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Core Body of Knowledge for the Generalist OHS Professional

Ionising Radiation
Abstract
Despite increased use of radiation in the workplace since the 19th century, the topic is
associated with fear and lack of understanding in the community. While the level of natural
background radiation makes it difficult to assess the impact of exposure to work-related
radiation, the damage to the body is dose-related and cumulative, often with a long latency
period. Thus the hazards and level of risk should be identified and managed. There is a
legislative requirement for users of radiation sources to be licensed and for suitably trained
responsible persons to be appointed; consequently, this chapter provides a broad overview
of radiation hazards relevant to the generalist OHS professional. Excluding research and
medical applications as specialist areas, OHS professionals are most likely to encounter
radiation sources in industries such as construction, mining and manufacturing. This chapter
reviews the physics of radiation and how ionising radiation can cause damage to the body. It
outlines dose limits and risk assessment for radiation hazards, and cites relevant legislation
and standards. Principles of radiation protection – justification, limitation and optimisation –
are combined with exposure-limiting factors – time, distance and shielding – to develop a
hierarchy of control. Finally, implications for OHS practice are discussed.

Keywords
ionising radiation, safety, dose, ALARA

Contextual reading
Readers should refer to 1 Preliminaries for a full list of chapters and authors and a synopsis of the
OHS Body of Knowledge. Chapter 2, Introduction describes the background and development
process while Chapter 3, The OHS Professional provides a context by describing the role and
professional environment.
Terminology
Depending on the jurisdiction and the organisation, Australian terminology refers to ‘Occupational
Health and Safety’ (OHS), ‘Occupational Safety and Health (OSH) or ‘Work Health and Safety’
(WHS). In line with international practice this publication uses OHS with the exception of specific
reference to the Work Health and Safety (WHS) Act and related legislation.
Jurisdictional application
This chapter includes a short section referring to the Australian model work health and safety
legislation. This is in line with the Australian national application of the OHS Body of Knowledge.
Readers working in other legal jurisdictions should consider these references as examples and refer
to the relevant legislation in their jurisdiction of operation.
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1

Introduction

Radiation1 (in this chapter, Ionising Radiation) is used in many fields of human endeavour.
Since the late 19th century, the use of radiation has increased significantly in medicine, the
military, food preparation, power generation, and industry. However, a general fear of
radioactivity and radiation exists in the wider community, largely due to a lack of knowledge
about the subject. Events such as the nuclear weapon detonations over Hiroshima and
Nagasaki during World War II, the Three-Mile Island accident in 1979, the Chernobyl
accident in 1986 and the 2011 tsunami-impacted Fukushima reactor add to the level of
public anxiety.

The science of radiation protection is more than 100 years old and, as a result, radiation is
perhaps one of the best understood of all the agents able to inflict damage to living
organisms. The field has well-established protocols for dose limitation, measurement and
reporting. However, as with many other agents, determining the harmful effects (if any) of
the typically low doses of radiation received in routine daily activities is a very difficult field of
science (see, for example, EPA, 2019a) that can cause divisions between sections of the
community. Further, as new technologies emerge that utilise the physical properties of
radiation the health effect data from exposure can be incomplete and heightened levels of
anxiety may occur.

Each Australian State and Territory requires the appointment of a responsible person
(colloquially termed a Radiation Safety Officer2) approved by the relevant statutory authority
before sources of radiation can be owned, used, transported, stored or disposed of. In most
circumstances, approval to become a responsible person can be gained through successful
completion of a specialised short course and passing a licensing examination conducted by
the relevant statutory authority. In some cases the Occupational Health and Safety (OHS)
professional may also take on the responsibilities of the radiation safety officer and in such
cases is required to undertake training approved by the relevant statutory body. In other
cases the OHS professional will collaborate with the radiation safety officer to ensure that
identification and control of radiation hazards is addressed in the overall OHS management
system and safe systems of work.

1

In this chapter the term ‘radiation’ refers exclusively to ionising radiation, unless otherwise
identified.
2

The term Radiation Safety Officer is not used in legislation or current guidance material in some
jurisdictions, e.g., Victoria. It was used in superseded legislation, e.g., the Health (Radiation Safety)
Regulations 1994 (Vic) and guidance material for management plans relating to those regulations.
However, the term readily describes the role of managing licence requirements for radiation sources.
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Understanding the nature of radiation and radioactivity requires a solid grasp of fundamental
scientific knowledge commensurate with the increasing complexity of the possible exposure
scenarios. This chapter provides an overview of the broad field of radiation protection as it
might be relevant to the generalist OHS professional. It assumes the reader has a basic
understanding of the principles of nuclear science, including atomic structure and isotopes,
and the structure and function of the human body at the cellular and organ level sufficient to
understand how radiation causes damage to the human body.3 It is not intended to prepare
an OHS professional for appointment as a responsible person; this requires specialist
knowledge acquired through formal learning. Similarly, the chapter does not delve into highly
specialised areas such as the uranium fuel cycle, nuclear power generation, medical physics
or military applications.

1.1

Definitions

The following definitions provided by the US Centers for Disease Control and Prevention
(ARPANSA, n.d.-a) are relevant to a discussion of radiation hazards:
Absorbed dose: Quantity of energy imparted by ionising radiation to a unit mass of matter
such as tissue. Unit gray, symbol Gy. 1 Gy = 1 joule per kilogram.
Decay: The process of spontaneous transformation of a radionuclide. The decrease in the
activity of a radioactive substance.
Effective dose: The quantity obtained by multiplying the equivalent dose to various tissues
and organs by a weighting factor appropriate to each and summing the products. Unit sievert,
symbol Sv. Frequently abbreviated to dose.
Equivalent dose: The quantity obtained by multiplying the absorbed dose by a factor to allow
for the different effectiveness of the various ionising radiations in causing harm to tissue. Unit
sievert, symbol Sv.
Half-life: The time taken for the activity of a radionuclide to lose half its value by decay.
Symbol t½.
Ion: Electrically charged atom or grouping of atoms.
Ionisation: The process by which a neutral atom or molecule acquires or loses an electric
charge. The production of ions.
Ionising radiation: Radiation that produces ionisation in matter.4
Isotope: Nuclides with the same number of protons but different numbers of neutrons. Not a
synonym for nuclide.

