidation, PVC dosimeters were irradiated behind a series of cut-off UV 

filters. Each filter transmitted UV radiation of wavelengths greater than a specific 

threshold wavelength. The wider transmitted wavebands are expected to induce 

higher responses. Comparing the difference between the waveband widths and the 

resulting responses will give a general evaluation about what wavebands are able to 

induce a change within the dosimeter and the relative effectiveness of these 

wavebands in inducing this change. The dosimeters in the second technique were 

irradiated by narrower UV wavebands using band-pass filters that are designed to 

transmit a portion of the UV spectrum, while rejecting all other wavelengths. The 

spectral response was also determined with a monochromatic source that provides 

very narrow wavebands with FWHM of 5 nm. The detailed procedures are presented 

in the following sections. 

3.4.2.1 Cut-off filter technique  

A set of nine glass cut-off filters (Schott AG, Mainz, Germany) with threshold 

wavelength range 285–377 nm (10% transmission) was used to investigate the 

relative ability of the UV sub-bands to induce changes in 16 µm thick PVC 

dosimeters. Figure  3.19 shows the transmittance spectra )(T  of the nine filters 

measured using a spectrophotometer (model UV-1601, Shimadzu Co., Kyoto, 

Japan). 
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Figure  3.19: Transmittance spectra of the nine cut-off filters. 

Nine pairs of PVC dosimeters were simultaneously exposed behind the filters to 

the Philips UV fluorescent lamp for 135 hours at 28 ± 2 °C along with an unfiltered 

pair, a pair covered with a UV cut-off filter (Llumar, Scotchline, Australia) to block 

wavelengths below 400 nm from reaching the dosimeters and a pair covered with an 

opaque cardboard that obscured the dosimeters from any radiation. The spectral 

irradiance of the source )(E  over the UV band (280–400 nm) at the dosimeters 

exposure plane was periodically measured with the Bentham spectroradiometer. The 

spectral irradiance behind each filter )(nE   was then calculated by: 

   )()()(  nn TEE       (3.6) 

where )(nT  is the spectral transmission of the n
th

 filter. The IR absorbance of the 

dosimeters was measured before the exposure 
initial

nA  and immediately after the 

exposure 
final

nA ; and then the absorbance change  nA  was calculated by:    

     final

n

initial

nn AAA      (3.7) 

The resulting absorbance change was compared with the corresponding waveband 

and radiant exposure. 
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3.4.2.2 Narrow band-pass filter technique 

Four narrow band-pass filters (model 03 FIU, Melles Griot Optics) with 

wavelengths of maximum transmittance 300 nm, 324 nm, 343 nm and 361 nm as 

measured using the Shimadzu spectrophotometer were used in the irradiation of four 

PVC dosimeters using different narrow UV sub bands.  

The irradiation source was a 300 W UV solar simulator (19160-1000, Newport 

Co., California, USA) combined with an exposure controller (model 68945, Newport 

Co., California, USA) to minimise variations in the lamp output. The dosimeters 

were positioned 1 cm behind the filters and continuously exposed at 32 ± 2 °C for 

31 hours to the collimated UV beam. The UV spectral irradiance at the dosimeters’ 

site )(E  was measured by the Bentham spectroradiometer and then utilised with the 

transmission spectra of the filters to calculate the spectral irradiance behind each 

filter using Equation 3.6 (Figure  3.20).  

 

 
Figure  3.20: Spectral irradiance as calculated behind each of the four narrow band-pass filters. 

Pre and post exposure FTIR absorbance was measured to compare the resulting 

change with the received exposure.  
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3.4.2.3 Monochromatic radiation  

Six PVC dosimeters were sequentially exposed to a fixed dose of 0.5 MJ/m
2
 at 

25 ± 2 ºC using different UV wavelengths obtained by setting a 1600 W irradiation 

monochromator (model 66870, Oriel Instruments, USA) at the selected wavelength 

from 290 to 340 nm in 10 nm increments. For the maximum output irradiance, the 

monochromator input and output slits were set to a width of 4.5 mm and 4 mm, 

respectively, and the resulting irradiances at the dosimeters’ surface (measured by 

the Bentham spectroradiometer) were very narrow wavebands of nearly the same 

FWHM (5.6 ± 0.1 nm) (Figure  3.21). 

 
Figure  3.21: Relative spectral irradiance of the narrow bands supplied by the irradiation monochromator. 

The integrated irradiance of the selected wavelengths was between 14.0 and 21.5 

W/m
2
 and the exposure time ranged between 6.5 and 9.9 hours. The exposure related 

IR absorbance change of the dosimeters was measured with wavelength and the 

wavelength responsible for the maximum change was determined (290 nm) and used 

to normalise the results to unity. The exposure was repeated for a dose of 0.1 MJ/m
2
 

at 25 ± 2 ºC and 40 ± 2 ºC to investigate the dependency of the spectral response on 

exposure dose and temperature. The exposure time in this case ranged from about 1.3 

to 2 hours. 
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3.4.3 Temperature independency 

Chemical dosimeters employed in solar UV radiation measurements experience 

different ambient temperatures. Therefore, the thermal stability of the dosimeter has 

to be ensured and the valid temperature region of the dosimeter should be identified.  

The effect of ambient temperature on the PVC dosimeter response to UV 

radiation was investigated by irradiating PVC dosimeters using both the fluorescent 

lamp and the solar UV simulator at a temperature-controlled environment.  Five 

batches of three PVC dosimeters, previously dried at 50 °C for four weeks, were 

sequentially exposed at 5 ºC, 12 ºC, 20 ºC, 30 ºC, 40 ºC, and 45 ºC to an equal 

broadband radiant exposure of 0.2 MJ/m
2
 using the fluorescent lamp. In addition, 

five batches of four dosimeters were sequentially subjected to 0.5 MJ/m
2
 from the 

solar simulator at the abovementioned temperatures. The exposure using the solar 

simulator was repeated with a total exposure dose of 1 MJ/m
2
.  

Irradiation at different temperatures was achieved by controlling the air flow 

temperature, except for 5 ºC in which a water bath containing a mixture of ice and 

water was used. The temperature error was estimated to be ± 2 ºC. The IR 

absorbance was measured before and after the exposure to allow comparison of the 

absorbance change of the dosimeters exposed to the same exposure dose at different 

temperatures. 

3.4.4 Dose-rate independency 

Chemical UV dosimeters measure the integrated radiant exposure (dose). 

Therefore, the UV-induced response within the dosimeter should be independent of 

the rate of the received dose (irradiance), the property which is known as the 

Bansen-Roscoe law of reciprocity. The law states that equal doses are supposed to 

induce the same response regardless of the dose-rate.  

The validity of the reciprocity law for the PVC dosimeter was studied by 

exposing several groups of PVC dosimeters to the same exposure dose accumulated 

from different irradiances during different exposure times. The desired irradiances 

were obtained by either changing the distance between the fluorescent lamp and the 

dosimeters or incorporating neutral density filters with the solar UV simulator.    

 Seven batches of six PVC dosimeters were sequentially exposed to the 

fluorescent lamp at different distances from the lamp for different durations of 

exposure so that all batches received an equal broadband UV radiant exposure of 2 

MJ/m
2
. The distance between the dosimeters and the lamp ranged between 6 cm and 

34 cm. The UV irradiance as measured by the Bentham spectroradiometer at the 

exposure site was between 2.9 W/m
2
 and 12.9 W/m

2
 and the required exposure time 

ranged between 43 and 193 hours. Figure  3.22 illustrates how the spectral irradiance 

at the exposure site changes with increasing distance between the fluorescent lamp 

and the dosimeters.  
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Figure  3.22: The change of the spectral irradiance measured at the exposure site as 

a function of the distance between the fluorescent lamp and the dosimeters. 

It is important that the employed irradiances have similar distributions, i.e. the 

spectral irradiance decreases evenly for all wavelengths with increasing distance. For 

instance, the integrated irradiance may halve, but this should be due to a uniform 

halving in intensity of the whole irradiation spectrum. The percentage decrease of the 

spectral irradiance from its initial value (maximum value when the distance is 6 cm) 

with the increase of the distance was calculated and is provided in Figure  3.23.    

 

0

50

100

150

200

250

300

350

400

280 300 320 340 360 380 400

S
p
ec

tr
al

 i
rr

ad
ia

n
ce

 (
m

W
/m

2
/n

m
) 

Wavelength (nm) 

34 cm 

24 cm 

21 cm 

8 cm 

11 cm 

15 cm 

6 cm 



69 

 

 
Figure  3.23: The percentage decrease of the spectral irradiance from its initial value (when the distance is 6 cm) as 

a function of the distance between the fluorescent lamp and the dosimeters.  

The change in the spectral irradiance is almost equal for all wavelengths, with a 

noticeable deviation for the wavelengths 312–316 nm and 364–368 nm. The equality 

of the change improves with increasing distance. The average deviation from the 

mean of the percentage decrease was 2.99%, 1.50%, 0.81%, 0.50%, 0.48% and 

0.44% for the distances 8 cm, 11 cm, 15 cm, 21 cm, 24 cm and 35 cm, respectively. 

The uncertainty related to the spectral uniformity of the employed irradiances can, 

therefore, be considered within 3%.  

For each exposure, an additional three dosimeters covered with cardboard were 

employed as control dosimeters. The covered dosimeters were placed at the exposure 

site to ensure that they were at the same temperature as the exposed dosimeters. The 

1064 cm
-1

 peak intensity of each dosimeter was measured before and after exposure 

by the FTIR spectrophotometer in order to relate the change to the subjected 

irradiance.   

Further investigation of the reciprocity law has been undertaken employing the 

solar UV simulator as an irradiation source. The advantage of using the solar 

simulator, in addition to the high stability and uniformity of its irradiance, is the 

ability of attaining irradiances comparable with the solar UV irradiances which are 

higher than those that can be obtained from the fluorescent lamp. However, the small 

exposure area only allows the exposure of four dosimeters at the same time. 

Due to the fact that the output of the solar simulator is collimated, increasing the 

distance between the simulator and the dosimeters does not change the irradiance. 

