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Variation in absorbed dose rate to the skin from exposure by small radioactive objects

Extended summary

Small discrete objects, ranging in size from less from than 1 mm to several cm,
contaminated with radioactivity have been found in several locations in the UK, including on
beaches near Sellafield, Dounreay and Dalgety Bay (Environment Agency et al, 2022). One
of the main health hazards posed by these objects is the potential development of severe
tissue reactions in the skin. The risk to people’s health was assessed in Oatway et al
(2020a), but there is still uncertainty about how the nature of the object and the exposed
person affects the dose received. This report investigates how various factors affect the
dose.

To calculate the dose rate to skin from these objects, several assumptions need to be made
about the nature of the radiation exposure and the location of radiosensitive cells within the
skin. The location of radiosensitive cells within the skin varies for different parts of the body
and with the age of an individual. Therefore, the International Commission on Radiological
Protection (ICRP) have recommended for radiation protection purposes that the dose rate to
the skin is estimated at a depth of 70 ym or between 50 ym and 100 ym and over an area of
1 cm?. This approach has also been applied to exposure from radioactive objects.

To investigate the impact of this ICRP approach when exposure is from radioactivity on small
objects, the study described in this report used the Monte Carlo particle transport software
MCNP (Goorley et al, 2012) to simulate an exposure to the skin. As part of the study the
location (as a point source or distributed through an object) and type of the radiation source
was varied, and the absorbed dose rate calculated at a series of skin depths.

This work showed that photons deposit energy at all depths of skin and therefore
assumptions made about the depth of the radiosensitive cells within the skin do not have a
significant effect on the dose: for such shallow depths the inverse square attenuation of the
field is not a strong effect. The study found that there was more variation in the dose rate
caused by electrons of low initial energies (<0.3 MeV) at different depths of skin, reflecting
the range in skin of the primary electrons. Graphs of absorbed dose rate versus skin depth
for a series of source energies can be found in appendix A.

It was found that most alpha particles rarely penetrate the skin by more than a few tens of
micrometres, shallower than the depths normally considered in radiation protection.
Consequently, they are often not considered in skin dose assessments. However,
radiosensitive cells are closer to the surface of the skin in some parts of the body and for
some individuals, and this work showed that higher energy alpha particles, including those
emitted by 2'Am, and ??°Ra, can penetrate the skin to depths equivalent to the lower end of
the range occupied by of radiosensitive cells as defined by ICRP. The ICRP has also
reported doses from alpha particles at the shallower depth of 16 ym and found elevated
incidence, compared to the general public, of skin cancers in uranium miners with greater
than ten years of exposure (ICRP, 1991b). While this work demonstrates that exposures to
radionuclides emitting high energy alpha particles have the potential to cause severe tissue
reactions in skin, it is recognised that any such damage is likely to be limited to acute
ulceration and will not threaten the overall health of the individual.
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The distribution of the radionuclides in the object and the density of the object were found to
be important factors in the dose rate to the skin. Only radionuclides in close contact with the
skin are likely to result in alpha penetration of the skin.
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1 Introduction

Small radioactive objects have been found at locations across the UK primarily associated
with historical discharges of radioactivity from nuclear installations, for example, around the
Sellafield and Dounreay nuclear licensed sites (Oatway et al, 2020a; Particles Retrieval
Advisory Group (Dounreay), 2012) or with the manufacture, maintenance, and disposal of
radium luminised instruments which occurred widely between the 1920s and 1960s, for
example at Dalgety Bay (COMARE, 2014). The objects present at these locations range in
size from less than a millimetre to several centimetres and are composed of a variety of
materials. Different radionuclides may be present on them, with %Sr, '37Cs, ??6Ra, 24'Am
and isotopes of plutonium, together with their radioactive progeny, being frequently detected.

The main risk to health posed by these small radioactive objects is from irradiation of the
gastrointestinal tract following ingestion, which may also include prolonged exposure of other
organs and tissues following uptake across the gut wall, and exposure to the skin when an
object is in direct, prolonged, and stationary contact with it (COMARE, 2014; Oatway et al,
2020a; Particles Retrieval Advisory Group (Dounreay), 2012). This report is focussed on
developing our understanding of how the dose to the skin is derived from being irradiated by
a specific object. The probability of encountering such an object was estimated as very low
in Oatway et al (2020b) though objects with activities greater than 100 kBq have been
detected on beaches near Sellafield.

Exposure of the skin to radiation presents potential health risks from the development
erythema, desquamation, ulceration, and longer-term skin cancer. Acute damage due to
direct cell-killing is categorised as a tissue reaction by the International Commission on
Radiological Protection (ICRP) (ICRP, 2007; ICRP, 2012). These tissue reactions occur only
above dose thresholds, with erythema induced above 2 Gy and moist desquamation above
18 Gy (Jaschke et al, 2017).