3

See OHS BoK 14 Foundation Science.

4

The common industrial ionising radiations likely to be encountered by the OHS professional would
be alpha and beta particles, neutrons, gamma and x rays.
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Nuclide: A species of atom characterised by the number of protons and neutrons and, in
some cases, by the energy state of the nucleus.
Radiation: The process of emitting energy as waves or particles. The energy thus radiated.
Frequently used for ionising radiation except when it is necessary to avoid confusion with
non-ionising radiation.
Radioactivity: The property of radionuclides of spontaneously emitting ionising radiation.

In addition, ALARA/ALARP refers to a principle of radiation protection that stipulates that
radiation doses should be kept As Low As Reasonably Achievable / Practicable, taking into
account social and technological factors (see, for example, ARPANSA, 2014; DMP, 2010).

2

Historical context

In 1895, German physicist Willhelm Röntgen discovered x-rays. The following year, French
physicist Henri Becquerel discovered natural ionising radiation emanating from uranium ore
and, in 1898, French physicist Marie Curie isolated the radioactive elements of polonium and
radium from the uranium-bearing ore pitchblende, and coined the term ‘radioactivity’ to
describe the energy the isotopes emitted. (See, for example, Kathren & Ziemer, 1980; NSD
Berkeley Lab, 2000.)

The hazardous impacts of radiation did not emerge until the above-mentioned discoveries of
the 1890s when it became apparent that some form of protection was required to avoid illhealth effects resulting from over-exposure to sources of radiation. As early as 1897, reports
were made of burns (usually to the hands) sustained by x-ray technicians. Awareness of the
harmful effects of exposure led to the first attempt, in 1902, to codify limits of exposure in
what became known as the Rollins Code (Kathren & Ziemer, 1980).

As chronicled by Mullner (1999), American electrical engineer William J. Hammer exploited
the luminescent property of radium and invented a glow-in-the-dark paint in 1902. Over the
next decade, several patents were issued for ‘radioluminous compounds,’ which were
applied to the hands and faces of increasingly popular ‘radium watches.’ During World War I,
the demand for instruments with radium-painted dials increased significantly and, as a result,
large numbers of workers (mostly young women) were employed in factories to increase
their manufacture. Painting was done by hand, with the majority of workers licking the tips of
their brushes to maintain a fine point. Unfortunately, this meant that many workers ingested
the radioactive radium, which is known as a ‘bone-seeking’ element – it has similar chemical
properties to calcium, and the body adsorbs radium as if it were calcium. During the 1920s, it
became apparent that many of the dial painters were dying prematurely or suffering from a
variety of acute and chronic diseases, including cancers of the jaw. This led to the 1941
publication of the US National Bureau of Standards handbook Safe Handling of Radioactive
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Luminous Compound, which stipulated the maximum permissible body burden (a precursor
of an exposure standard) for radium (Mullner, 1999; Winkelstein, 2002).

By the 1930s, interest was escalating in the use of uranium and in the health effects of its
radioactive decay products, radium and the noble gas radon. The US National Research
Council (NRC) documented that, as early as the 1500s, a wasting disease known as
Bergkrankheit (‘mountain disease’) had been noted in the Erz Mountains of eastern Europe
and, in 1879, had been recorded as “an occupational hazard” of metal mining in the area
(NRC, 1991, p. 11). Studies in the early 1900s established that the wasting disease was
lung cancer and, in the 1930s, excess cases of lung cancer were statistically proven in the
underground metal miners. Measurements of radon in the underground workings returned
concentrations that would be considered high by today’s standards; however, it was not until
the 1950s that the causal link between radon exposure and lung cancer became generally
accepted (NRC, 1991).

Because radon gas is ubiquitous in the environment, exposures are a concern for the
general population as well as the underground mining industry. Since the 1950s, particular
attention has been paid to radon in buildings, and especially in air-tight spaces (e.g. cellars),
as insufficient ventilation may lead to a build-up of concentrations and therefore elevated
doses (ARPANSA, 2014; NRC, 1991).

Radon, and its short-lived decay products, called Radon Progeny were declared as
carcinogenic to humans in 1988. (ARPANSA, 2018a; ICRP, 2011; IARC, 1988; WHO, 2009;
ICRP, 2014.) The World Health Organisation (WHO, 2009) states that “Radon gas is by far
the most important source of ionising radiation among those that are of natural origin” and
“Radon is the second cause of lung cancer in the general population after smoking”, and
conclude “there is no known threshold below which radon exposure presents no risk. Even
low concentrations of radon can result in a small increase in the risk of lung cancer”.

In 2018, the federal regulator, the Australian Radiation Protection and Nuclear Safety
Agency (ARPANSA) endorsed revised risk factors for exposure to radioisotopes of radon
and their progeny (ARPANSA, 2018a; ARPANSA 2018b; ICRP, 2018.). The revisions,
based upon international recommendations, represent a significant shift, and have the
potential to increase radiation doses to exposed workers by factors of between two and fourand-a-half times that determined by previous conventions. (ARPANSA, 2018a). (See section
4.4.5.)

As medical and industrial use of radiation increased in the latter half of the 20th century, so
too did the potential for accidental exposures of workers and members of the public to
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radiation sources. The 1980s saw several infamous events including: the use of steel
scavenged from a nuclear reactor in the construction of apartments in Taiwan (1982); a
salvaged radiotherapy source that was smelted with 5000 tonnes of steel and used to
manufacture table legs in Mexico (1983); and scavenging of a radiotherapy machine from an
abandoned clinic in Goiania, Brazil (1987) (see, for example, IAEA, 1988; Nénot, 2002).
Closer to home, a similar accident to that in Goiania occurred in Western Australia in 1979,
when a radioactive cesium-137 source used for measuring the density of fluids moving
through pipework on a mine site was mistakenly consigned in a waste metal shipment where
it was subsequently smelted at a scrap metal operation in Singapore. The furnace and its
contents were contaminated, and were subsequently repatriated to Western Australia in
1981, generating significant media attention. These accidental exposures reinforced the
need for the international radiation community to ensure compliance in the safe use of
radiation and radioactive materials (IAEA, 2008).