Alternatively, a number of neutral density filters (NDF) were employed with the 

solar simulator to obtain the required irradiances. The neutral filter is a 

polypropylene (PP) thin film that provides about 20% attenuation for the band 300–
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400 nm with 5% spectral uniformity. The transmission of the filter was measured by 

the UV spectrophotometer and is shown in the Figure  3.24. The change in the 

transmission due to exposure was found to be within 3% of its initial value. 

 
Figure  3.24: Transmission of the PP sheet employed to attenuate the irradiance of the solar UV simulator. 

Six batches of four PVC dosimeters were sequentially irradiated behind an 

increasing number of NDF filters using the solar simulator so that each batch would 

be subjected to different levels of irradiance. The spectral irradiance was regularly 

measured during exposure using the Bentham spectroradiometer. The exposure time 

was calculated so that all batches received an equal UV exposure of 1 MJ/m
2
. The 

UV irradiance as measured by the Bentham spectroradiometer at the exposure site 

was between 53.5 W/m
2
 and 10.4 W/m

2
; and the required exposure time ranged from 

5.2 to 26.7 hours. Figure  3.25 shows the irradiance spectra employed in exposing the 

dosimeters to a total exposure of 1 MJ/m
2
. 
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Figure  3.25: Irradiance spectra of the solar UV simulator employed in exposing 

the PVC dosimeters to 1 MJ/m
2
 broadband UV. 

The pre and post exposure 1064 cm
-1

 peak intensity of each dosimeter was 

measured by the FTIR spectrophotometer and the UV induced change was compared 

and analysed.  
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3.4.5 Angular dependence 

The angular dependence of the dosimeter is the variation in its response with the 

angle of incidence of incoming radiation. The maximum irradiance of a stable beam 

of radiation corresponds to 
0 angle of incidence    and is reduced by a factor of 

)cos(  with increasing  angle (Parisi et al. 2004).  Therefore, for an ideal UV 

dosimeter, the response to the change in the angle of incidence of the beam should be 

a cosine function. To quantify any differences of the angular response of the PVC 

dosimeter from the cosine function, nine sets of PVC dosimeters were irradiated by a 

collimated UV beam at nine different angles of incidence. The irradiation source was 

a UV solar simulator (19160-1000, Newport Co., California, USA) combined with an 

exposure controller (model 68945, Newport Co., California, USA) to minimise 

variations in the lamp output. The simulator provides a stable collimated beam of 

5 cm × 5 cm with measured irradiance uniformity across the entire exposure area of 

about 5%. Batches of four PVC dosimeters were irradiated sequentially at angles 

ranging from 0º to 80º at intervals of 10º. The exposure lasted for 24 hours at each 

angle. The average absorbance change of the dosimeters corresponding to each angle 

was measured and then normalised for the comparison with the cosine function. The 

deviation of the dosimeter angular response from the ideal cosine response was 

calculated for each angle.       

3.4.6 Backscattering effect 

Butson et al. (2000) have reported variation of up to 19% in the measurements of 

UV exposure obtained with a UV dosimeter based on a radiochromic film due to 

various background materials. This discrepancy is assumed to be associated with 

backscattered radiation reflected off backing material. Therefore, the effect of the 

background material and colour on the response of PVC dosimeters to UV radiation 

was examined. White, black and purple papers along with black polyethylene and 

glossy wood were employed as backgrounds for five batches of PVC dosimeters. The 

dosimeters were exposed evenly to the fluorescent UV lamp for 100 hours, providing 

5 MJ/m
2
 of broadband UV radiant exposure at each dosimeter site. The UV-induced 

absorbance change of the dosimeters was measured and normalised for the 

comparison.  
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3.4.7 Erythemal dose response curves 

The erythemal dose response curves of the PVC dosimeter were determined at 

the University of Southern Queensland, Toowoomba, Australia (latitude 27.6 ºS) in 

Autumn (23
rd

 April – 29
th

 May 2012), Winter (23
rd

 July – 28
th

 August 2012), Spring 

(10
th

 September – 8
th

 October) and Summer (5
th

 February – 22
nd

 February 2013). For 

each season, five dosimeters were exposed on a horizontal unshaded plane near an 

erythemally weighted UV meter (model 501 Biometer, Solar Light Co. PA. USA), 

that records the cumulative erythemal exposure each five minutes. The Biometer was 

calibrated to the Bentham spectroradiometer each season. The angular response of 

the Biometer is assured by the manufacturer to be within 5% from ideal cosine for all 

incident angles. The dosimeters were removed only for the absorbance measurements 

(15 minutes) and were not brought indoors at night. The absorbance change of the 

dosimeters was measured at different intervals and related to the corresponding 

exposure dose to construct dose response curves. During the summer calibration, 

three covered dosimeters (control dosimeters) were placed at the exposure site as 

controls to investigate any effects of the ambient temperature on the UV-induced 

changes within the dosimeter.  

 

3.4.8 Threshold dose 

The threshold dose is the smallest dose that can induce a measureable response 

within the dosimeter. The erythemal dose response curves obtained for the PVC 

dosimeter indicate that the dose capacity of the dosimeter extends to more than 900 

SED. However, the response to small doses does not exactly match the general trend 

of the data. Further investigation of the dosimeter response to small doses has been 

carried out using the solar simulator. A set of four PVC dosimeters was evenly 

irradiated to a total radiant exposure of 6 SED, during which the absorbance change 

was regularly measured.    

3.4.9 Dark reaction 

Previous research has reported changes in some chemical UV dosimeter 

responses after the UV exposure has been terminated (Davis et al. 1976; Diffey 

1989; Lester et al. 2003; Parisi & Kimlin 2003). This behaviour is commonly known 

as the dark reaction. The proposed PVC dosimeter is designed to measure weeks of 

exposure to solar UV radiation and would therefore experience nocturnal periods 

during the measurement period. In addition, the readout process is not always 

conducted immediately after exposure and the dosimeters may have to be stored for a 

while. The post exposure behaviour of the PVC dosimeter was investigated by 

exposing 16 PVC dosimeters to a broadband radiant exposure of 3.5 MJ/m
2 

supplied 

by the fluorescent UV lamp. After measuring the UV-induced absorbance change, 

the dosimeters were divided into four groups and maintained in a UV free 

environment at -15 ºC, 0 ºC, 15–20 ºC and 40 ºC respectively. The absorbance 
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change was measured at different times during the storage and plotted against time 

for each temperature. 

In order to explore the dependency of the dark reaction, if in evidence, on the 

radiant exposure received by the dosimeters, the previous investigation was repeated 

for PVC dosimeters irradiated by 1.75 MJ/m
2
 (half of the first exposure) and the 

abovementioned procedures were followed. 
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Chapter 4 Results 

Chapter 4                                                                .             

 

 

Results 

 

4.1 Optimal parameters and construction specifications of 

the PVC based UV dosimeter. 

4.2 Dosimetric properties of the PVC dosimeter. 
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4.1 Optimal parameters and construction 
specifications of the PVC based UV dosimeter 

4.1.1 Mixing ratio 

Table  4.1 summarises the results obtained from the preparation of PVC thin 

sheets using different concentrations. The table compares the time required to 

dissolve the PVC powder (t), the physical properties of the produced sheet, the 

thicknesses (l) and initial absorbance (Ai) of sheets prepared from different 

concentrations of PVC/THF solution.   

Table  4.1: A comparison of the preparation process and physical properties 

of PVC sheets prepared using different concentrations. 

W/V% t  (hrs) Film specifications l (μm) Ai 

2 < 0.1  Colourless transparent sheet. 

× Difficult to remove from the glass plate. 

× Very fragile. 

× Easy disruption. 

× Tends to wrinkle and tear. 

× Difficult to handle and attach to the holder.   

4.2 

 

0.016 

3 ~ 0.5   Colourless transparent sheet. 

× Difficult to remove from the glass plate. 

× Very fragile. 

× Easy disruption. 

× Tends to wrinkle and tear. 

× Difficult to handle and attach to the holder.   

5.8 

 

0.056 

4 ~ 1.0   Colourless transparent sheet. 

× Difficult to remove from the glass plate. 

× Fragile. 

× Easy disruption. 

× Tends to wrinkle and tear. 

× Difficult to handle and attach to the holder.   

8.6 

 

0.075 

5 ~ 1.5   Colourless transparent sheet. 

× Difficult to remove from the glass plate. 

× Fragile. 

× Difficult to handle and attach to the holder.   

6.8 

 

0.044 

6 1.5-2.0   Colourless transparent sheet. 

 Absence of surface blemishes and defects. 

× Fragile. 

× Difficult to handle and attach to the holder.   

10.0 

 

0.186 

7 ~ 2.0   Colourless transparent sheet. 

 Absence of surface blemishes and defects. 

 Good quality. 

12.2 

 

0.182 

8 ~ 3.0   Colourless transparent sheet. 

 Absence of surface blemishes and defects. 

 Good quality. 

10.0 

 

0.115 
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9 ~ 4.0   Colourless transparent sheet. 

 Absence of surface blemishes and defects. 

 Good quality. 

14.2 

 

0.211 

10 ~ 5.0   Colourless transparent sheet. 

 Absence of surface blemishes and defects. 

 Good quality. 

15.4 

 

0.160 

11 ~ 6.0   Colourless transparent sheet. 

 Absence of surface blemishes and defects. 

 Good quality. 

18.0 

 

0.276 

12 ~ 7.0   Colourless transparent sheet. 

× Appearance of surface unevenness. 

× Start to be brittle. 

18.8 

 

0.331 

13 ~ 8.0  × High viscosity solution. 

 Colourless transparent sheet. 

× Appearance of surface unevenness. 

× Brittle. 

15.6 

 

0.235 

14 ~ 10.0  × High viscosity solution. 

 Colourless transparent sheet. 

× Appearance of surface unevenness. 

× Brittle. 

15.6 

 

0.275 

15 ~ 12.0  × High viscosity solution. 

 Colourless transparent sheet. 

× Appearance of surface unevenness. 

× Brittle. 