1.1 Structure of the skin

The skin can be divided into the outer epidermis layer and a deeper layer known as the
dermis. The epidermis itself can be split into several layers with the dead cells of the stratum
corneum forming the outer surface of the skin, and the basal layer at the bottom containing
stem cells that continually produce new cells to replace the dead ones being lost from the
outer surface. The basal layer undulates considerably with ridges or ‘rete pegs’ that project
down into the dermis; the basal layer also extends around the roots of hair follicles (ICRP,
1992). It has been suggested (ICRP, 2015) that the origin of basal cell carcinoma, the main
type of skin cancer induced by ionizing radiation, may predominantly originate in the intra-
follicular basal cells and the base of the rete pegs. The typical depth of the basal layer over
most areas of the body is between 20 ym and 100 ym although it can be more than 500 ym
on the soles of the feet and the palms of the hands (Hopewell, 1990). The thickness of the
epidermis also varies as a function of age: ICRP Publication 89 (ICRP, 2002) gives a
reference thickness of 45 ym for a 1-year-old and 70 ym for an adult.
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Figure 1: The layers of the skin from Harrison et al (2023)

In addition to the depth of sensitive cells within the skin, the size of the area of skin that is
exposed to radiation is also important with respect to the potential occurrence of both tissue
reactions and stochastic effects. For example, early experiments on pig skin allowed an
estimate of the EDso (the dose to produce an effect in 50% of individuals) for acute ulceration
to be about 370 and 180 Gy for exposure from 1 and 2 mm particles respectively (NCRP,
1999), recognising that human skin appears to have a similar response to radiation as that
observed in pigs (Dean et al, 1970; Kaurin et al, 1997; Kaurin et al, 2001). In addition, when
estimating the risk of cancer developing in skin, the energy absorbed by the skin needs to be
averaged over the mass of skin present on the body. Consequently, assuming a constant
dose rate per unit area of skin, the risk that cancer may develop increases as the area of
skin being irradiated increases.

The tissue reactions of the radiation exposure occur in several different stages, with an early
erythema subsiding after 1 or 2 days, while dry desquamation, moist desquamation and/or
hair loss developing several weeks later, the timing and severity of the effects depending on
the severity of the exposure. Late skin damage effects include skin atrophy, telangiectasia
and necrosis (ICRP, 1991b).

Alternative systems for the protection of skin from the effects of exposure to radiation have
been suggested to take account of both the varying depth of basal cells and the area of skin
exposed. This has included suggestions that doses should be calculated at a depth of 100 —
150 ym in evaluating an exposure to a small radioactive object and depths of 300 — 500 ym
for dermal tissue reactions more generally (ICRP, 1991b). However, for radiation protection
purposes, where the dose calculation has to account for variation of effects over different
individuals and radiation types, ICRP have recommended to calculate and measure doses at
a nominal depth of the epidermal basal layer of 70 um, representing cells present between
depths of 50 and 100 ym, for assessment of both tissue reactions and stochastic effects
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(ICRP, 2007). To account for the range in area of skin that could be exposed, ICRP
recommended that the risks to the skin should be estimated assuming the dose is that
received over the most exposed 1 cm?. While there is practical merit in adopting this
approach, it has little biological significance in relation to exposure from small particles
where no more than a few mm? of skin may be irradiated.

As alpha radiation is commonly assumed not to be able to penetrate skin to depths of 70 pm,
and photons are assumed to deposit little energy in skin, for radiation protection purposes
the absorbed dose rate to the skin is normally only assessed for exposure to beta emissions
and discrete electrons. However, consideration of alpha radiation and, to a lesser extent,
gamma radiation, may be important when those radiations are emitted from radionuclides
present on small objects at high energy and in proximity to the skin surface.

This report describes a series of Monte Carlo simulations used to investigate the potential
impact of irradiating skin by radionuclides present on small objects. The calculations
described in this report include estimation of the absorbed dose rate at various depths of
skin from radiation, first from point sources, then in objects of differing sizes located in direct
contact with the skin. It also reviews the difference between dose rates calculated over an
area of 1 cm? and 1.1 mm? to determine the relevance of averaging area on potential health
consequence. The emitted radiation used in the modelling included mono-energetic alpha,
beta and gamma rays and actual radiation spectra emitted by either 24'Am, 3’Cs, °Sr, 214Po
or ??5Ra, since these are the radionuclides most commonly encountered on small radioactive
objects in the UK (Oatway et al, 2020a; Particles Retrieval Advisory Group (Dounreay),
2012).

2. Methodology

ICRP Publication 116 (ICRP, 2010) provides a model for assessing the local skin-equivalent
dose. The model consists of a 10 cm x10 cm x 10 cm cube of skin in which the density and
elemental composition of the skin were taken from ICRP Publication 110 (ICRP, 2009). In
additional to the ICRP model a cube of air was added above the skin to surround small
objects on the skin surface and model the scatter of radiation back towards the skin surface.

The transport of particles through the skin was modelled using the Monte Carlo N-Particle
(MCNP) version 6 software. The MCNP code, developed by Los Alamos National
Laboratory (Goorley et al, 2012), simulates the transport of particles through materials,
including the production and transport of secondary particles. The energy deposited by the
radiations in the target cells was recorded in MCNP cells which are known as tallies.

The cubes of air and skin form the universe of the simulation and are much larger than either
the radiation source or the tally volumes located in the skin. The targets (tallies) of the
radiation were modelled as cylinders located inside the cube of skin, with one of the end
sides facing the surface of the skin.
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The main type of tally used in the work described in this report, known as *f8, recorded the
energy deposition in units of MeV. Equation 1 was used to convert the deposited energy into

a dose rate in skin, DRskin, with units of Gy h' per Bq:

DRskinzchyShr (1)

Where E-s is the deposited energy given by the tally output of MCNP (MeV/s), m is the mass
of the tally cell (kg), Cay is a factor that converts energy deposited in a unit mass into
absorbed dose (1.60 10" Gy per MeV kg™'), and Sk is the number of seconds in one hour
(3600).