Despite these accidents, safe use of radiation occurs across the globe, in many and varied
applications. Like any other hazard, the associated risks have to be assessed and
controlled.

3

Extent of the problem

It is very difficult to assess the extent of the problem arising from the typically low levels of
workplace exposure to radiation. The damage to the body caused by chronic exposures to
radiation is dose-related, the effects are cumulative, and there is often a latency period of
many years before illness or injury is manifested (see, for example, ARPANSA, 2005a; EPA,
2019a; NRPB, 2001).

Another factor complicating any assessment of the impact of exposure to radiation in the
workplace is that everybody is exposed to varying low levels of natural radiation as part of
daily life (ARPANSA, 2019a; RHC, 2010). While the principles of radiation protection protect
workers from the increased risks associated with exposures in the workplace, it is important
to understand the nature and impact of this natural background radiation.

All the isotopes of elements with an atomic number greater than 83 are radioactive (see, for
example, Hart, 2005). The elements potassium (K-40), rubidium (Rb-87), thorium (Th-232)
and uranium (U-235 and U-238) are known collectively as primordial radionuclides because
of their long half-lives and because all contribute to background radiation (ARPANSA, 2008).
In some areas, the primordial radionuclides have become concentrated and may exhibit
dose-rates as much as a hundred times the global average. Studies of populations living in
the areas of elevated primordial radionuclide concentrations show no statistically significant
impact upon life expectancy or increase in chronic health effects (ARPANSA, 2008).
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The Earth is constantly bathed in cosmic rays arising from extraterrestrial events such as
solar flares and sun spots. The dose rate from cosmic rays increases with height above sea
level. As a result, a person living in Denver, Colorado (the ‘mile high’ city) receives about
twice as much radiation dose from cosmic radiation as the average person living at sea level
(Hart, 2005). Dose rates also vary with latitude and increase with distance from the equator
due to differences in the thickness of the atmosphere. An airline crew flying between 10,000
and 14,000 metres at the equator will receive radiation doses two to three times smaller than
a crew flying at the same altitude over one of the poles. Although airline crews receive
radiation doses elevated above the normal background level, studies suggest that there are
no statistically significant health effects arising from the increase in exposure (ARPANSA,
2019a; HPS, 2011; United Airlines Medical Department 2001 as cited in AFA-CWA, 2011).

Construction workers will encounter low concentrations of the primordial radionuclides
uranium and thorium in building materials such as cement and bricks; normally, these
radiation doses will be correspondingly very low (see, for example, USNRC, 2017). Another
possible exposure scenario occurs during dry blasting of surfaces using abrasive minerals
such as garnet. The dust generated by the abrasive blasting action can contain fine
particles, which may be inhaled and deposited in the lungs. Importantly, if dry blasting
techniques must be used (wet techniques are favoured), appropriate respiratory protective
equipment must be worn to limit potential radiation exposures to the internal organs (see, for
example, WorkSafe Western Australia, 2000).

Workers in the manufacturing and mineral processing industries may encounter sources of
radiation used in quality control. Gauges that measure the absorption of gamma rays may
be used to measure the density of fluids in pipes, or how much material has been dispensed
into a container such as a tin or can. Gauges using beta radiation can be used to measure
the thickness of paper or card in the paper manufacturing industry. The road construction
industry often utilises a combination of neutron and gamma ray scattering to conduct
measurements of soil density and water content using “neutron moisture meters”
(ARPANSA, 2004; EPA, 2019b). X-rays may be used in laboratories to conduct sample
analysis, and either x-rays or gamma rays can be applied in industrial radiography as a nondestructive technique for testing the integrity of welds, joins or seals (NRC, 2008).5 The
scenario below demonstrates how exposure may occur in such environments.

5

For more information, see ARPANSA, 2004; IAEA, 2005.
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Exposure to radiation from measuring gauges during maintenance
An industrial manufacturing plant uses radiation gauges to assess the density of liquids flowing
through pipes. The site is registered to use the gauges by the regulatory authority, and the Radiation
Safety Officer is appropriately licensed, and has developed a Radiation Management Plan.
One evening, a new radiation gauge was required to be removed during a planned maintenance
activity to replace pipes and associated steelwork. The Radiation Safety Officer had left the site for
the day. The radiation source was removed by two workers who laid it on the ground, approximately 2
metres from where the pipe was to be replaced. Three hours later they then returned the gauge to its
original location, and during the reinstallation noticed that the shutter was still in the ON position.
The identification plate on the gauge indicates that the gauge contains 370 megabecquerels (MBq) of
the isotope Caesium-137 (137Cs) and was manufactured that year.
Because the exposure arises solely from gamma rays, a special derived property of the isotope called
the Specific Gamma Ray coefficient can be utilised to estimate the dose to the workers. The Specific
Gamma Ray coefficient provides the dose rate at 1 metre from an isotope per unit of activity, and is
(mostly) cited in non-SI units, and needs to be converted to SI units for the purposes of the dose
estimate calculation.
The Specific Gamma Ray coefficient for 137Cs is 0.33mR/h @ 1 metre from 1 mCi = 0.089 uSv/h @
1metre per MBq.
Assuming that the gauge has been recently installed, and the activity has not decayed significantly in
the period since installation (the half-life of 137Cs is 30.15 years), the dose rate from the gamma rays
emitted from the 370 MBq source will be 33 uSv/h at 1m.
A simplified worst-case exposure scenario, assuming:
•