18.4 

 

0.304 

16 ∞ × Very high viscosity solution. - - 

 

It can be noticed from the table that PVC sheets prepared using solutions of 

concentrations less than 7% tended to wrinkle and tear; while solutions of 

concentrations greater than 12% were difficult to spread on the glass plate and 

resulted in brittle films that showed a pronounced surface unevenness. Smooth films 

with an acceptable quality could be cast using concentrations between 7% and 12% 

with a dissolution time up to 6 hours at 25 ± 2 °C. In addition, for concentrations less 

than 11%, the thickness of the film increased in proportion to the concentration used 

in preparing the sheet (Figure  4.1). Concentrations higher than 11% give almost the 

same thickness of about 17 μm.  In other words, for a fixed height of the casting 

blade, the greater the concentration, the thicker the resulting film.  
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Figure  4.1: The measured thickness of PVC sheets prepared with a fixed height of the casting blade (100 µm) as a 

function of the employed concentration of PVC/THF solution. The error bars represent the standard error of the 
measured thickness. 

Comparison of the PVC powder dissolving time and the physical properties of 

the films showed that a 10% concentration is the most suitable concentration for 

preparing PVC sheets for use in UV dosimetry.   
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4.1.2 Film thickness 

Table  4.2 summarise the results obtained for different thickness PVC sheets cast 

from 10% PVC/THF solution. Sheets with different thicknesses were obtained by 

changing the distance (height) between the casting blade and the glass plate. The 

table compares the physical properties of the produced sheets, their thicknesses (l) 

and initial absorbance (Ai). 

Table  4.2: A comparison of the physical properties of PVC sheets prepared from 10% PVC/THF solution 

using different heights of the casting blade. 

Height of the  

blade (μm) 

Film properties l (μm) Ai 

60   Colourless transparent sheet. 

× Difficult to remove from the glass plate. 

× Very fragile. 

× Easy disruption. 

× Tends to wrinkle and tear. 

× Difficult to handle and attach to the holder.  

4.0 0.020 

90   Colourless transparent sheet. 

× Fragile. 

× Easy disruption. 

× Tends to wrinkle and tear. 

× Difficult to handle and attach to the holder.   

5.7 0.021 

120   Colourless transparent sheet. 

 Absence of surface blemishes and defects. 

× Fragile. 

× Difficult to handle and attach to the holder.   

6.8 0.089 

150   Colourless transparent sheet. 

 Absence of surface blemishes and defects. 

8.4 0.116 

180   Colourless transparent sheet. 

 Absence of surface blemishes and defects. 

 Good quality. 

8.8 0.159 

210   Colourless transparent sheet. 

 Absence of surface blemishes and defects. 

 Good quality. 

14.0 0.176 

240   Colourless transparent sheet. 

 Absence of surface blemishes and defects. 

 Good quality. 

16.0 0.214 

270   Colourless transparent sheet. 

 Absence of surface blemishes and defects. 

 Good quality. 

20.0 0.288 

300   Colourless transparent sheet. 

× Appearance of surface unevenness. 

22.4 0.361 

330   Colourless transparent sheet. 

× Appearance of surface unevenness. 

× Signs of brittleness. 

23.4 0.377 

360   Colourless transparent sheet. 25.8 0.474 
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× Appearance of surface unevenness. 

× Signs of brittleness. 

390   Colourless transparent sheet. 

× Appearance of surface unevenness. 

× Brittle. 

37.8 0.629 

420   Colourless transparent sheet. 

× Appearance of tears and surface unevenness. 

× Brittle. 

45.4 0.677 

450   Colourless transparent sheet. 

× Appearance of tears and surface unevenness. 

× Very thick. 

× Brittle. 

55.0 0.857 

480   Colourless transparent sheet. 

× Appearance of tears and surface unevenness. 

× Very thick. 

× Brittle. 

58 0.881 

PVC sheets prepared from a 10% PVC/THF solution were of thicknesses 

between 4 μm and 58 μm. The relationship between the initial absorbance  iA  at 

1064 cm
−1

 and thickness  l  of dosimeters (Figure  4.2) was: 

    lAi  0155.0    (4.1) 

 
Figure  4.2: The absorbance of PVC thin films at 1064 cm

−1
 as a function of film thickness. The error bars are the 

standard error in the measured thickness and in the IR absorbance of five PVC dosimeters fabricated from each 
sheet. 
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This is in agreement with the Beer-Lambert law. Thicknesses between 8.4 µm and 20 

µm were of a better quality in terms of the absence of surface blemishes and defects 

and hence they were employed to investigate the dose response of PVC as a function 

of film thickness.  

Figure  4.3 shows the dose response curves of PVC dosimeters fabricated from 

films of thicknesses 8.4 µm, 14 µm, 16 µm and 20 µm.  

 
Figure  4.3: Dose-response curves of PVC thin films of different thicknesses. The y  error bars represent the 

standard error in the measured absorbance of the three irradiated dosimeters of each thickness while the x  error 

bars represent a variation of 3% in the lamp output. 

It can be noticed that the curves for the thicker films, which have higher initial 

absorbance, have a higher change to the same exposure as well as a higher gradient. 

However, the curve linearity decreases with increasing thickness. The 16 µm 

thickness seems to be the best compromise between physical quality, sensitivity to 

UV and linearity of dose response curve. Consequently, the 16 µm thick PVC film 

cast using 10% (W/V%) concentration and obtained by altering the blade height to 

240 µm was determined as the most suitable thickness for the PVC dosimeters. The 

short error bars reflect the high reproducibility of the dosimeters.   
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4.1.3 Drying time determination 

Figure  4.4 shows the absorbance of the 16 µm PVC based UV dosimeters dried 

at 50 °C as a function of the drying time. There was a gradual absorbance reduction 

with a decreasing rate of change.  

 
Figure  4.4: Change of absolute absorbance at 1064 cm

−1
 of PVC dosimeters as a function of drying time at 50 ° C. 

The error bars represent the standard error of the measured absorbance. 

Although the absorbance curve has not eventually levelled as expected by Maláč 

et al. (1969), the rate of absorbance decrease reached its minimum after about 3 

weeks of drying. The absorbance dropped to 50% of its initial value after four weeks 

of drying. The difference between the absorbance change of PVC dosimeters 

exposed to 200 kJ/m
2
 at 25 ºC and 45 ºC decreased with the increase of drying time 

(Figure  4.5). 
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Figure  4.5: The normalised absorbance change of PVC dosimeters exposed to 200 kJ/m

2
 at 25 °C and 45 °C 

after being dried for different periods at 50 ºC. The error bars represent the standard error of the normalised 
absorbance change as calculated by the error propagation formulae. 

The absorbance change of the undried dosimeters exposed at 45 ºC was about 

30% higher than those exposed at 25 ºC. This difference dropped to just about 5% for 

those dosimeters dried for 25 days, indicating that drying the dosimeters for about 25 

days at 50 ºC will minimise the temperature dependence of the dosimeters.     

4.1.4 Conclusion on the optimal parameters of the proposed 
dosimeter 

Based on the results obtained in Section 4.1.1–4.1.3, the optimal parameters for a 

PVC based UV dosimeter are:  

 The most suitable concentration of PVC/THF solution for preparing the PVC 

sheets is10% (W/V%). 

 Dissolution time of five hours with vigorous stirring at 25 °C is adequate to 

dissolve all PVC powder in the THF solvent.  

 The optimal film thickness for the dosimeter in terms of physical quality and 

UV sensitivity is 16 µm. This thickness can be obtained by adjusting the 

blade height to 240 µm. 

  At least two hours of solvent evaporating time at 25 °C is required to dry the 

PVC sheets, followed by drying the sheets for four weeks in air at 50 °C.  
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4.2 Dosimetric properties of the PVC dosimeter  

4.2.1 Reproducibility 

The average deviation from the mean for the ten dosimeters exposed to the same 

UV exposure was 3–5% for UV exposures up to 2.5 MJ/m
2
 and dropped to ≤ 2% for 

higher exposures (Figure  4.6). The average reproducibility is 2.5%. 

 

 
Figure  4.6: Dose response curve of ten PVC dosimeters subjected to a total broadband UV radiant exposure of 

27 MJ/m
2
 of radiation presented along with the average deviation from the mean of the dosimeters’ absorbance 

change as a function of the radiant exposure. The y  error bars represent the standard error of the measured 

absorbance change, they are shorter than the dimensions of the associated symbol and do not appear clearly on 
the graph, while the x  bars represent 3% variation in the output of the lamp. 
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4.2.2 Determination of the spectral response 

4.2.2.1 Cut-off filter technique  

After 135 hours of exposure, the cumulative UV dose received by the dosimeters 

ranged between 4.9 MJ/m
2
 for the unfiltered pair and 12.6 KJ/m

2
 for the pair exposed 

behind filter number 9. All the dosimeters underwent a measureable change at the 

1064 cm
−1

 peak. The largest change was for the unfiltered pair (16%), while those 

pairs exposed behind filters 5 9 experienced approximately the same change as the 

pairs covered with the cardboard and the UV cut-off filter (3.2%), indicating that this 

change may be due only to thermal degradation and that wavelengths longer than 

about 345 nm do not contribute to the photo-degradation process. Each pair  n  of 

dosimeters was subjected to an integrated irradiance of E  more than the next pair

 1n , where:  

         )()( 1nn EEE      

                         )()()( 1nn TTE           (4.2) 

where )(nT  is the spectral transmission of the n
th

 filter. The difference in irradiance 

E  leads to a difference  A  between the absorbance change of the two pairs, 

where: 

    1 nn AAA     (4.3) 

The overlap between spectral bands encompasses the correlation between the 

spectral irradiance and the difference in the absorbance change. As a result, just three 

bands that had minimum overlap and covered the active part of the UV region were 

chosen for comparison (Figure  4.7).  
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Figure  4.7: The irradiance difference received by the consecutive pairs irradiated behind the filters 1-2, 2-3, and 4-5. 