This absorbed dose rate is to be used to estimate the potential for tissue reactions in the tally
area in the skin and not to give an estimate of the risk of cancer induction. The contribution
from skin exposure to effective dose is calculated by dividing the energy deposited by the
mass of the skin over the whole body and multiplying by the tissue weighting factor for the
skin (0.01) (ICRP (1991a), ICRP (2007)).

The tally cylinders were stacked at different depths so that the dose rates estimated using
MCNP could be associated with skin at a particular depth (see Figure 2).
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Figure 2: Model of the skin used in the calculations. Top left: the red dot shows the
location of the point source above the photon/electron tally cells and the rest of the
skin. Top right: 1 cm? circular tally area within 10 by 10 cm of skin from above. Bottom
left: false colour picture of object (red) on surface of skin (blue) and tally layers
(yellow). Bottom right: blue and red dots show collisions caused by alpha and
secondary particles into tally cells for alpha particle runs. Note that the dimensions of
all the pictures have been distorted to more clearly show the tally cells.

Two different surface areas for the cylinder were chosen to match those used in experiments
(1.1 mm?) (e.g. Kaurin et al, 1997) (ICRP, 1991b) and ICRP recommendations for skin dose
calculations (1 cm?).

When using MCNP to estimate the dose rate in skin from exposure to gamma and beta
radiation, the depths of the sections in the cylinder (ie the target cells in skin) were chosen to
allow greater resolution in the region of skin where most of the energy from the beta
radiation was expected to be deposited. Conversely, larger cells were used at greater depths
where accuracy of estimated dose rate with depth was of lesser concern due to beta
radiation not being expected to penetrate to those depths in significant quantities. The target
sections were 5 pym thick between 15 and 25 ym depth, 10 um thick between 25 and 95 ym,
20 um thick between 95 and 295 ym, and 50 um thick between 300 and 500 um. Note that
there is a non-tally cell of 5 um between the bottom of the third section (295 um) and the top
of the fourth one (300 um). This was done to start the next tally cell at 300 um which was
considered better for comparisons with other work.

When estimating the dose rate in skin from exposure to alpha particles, a different set of
target depths were used as the penetration of alpha particles into skin is markedly different
to that of beta particles. For alpha particles the target sections were 1 ym thick between the
surface and 1 ym depth, 2 ym thick between 1 ym and 63 pm and 4 um thick between 63
Mm and 75 pym recognising that few alpha particles would penetrate to such depths and
hence greater accuracy in estimated dose rate was not required.
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2.1 Methodology for Monte Carlo simulations of
point sources

For the calculation of dose rates for gamma and beta radiation, the sources of radiation on
the skin were firstly modelled in MCNP as point sources located on the surface of the skin.
Radiation emitted by the source was modelled as being either monoenergetic or as a
radionuclide specific emission spectrum.

The energies of monoenergetic gamma rays and beta particles were selected as step values
between the minimum and maximum of the range of energies typically emitted by
radionuclides. In addition, dose rates were calculated for a gamma ray with an energy of
662 keV emitted by '3"™Ba. The gamma ray energies used in the assessment were: 10 keV,
20 keV, 30 keV, 50 keV, 70 keV, 100 keV, 125 keV, 150 keV, 200 keV, 300 keV, 662 keV,
1.5 MeV, 2 MeV, 2.5 MeV, 3 MeV.

The energies of beta particles included in the assessment were: 70 keV, 100 keV, 125 keV,
150 keV, 200 keV, 300 keV, 500 keV, 700 keV. 1 MeV, 1.5 MeV, 2 MeV, 2.5 MeV, 3 MeV.

Alpha radiation is notable for its low penetration, and it is often assumed that it does not
deposit energy within the basal cells of the skin. For this reason, the effect of being irradiated
by alpha radiation is commonly not considered when assessing the risks posed by a source
of radiation located outside of the body. However, ICRP Publication 116 (ICRP 2010)
recognised that very high energy alpha particles may penetrate the skin and deposit their
energy in the basal cells. ICRP Publication 116 gave a lower limit of 6.5 MeV for the energy
of an alpha particle able to penetrate down to an assumed depth of the basal cells of 50 ym.
However, this depth within the population varies as a function of age.

In ICRP Publication 107 (ICRP, 2008), there are 43 radionuclides that emit alpha particles
with energies greater than 6.5 MeV. These radionuclides are generally obscure or short-
lived; however, some are progeny of more common radionuclides, like 2'8At and 2'*Po in the
238U decay chain or 2'2Po and 2'Po in the 232Th decay chain, and therefore have the
potential to be present on objects in the environment that could end up attached to the skin
and therefore pose a risk to health that is not normally assessed.

To investigate the relationship between alpha particle energy and dose rate in skin at various
skin depths, the dose rate from exposure to alpha particles with the following energies were
calculated:

4 MeV, 5.1 MeV (energy of alpha particles emitted by 22°Pu), 5.3 MeV, 5.5 MeV (energy of
alpha particles emitted by 23Pu and 2*'Am), 6 MeV, 6.5 MeV, 7 MeV, 7.5 MeV, 8 MeV

Real world exposure to radionuclides on small objects involve radiation possessing a range
of energies and radiation types. For example, both ®°Sr and '¥’Cs are commonly found on
discrete radioactive objects in the environment in the UK, and these radionuclides are in
secular equilibrium with their respective radioactive progeny. Strontium-90 together with its
progeny, °Y, emit beta rays (mean energy 0.196 and 0.933 MeV, respectively) and low
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intensity gamma and X rays. Caesium-137 together with its progeny, '3"™Ba, emit beta
radiation (mean energy 0.188 MeV), a conversion electron, a 0.662 MeV gamma ray and a
series of X rays. Other radionuclides found on objects in the environment in the UK are
241Am and members of the radioactive decay chain headed by ??°Ra. These radionuclides
emit beta and gamma rays, as well as alpha particles.