That the 2 workers took 1 hour to dismantle and a further 1 hour to reinstall the gauge
working at 1 m from the source (it will be closer, but allowing for the shielding of the source) =
33 uSv x 2h = 66 uSv

•

It takes 5 minutes to lift the gauge from its mounting and carry it to where it was lain down,
and a further 5 minutes to move it back to position. One of the two workers carrying the
gauge is exposed directly to beam at a distance of 20cm from the source:
o Applying the inverse square rule, the dose rate at 20cm ~ 825 uSv/h
o 10 minutes exposure ~ 138 uSv
The pipe replacement job takes 3 hours to complete, and the workers are 2 metres from the
beam of the open gauge.
o Applying the inverse square rule, the dose rate at 2m from the source ~ 8 uSv/h
o 3 hours of exposure ~ 24 uSv

•

Worst case total dose estimate = 66 + 138 + 24 ~ 228 uSv.
The workers would not have been designated as radiation workers, and therefore their dose needs to
be compared against the annual limit for members of the public of 1 mSv. The workers dose of 228
uSv (0.228 mSv), received in the 5 hours and 10 minute long task exceeds 20% of their annual limit.
Importantly, over half of the dose is received in the 10 minutes carrying the gauge, which reinforces
the exposure controls of time and distance.
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Radiation and radioactive substances are also found in the office environment. Smoke
detectors are mandatory in modern buildings, and some early types used small radioactive
sources; whilst these are not favoured in modern buildings, they may still be found in older
buildings. Also, while modern buildings use photo-luminescent materials in their exit signs,
many older buildings still have exit signs that use the beta particle emissions from a
radioactive isotope of hydrogen (3H, commonly called tritium) to enable the sign to glow in
the dark (Hart, 2004).

4

Understanding radiation

Understanding radiation requires basic knowledge of atomic structure, energy and how
radiation may damage cells in the human body.6 This section builds on this basic knowledge
by reviewing the physics of radiation, and how radiation can cause damage to the human
body.

4.1

The physics of radiation

Radiation is a descriptor for energy (in the form of either particles or waves) travelling
through space or another medium. The energy is emitted from the source and radiates in
straight lines and in all directions. If the radiation is an electromagnetic wave, it will travel at
the speed of light. Because of the way the energy is radiated, radiation is relatively
straightforward to detect and measure, and inferences can be made about its source. The
properties of the energy emitted will determine the way it interacts with matter (and living
tissue) and therefore its measurement technique and requirements for regulation
(ARPANSA, 2019b).

There are two types of radiation: ionising and non-ionising.7 Ionisation is the process by
which a stable atom or a molecule loses or gains an electron(s), thereby acquiring an
electric charge or changing an existing charge (ARPANSA, 2014). An atom or molecule with
an electric charge is called an ion, which may behave differently, electrically and chemically,
from a stable atom or molecule. The altered behaviour may lead to new possibly undesired
molecules, a change in the conductive properties of the material in the vicinity of the ion, a
release of energy, or a combination of these effects. In the human body, these effects may
lead to changes in the structure or behaviour of cells. Therefore, ionising radiation has
sufficient energy to be able to displace an electron from its orbit around an atom and,
conversely, non-ionising radiation does not have sufficient energy to displace electrons.
(See ARPANSA, n.d.-b.)

6

See OHS BoK 14 Foundation Science.

7

See also OHS BoK 25 Non-Ionising Radiation.

24 Ionising Radiation

May 2021
Page 8 of 27

The normal cautionary sign for ionising radiation is given in Figure 1.

Figure 1: Warning sign for ionising radiation

Ionising radiation can occur in one of two forms: particulate or electromagnetic. Particulate
ionising radiation is emitted when components of the structure of an atom are ejected,
artificially or naturally. The emitted particles can be:
•

Alpha particles, which include two protons and two neutrons (ionised helium)

•

Beta particles, which are essentially electrons

•

Neutrons

•

Cosmic radiation, which is either particles or photons emitted from the sun, or from
sources outside of our solar system.

The most commonly encountered electromagnetic radiation comes in the form of gamma
rays and x rays which are pure energy (photons). (ARPANSA, 2019c)

The physical properties of the radiation and its energy determine its capacity to penetrate
materials. Particulate radiation is less penetrative than electromagnetic radiation, as
illustrated in Figure 2. Although alpha particles can be stopped by thin sheets of paper, or
the dead layer of skin, and therefore present low risk from exposures external to the body,
they present an elevated level of risk if they are inhaled or ingested, and are deemed as
"internal exposure hazards".
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Figure 2: Penetrating power of radiation through different materials (Chemistry
LibreTexts8).

Non-ionising radiation consists of parts of the electromagnetic-spectrum (Figure 3), which
includes radio waves, microwaves, infra-red, visible and ultraviolet light, together with sound
and ultrasound. The electromagnetic spectrum also includes ionising electromagnetic
radiation (x and gamma rays).

Figure 3: The electromagnetic spectrum (modified from ARPANSA, n.d.-b)

8

Source:
https://www.google.com.au/search?q=penetrating+power+of+radiation+types&source=lnms&tbm=isc
h&sa=X&ved=2ahUKEwjJkZi13MDwAhWZwjgGHT9GBA0Q_AUoAXoECAEQAw&biw=1920&bih=93
7#imgrc=EuA67LfyE3KNjM
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4.2

Types of electromagnetic ionising radiation

Ionising radiation has more energy than non-ionising radiation such that it can cause
chemical changes by interacting with an atom to remove tightly bound electrons from the
orbit of the atom, causing the atom to become charged or ionised. (WHO, 2012). The types
of ionising electromagnetic radiation are categorised according to their wavelength.

4.2.1 Ultraviolet
The dividing line between ionising and non-ionising radiation in the electromagnetic
spectrum falls in the ultraviolet portion of the spectrum and while most UV is classified as
non-ionising radiation, the shorter wavelengths from about 150nm (UV-C or ‘Far’ UV) are
ionising. UV-C from the sun is nearly all absorbed by the ozone layer.