Assuming the validity of the reciprocity law and the linearity between the 

exposure dose and absorbance change, the difference in the absorbance change per 

exposure dose unit  uA  was calculated for the consecutive pairs by: 

 
tE

A
A u





      (4.4) 

where t  is the total exposure time.  

 uA  was then normalised to obtain the relative sensitivity of each of the spectral 

bands. Figure  4.8 presents the three bands, using the FWHM, and their relative 

ability in inducing change in the PVC dosimeter. The maximum sensitivity was for 

the shorter wavelengths investigated to approximately 312 nm.  
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Figure  4.8: Spectral response of the PVC dosimeter as obtained using the cut-off filter technique. 
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4.2.2.2 Narrow band-pass filter technique 

After 31 hours of exposure, the four dosimeters exposed behind the filters with 

wavelengths of maximum transmittance 300 nm, 324 nm, 343 nm and 361 nm 

received about 2.1 KJ/m
2
, 138.2 KJ/m

2
, 2.1 MJ/m

2
 and 1.2 MJ/m

2
, respectively. The 

absorbance change per exposure dose unit for each dosimeter was calculated using 

Equation 4.4, and then normalised and presented in Figure  4.9 which shows that the 

maximum effectiveness in inducing change within the PVC dosimeter was again at 

the shorter wavelengths.    

 

 
Figure  4.9: Spectral response of the PVC dosimeter as obtained using the narrow band-pass filter technique. 
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4.2.2.3 Monochromatic radiation 

The PVC spectral response as measured using the irradiation monochromator by 

exposing the dosimeters to 0.5 MJ/m
2
 at 25 ± 2 ºC, 0.1 MJ/m

2
 at 25 ± 2 ºC and 

0.1 MJ/m
2
 at 40 ± 2 ºC is presented in Figure  4.10. The maximum response of the 

dosimeter occurred at 290 nm and decreased with increasing wavelength up to 

340 nm independently of temperature and exposure dose. The averaged spectral 

response measured by the irradiation monochromator is shown in Figure  4.11 

 

 

 
Figure  4.10: Spectral response of the PVC dosimeter obtained using an irradiation monochromator where the 

dosimeters were exposed to 0.5 MJ/m
2
 at 25±2 ºC (circle), 0.1 MJ/m

2
 at 25±2 ºC (square) and 0.1 MJ/m

2
 at 40±2 ºC 

(triangle). The error bars indicate the 5.6 nm FWHM of each exposure waveband. 
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Figure  4.11: Averaged spectral response of the PVC dosimeter as obtained using the irradiation monochromator 

with different radiant exposures at different temperatures. 
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4.2.3 Temperature independency 

The normalised response of PVC dosimeters subjected to a total broadband UV 

exposure of 0.2, 0.5 and 1 MJ/m
2
 as a function of the exposure temperature is shown 

in Figure  4.12, 4.13 and 4.14.    

 
Figure  4.12: The response of PVC dosimeters subjected to 0.2 MJ/m

2
 of broad band UV as a function of the 

exposure temperature. 

 
Figure  4.13: The response of PVC dosimeters subjected to 0.5 MJ/m

2
 of broad band UV as a function of the 

exposure temperature. 
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Figure  4.14: The response of PVC dosimeters subjected to 1 MJ/m

2
 of broad band UV as a function of the exposure 

temperature. 

The dosimeters showed no significant difference in their behaviour and the 

response seems to be independent of temperature over the range 5–45 ºC. The 

average deviation from the mean response was 4.6%, 3.7%, and 4.1% for the 

exposures 0.2, 0.5, and 1 MJ/m
2 

respectively, indicating that the response is 

independent of temperature regardless of the received exposure.  
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4.2.4 Dose-rate independency 

The normalised response of PVC dosimeters exposed to 2 MJ/m
2
 of broadband 

UV radiation accumulated from different irradiances obtained from the fluorescent 

lamp is given in Figure  4.15.  

 

 
Figure  4.15: The response of PVC dosimeters exposed to 2 MJ/m

2
 of broadband UV exposure as a function of the 

irradiance supplied by the fluorescent lamp. The error bars are the standard error of the normalised absorbance 
change as calculated by the error propagation formulae. 

The average deviation from the mean response was about 6%. This deviation can 

be considered within the experimental error, taking into account an uncertainty of 

3.5% in the stability of the lamp output, 4% uncertainty in the irradiance uniformity 

over the exposure area and 3% uncertainty in the spectral uniformity.  

The control dosimeters showed no response, indicating that the response of the 

exposed dosimeters was due only to the subjected UV radiation.  

For the dosimeters irradiated by 1 MJ/m
2 

using the solar UV simulator, the 

response of the dosimeters was within 3% of the average response (Figure  4.16).  
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Figure  4.16: The response of PVC dosimeters exposed to 1 MJ/m

2
 of broadband UV exposure 

as a function of the irradiance supplied by the solar UV simulator. The error bars are the standard error of the 
normalised absorbance change as calculated by the error propagation formulae. 
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4.2.5 Angular dependence 

The response of the PVC dosimeter as a function of the angle of incidence of the 

UV radiation is shown in Figure  4.17 together with the cosine function and the 

corresponding cosine error. The average cosine error in the range 0-80º was 18%. 

The measured cosine error was less than 6.5% for angles up to 40º, increasing to 

16% at 50º and reaching its maximum of about 40% at higher angles. 

 

 

Figure  4.17: The response of PVC dosimeters as a function of the angle of the incident beam (dashed line) 

compared with the ideal cosine function (thin line). The bar chart shows the deviation of the PVC angular response 

from the cosine function. The y  error bars represent the standard error of the normalised response as calculated 

by error propagation formulae, while the x  error bars represent an estimated angular alignment error of ± 1º. 

 

 

 

 

 

 

 



96 

 

4.2.6 Backscattering effect 

The response of PVC dosimeters evenly irradiated using different backgrounds is 

shown in Figure  4.18.  

 

 
Figure  4.18: The response of PVC dosimeters irradiated evenly over different backgrounds. 

In general, darker backgrounds had less effect on the absorbance. This is in 

agreement with previous research (Lester & Parisi 2002; Riva et al. 2009) that 

reported less UV reflectivity of dark colours than light ones. The maximum response 

was for the white paper background. Responses for white and purple backgrounds 

differed by about 30%. In addition, a slight effect of the material type is noticed by 

the 5% discrepancy in the response of dosimeters irradiated with black polyethylene 

and black paper. The results indicate that similar materials and colours should be 

employed for both calibrating dosimeters and measuring dosimeters to avoid any 

backscattering effect.  
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4.2.7 Erythemal dose response curves 

Figure  4.19 shows the erythemal dose response curves of the PVC dosimeter 

obtained for different seasons. The dose-response relationship was represented by a 

best fit to a second-degree polynomial function. The best fit of the data for all curves 

is almost similar and very close to linear. The average deviation of the experimental 

points from the regression was about 15%. The greatest deviation was observed for 

fitted function values less than 120 SED with an average of about 32%. For higher 

exposures, the average deviation of the experimentally determined exposures was 

about 12% from those calculated by the fitted function.   
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Figure  4.19: Solar erythemal UV dose response curves of the PVC dosimeter. The summer curve includes the 

response of the control dosimeters. The x error bars represent the standard error of the measured absorbance while 
the y error bars represent 10% accuracy of the Biometer . 

Control dosimeters used during summer calibration (when the temperature is the 

highest) showed an absorbance change of ±1%, except for one point where the 

change was 2%. This change is within the experimental error of the absorbance 

measurements, which means there was no evidence of significant effect of ambient 

temperature on the measured response. The maximum measured cumulative 

exposure was about 900 SED, obtained during the spring calibration (28 days of 

exposure), with no signs of saturation or substantial deviation from the general trend 

of the curve indicating that the dosimeter is able to measure even higher doses.   

The combined data of all seasons is shown in Figure  4.20. The curve could be 

used as a standard dose response curve for the different seasons. 
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Figure  4.20: Combined dose response curve of the PVC dosimeter for the four seasons. 
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4.2.8 Threshold dose 

Figure  4.21 shows the dose response curve of PVC dosimeters subjected to a 

total broadband UV dose of 6 SED using the solar simulator. A fluctuation in 

response is apparent for doses less than 2 SED. After that, the response starts to 

change monotonically. A dose of 3 SED can be considered as the lower threshold 

dose of the dosimeter.  

 
Figure  4.21: The response of PVC dosimeter to small doses. 

4.2.9 Dark reaction 

The dark reaction induced absorbance change of PVC dosimeters, measured after 

exposure had ceased, is illustrated in Figure  4.22 and 4.23. It can be seen from these 

figures that there was no evidence of incremental change. ∆A% fluctuated within the 

experimental error of the measured absorbance, ± 3%, up to about 70 days after 

terminating the exposure. For both groups of dosimeters, irradiated by 3.5 MJ/m
2
 and 

1.75 MJ/m
2
, there is no clear dark reaction or dependent change on post-exposure 

time or temperature.     

Furthermore, negligible fluctuation in post-exposure absorbance change was also 

independent of the radiant exposure. Figure  4.24 reveals that PVC dosimeters 

receiving different exposures, stored at similar temperatures after exposure, show 

similar behaviour of post-exposure absorbance as a function of time.   
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Figure  4.22: The dark reaction induced change of PVC dosimeters exposed to 3.5 MJ/m

2 
of broadband UV and stored after exposure at different temperatures. 
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Figure  4.23: The dark reaction induced change of PVC dosimeters exposed to 1.75 MJ/m

2
 of broadband UV and stored after exposure at different temperatures. 
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Figure  4.24: The dark reaction induced change of two groups of PVC dosimeters (A, B) subjected to two different exposures and stored  

at the same temperature after terminating the exposure. (A) dosimeters irradiated by 3.5 MJ/m
2
 and (B) dosimeters irradiated by 1.75 MJ/m

2
. 

 

-4

0

4

8

12

0 20 40 60 80

P
er
ce
n
ta
g
e 
ch
an
g
e 
in
 ∆
A
%

 

Post-Exposure Time (hrs) 

-15 ºC 

A B

-4

0

4

8

12

0 20 40 60 80

P
er
ce
n
ta
g
e 
ch
an
g
e 
in
 ∆
A
%

 

Post-Exposure Time (hrs) 

0 ºC 

A B

-4

0

4

8

12

0 20 40 60 80

P
er
ce
n
ta
g
e 
ch
an
g
e 
in
 ∆
A
%

 

Post-Exposure Time (hrs) 

15-20 ºC 

A B

-4

0

4

8

12

0 20 40 60 80P
er
ce
n
ta
g
e 
ch
an
g
e 
in
 ∆
A
%

 

Post-Exposure Time (hrs) 

40 ºC 

A B



105 

 

Chapter 5 Employment of the PVC dosimeter in anatomical exposure measurements 

Chapter 5                                                                . 