Thus, following the work with monoenergetic radiations, dose rates from actual emission
spectra of some radionuclides were also calculated. The radionuclides selected for this part
of the study were %Sr/%0Y, 137Cs/13"mBa, 24TAm/?3’Np and the ?*Ra decay chain, since these
radionuclides are commonly detected on radioactive objects that have been collected in the
UK.

2.2 Methodology for the calculation of absorbed
dose for different object shapes and material
composition

In reality, the radiation source representing a radioactively contaminated object would not be
a mathematical point but would have a volume and a composition with radionuclides being
concentrated or dispersed within or on the object. Such features of the source are important
as radiation emitted from radionuclides not located close to where the object is in contact
with the skin may be absorbed by the object itself, something not accounted for if the source
is modelled as a point. Consequently, additional MCNP runs were performed to investigate
the impact of an object shape on the dose rate in skin. As real-world objects have complex
irregular shapes which are difficult to reproduce in MCNP, all objects were modelled as
cylinders. Initially, these cylinders had a radius and height of 500 um and were made of
either iron, sand, or graphite. These materials were chosen as they are similar to the
composition of objects that have been found in the environment on beaches near to the
Dounreay and Sellafield nuclear licensed sites (Dennis et al, 2007). The effect of changing
the density of the object was also investigated by performing calculations with the object
made of sand having densities of 1.7 g cm= and 3 g cm3. The elemental compositions of
objects used in this study were taken from McConn et al (2011) and are given in Table 1,
together with the skin elemental composition taken from ICRP Publication 110 (ICRP, 2009).

Table 1 Elemental composition (% weight) and density (g cm~) of object materials, skin, and
air

Element Skin Air Iron Graphite Sand Zi\l:\sde
Hydrogen 10.0 0.7833 0.7833
Boron 0.0001

Carbon 19.9 0.0124 99.9999 0.336 0.336
Nitrogen 4.2 75.5268

12
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Element Skin Air Iron Graphite Sand Ds:::‘sde
Oxygen 65.0 23.1781 53.6153 | 53.6153
Sodium 0.2 1.7063 1.7063
Aluminium 3.4401 3.4401
Silicon 36.5067 | 36.5067
Phosphorus 0.1

Sulphur 0.2

Chlorine 0.3

Argon 1.2827

Potassium 0.1 1.1622 1.1622
Calcium 1.1212 1.1212
Iron 100 1.3289 1.3289
Zle;f]'_t% 1.09 0.001205 = 7.874 1.7 1.7 3.0

The effect of changing the object’s thickness on the dose rate at different skin depths was
investigated by running MCNP using a series of objects with thicknesses greater or smaller
than the initial value of 500 um. As the object’s thickness is already small in relation to the
distance a gamma ray can travel, changing its thickness will not result in a significant change
in the dose rate in skin for these radiations. Therefore, these calculations were performed
only for alpha and beta particles. To ensure there was some penetration into the skin, 2'“Po
was selected as the alpha source because it emits alpha particles with an energy of 7.8 MeV
and is present in the 238U decay chain. A 0.24 MeV monoenergetic electron source was also
used. The distribution of the radiation source in the object was investigated, considering
contamination of the surface of the object, or spread evenly within.

3 Results of the calculation of absorbed
doses

3.1 Results for photon point sources

For both tally area sizes, the absorbed dose rate to the skin decreased logarithmically with
depth for photons with energies below 0.150 MeV. As shown in Figure 3, photons with the
lowest energy (0.01 MeV) were found to produce the highest absorbed dose rates at all
depths of the skin. At these low energies, the photoelectric effect dominates the photon’s
interaction with matter and the absorption is greatest when the photon energy matches that
of the binding energies of atoms in the skin. Additional graphs of the absorbed dose rate
versus skin depth for a range of photon source energies can be found in appendix A.
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Figure 4 shows that for photons with energies above about 0.2 MeV, the dose rate changes
from a logarithmic decrease with increasing skin depth to a logarithmic increase. It is also
noted that, above photon energies that lie somewhere between 0.3 and 1 MeV, the dose rate
decreases with photon energy. This changing behaviour is probably due to Compton
scattering (the scattering of photons by electrons, reducing the photon’s energy) being more
important for intermediate gamma-ray energies, while electron-positron pair production
becomes more important for photons with energies above 1.5 MeV (Cooper et al, 2003).

The very low energy photons (~ 0.01 MeV) give rise to highest absorbed dose rates because
they interact more with tissue. However, absorbed dose rates from electron sources of the
same energy are higher.

The effect on the energy deposited of different target volumes was assessed by running
MCNP for two tally volumes defined by a surface area of either 1.1 mm? or 1 cm?. The ratio
of energy deposited in these target cells and absorbed dose rates for photons with different
energies is shown in Figure 5 and Figure 6. Out of the two tally volumes, the one defined by
a surface area of 1 cm? had more energy deposited within it. This is because, as photons
travel through the tally volume, they are increasingly scattered from their original path but, as
the tally volume increases, a greater fraction of these scattered photons are still absorbed in
the target volume.