4.2.3 X-rays
X-rays are produced when electrons strike a target or when electrons are rearranged within
an atom (ARPANSA, n.d.-b). X-rays have a wavelength smaller than about 10nm. In medical
applications X-ray machines are specifically designed to take advantage of the difference in
absorption of x-rays between bone and soft tissue. In the industrial arena, non-destructive
testing (NDT) using x-ray machines introduced into pipes or vessels to check for integrity, or
to check welds or joints is commonly used.

4.2.4 Gamma rays
Gamma (γ) radiation has a wavelength of less than 0.01nm and is comprised of photons
emitted by the nucleus of some substances (radionuclides) following radioactive decay.
Photons in gamma radiation are the most energetic and so most penetrating in the
electromagnetic spectrum (ARPANSA, 2019c).

The penetrating power of gamma radiation has a range of industrial uses:
•

Measuring and controlling the flow of liquids in industrial processes (Cesium-137)

•

Ensuring proper fill level for packages of food, drugs and other products (Cesium137)

•

Sterilising medical equipment and pasteurising certain foodstuffs and seeds (Cobalt60)

•

Elimination of static electricity in paper mills (Polonium-210).

•

Gauging the thickness of metal in steel mills (Cobalt-60)

•

Fluid level gauges (Cobalt-60)

•

Distance measuring devices (Cobalt-60). (ARPANSA, 2019c).
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Gamma rays are difficult to stop, but they can be absorbed by a sufficiently thick layer of
dense material such as lead or depleted uranium.

4.3

The impact of ionising radiation on the body

Whenever ionising radiation interacts with matter, small amounts of energy from the
radiation are quickly transferred to the affected material. Linear Energy Transfer (LET) – “a
measure of an average energy loss along the path of radiation” (Olko, 2006, p. 207) – is
dependent upon the type of radiation and the energy it carries. High-LET radiations (such as
alpha particles) ‘deliver’ a dose of radiation much more effectively than Low-LET radiations
(such as x-rays or gamma rays). Radiation dose calculations use a variable called the
Quality Factor to recognise the LET properties of the radiation. (See, for example, Shultis &
Faw, 2010.)

Ionising radiation has the ability to induce free radicals, such as the hydroxide ion, in living
tissues. Free radicals can move rapidly within the body and may cause chemical changes to
molecules with which they interact. Also, ionising radiation can interact at the cellular level
and disturb the DNA within the cell structure.

In the human body, some organs are more sensitive to radiation-induced damage than
others. Therefore, it is important to consider which organ has been ‘targeted’ by the radiation
and apply a ‘tissue weighting factor’ to properly calculate the radiation dose received
(Wrixon, 2008). For example, bone marrow and lung tissue are deemed to be more radiosensitive than skin, and carry a ‘tissue weighting factor’ 12 times that applicable to skin
exposures (ICRP, 2007). This is important in medical applications (e.g., radiotherapy) and in
dose estimation when internal exposures are a factor (e.g., inhalation of radioactive dusts
encountered in mining or abrasive blasting activities).

If the normally efficient repair mechanisms within the body are not able to attend to the
damage caused by the radiation or the free radicals, the cell may be modified (mutated)9 or
die. Modified cells have a small probability of manifesting as a cancer or being passed on to
future generations if the ovaries or testes are affected; also, the impacts of multiple cell
deaths can lead to failure of the organ in which the exposure to radiation occurred. The
probability of cell damage remaining unrepaired increases with dose, and is dependent upon
whether the dose was acute or chronic.

9

See OHS BoK 14 Foundation Science.

24 Ionising Radiation

May 2021
Page 12 of 27

A single accidental exposure to a high dose of radiation during a short period (up to several
hours) of time is referred to as an acute exposure, and may produce biological effects within
a short period after exposure. These effects are:
•
Nausea and vomiting
•
Malaise and fatigue
•
Increased temperature
•
Blood changes
•
Bone marrow damage
•
Damage to cells lining the small intestine
•
Damage to blood vessels in the brain (University of Toronto, 2004).

Also, there may be delayed effects of acute exposure, including various forms of cancer
(leukaemia, bone cancer, thyroid cancer, lung cancer) and genetic defects (malformations in
children born to parents exposed to radiation) (University of Toronto, 2004). In radiological
situations involving the induction of cancer, there is a latency period between the radiation
exposure and the onset of disease. For example, the minimum latency period for leukaemia
produced by radiation is two years and other types of cancer can take ten years or more to
manifest (University of Toronto, 2004).

LET, the tissue weighting factor, and whether the dose is delivered in a short or extended
time period complicate epidemiological studies. There is consensus in the radiation
protection community that a dose-response relationship exists for high doses delivered over
short periods of time. The relationship has been observed in survivors of the atomic weapon
detonations over Hiroshima and Nagasaki, and high-dose accidental exposures. (Bertell,
1996; Fabrikant, 1981). However, debate ensues over the extension of these observable
impacts to low doses delivered over elongated exposure periods that are typically
encountered in contemporary workplaces (Brenner & Raabe, 2001). Nonetheless, the
radiation community has long subscribed to an approach called the Linear No-Threshold 10
hypothesis (Figure 4) that assumes every dose of radiation (no matter how small) carries
with it some level of risk (ARPANSA, 2005a; USNRC, 2017).

10

Referred to as “Linear Non-Threshold” in some references.
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Figure 4: The Linear No-Threshold hypothesis (Hewson & Ralph, 1991)

4.4

Radiation dose and dose limits

Exposure to radiation, and so the risk of adverse effects is measured as ‘dose’. The
following definitions are important in understanding the concept of radiation doses arising
from exposure to ionising radiation.11

4.4.1 Absorbed dose
When radiation strikes a material, it will deposit energy in that material through a variety of
interactions. A measure of the amount of radiation that a material has received is the
quantity called absorbed dose, the amount of “energy absorbed per unit mass” (ARPANSA,
2014, p. r-2). The unit of absorbed dose is the gray (Gy), which is equal to an energy
deposition of 1 J/kg. However, because energy deposition varies for different materials, the
material also needs to be specified; for example, as ‘in air,’ ‘in water,’ ‘in an organ’ or ‘in
tissue.’

