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Abstract.

Purpose: To assess increased exposure to airborne pollutants near
power lines b 1nvesuqaung theoretically and experlmenlally the
behaviour of “**Rn decay product marker aerosols in the 50 Hz
electric field under power lines.

Materials and methods: The behav1our of aerosols in outdoor air
including those carrying ***Rn decay products was modelled
theoretically in the presence of an AC field. TASTRAK o-
particle spectroscopy was used to characterize *Po and *''P
aerosols outdoors. Sampling points were chosen along a line at
right angles up to 200m from a number of high voltage power
(transmission) lines. Each sampling point comprised an arrange-
ment of mutually orthogonal TASTRAK detectors. Exposures
were carried out at different power line locations in various
weather conditions.

Results: 'The model predicts a two- to three-fold increase in
deposition of aerosols on spherical surfaces mimicking the human
head under high voltage power lines. Experimental measure-
ments using detectors mounted on grounded melal spheres
showed an enhanced deposition of both *"Po and *'*Po acro-
sols. Enhanced *'*Po deposition on 400 kV lines ranged from
1.96 + 0.15 to 2.86 + 0.32. Enhanced *'*Po deposition on 275kV
and 132kV lines were 1.43+ 0.07 and 1.11+ 0.21, respectively,
where the latter value was not significant.

Conclusions : The observations demonstrate a mode of increased
exposure to pollutant aerosols under high voltage power lines by
increased deposmon on the body. The total (1nd00r+ouldoor)
*'"Po and *'"Po dose to the basal layer of facial skin is estimated
to be increased by between 1.2 and 2.0 for 10% of time spent
outdoors under high voltage power lines.

1. Introduction

Epidemiological studies have demonstrated an
association between exposure to power frequency
electromagnetic fields (EMYF) and increased incidence
of childhood leukaemia. The associations are strong-
est for exposures under high voltage power lines
(Ahlbom et al. 1993, Feychting and Ahlbom 1993,
Olsen et al. 1993, Verkasalo et al. 1993, NRPB 1994,
NIEHS 1998). No causal mechanism to explain these
associations has yet been convincingly identified.
However, on the strength of the epidemiological
data, the US National Institute of Environmental
Sciences Working Group has recently stated that
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electric and magnetic fields like those surrounding
electric power lines should be regarded as a possible
human carcinogen (NIEHS 1998), and the full report
to the US Congress recommends that the power
industry continue its current US practice of siting
power lines to reduce exposures (NIEHS 1999).

The search for a causal mechanism by which
exposure to power frequency EMF may affect the
process of carcinogenesis has tended to concentrate
on direct effects from the magnetic field component.
The authors are, however, studying a number of
ways in which the electric, E-field component inter-
acts with airborne pollutant aerosols, each suggesting
a mechanism of increased exposure to these pollut-
ants under high voltage power lines. The relevance
of this approach is that both childhood and adult
leukaemia are known to be associated with traffic
density and its associated exhaust pollution (Savitz
and Feingold 1989, Lindquist ¢ al. 1991, Robinson
1991, Nordlinder and Jarvholm 1997).

Henshaw et al. (1996) described two possible mech-
anisms of increased exposure to pollutants near power
frequezncy E-field sources. In indoor experiments
using " “Rn decay product marker aerosols, an excess
deposition of these aerosols on surfaces carrying a
power frequency electric potential and an increased
concentration in air near the electric field source
were observed.

Excess deposition of “’Rn decay product marker
aerosols on surfaces mimicking the human head has
now been observed outdoors under 400, 275 and
132kV high voltage overhead transmission lines (here
referred to as power lines). Results of these deposition
measurements are reported in this paper.