 

Employment of the PVC dosimeter in 

anatomical exposure measurements 

 

5.1 Introduction. 

5.2 Materials and methods. 

5.3 Results and discussion. 
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5.1 Introduction 

The experimental investigation of the dosimetric properties in previous chapters 

has proven that the PVC dosimeter can be calibrated to quantify solar erythemally 

effective exposures that are significantly greater than those that can be measured by 

the PS and PPO chemical dosimeters. The exposure limit of the PS dosimeter is 

about 30 SED (Diffey 1987) and the PPO dosimeter is about 300 SED (Lester et al. 

2003).   

An outdoor test was carried out in order to evaluate the reliability of the PVC 

dosimeter in personal solar UV exposure measurements during an extended period of 

time. The ability of the PVC dosimeter to deliver reliable measurements was 

evaluated by comparing the results obtained by one set of PVC dosimeters with the 

results concurrently obtained by three sets of PPO dosimeters, and also with the 

results reported in similar studies.  

5.2 Materials and methods 

PVC dosimeters of thickness of 16 µm were prepared from 10% PVC/THF 

solution using the polymer casting table as described previously. PPO dosimeters 

were kindly provided by Professor Alfio Parisi. The 40 µm PPO dosimeters were 

cast using 0.12 mixing ratio of PPO and chloroform as described by Lester et al. 

(2003).   

The PVC and PPO dosimeters were employed to monitor the erythemally 

effective exposure that reaches five anatomical sites using four head form manikins 

rotating at a constant velocity of one revolution per minute. This velocity may be 

regarded as equivalent to random motion during outdoor activities (Diffey et al. 

1977b).   
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Figure  5.1: The experimental set-up for the anatomical exposure measurements showing the PVC and PPO 

dosimeters attached to chosen spots on manikins that were mounted on a rotating platform. 

Two dosimeters of each type were attached to each of the following sites: vertex, 

nose, shoulder, chin and neck (Figure  5.1). The exposures were carried out for 12 

consecutive days during summer 2013 at a private property near the University of 

Southern Queensland (27.56 °S 151.95 °E 690 m). The site of the exposures was an 

unshaded lawn surrounded by a house and fence, with partial shading before 08:00 

and after 18:00 EST. 

The calibration curves for the two dosimeters were determined at the time of the 

anatomical exposure measurements by exposing a number of PVC and PPO 

dosimeters on a horizontal unshaded plane near the erythemally weighted UV meter 

and regularly recording the UV-induced response of the two dosimeters as a function 

of the UV exposure.  

The ambient erythemally effective exposure and, therefore, measured personal 

exposure are expressed in units of  SED following CIE (1998). 

The UV-induced response of the PPO dosimeters was quantified by the change in 

the optical absorbance at 320 nm (Lester et al. 2003) measured using the Shimadzu 

spectrophotometer, while the PVC response was taken as the percentage change in 

the 1064 cm
−1

 peak intensity (Amar & Parisi 2012), measured using the FTIR 

spectrophotometer.  

Due to the fact that PPO dosimeters are saturated after about five days of 

exposure to solar UV radiation (Lester et al. 2003), the PPO dosimeters used for 

measurement and calibration were replaced every four days of exposure.  
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At the end of the exposures, the measured absorbance change within the PVC 

and PPO dosimeters were converted into exposure doses in SED using the calibration 

curves concurrently established. 

Finally, the anatomical exposure measured by one set of PVC dosimeters (10 

dosimeters) was compared with that measured using three sets of PPO dosimeters 

(30 dosimeters). 

5.3 Results and Discussion 

The PVC and PPO calibration curves determined at the same time as the field 

measurements, and employed to convert the measured absorbance change of the 

measuring dosimeters to exposure dose, are presented in Figure  5.2 and Figure  5.3, 

respectively.  

 

 
Figure  5.2: The dose response curve of the PVC based dosimeter. The error bars are the standard error in the 

measured absorbance of the dosimeters.  

 

 

y = 0.85x2 + 34.4x 

R² = 0.99 

0

200

400

600

800

1000

0 3 6 9 12 15 18

E
ry

th
em

al
 e

x
p
o
su

re
 (

S
E

D
) 

(∆A%)1064 cm
-1 



109 

 

 
Figure  5.3: The dose response curve of the PPO based dosimeter. The error bars are the standard error in the 

measured absorbance of the dosimeters.  

A comparison between the doses received by the five investigated anatomical 

sites during 12 consecutive days in summer as measured using the PVC and PPO 

dosimeters are presented in Figure  5.4. The agreement between the results was best 

for the vertex, nose and shoulder. However, there was a slight discrepancy between 

the two dosimeter types for doses measured at the chin and back of the neck.  
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Figure  5.4: Doses received by five anatomical sites due to exposure to solar radiation for 12 days as measured by 

PVC and PPO dosimeters. 

The error bars in Figure  5.4 represent a measurement uncertainty of 15% for each 

set of PPO dosimeters (Lester et al. 2003), and 24% for the PVC dosimeter. The 

uncertainty was estimated as described below.  

As for all measured quantities, the UV dose measured by the PVC dosimeter has 

a level of uncertainty (variability) that needs to be communicated along with the 

measured value. One method of estimating the measurement uncertainty of passive 

dosimeters relies on the concept that:  

“when propagating the error in a measurement of A  through nonlinear function, 

)(AfZ  , the uncertainty in  Z  is a function of both A  and its uncertainty           

A …….  A calculus-based approximation for the uncertainty propagation for a 

single-variable function is AZ
dA

dZ
  ”. (Hughes & Hase 2010).  

This was the methodology employed by Tate et al. (1980) to estimate the uncertainty 

in the measured UV dose using nalidixic acid film dosimeter. 

The established calibration function for PVC dosimeters used for measuring the 

anatomical exposure (Figure  5.2) is: 

xxy 4.3485.0 2        (5.1) 

where, in this instance, the absorbance change is denoted by x rather than ∆A%, and 

y is the associated UV dose in SED units (instead of H). 

The derivative of 5.1 is: 
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dxxdyx
dx

dy
)4.347.1(4.3485.02    (5.2) 

where xdx x . , x is the average deviation of the absorbance change 

(reproducibility) of the dosimeter which  was previously (4.2.1) determined as 2.5%.  

The measured anatomical UV dose and the related uncertainty in the current study 

are shown in Table  5.1: 

 

 

 

 

Table  5.1: The uncertainty in the estimated anatomical exposures measured by PVC dosimeters. 

Exposure site x y (SED) (dy/y)% 

vertex 11.85 527 21 

nose 9.95 426 21 

shoulder 8.53 355 22 

chin 7.79 320 22 

back of the neck 6.85 276 22 

The average uncertainty of dose measurements was about 22%. This uncertainty in 

the measured dose is due to the absorbance uncertainty. To take into account the 

uncertainty in the Biometer data (10%) used to establish the calibration curve, the 

combined standard uncertainty )( CU  was calculated after (Castrup 2010) by:  

UC =Positive square root of the sum of the square uncertainties 

.....2

3

2

2

2

1 etcuuuUC               (5.3)  

where iu  are the statistically independent  uncertainty components. 

%241022 22 CU    

Although 24% uncertainty can be considered high, it is still comparable with that of 

other chemical UV dosimeters. For instance, the PPO uncertainty was reported to be 

15% (Lester et al. 2003); and the PS uncertainty was found to be 10% for 330A  up to 

0.3 and about 30% for 4.0330 A  (Diffey 1987). 
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Another methodology for estimating the dosimeter uncertainty depends on 

calculating the deviation of the experimental data used in constructing the calibration 

curve from the best fit of the data. The average deviation of the experimental points 

from the regression in Figure  5.2 was about 10%. The greatest deviation was 

observed for fitted function values less than 120 SED with an average of about 20%. 

For higher exposures, the average deviation of the experimentally determined 

exposures was about 6% from those calculated by the fitted function. The maximum 

uncertainty in the dosimeter measurements can then be considered to be 20%, which 

is close to that calculated by the calculus-based approximation.   

The exposure ratio (ER), which is defined as the ratio between the personal UV 

exposure on a selected anatomical site and the corresponding ambient UV exposure 

measured on a horizontal plane, can be considered in this study as the fraction of the 

ambient UV exposure received on the vertex (Schmalwieser et al. 2010b). This ratio 

was calculated from the data obtained by the PVC dosimeter and is presented in 

Table  5.2.  

Table  5.2: The UV exposure relative to the vertex at five anatomical sites as measured using the PVC dosimeter 

after 12 consecutive days of exposure in summer at Toowoomba, QLD.  

Anatomical site Exposure Ratio (ER) 

Vertex 1.00  

Nose 0.81  

Shoulder 0.67  

Chin 0.61  

Back of the neck 0.52  

   

The results are consistent with the generalization of earlier studies where the 

shoulders generally receive two-thirds of the dose relative to the vertex while vertical 

sites of the body receive roughly half of the vertex dose. For instance, Diffey et al. 

(1977b) employed the PS dosimeter on a rotating manikin to measure the UV 

exposure received by some anatomical sites under three different weather conditions 

and found that the ER of the shoulder was 0.68 ± 0.10, 0.75 ± 0.09 and 0.80 ± 0.07 

for clear sky, light cloud cover and heavy cloud cover, respectively. In the same 

study, the ER of the mid lumbar spine (vertical orientation) was 0.51 ± 0.07, 0.43 ± 

0.10 and 0.47 ± 0.08, respectively, for the same weather conditions respectively. 

Another study conducted by Sobolewski et al. (2008) reported that the daily mean 

dose measured by a broadband meter placed horizontally is half of the dose measured 

on a vertical receiver randomly oriented towards the sun.  
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Chapter 6 Discussion of Results 

Chapter 6                                                                .             