4.4.2 Equivalent dose
One difficulty with the use of absorbed dose for radiation protection purposes is that the
biological effect of an absorbed dose in tissue is dependent on the type and energy of the
incident radiation. To overcome this difficulty, a quantity called equivalent dose is used.
Equivalent dose uses a weighting factor, which is representative of the relative biological

11

See also section 1.1.
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effectiveness of that radiation in inducing health effects at low doses (ARPANSA, 2014). For
example, electromagnetic radiation and electrons (beta particles) have a weighting factor of
1, whereas alpha particles have a weighting factor of 20. Equivalent dose is measured in
millisieverts (mSv).

4.4.3 Tissue weighting factors and effective dose
To determine the dose to the human body, the impact of an exposure upon individual organs
needs to be assessed. Some tissues and organs are more sensitive to radiation than others;
to account for radio-sensitivity, a tissue weighting factor is applied specific to the organ in
question. For example, bone marrow and the lungs have a weighting factor of 0.12, the liver
and thyroid 0.04 and the skin 0.01.

If the whole body is exposed, a weighting factor of 1 applies (ICRP, 2007; ARPANSA, 2014),
and the terms Effective dose and Equivalent dose are the same. Effective dose is measured
in millisieverts (mSv).

4.4.4 Individual dose limits
It is important to recognise that dose limits are set so that any continued exposure just
above the dose limits would result in additional risks that could be reasonably described as
‘unacceptable’ in normal circumstances.

The international standards adopted by ARPANSA for effective dose limits for ionising
radiation are:
•

Occupational exposures: 20 mSv per year, averaged over a period of 5 consecutive
calendar years

•

Members of the public: 1 mSv in a year. (ARPANSA, 2017, p. 18.)

Regulations within jurisdictions (eg Radiation Regulations 2007 (Vic)) have also established
Equivalent dose limits for the eye lens, skin and hands/feet) (see section 5).

The dose limits as established by ARPANSA (2017) are taken as being above natural
background levels. Therefore, it is important that the radiation levels arising from natural
background are determined prior to an exposure occurring.

The International Commission on Radiological Protection (ICRP) and other international
organisations (e.g., International Atomic Energy Association and ARPANSA) collaborate to
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publish recommended dose limits and explanations of the concepts underlying the
determination of radiation doses.

4.4.5 Dose Coefficients
ICRP publishes methodologies and risk factors, in the form of Dose Coefficients (DCs) for
the estimate of doses delivered internally due to the intake of radioisotopes via either the
inhalation or ingestion pathways. In 2015, ICRP commenced publication of the Occupational
Intake of Radionuclides (OIR) (ARPANSA, 2018c) and indicated that the series of five parts
would replace the methodology and DCs that had been applied to the estimation of internal
dose since the late 1980’s (ICRP, 1988; 1994; 1997)

Dosimetric data provided in the printed publications of the OIR series include tables of
committed effective dose per intake (Sv per Bq intake) for inhalation and ingestion, tables of
committed effective dose per content (Sv per Bq measurement) for inhalation, and graphs of
retention and excretion data per Bq intake for inhalation. These data are provided for all
absorption types and for the most common isotope(s) of each element. In some cases, the
Dose Coefficients have increased significantly. Therefore it is important that practitioners
who are required to calculate internal radiation doses apply the data published in the OIR. In
the first instance, this is best achieved by utilising the online electronic files that accompany
the OIR series of publications, known as the OIR Data Viewer, which is available for
download from the ICRP website (ICRP, 2019)]12.

4.5

Risk assessment for radiation exposures

In accordance with the Linear No-Threshold hypothesis, any risk assessment for exposure
to radiation should be based on the principle that any amount of radiation exposure, no
matter how small, can increase the chance of negative biological effects (e.g., cancer)
(ARPANSA, 2005a). The Linear No-Threshold hypothesis takes into consideration that the
probability of negative health effects of radiation exposure increases with cumulative lifetime
dose.

A downside to the Linear No-Threshold hypothesis is that radiology and other practices that
involve the use of radiation to bring evident benefits to society are swept up with the every
exposure involves an increased risk model; consequently, the risk-versus-benefit equation
can be skewed, so as to reduce the efficacy of radiation exposures (e.g., in medical
applications).

12

Available at Annals of the ICRP - Volume 48, Number 2-3, Dec 01, 2019 (sagepub.com)
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The Linear No-Threshold hypothesis is very conservative at low levels that typify radiation
exposures encountered in the everyday workplace. Despite this conservatism, the principle
of As Low As Reasonably Achievable /Practicable (ALARA/ALARP13) should be applied to
radiation protection. For example, if a radiation density gauge, utilising gamma rays, is used
in a manufacturing process, the source will be contained within a thick lead shield. However,
some small amount of gamma radiation may still penetrate the lead barrier. The economic
(and manual handling) cost of adding further lead shielding must be considered when
assessing the adequacy of other controls to minimise the risk of radiation exposure, such as
reducing exposure time and increasing the distance from workers (see section 6.2). At some
point the cost-benefit analysis may demonstrate that some, albeit minimal, exposure may
not be practicable to avoid. (ARPANSA, 2007)

5

Legislation and standards

5.1

OHS legislation

Radiation and radioactive materials in the workplace present a hazard that falls within the
provisions of the general duty of care of the employer to do what is reasonably practicable to
minimise the risk of exposure. (See, WHSA, ss 18, 19) (SWA, 2019).