While more photon energy is absorbed in the larger tally volume, the absorbed dose rate in
the 1.1 mm? tally volume is much higher, by 2 orders of magnitude, compared to that in the

1 cm? tally volume; this is shown in Figure 6. The difference in the ratio of absorbed dose
rates compared to absorbed energies between the two tally volumes is due to the ratio of the
tissue masses being much greater than the ratio between the energy being deposited.
Additional graphs showing the difference in absorbed dose rates are in appendix A, Figure
23 to Figure 26.
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cm? area tallies at different depths

16



Variation in absorbed dose rate to the skin from exposure by small radioactive objects

3.2 Results for electron point sources

Shown in Figure 7 (also in appendix A, Figure 27 to Figure 31) is the absorbed dose rate
versus skin depth for different electron energies. The profiles of the absorbed dose rate with
depth for electron energies less than 0.3 MeV have relatively high dose rates close to the
surface followed by a gradual decrease in the dose rates at deeper layers within the skin.
The depth at which this change in behaviour occurs depends on the source energy. Above
0.3 MeV there is only a gradual decrease in the absorbed dose rate versus depth. By
analysing the MCNP results, it is surmised that the first regime relates to the penetration
depth of the primary electrons, while the second regime is a result of energy being deposited
by secondary photons.
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Figure 7: Absorbed dose rates in the skin (1 cm? tallies) for monoenergetic electron
sources

Figure 8 shows the ratio in energy deposited in the MCNP (1.1 mm? and 1 cm?) tallies by
electrons emitted by a source of radiation in contact with the skin. For electrons with
energies up to 0.15 MeV, there is little difference between the energy deposited within the
two tally surface areas to skin depths of under 150 ym. However, at greater depths, around
300 um for 0.1 MeV electrons, about 40% more energy is deposited in the 1 cm? tallies when
compared to the 1.1 mm? tallies. For higher energy electrons, the ratio of energy deposited
between the two volumes follows a logarithmic decline, with less energy being deposited in
the 1.1 mm? tallies compared to the 1 cm? tallies. The reason why less energy is deposited in
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the 1.1 mm? tally surface area is that some of the electrons that enter the skin are scattered
and leave the tally volume prior to depositing all their energy. This process is less significant
for the larger tally volume as the scattered radiation is more likely to be incident on the larger
1 cm? surface area tallies and less likely to travel out of the larger volume, leading to more
energy deposition in that tally. The difference is smaller for lower energy electrons and at
shallower depths as the stopping power of skin increases as the electron slows down.
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Figure 8: Variation with skin depth of the ratio of energy deposited between the two
tally sizes (1.1 mm? and 1 cm? surface areas) for monoenergetic electrons

18



Variation in absorbed dose rate to the skin from exposure by small radioactive objects

100

90

E
o
< 80
€
€
o 70
u)
O
2 60 —e—0.1 MeV
(0]
o —e—0.15 MeV
50
o 0.5 MeV
2
S 40 —e—1.0 MeV
®
g 1.5 MeV
g 30 3.0 MeV
Ne)
©
-
S 20
.©
£

10

0

0 50 100 150 200 250 300 350 400
depth (um)

Figure 9: Variation with skin depth of the ratio of absorbed dose rate between the two
tally sizes (1.1 mm? and 1 cm? surface areas) for monoenergetic electrons

3.3 Results for alpha point sources

Figure 10 shows the variation of the absorbed dose rate with skin depth for alpha particles
emitted by a point source with energies ranging between 4 and 8 MeV. As expected, due to
the large mass and electrostatic charge of alpha particles, their ability to penetrate the skin is
significantly lower than that for photon and electron radiations. Figure 10 shows that only
alpha particles with energies greater than 6.5 MeV can penetrate the skin to a depth of

50 pm, the lower end of the range recommended by ICRP for assessing radiological risk. It
was also estimated that alpha particles of at least 4 MeV have the potential to penetrate the
skin to depths of around 20 ym, the minimum thickness of epidermis likely to be present on
humans, while alpha particles with energies greater than 8 MeV were estimated to have the
potential to penetrate the skin to depths of around 70 ym, well within the range where
radiosensitive cells are considered to lie (ICRP, 2010). However, for the alpha particles to be
able to penetrate so deeply into the skin they require to be emitted within a small angular
range from the normal to the skin surface.

For alpha particles, it was found that the energy deposited within the 1 cm? and 1.1 mm?
tallies were nearly identical. This result indicates that there is no significant scattering of
alpha particles within the skin or that, even if scattering occurs, the scattered particles lose
most of their energy within both tally volumes due to their limited range.
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Figure 10: Absorbed dose rate from alpha radiation in a 1 cm? area tally at shallow
skin depths

3.4 Results for point sources of selected
radionuclides

Figure 11 shows the total absorbed dose rate in skin versus skin depth for exposure to
radiations emitted by '3’Cs/'3"™Ba. The total dose rate in the skin is dominated by beta
radiation from '3’Cs, with the dose rate from exposure to the photons emitted by '3"™Ba
being 130 times lower. This was expected, as the results of the calculation of dose rates for
monoenergetic electrons and photons showed that electrons generate higher dose rates,
particularly at shallower skin depths.