 

 

 

Discussion of Results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



114 

 

An initial objective of this research was to introduce a novel chemical UV 

dosimeter with simple preparation and readout processes suitable for measuring large 

doses of solar UV radiation. This objective was fulfilled by the development and 

characterisation of a chemical UV dosimeter employing unstabilised solvent cast 

polyvinyl chloride (PVC) thin film. The PVC dosimeter was found to be capable of 

monitoring up to at least three weeks of continuous exposure to solar UV radiation 

under clear sky conditions at subtropical sites in summer (900 SED). This is about 

five times the dose capacity of the PPO dosimeter (Lester et al. 2003) and twenty 

times that of the PS dosimeter (Diffey 1987). Most importantly, the experimental 

findings presented in this research have shown that the PVC dosimeter satisfies the 

basic requirements for a reliable long-term UV dosimeter.   

A simple readout technique was employed with the PVC dosimeter to estimate 

UV doses. It was found in this project that the UV induced changes within the PVC 

thin film can be quantified using infrared spectroscopy, particularly the change in the 

1064 cm
−1

 peak intensity. This change occurs in a monotonic manner; hence, this 

peak was used to quantify UV-induced change in the PVC film.  

PVC dosimeters were constructed using commercially available materials by 

employing an uncomplicated solvent cast polymer technique. PVC sheets were cast 

from PVC/THF solution using a polymer casting table.          

Overall, 16 µm PVC films prepared from 10% PVC/THF solution proved to have 

long-term durability and to be able to withstand extreme weather conditions during 

outdoor applications. This study showed that this thickness and concentration are the 

optimal parameter levels for PVC dosimeter construction.  

Spectral response curves of the PVC dosimeter, measured using cut-off filters, 

narrow band-pass filters and an irradiation monochromator, showed close qualitative 

agreement. The greatest response of the PVC dosimeter was in the UVB band and 

decreased with wavelength to about 340 nm in the UVA. The cut-off filter technique 

showed no response of PVC to wavelengths longer than 345 nm (Figure  4.8). The 

maximum response was to wavelengths between 292 and 312 nm and dropped to 

about one half and one quarter of this value for the 315–332 nm and 324–346 nm 

bands, respectively. The same band, approximately, is dominant in the spectral curve 

determined by narrow band-pass filters (Figure  4.9), where longer bands showed less 

response than that measured by cut-off filters. This might be because the bands with 

the cut-off filters are wider and interfere with each other with more chance for a 

synergistic effect. In line with these results, the maximum in the response curve 

determined using monochromatic radiation was at 290 nm and the response 

decreased exponentially with wavelength, independent of temperature and exposure 

dose (Figure  4.10). 

Figure  6.1 compares the spectral response curve of the PVC dosimeter measured 

using the irradiation monochromator with those of PS (CIE 1993), PPO (Parisi et al. 

2010b) dosimeters and the CIE erythemal action spectrum (CIE 1998).  
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Figure  6.1: Spectral response of 16 µm PVC dosimeter (thick line) compared to the             

erythemal action spectrum (CIE 1998) (dotted line), PS spectral response (CIE 1993) (dashed line) 
and the PPO spectral response (Parisi et al. 2010b) (thin line). 

It can be noticed from Figure 6.1 that none of the three responses exactly matches 

the erythemal response. The PVC response coincides with the eythemal response at 

304 nm. The difference between the two curves is less than 37% at the shorter 

wavelengths while at longer wavelengths the PVC response is considerably higher 

than that of the erythemal response. However, similar to the way that the PS and PPO 

dosimeters are used for measuring erythemal exposures provided that the dosimeters 

are calibrated for the season and conditions of the field measurements (Casale et al. 

2009; Parisi 2004; Parisi et al. 1996a; Siani et al. 2008), it is expected that the PVC 

dosimeter can be calibrated for the appropriate seasonal and field conditions to 

measure long term erythemal UV exposures. 

PVC dosimeters subjected to equal exposures showed a high reproducibility in 

their response to UV exposure. The response was within 2.5% of its mean, with a 

maximum deviation of 5% for exposures less than 2.5 MJ/m
2 

(Figure 3). This is on a 

level with the reported reproducibility of the PS and PPO dosimeters (Table  6.1).  

The response of the PVC dosimeter is independent of irradiation temperature in 

the range of up to 45 ºC (Figure  4.12, 4.13 and 4.14). Temperature independency was 

established using three different exposures over the range of 5–45 ºC. The average 

deviation from the mean response was about 4.5%, which is an acceptable value 

considering the 3% variation in the lamp output, 5% reproducibility and an 

uncertainty of about 1% for the absorbance measurements. Furthermore, no clear 

relationship was found between the dose response and dose-rate for the tested 

irradiances (Figure  4.15 and 4.16). The time-irradiance reciprocity was tested for two 

different exposures. The Bunsen-Roscoe law was obeyed, in general, for the two 
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exposures over a wide range of irradiances. The response over the irradiance range 

(3–53 W/m
2
) deviated within an average of 6% from the mean with no clear trend or 

dependency of the response on the supplied irradiance. The temperature and dose 

rate independence of the PVC dosimeter allow its deployment under different 

weather conditions with various ambient temperatures and solar irradiances. 

In addition, the general shape of the angular response of the PVC film was 

similar to the cosine function with a tendency to exhibit smaller efficiency at large 

angles (Figure  4.17). The difference between the normalised response of the PVC 

dosimeter and cosine function was less than 6.5% for angles up to 40º, but it reached 

40% for angles ≥60º. This is higher than the cosine error reported for the PS and PPO 

dosimeters (Table  6.1). However, it is generally known that no radiation detector is 

perfect in this regard (Michalsky et al. 1995) and the angular response of even 

modern electronic instruments is a significant uncertainty source that affects spectral 

UV irradiance measurements.   

No dark reaction was observed during the investigation of the post-exposure 

behaviour of the PVC dosimeter. This is an advantage that the PVC dosimeter has 

over PS and PPO dosimeters, and it allows the PVC dosimeter to be used in remote 

and inhospitable places, leaving the post-exposure absorbance measurements to more 

convenient time and conditions. Post-exposure absorbance of PS dosimeters, for 

instance, is determined either immediately after exposure or at a particular time, 

usually 24 hours, after exposure. This is due to the increasing change of absorbance 

with post-exposure time. The PS absorbance at 24 hours, 1 week and three months 

after exposure is 4%, 5% and 7% higher than that determined immediately after 

exposure, respectively (Diffey 1987) and, therefore, the establishment of a set routine 

for post-exposure measurements is required for PS dosimeters to minimise any 

inconsistencies due to this dark reaction.       

The minimum detectible dose for the PVC dosimeter was determined as 3 SED. 

Although this threshold is higher than those of other chemical UV dosimeters, it is 

not necessarily a disadvantage, as the dosimeter is proposed for high doses 

accumulated during prolonged exposures.  

The results also demonstrated the necessity of calibrating the PVC film with 

background material matched to the colour and texture of the experimental exposures 

in order to eliminate any response due to backscattering radiation (Figure  4.18). 

Colour and material mismatch may result in relative uncertainties of up to two or 

three decades in the measured UV dose.  

The establishment of the PVC dose response curves underlined not only the high 

dose capacity of the dosimeter, but also the suitability of the dosimeter to be used in 

a range of environmental conditions. The dose response curves indicate that the PVC 

dosimeter can measure more than 900 SED of exposure. This is equivalent to about 

three weeks of continuous exposure under clear sky conditions during summer at 

subtropical sites. Furthermore, in contrast to the PS dose response which varies with 

the seasons (Casale et al. 2006), the PVC dose response curves obtained during 
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different seasons have similar pattern. Casale et al. (2006) related the variability of 

the PS dose response curves to the total ozone amount and the solar zenith angle. 

Follow up research would be required to investigate the effect of these factors on the 

PVC dosimeter. 

The performance of the dosimeter was investigated by measuring the anatomical 

exposure over 12 consecutive days. The results were comparable with those 

measured concurrently using the PPO dosimeter and in a reasonable agreement with 

the results reported in earlier similar studies. The results support the positive overall 

evaluation of the PVC dosimeter as a reliable means of measuring prolonged UV 

exposures. 

The uncertainty of the PVC measurements was estimated to be 24% as derived 

from the calculus-based approximation for uncertainty propagation, assuming an 

uncertainty in the measured absorbance change of about 2.5% and taking into 

account the 10% uncertainty for the biometer employed to construct the calibration 

curve. This calculated uncertainty is higher than those reported for other chemical 

UV dosimeters. However, the comparison could be unrealistic as various 

methodologies were used in other studies; hence different error components were 

included in calculating the uncertainties of different dosimeters. For instance, Diffey 

(1989) employed the calculus-based approximation and assumed an uncertainty of 

0.01 in the average optical absorbance change up to 0.4 while ignoring the error 

related to the calibration curve to derive an average uncertainty of 8% in PS 

dosimeter measurements. Tate et al. (1980) also calculated uncertainty using the 

calculus-based approximation but the standard deviation of measured absorbance 

was also the only error component considered when assessing the efficacy of a 

Nalidixic Acid based chemical UV dosimeter; reported uncertainty was about 20% 

for a measured dose of 40 KJ/m
2
. Lester et al. (2003) estimated an uncertainty of 

15% in PPO measurements, but did not report the methodology used for this 

estimation. 

One limitation of the present research is that measurement uncertainty was not 

determined experimentally. Although the theoretical methodologies used are certified 

and can give a reliable estimation of the uncertainty, comparing the dose measured 

by the proposed new dosimeter with concurrently measured dose using a calibrated 

electronic device is the optimal way to validate dosimeter measurements. Seckmeyer 

et al. (2012) compared UV doses measured by polysulphone (PS) with measurements 

obtained using a reference spectroradiometer (RS) and found that PS showed mean 

absolute deviations of 26% with a maximum deviation of 44%. However, these 

observed large deviations were based only on one calibration curve carried out at 

Hannover (Seckmeyer et al. 2012). This uncertainty is much higher than that 

estimated theoretically and reported in other studies and emphasises the usefulness of 

the experimental investigation of the uncertainty of new dosimeters. The 

experimental approach for calculating PVC uncertainty was not applied due to the 

unavailability of the necessary equipment; this is an area that warrants further 

research. 
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The comprehensive assessment and evaluation of the proposed new chemical UV 

dosimeter (PVC) verified its applicability for continuous long-term monitoring of 

erythemally effective doses of solar UV radiation. The dosimetric characteristics and 

measurement uncertainty of the PVC dosimeter are comparable with those of PPO 

and PS dosimeters (Table  6.1), with the added advantage of a far higher dose 

capacity for the PVC dosimeter. 
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Table  6.1: A comparison of the dosimetric properties of the PVC, PPO and PS dosimeters. 