Outside the Workplace Health and Safety (WHS) legislation there are subtle differences in
the regulatory framework applying to radiation protection. Each State and Territory has its
own suite of radiation safety legislation, often applying different regulations to ionising
sources of radiation exposures and, in some instances, separating mining and mineral
processing from the core OHS legislative framework. Additionally, each State and Territory
is responsible for regulating the use, handling, transport and storage of materials and goods
that are capable of emitting radiation. They also require the registration of premises where
radiation is used and the appointment of a trained responsible person to oversight the
management of ionising radiation sources within workplaces. These requirements apply
equally to ‘manufactured’ items such as x-ray machines or density gauges and the mining
and processing of naturally occurring radioactive minerals (e.g. uranium or mineral sands).

5.2 Radiation legislation
In addition to OHS legislation for radiation safety, the Australian Radiation Protection and
Nuclear Safety Act 1998 (ARPANS Act) has the more general object “to protect the health
and safety of people and to protect the environment, from the harmful effects of radiation.” (s
3). The Act also creates the Australian Radiation Protection and Nuclear Safety Protection

13

See OHS BoK 31.1 Risk.
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Agency (ARPANSA) as a state body (s 14), the Radiation Health and Safety Advisory
Council (s 19) and the Radiation Health Committee (s 22).

The functions of ARPANSA include to provide advice on radiation protection and to promote
uniformity in radiation protection policy across Australian jurisdictions (s 15). As part of these
functions ARPANSA publishes fundamentals, codes and guides which collectively form the
Radiation Protection Series (RPS).14
Fundamentals are written in an explanatory and non-regulatory style and describe
the basic concepts and objectives of international best practice.
Codes are regulatory in style and provide overarching requirements and are
expressed as ‘must’ statements which are to be satisfied to ensure an acceptable
level of safety.
Guides provide recommendations and are written in an explanatory and nonregulatory style and indicate the measures recommended to provide good practice.
In developing these publications ARPANSA is working to not only promote uniformity across
Australia but alignment with international standards and guidance. The sources for
ARPANSA publications include the International Commission on Radiological Protection
(ICRP); the International Commission on Non-Ionizing Radiation Protection (ICNIRP); the
International Atomic Energy Agency (IAEA); and the World Health Organization (WHO).

6

Control

Radiation protection can be divided into occupational radiation protection (for the protection
of workers), medical radiation protection (for the protection of patients and the radiographer),
and public radiation protection (for the protection of individual members of the public and the
population as a whole). The types of exposure, as well as government regulations and legal
exposure limits are different for each of these groups. As noted in section 1, the scope of
this chapter is limited to the activities within the role of the generalist OHS professional and
so does not extend to the specialist areas of medical radiation protection or workplaces that
are licensed to handle radioactive materials.

14

See https://www.arpansa.gov.au/regulation-and-licensing/regulatory-publications/radiationprotection-series.
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6.1

Principles of radiation protection

In Australia, the Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) is
the lead government agency. ARPANSA subscribes to the ICRP recommendations in that
three underlying principles need to be considered before exposure to radiation occurs:
Justification involves a demonstration that there is a net benefit from a practice which
leads to exposure to radiation…Only options which can be expected to do more good than
harm are selected.
Optimization is employed to make the best use of resources in reducing radiation risks,
once a practice has been justified. The broad aim is to ensure that the magnitude of
individual doses, the number of people exposed, and the likelihood that potential
exposures will actually occur should all be kept as low as reasonably achievable,
economic and social factors being taken into account (ALARA).
Limitation of dose or risk is used to place bounds on risk to individuals so that risks do not
exceed a value which would be considered unacceptable for everyday, long-term
exposure to radiation. (ARPANSA, 2014, pp. r-5 – r-6).

Application of justification, optimisation and limitation in practice
It has been long-known that inhalation of fine dust particles containing respirable crystalline silica can
lead to damage to the cells within the lung and lead to fibrosis, silicosis and lung cancer. In recent
years there have been reports from a number of countries, including Australia, of an increase in cases
of accelerated silicosis, a rapidly progressive lung disease that develops within 5 to 10 years of
exposure to high concentrations of silica dust. In Australia the cases mostly appear to be
concentrated in the artificial stone benchtop industry, where previous work practices saw workers dry
cutting, drilling and grinding stone with high levels of silica content, without the use of suitable atsource controls and supported by workers wearing appropriate respiratory protection.
There are several diagnostic tools available to health professionals to enable an early diagnosis of
changes in the lung tissue, each involving exposure to low levels of ionising radiation.
The three favoured techniques are:
• Digital chest x-ray delivering ~ 0.05 mSv per assessment, with limited sensitivity and/or
reliability
• Low dose computed tomography (LDCT) scan delivering 0.1 to 0.3 mSv per scan with high
sensitivity and reliability
• High resolution computed tomography (HRCT) scan delivering 3 to 4 mSv per scan with
enhanced sensitivity and diagnostic capability.
In making the decision as to which diagnostic tool to use, the principles of Justification and
Optimisation must be considered, in balancing the risks of exposure versus the benefit to be gained.
In this instance, whilst a chest x-ray may deliver a lower dose, its limitations might mean that it is not
the most effective diagnostic tool. On the other hand the diagnostic benefit from using HRCT needs to
weighed against the almost two orders of magnitude increase in radiation dose from using a chest xray and an order of magnitude increase in dose from using LDCT.
The choice of diagnostic tool will vary between jurisdictions, and will be based largely upon the size of
the cohort of workers to be assessed. In Western Australia, which has a smaller potentially exposed
cohort of workers than in other States, the risks have been considered, and the recommendation is
that LDCT be used as an initial screening diagnostic tool, with HRDT being used as a more precise
technique if abnormalities should be detected in LDCT or chest x-rays.
DMIRS (2020)
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6.2 Control of exposure
In a practical sense, there are three factors that can be applied to limit exposure to radiation:
Time: The amount of radiation exposure increases and decreases with the time people
spend near the source of radiation…
Distance: The farther away people are from a radiation source, the less their
exposure…As a rule, if you double the distance, you reduce the exposure by a factor
of four. Halving the distance increases the exposure by a factor of four…
Shielding: The greater the shielding around a radiation source, the smaller the
exposure…The amount of shielding required to protect against different kinds of
radiation depends on how much energy they have.
Alpha: A thin piece of light material, such as paper, or even the dead cells in the outer
layer of human skin provides adequate shielding because alpha particles can’t
penetrate it. However, living tissue inside body offers no protection against inhaled or
ingested alpha emitters.
Beta: Additional covering, e.g. heavy clothing, is necessary to protect against betaemitters. Some beta particles can penetrate and burn the skin.
Gamma: Thick, dense shielding, such as lead, is necessary to protect against gamma
rays. The higher the energy of the gamma ray, the thicker the lead must be. (EPA,
2011)