For 20Sr/°0Y (see Figure 12), the total dose rate in skin at all depths is mainly from exposure
to the beta emissions of both radionuclides. At skin depths below about 30 to 40 um, the
dose rate to the skin from exposure to beta emission from °Sr and °Y are broadly similar.
However, as the depth in skin increases, the overall dose rate to the skin is increasingly
dependent on exposure to beta radiation from 2°Y (B max 2.28 MeV) rather than °Sr (B max
0.55 MeV) although, at a depth of 200 um, the ratio of the absorbed dose rate from
exposures to beta radiation from these radionuclides is only a factor of two. This result is
consistent with the results from the calculations of dose rates to the skin with monoenergetic
electrons which showed that primary electrons with higher energy can penetrate further into
the skin and produce higher dose rates.
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The variation of absorbed dose rate versus skin depth for a source of 24'Am/?3’Np is shown
in Figure 13. For skin depths less than 50 um the most significant contribution to the dose
rate is from energy deposited by alpha radiation. At skin depths between about 50 and 100
pm, the total dose rate is mainly associated with energy deposited by the discrete electron
emissions from 2¥’Np while, at deeper skin depths, the dose rate is mainly due to energy
being deposited by gamma radiation emitted by both radionuclides.
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Figure 13: Absorbed dose rate from 2#'Am/2’Np in different layers of skin (1 cm? tally)
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Figure 14: Absorbed dose from 226Ra decay chain in different layers of skin (1 cm?
tally)

The absorbed dose rate in skin from exposure to radiation emitted by ??°Ra and its
radioactive progeny is shown in Figure 14. One of the progeny in the radioactive decay of
2%6Ra is 2'*Po, a strong alpha emitter which gives the most significant contribution to the
dose rate in skin at depths of less than around 60 ym, deeper than the alpha particles
penetrate for 2’Am. The dose rate to the skin at depths greater than around 60 ym is mainly
due to energy being deposited by electrons emitted by the radioactive progeny of 26Ra.

The results of the calculation of absorbed dose rates for 226Ra show that the high energy
alpha emitting progeny produce a dose rate of around a factor of 5 higher than from their
beta emissions. Therefore, if an assessment omits the alpha emissions of the ??°Ra progeny,
the result will be a significant underestimation of its absorbed dose rate, though mainly for
deterministic tissue reactions at the surface of the skin.

4 Results from realistic radioactive objects

4.1 Variation of absorbed rates from radioactivity
on objects of different materials

Figure 15 shows the absorbed dose rates at various depths of skin from 0.3 MeV
monoenergetic electrons that are emitted by radionuclides distributed evenly throughout the
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cylindrical volume of each object (500 uym radius; 500 uym thick) made of different materials
(iron, sand, dense sand and graphite). The closeness of the graphite and sand curves in
Figure 15 suggest the main factor affecting the flux of radiation able to leave the object and
subsequently deposit energy at a specific depth of skin is the density of the object. As
expected, the absorbed dose rate in the skin decreases as the density of an object
increases, as more radiation is absorbed within the object. The curves for graphite and sand,
both having a density of 1.7 g cm3, are nearly identical while dense sand (3.0 g cm3) gives a
lower absorbed dose rate. This result is consistent with the observation made by Saito and
Jacob (1995) that soil composition is less important for dose rates than density.

Figure 16 shows that for electrons with an initial energy of 1.0 MeV, differences in dose rates
between objects of different densities and materials are reduced compared to the dose rates
estimated for lower energy electrons. This is due to the higher energy electrons passing
more easily through matter and therefore being less affected by smaller variations in the
density of an object.
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Figure 15: Absorbed dose rate in skin by 0.3 MeV electron source distributed in
different small cylindrical objects made of different materials (1 cm? tally)
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Figure 16: Absorbed dose rate in skin by 1.0 MeV electron source distributed in
different small cylindrical objects made of different materials (1 cm? area tally). Note
the sand, dense sand and graphite data points are close together

The absorbing properties of a cylinder of dense sand with a radius of 500 ym and a
thickness of 500 um (see Table 1) was investigated by comparing the dose rate in skin from
such an object containing '3’Cs against the dose rate from a '3’Cs source distributed on a
disk (i.e. no thickness) of the same radius. Figure 17 shows the difference in the absorbed
dose rates for these two sources. The figure shows that absorption within the cylinder of
dense sand reduces the dose rate in the skin by a factor of about 4 for depths of between a
few tens to a few hundreds of micrometres. Objects have been found on Sellafield beach
with dimensions of a few hundred micrometres (Oatway et al, 2011). This result shows the
importance of the distribution of radioactivity within an object, which is substantially
increased if the contamination is all on the side facing the person exposed.
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Figure 17: Absorbed dose rate in skin for '3’Cs Beta source in a disk and a cylindrical
object (1 cm? area tally)

4.2 Effect of radionuclide distribution in objects

A 2'4Po source emitting alpha particles with an energy of 7.8 MeV was used to investigate
the effect on the absorbed dose rate of the distribution of radioactivity in a small radioactive
object. Figure 18 shows the absorbed dose rate in the skin in tallies with a 1 cm? surface
area below a source within a 500 ym radius, 500 pm thick iron cylinder. Iron was chosen as
its higher density meant that distribution effects on the absorbed dose rates would be
greater. When the source is confined to the bottom of the cylinder, next to the skin, the dose
rate is approximately a factor of a hundred higher than when the source is on top of the iron
cylinder away from the skin. If the radioactivity is distributed throughout the cylinder, with the
same total activity, the absorbed dose rate in the skin is about a factor of three higher than if
the radioactivity is restricted to the top, though still much lower than when all the radioactivity
is next to the skin. The dose rate vs skin depth curve is significantly different compared to
that for an alpha point source (see Figure 10) due to the horizontal spread of the source.
Figure 19 shows the effect on the absorbed dose rate of the distribution of an electron
source with an energy of 0.24 MeV in an iron cylinder. When the source is located only on
the bottom surface of the object next to the skin, the dose rate is a factor of 50 higher than
when the source is on the top surface of the iron cylinder away from the skin. The variation
of the absorbed dose rates with skin depth shows a similar pattern to that generated by that
the alpha source but with a smaller difference between different distributions of the source
likely due to the penetrating power of electrons.
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Figure 19: The effect of 0.24 MeV electron source distribution through iron cylinder on
absorbed dose rate in skin (1 cm? area tally)