 PVC 
 (Amar & Parisi 2013b; 

2013a) 

PPO 

 (Lester et al. 2003) 
PS 

 (Casale et al. 2012; Davis et al. 1976; 

Diffey 1987; Kollias et al. 2003; Krins et 

al. 2000) 

Sensitivity Primarily to UVB  Primarily to UVB Primarily to UVB 

Dose Capacity (SED) > 900  ~ 300  ~ 30 

Reproducibility 

(response variation)  

2.5% average variation 

(5% maximum) 

6.5% 5% 

Temperature dependency Independent 

4.6% variation in the 

response within the range  

5-45 ºC 

Independent 

< 2% variation in the response 

within the range 

1.5-50 ºC 

Independent 

 

Dose-rate dependency Independent 

6.4% variation 

within the range   

3-53 W/m
2 

 

Independent  

4% variation in the response 

within the range   

 2.1-11.7 W/m
2
 

+ Slight dependency  

13% variation in the response 

within the range 1-3.7 W/m
2
 

Independent 

5% variation in the response within the 

range 0.56-3.4 W/m
2
 

 

Angular response  

(% deviation from the 

cosine function) 

< 6.5% for angles up to 

40º 

increasing to up to 40% 

for angles ≥ 60º 

< 6.2% for angles up to 40º 

 increasing to up to 13.2% for 

angles ≥ 60º 

Independent for angles up to 70º 

Dark reaction induced 

change after exposure  

Negligible  

No clear trend 

~ 3.4% per night 

Dependent on temperature 

4% after 24 hours 

5% after a week 
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7.1 Realization of the research objectives 

The research aim was to develop and characterise a new chemical UV dosimeter 

suitable for estimating the UV doses accumulated over long periods of time (weeks) 

through a single measurement. The review of the literature and the results of the 

conducted pilot study determined solvent cast unstabilised polyvinyl chloride (PVC) 

as a possible candidate for this purpose. Therefore, the subsidiary objectives of this 

research were to investigate and determine the physical and dosimetric properties of 

the proposed PVC dosimeter.  

A comparison of the preparation process and physical properties of PVC films 

cast from different concentrations of PVC/THF solution revealed that 10% is the 

optimum concentration for casting high quality PVC films with sufficient durability. 

In addition, investigation of PVC films cast with different thicknesses showed that 

the 16 µm thickness is the best compromise between physical quality, sensitivity to 

UV and linearity of the dose response curve. Furthermore, experimental investigation 

of the UV response of PVC films dried for different lengths of time showed that 

drying the films for about 25 days at 50 ºC is a requirement to minimise any possible 

effects of temperature on the dosimeter performance.   

The reproducibility of the dosimeter was evaluated for exposures up to 27 MJ/m
2
 

of broadband UV radiation. The dosimeter response varied within ±2% for exposures 

higher than 2.5 MJ/m
2
. The variation was more for lower exposures (±5% at 1 

MJ/m
2
) and the reproducibility was then established to be 2.5%. Three different 

techniques were employed to determine the dosimeter spectral response. Results 

showed that the dosimeter responds mainly to the UVB waveband with a maximum 

response at 290 nm and decreasing exponentially with wavelength up to about 340 

nm independent of temperature and exposure dose. The established spectral response 

curve of the dosimeter is comparable with those of the PS and PPO dosimeters, but 

slightly different from the erythemal action spectrum and so the dosimeter can be 

used to measure erythemally effective exposure when calibrated using the UV source 

of interest.  

The effect of ambient temperature on the dosimeter response to UV radiation was 

investigated using three different exposures over a wide range of temperatures. The 

average deviation of the response over the range of 5–45 ºC was about 4.5%. In 

addition, the dosimeter response was found to be reasonably independent of dose 

rate. The dose rate independency was tested for two different exposures over the 

irradiance range (3–53 W/m
2
) and the average deviation of the response was about 

6% from the mean. Furthermore, the response of the dosimeter as a function of the 

incident angle of radiation was examined using a UV solar simulator with a 

collimated beam of radiation. The dosimeter exhibits a cosine like response with less 

than 6.5% error for angles up to 40º, but the error reached 40% for angles ≥60º.  

No significant change due to dark reaction was observed on the dosimeter 

response after terminating the exposure. Dosimeters subjected to different exposures 

and stored at different temperatures after exposure showed negligible change (within 
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the experimental error range) in the post-exposure response over periods up to about 

70 days.  

The erythemally effective dose response curve of the PVC dosimeter was 

established for each season and it was found that the erythemal dose capacity of the 

dosimeter is more than 900 SED. This result demonstrates that the PVC dosimeter 

can measure at least three weeks of full day exposure to solar UV radiation under 

clear sky conditions in summer at subtropical sites, without the need to replace the 

dosimeter. In addition, the dosimeter suitability for long-term personal exposure 

measurements was evaluated in a field trial. The results showed that the PVC 

dosimeter could provide reliable exposure estimates using a single dosimeter, 

decreasing the cost, effort and measurement uncertainty.   

Two dosimetric properties of the proposed dosimeter need further clarification, 

as determined in this research. The first property is the high threshold dose (3 SED) 

that the dosimeter can detect, although this could be considered as an insignificant 

aspect as the dosimeter was introduced to measure several hundred SEDs. The 

second one is the relatively high uncertainty (24%) of the measured dose compared 

to the reported uncertainties for other chemical UV dosimeters. However, the dose 

measured using a single PVC dosimeter is accompanied by a much lower uncertainty 

than that of the same dose measured using a series of short-term exposure dosimeters 

(e.g. PS) as the uncertainty in the latter case is the dosimeter’s uncertainty times the 

number of employed dosimeters.       
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7.2 Further research 

Some complementary studies, such as the examples detailed below, could be 

conducted to further enhance the understanding of the physical and dosimetric 

properties and also the performance of the proposed PVC dosimeter. 

 Although the experimental investigation in this research showed that the PVC 

dosimeter satisfies the demanding requirements and the long-term UV 

exposure field measurements conducted by the PVC dosimeter were 

compatible with those obtained by the PPO dosimeter and similar to the 

findings of earlier studies, it would be worthwhile to perform further 

side-by-side comparative long-term solar UV exposure measurements with 

the PVC dosimeter and other types of personal UV dosimeters, especially the 

electronic dosimeters. Comparison of measurements with the PVC dosimeter 

to those obtained using accurate electronic dosimeters helps to further 

evaluate the reliability of the measurements of the proposed dosimeter and 

clarify its usefulness, limitation and operating characteristics under various 

situations. 

 Since the dosimeter has not shown any signs of saturation and maintained its 

robustness even after a month of continuous exposure to solar UV radiation, 

it would be worthwhile to investigate the suitability of the dosimeter for 

measurements over longer periods. Determination of the maximum dose 

capacity completes the picture of the optical properties of the dosimeter. The 

establishment of seasonal or annual calibration curves, if possible, would be a 

great contribution to the UV dosimetry field.  

 Considering the fact that the PVC dosimeter responds mainly to the UVB 

band and some biological action spectra, other than erythema, are 

characterised by the dominant effect of UVB wavelengths, it seems that there 

is a possibility to calibrate the dosimeter to exposures weighted to other 

biological responses to solar UV radiation. For instance, the PVC dosimeter 

could be investigated for the exposures weighted for the production of 

vitamin D in human skin where the effect peaks in UVB wavelengths 

(Bouillon et al. 2006) (Figure  2.4). DNA damage is also caused mainly by 

UVB (Figure  2.2) and it could also be worthwhile to calibrate the dosimeter 

for this biological effect.  

 Some chemical dosimeters have shown great potential for use in aquatic 

ecosystems. The PS and PPO dosimeters, for example, were successfully 

calibrated and deployed for underwater UV measurements (Dunne 1999; 

Frost et al. 2006; Schouten et al. 2007; Schouten et al. 2008).  In a similar 

way, the PVC dosimeter could be investigated for assessment of the exposure 

of aquatic ecosystems in underwater measurements for extended periods. The 

underwater durability and the dosimetric properties such as spectral response, 

cosine response, dose response curves, and temperature and dose-rate 

independency of the dosimeter would have to be studied.      
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7.3 Final conclusion 

Chemical UV dosimeters have been widely used in human UV exposure 

research. The introduced new PVC dosimeter provides an additional tool for this area 

of research with a competitive advantage in terms of enhanced capacity for long-term 

measurements. Applications of the PVC dosimeter are in all fields of research in 

which other chemical dosimeters are employed. Such applications include 

determination of anatomical personal UV exposure in different environments and 

evaluation of protection strategies against solar UV radiation. The potential 

application of the new dosimeter is likely to be in research related to latent responses 

caused by doses accumulated over long periods. The dosimeter is expected to 

improve cumulative annual personal UV exposure estimates required to analyse the 

correlation between UV exposure and chronic UV induced responses. Measurements 

conducted over long periods (weeks) take into account variations in the solar 

spectrum due to changing atmospheric conditions and therefore will provide a more 

precise evaluation of the annual exposure. The PVC dosimeter developed in this 

research therefore has the potential to make significant contributions to the UV-

related research. 
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Appendix A – Pilot Study                               

A.1 Introduction 

The deterioration of some synthetic polymers (plastics) during outdoors 

application has long been a subject of intensive study. UV radiation has been 

identified as the main factor in this deterioration. The proposed mechanism, in 

general, is that the energy of UV radiation is high enough to initiate the formation of 

free radicals within the polymer by the breakage of some of its molecular bonds and 

then to activate a series of complex reactions that lead to a severe change in the 

microstructure and bulk properties of the polymer (Schnabel 1981). Research that 

has been conducted to minimise this effect of UV radiation is a reliable source of 

information for polymers that can be tested for use as UV dosimeters. UV-induced 

changes in unstabilized polymers such as poly (Vinyl Chloride) (PVC), polyethylene 

(PE), polypropylene (PP) and cellulose acetate (CA) have been reported in the 

literature.  