In combination, the three underlying principles outlined in section 6.1 (i.e., justification,
limitation and optimisation) and the concepts of time, distance and shielding can be
construed as a hierarchy of control for radiation protection, with the concepts aligning as
indicated in Table 1.

Table 1: A hierarchy of control for radiation protection
Hierarchy of Control

System of Radiation Protection

Elimination

Justification
If an exposure cannot be justified, it should not occur.

Substitution

Limitation and Optimisation
If risk assessments demonstrate that exposures will not be within limits or
ALARA/P, alternative technologies should be utilised.

Engineering

Shielding and Distance
Shielding is a form of engineered barrier, whilst distance can be thought
of as an application of segregation.

Administration

Distance and Time
Distance can be thought of in terms of planning and layout, while time can
be thought of as limiting exposure periods and as a result sharing a dose
amongst several individuals rather than one person receiving a large
dose.

Personal Protective
Equipment

Shielding
In some instances respiratory protection can prevent internal exposures
arising from inhalation; clothing, full barrier suits can prevent direct
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Hierarchy of Control

System of Radiation Protection
exposure to the skin and glasses/goggles/helmets protect the lens of the
eye.

For more information on control of exposure to radiation, see ARPANSA, 2014.

7

Implications for OHS practice

The demands upon the generalist OHS professional in controlling exposure to radiation will
vary with industry type, the source of radiation and exposure scenarios, and may be either
relatively straightforward or extremely complex.

Regardless of the source of exposure or complexity, all licensed or registered users of
sources of radiation will require the development of a Radiation Management Plan (see
ARPANSA, 2005b); EPA-NSW, 2018). The requirements for a license apply equally to a
device used in medicine, a process-control instrument used in manufacturing, or the
extraction of a naturally occurring radioactive mineral (e.g., uranium). The Radiation
Management Plan will outline the specifications for compliance, dose limitations,
management of accidents and associated exposures, appointment of a responsible person,
etc., in accordance with State or Territory regulatory requirements. In many circumstances, it
will be necessary to source external expertise to assist in compliance with regulatory
requirements, training of responsible persons or Radiation Management Plan development.

As the potential exposure scenarios and measurement of dose estimates increase in
complexity, some regulatory authorities (e.g., in the mining and health industries) specify the
need for tertiary qualifications and relevant industry experience for approval as a responsible
person.15 The responsible person is accountable for ensuring exposures are monitored in
accordance with the ALARA principle, measuring doses, informing the relevant statutory
authorities, complying with license specifications, liaising with stakeholders and responding
to accidental exposure scenarios.

In the event that a risk assessment indicates that licensing is not required and therefore
appointment of ‘users’ or responsible persons is not applicable, a Radiation Management

15

See, for example, Criteria for assessment of applications from approved testers, issued by
Victorian Department of Health, Dec 2011, in relation to such positions specified within the Radiation
Act 2005 (Vic).

24 Ionising Radiation

May 2021
Page 21 of 27

Plan need not be developed. However, areas in workplaces where exposure to radiation
may occur should be signposted, and the hazard subject to appropriate risk-management
treatment.

Because radiation cannot be measured quantitatively by the human senses, instrumentation
is needed to detect the presence of, type and nature of the radiations. The nature of
instrumentation can vary from simple to very complex and the generalist OHS professional
will usually require specialist training or access to specialist advice to determine the most
appropriate type of instrumentation and associated protocols.

8

Summary

Radiation has many useful applications in industry and medicine; however, over-exposure
has been demonstrated to be harmful to human health, leading to an international system of
risk assessment and dose limitation.

Although a natural phenomenon, radiation is not well understood by the community at large.
Events such as the 2011 Fukushima tsunami-induced reactor shutdown in Japan keep the
public alarmed about the health effects of possible exposure to sources of radiation. In the
contemporary Australian context, a Fukushima-like event is highly unlikely; however, the use
of radiation is so widespread in the workplace that the likelihood of low-scale accidental
exposures is of significant concern. As a result, the use of radiation in the workplace is
highly regulated; it is imperative to ensure strict legal enforcement of regulations, and best
practice in the qualifications and competencies of users of sources of radiation.

While, in specified circumstances, users of radioactive material must be licensed and there
must be an appropriately qualified responsible person, generalist OHS professionals have a
role in identification and management of radioactive hazards. They should understand the
basic science of radioactivity and electromagnetic radiation, how it causes damage, the
nature of the damage and the principles of control as a basis for providing advice in less
complex situations, for identifying when a responsible person or specialist advisor is
required, and for working with and supporting the specialist advisor.
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Key resources
The field of radiation protection is under constant review by international and national
authorities. The following organisations contribute to the continued evolution of the field:
•

International Commission on Radiological Protection (ICRP): www.icrp.org/

•

United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR):
www.unscear.org/

•

International Atomic Energy Agency (IAEA): www.iaea.org/

•

Australian Radiation Protection and Nuclear Science Agency (ARPANSA):
www.arpansa.gov.au/ (the key source of technical information in Australia on
radiation matters)

•

Society for Radiological Protection (SRP): www.srp-uk.org/

•

Australasian Society for Radiological Protection (ARPS): www.arps.org.au/

The jurisdiction regulator should also be utilised as a source of information and advice.
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