To investigate the impact of the thickness of the object on dose rate, a series of MCNP runs
was performed for different cylinder heights with an alpha (?'*Po) or electron (0.24 MeV)

source present only on the surface facing away from the skin. The results for the alpha
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source are shown in Figure 20. As expected, the absorbed dose rates decrease with the
thickness of the object. The reduction in dose rate with the thickness of the object is due to
alpha particles starting on the top surface of the object being less able to reach the skin,
even via the surrounding air. Objects found near Dounreay have ranged in size from 100 ym
to 2 mm (Byrnes et al, 2020). The differences between dose rates generated by radioactivity
on objects with different thickness narrow slightly at deeper skin depths, as only alpha
particles travelling directly down reach the deeper layers of the skin. Figure 21 shows that for
electron sources the absorbed dose in the skin does not reduce to zero at deeper skin
depths and the effect of object height is a linear reduction in absorbed dose rate over a
range of 125 ym to 750 um.
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Figure 20: The effect of object height on absorbed dose at different depths in the skin
from a 2'*Po source on the top surface of an iron object (1.1 mm? tally area)
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Figure 21: The effect of object height on the absorbed dose at different depths of the
skin from a 0.24 MeV electron source on the top surface of an iron object (1.1 mm?
tally area)

The impact of changing the radius of the source was also investigated. However, the
geometry of this simulation makes the results difficult to interpret as it alters how the object
covers the tally surfaces. For example, when a simulation is run for an object with a radius of
1 mm, the dose rate recorded is 0, for all but the thinnest objects, for the 1.1 mm? tallies as
the source object is wider than the tally area, which has a radius of about 0.59 mm.
However, a positive dose rate is calculated for the same object when the 1 cm? area tallies
(radius approximately 5.6 mm) are used, suggesting that the radiation is travelling through
the air surrounding the object and not the object itself. If the radioactive object was bigger
than the area of the tallies in the skin, radiation travelling from the edge of the source does
not enter the tallies and is not recorded in the simulation. This is an artefact of the calculation
model because for a real object on a person’s skin, a dose would be received irrespective of
its size, though perhaps not below where the object is in contact but spread over larger
volume of skin.

The simulation with MCNP also showed that when the object area is greater than the tally

area, the alpha particles emitted by a ?'*Po source on the top side of the object could only

reach the skin if the thickness of the object is 15 ym or less (see Figure 22) and only reach
50 um depth in the skin if the thickness of the object is 5 ym or less.
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Figure 22: 214Po penetration when object covers tally area (1 cm?)

5 Conclusions

This report describes a study using a Monte Carlo radiation transport code to estimate
absorbed dose rates to skin from irradiation by objects containing radioactivity in contact with
the skin. The estimated absorbed dose rates are discussed with respect to how they vary
with depth within the skin, in particular at depths where radiosensitive cells may be present,
and their dependency on both the energy deposited in the tally and area (therefore mass) of
skin tissue within the tally. The simulations performed included irradiation by monoenergetic
radiation emitted by photons, electrons, and alpha particles and by radiations emitted by

241 Am, 37Cs, 9Sr and 2%6Ra, which are the radionuclides commonly found on contaminated
objects present in the environment in the UK. The study also investigated how the
distribution of radioactivity on and within an object affected the dose rate in skin, accounting
for self-shielding of radiation by the object and the production of secondary radiations.

To investigate the impact of the mass of skin being irradiated on the absorbed dose rate, two
skin surface areas were considered: 1.1 mm?2, an area often used in experiments, and 1 cm?,
an area recommended for use in radiation protection by ICRP.

The absorbed dose rate is dependent on the energy deposited in the skin. The model
simulations for 1.5 MeV photons (Figure 5) showed that the energy absorbed in the 1 cm?
tallies is about a factor of 6 greater than the energy deposited in the 1.1 mm? tallies at 70 um
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depth with this increasing to a factor of 10 below 300 um. For low energy (0.01 MeV)
photons, the ratio is only a factor of 2 at 70 ym depth increasing to a factor of 3 deeper in the
skin. For 1.5 MeV electrons (Figure 8), the ratio between the energy deposited in the
different area tallies is about a factor of 2 at 70 ym depth increasing to a factor of 4 at 400
pm. Low energy electrons (0.01 MeV) deposit roughly the same energy in both area tallies
until deeper in the skin where a factor of 2 difference is present.

However, as the absorbed dose rate is energy deposited divided by the mass of tissue in the
tally, which in the 1 cm? tally is about a factor of 90 larger than the mass in the 1.1 mm? tally,
therefore the absorbed dose rate in the 1.1 mm? tallies is greater than that in the 1 cm? tally.
For 0.662 MeV photons, this is a factor of about 30 at 50 um depth and 15 at 375 ym. For 1
MeV electrons, this is a factor of 60 at 50 um depth and 30 at 375 ym. This strong
dependence on tissue mass averaging must be considered when evaluating the risk of
severe tissue reactions occurring using a different target volume than the standard 1 cm?
area calculation. However, care must be taken to avoid selecting a value for the tally area
smaller than the area of the source object, because this can result in radiation from the sides
of the object missing the tally area, as noted in section 4.2.