Previous studies have confirmed the susceptibility of unstabilised PVC sheets to 

photo-degradation (Kaczmarek et al. 2003; Kemp & McIntyre 2006a; Martin & 

Tilley 1971; Rasheed et al. 2009; Shi et al. 2008; Ye et al. 2010). Changes have been 

reported in the IR absorption spectra of unstabilised PVC samples after exposure to 

UV radiation for periods up to 15 days. Also, the photo-degradation of PE and PP 

have been studied by infrared spectroscopy (Fernando et al. 2007; Kemp & McIntyre 

2006b; Larena et al. 2006; Prasad et al. 1997; Qin et al. 2005) and chemical changes 

in these polymers have been confirmed. Moreover, CA, which has been employed in 

UV research as a UVC cut-off filter, experiences changes in its optical transmission 

after lengthy exposure to UV radiation (Parisi et al. 1996b; Steeneken et al. 1995), 

indicating that it could be suitable as a UV monitor.  

Therefore, PVC, PE, PP and CA have been nominated to be investigated for use 

as long-term UV dosimeters. 

A.2 Investigation of candidate polymers 

To investigate the response of candidate polymers to UV radiation, PVC 

dosimeters were constructed at the University of Southern Queensland, Toowoomba, 

Australia from a 40 µm thin film. The 40 µm thickness was selected as it has been 

identified in previous research (Davis et al. 1976; Lester et al. 2003) as a suitable 

thickness for PS and PPO dosimeters that balances the durability of the chemical 

dosimeter and its sensitivity to UV radiation.  

PVC thin film sheets were prepared by dissolving a suitable amount of PVC 

powder (Aldrich Chemical Company, Inc., catalogue number 34675-6) in 50 ml of 

Tetrahydrofuran for 24 hours. A polymer casting-table was employed to spread the 
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solution into a thin layer, leaving a thin film polymer sheet, after evaporation of the 

solvent at room temperature.  

PP and PE sheets were purchased from Dolphin Plastics and Packaging, Warana, 

Qld, while CA sheets were purchased from Artery, Tasmania.  

Dosimeters were fabricated by cutting the polymer sheets into 2 cm width square 

pieces. Each piece was attached by tape to a 3 cm width hard plastic square holder 

with a 1.8 cm × 1.2 cm aperture (Figure  A.1).  

 
Figure  A.1: The shape and dimensions of fabricated dosimeters 

A UV fluorescent lamp (model Philips TL40/12, supplier Lawrence and Hansen, 

Toowoomba) was employed to examine the response of the candidate polymers to 

UV radiation. The output of this lamp is predominantly UVB with a lower output in 

the UVA. The spectral irradiance of the lamp on the exposure site was measured 

using a portable spectroradiometer (model USB4000, Ocean Optics). The pre 

exposure IR absorption spectra for a set of 35 PVC, PP, PE and CA dosimeters were 

obtained within the range 400–4000 cm
−1

 using a Fourier Transform Infrared (FTIR) 

spectrophotometer (IRPrestige-21/FTIR-8400S, Shimadzu Co., Kyoto). Following 

that, the dosimeters were placed on a black board and subjected to even and 

continuous exposure at room temperature
 
for different periods of time; the UV 

spectral irradiance was recorded at 1–5 hours intervals. The exposure time of 

dosimeters ranged between one hour and 248 hours. The post exposure IR absorption 

spectra were measured immediately.  

The analysis and comparison of the recorded IR spectra showed that 

exposure-related changes in some peaks of PVC’s spectra were proportional to 

exposure time. There was no detectable change with accumulative trend in IR spectra 

of PP, PE and CA dosimeters. These polymers were purchased from a commercial 

supplier and there was originally some concern that they may contain UV absorption 

additives or stabilizers.   
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To confirm the encouraging preliminary results of PVC, nine PVC dosimeters 

were placed on the exposure area at 7 cm from the UV fluorescent lamp; for control, 

three of them were covered with opaque cardboard, which prevents all wavelengths 

from reaching the dosimeters, and three with a UV cut-off filter (Llumar, Scotchline, 

Australia) that blocks wavelengths <400 nm from reaching the dosimeters. The 

pre-exposure IR absorption spectra of the dosimeters were measured and then the 

dosimeters were exposed to the lamp at a controlled temperature (22 ± 1 ◦C) for 

more than 300 h, receiving a total UV exposure dose of about 12 MJ m
−2

. The 

dosimeters were removed from exposure for the measurement of the IR absorption 

spectra at various exposure time intervals. The recorded IR absorption spectra were 

then compared and analysed.  

Further investigation in an outdoor environment was undertaken for the PVC 

dosimeters. Three PVC dosimeters were exposed to solar radiation over 

23 non-consecutive days (because of weather conditions) on a horizontal unshaded 

plane on the roof of a USQ building between 31
st
 January 2011 and 7

th
 April 2011. 

The maximum temperature during the exposure days ranged between 20 and 30 ◦C; 

and the sky was almost clear of clouds on 14 d, 7 d were partly cloudy and 2 were 

mostly cloudy accompanied by light showers (<1 mm). The erythemal solar UV 

doses were measured near the dosimeters’ site by a calibrated erythemal UV meter 

(model 501 Biometer, Solar Light Co., PA, USA), recording the cumulative 

erythemal UV dose every 5 min. For the 23 exposure days, the IR absorption spectra 

were measured in the early morning prior to exposure for the day and then the 

dosimeters were exposed for 5–7 h until late afternoon with the post-exposure IR 

absorption spectra being immediately recorded at the end of the exposure. The 

dosimeters were then covered and kept in a UV-free environment until the next 

exposure day. 

A.3 Results and conclusions 

The comparison of the IR absorption spectra of the PVC dosimeters that were 

exposed to the UV fluorescent lamp showed two major changes. These are the 

appearance (and then an increase) of the 1724 cm
−1

 peak and the decrease in the 

1064 cm
−1

 peak (Figure  A.2). 
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Figure  A.2: Changes in 1724 cm

−1
  and 1064 cm

−1
  peaks of IR absorption spectrum of the PVC dosimeter due to 30 

hours of exposure to artificial UV radiation. 

There was a fluctuation in the change of the 1724 cm
−1

 peak with no clear trend. 

The 1064 cm
−1

 peak showed a monotonic decrease as the radiant exposure increased 

(Figure  A.3) and, therefore, has been chosen as an indicator to quantify the 

UV-induced changes in the PVC dosimeter. 

 
Figure  A.3: Changes in the 1064 cm

−1
 peak of IR absorption spectrum of the PVC dosimeter 

due to exposure to artificial UV radiation. 
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For the laboratory investigation, the initial absorbance of the nine dosimeters at 

1064 cm
−1

 )( initialA  was measured immediately before the first exposure. The post 

exposure absorbance )( final

tA , where t  is the length of exposure period, of the 

dosimeters was also measured at regular time intervals as well as the spectral 

irradiance of the UV lamp at the dosimeters’ position.  

The change in the absorption intensity tA)(  at 1064 cm
−1 

of the dosimeters after 

a period t  of exposure was calculated by 
final

t

initial

t AAA  )(  and averaged for 

each group of dosimeters. The change was then related to the corresponding 

unweighted UV radiant exposure over 280–400 nm in MJ/m
2
,
 
along with the 

absorbance changes that occurred at the same time in the control dosimeters 

(Figure  A.4). 

 
Figure  A.4: The change in 1064 cm

−1
 peak intensity of the PVC dosimeter with the increase of unweighted exposure 

received from the artificial UV in (MJ/m
2
). 

 As can be seen in Figure  A.4, there was a regular increase in the absorbance 

change of the UV-irradiated dosimeters with an increase in radiant exposure. The 

unexposed dosimeters showed a slight absorbance change which could be attributed 

to thermal degradation. This change can be disregarded since it is small and already 

included in the total change of the exposed dosimeters. The curve that represents the 

dosimeters which have been covered with the UV cut-off filter is the same as that of 

the unexposed dosimeters, indicating that the dosimeters did not respond to the 

radiation for wavelengths beyond the UV band (> 400 nm). The short error bars of 

the averaged measurements reflect the high reproducibility of dosimeters that 

received the same dose or experienced the same conditions. 
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Each of the three PVC dosimeters, which were simultaneously exposed to solar 

UV radiation for 23 days, showed a gradual decrease in the absorption intensity at 

1064 cm
−1

 as the exposure time was increased. The change )( A  and percentage 

change )%( A  in the absorption intensity of the dosimeters at 1064 cm
−1 

were 

calculated and averaged, and then related to the corresponding UV exposure dose in 

SED (Standard Erythema Dose = 100 J/m
2
), as shown in Figure  A.5 and Figure  A.6.  

 
Figure  A.5: Dose response of the PVC dosimeter to solar radiation. The 

error bars show the standard error of each point. 
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Figure  A.6: The percentage change in 1064 cm

−1
 peak intensity of the PVC dosimeter with the increase of erythemal 

exposure to solar UV. 

The comparison of the two figures shows that the deviation from the mean value 

of the absorbance change could be reduced by using the percentage change instead of 

the absolute change. The reason is that the change depends not only on the UV 

exposure but also on the initial absorbance. After 23 days of exposure, the dosimeters 

were subjected to a total dose of 745 SED, which is equivalent to about two to three 

weeks of exposure under clear sky conditions in summer at subtropical sites and, as 

they were not saturated, this pilot study indicates that the dosimeters may be able to 

respond to longer exposures.    

The preliminary results of the response of PVC to UV radiation indicate that the 

PVC based UV dosimeter can be calibrated to measure hundreds of hours of 

exposure to an artificial UV source and also at least three weeks of exposure to solar 

UV radiation. This large dose capacity encourages further investigation on the 

physical and dosimetric properties of the proposed PVC dosimeter.  
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