The model simulations with monoenergetic photons showed that the highest dose rates arise
from low energy (0.01 MeV) sources, although sources of about 0.7 MeV produce roughly
the same dose rate at skin depths below 150 ym (Figure 3). These dose rates are, however,
several orders of magnitude lower than those produced by monoenergetic electrons of the
same energy. This result confirms that the radiation protection practice of not considering
photons in the calculation of local dose rate for contaminated skin is reasonable unless a
detailed estimate of the dose rate is required.

The dose rate profiles for monoenergetic electrons show two different patterns, at low initial
energies (< 0.3 MeV), representing the range of the primary electrons at shallower depths
and then secondary photons in skin deeper in the skin (Figure 27). However, since even the
primary electrons at 0.07 MeV energy penetrate the skin deeper than 50 um, so the primary
electrons are always the determinant of the dose rate at this depth. However, if assessing
the dose deeper (> 300 uym) in the skin from electrons with energies lower than 0.3 MeV, the
absorbed dose rate should be expected to be much lower.

Of the three types of radiation considered in this report, the highest absorbed dose rates in
skin are produced by alpha particles. However, alpha particles only deposit their energy at
shallow skin depths and the maximum depth reached is highly dependent on the energy of
the alpha particle. Alpha particles with energies of less than about 6.5 MeV were found to be
unable to penetrate the skin to depths of more than 50 ym, which is the shallow end of the
range that ICRP recommends for general radiation protection purposes. This result confirms
the information presented in ICRP Publication 116 (ICRP, 2010).

The MCNP results also show that alpha particles require an initial energy of 4 MeV and 8
MeV to penetrate skin to depths greater than 20 um and 70 pym respectively (Figure 10). The
risk of developing a negative response in the skin from exposure to alpha particles is
therefore highly dependent on both the energy of the alpha particles and the location of
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radiosensitive cells within the skin. For example, an object contaminated with radionuclides
emitting alpha particles would pose a much lower risk if that object was in contact with skin
on the soles of the feet than if it was in contact with skin on most other areas of the body. In
addition, the presence of an object, contaminated with alpha emitting radionuclides, on the
skin of infants and children may pose a much greater risk when compared to the same
object present on the skin of an adult due to the relative thickness of the epidermis between
these age groups. The current practice of not including energy deposited by alpha particles
when assessing the dose rate in skin may result in an underestimation of the associated risk
of a tissue reaction. Radionuclides, for which the contribution to the dose from alpha
particles may be important, include 2*'Am and ??°Ra which are found on small contaminated
objects in the environment at several locations across the UK.

The material an object is composed of can affect the dose rate in skin due to self-absorption
of some of the radiation. This work showed that it is the density of the object that has the
most effect on the flux of radiation entering the skin, decreasing that flux by up to a factor of
around 4 with a doubling of density, rather than the elemental composition of the object. This
matches the observations of gamma ray dose rates from the ground by Saito and Jacob
(1995).

The location of the radionuclide within the object also affects the dose rate in the skin as any
radiation emitted by radionuclides away from the surface in contact with the skin may be
absorbed or scattered by the material of the object. It was also shown that alpha radiation
can irradiate the skin by travelling through the air around the object rather than by passing
through it. Consequently, a dose can be received from a small radioactive object even if the
object itself is of sufficient density and thickness to stop the alpha radiation. This may not be
important for the majority of radiation protection assessments but can be important in
specific circumstances, for example with > 5.5 MeV alpha sources and where doses to
infants need to be considered.
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8 Appendix A

8.1 Photon point sources

In this section are shown the absorbed dose rates in different volumes of skin from exposure
to a photon point source. The initial photon energies are 0.01, 0.1, 0.662 and 1.5 MeV.

Photon Source: 0.01 MeV
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Figure 23: Absorbed dose rate by skin depth from 0.01 MeV photons for the different
tally sizes
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Photon source 0.1 MeV
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Figure 24: Absorbed dose rate by skin depth from 0.1 MeV photons for the different
tally sizes

Photon source 0.662 MeV
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Figure 25: Absorbed dose rate by skin depth from 0.662 MeV photons for the different
tally sizes
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Photon Source: 1.5 MeV
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Figure 26: Absorbed dose rate by skin depth from 1.5 MeV photons for the different
tally sizes

8.2 Electron point sources

Presented from Figure 27 to Figure 31 are the estimated absorbed dose rates in different
volumes of skin exposed to a point source of beta radiation. The initial energies of the beta
radiation are 0.07, 0.15, 0.3 and 1.0 MeV. The reduction in absorbed dose rate at the depths
in skin seen for the 0.07 and 0.15 MeV point sources was found to be due to the range of the
primary electrons.
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Electron source: 0.07 MeV
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Figure 27: Absorbed dose rate by skin depth for a 0.07 MeV electron source for the
different tally sizes

Electron Source: 0.15 MeV
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Figure 28: Absorbed dose rate by skin depth for a 0.15 MeV electron source for the
different tally sizes

38



Variation in absorbed dose rate to the skin from exposure by small radioactive objects

Electron Source: 0.3 MeV
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Figure 29: Absorbed dose rate by skin depth for a 0.3 MeV electron source for the
different tally sizes

Electron Source: 1.0 MeV
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Figure 30: Absorbed dose rate by skin depth for a 1.0 MeV electron source for the
different tally sizes
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Absorbed dose rate (Gy/h per Bq)
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Figure 31: Absorbed dose rate by skin depth for a 1.5 MeV electron source for the

different tally sizes
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