2. Materials and methods
2.1. Theoretical modelling

2.1.1. Theoretical analysis of atmosp/zms *Rn decay prod-
uct aerosols in AC fields. The processes that govern the
production and loss of aerosols in outdoor air have
been summarized by Hinds (1982). Positive or nega-
tive lons present in the air act as nucleation sites,
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which attract polar molecules forming a cluster of
molecules 1-4nm in diameter. Such a molecular
cluster constitutes a so-called ultrafine aerosol The
high diffusivity of these aerosols (4—9) X 10~ m’s™
results in frequent collisions, leading to rapid growth
by coagulation up to ~ 0.1 pm in size. The diffusivity
of these larger aerosols is around four orders of
magnitude lower: ~2X10° m"s

The exlpenmental measurements described below
employ ~"Rn decay product aerosols as markers of
general aerosol behaviour. The pr1nc1ple of this
marker is the different behav1our in air of the ultra-
fine and acrosol-attached “**Rn decay products
(Porstend('jrfer 1984, 1994, Raes 1985). The attach-
ment rate in outdoor air of ultrafine particles to the
ambient aerosol is t}gplcally in the range 30—100h"

The growth of """Rn decay product aerosols is
shown schematlcally in figure 1. A key feature is that

90% of recoil *'*Po from “**Rn is positively charged
allowing the rapid nucleation of an ultrafine aerosol
as described above ((see Hopke 1989 and references
therein). A slmllar *"Pb recoil occurs following the
decay of *'"Po, resulting in a 0.8 probability of
detachment frorn an attached aerosol (Mercer 1976).
This process, however, is not repeated for the sub-
sequent f-decays due to the low recoil energy. Two
other features should be noted. As explained below,
the present authors are interested in detecting the
depos1t10n of these aerosols by recording o-emission
from *"*Po and *''Po using o-sensitive TASTRAK
plastic track detectors (based on poly allyl diglycol
carbonate plastic; supplied by Track Analysis Systems
Ltd, H. H. Willis Physlcs Laboratory, Briston, UK).
The mean lifetime of **Po is 4. 4 min, so that in the
absence of other loss mechanisms, the above rate of
aerosol attachment suggests that between 14% and

48% of *"’Po in air 1s in ultrafine form. The major-
ity (95-99%) of *"po deposition recorded on
TASTRAK detectors will be from ultrafine aerosols
due to their high diffusivity. Conversely, the com-
bined lifetimes of the aerosols feeding the subsequent
214

Po decay 1is suPﬁc1ently large that essentially
all *""Po deca s in air are in attached form. How-
ever, those ' Po deposition decays recorded on
TASTRAK result from earlier deposition, which may
be in either ultrafine or attached aerosol form.

The present work was aimed at measuring excess
deposition of aerosols under power lines, and in
modelling the expected increased deposition on spher-
ical surfaces, similar to that which occurs around the
human head. In AC fields the excess deposition occurs
by the oscillation, coupled with turbulent diffusion,
of charged aerosol particles along the E-field line
vectors. The drift velocity v (m s_]) of a charged
aerosol in an E-field of strength £ (Vm~ ) Is given

by v= ,uEf wzhere u 1s the particle mobility, typically
1.5X10" m's V~ (Tyndall 1938).

Of crucial importance to the transport of *'*Po in
E-fields is the recoil charge neutralization time (nom-
inally ~1s in figure 1). This has been investigated
by several authors in laboratory measurements
(Hopke 1989, Shi and Hopke 1991, Howard and
Strange 1992). The published data, however, do not
readily extrapolate to conditions outdoors so that
there is uncertainty in the actual neutralization time.

Under high Voltage power l1nes the maximum
recommended E-field is 10kV m™ (ICNIRP 1998).
In pract1ce such E-fields are usually in the range
1-6kVm™ . Because the human body is a good
conductor, the field will be enhanced by a factor of
approximately 18 around the head.

2.1.2. Description of an aerosol transport model in AC fields.
Aerosol transport in the atmosphere and surface
deposition is modelled using a one dimensional algo-
r1thm Figure 2 summarizes the transport pathways

"Po is not shown because of its short half-life. It is
assumed to decay 1nstantaneously following the decay
of *"'Bi. The various constants are defined below.
The model divides the atmosphere into # cells vertic-
ally. The first cell accommodates the source term for
*’Rn, which emanates from the ground, and the
deposition onto the ground of the decay product
aerosols. The remaining cells are identical with the
nth cell coupled to neighbouring cells by atmospheric
diffusion and the following quantities: (1) oscillation
in the AC field; (2) the drift in the Earth’s natural
DC field; (3) gravitational settling; and (4) the depos-
ition under the action of the mirror charge close to
a surface. The aerosol-attached particles are assumed
to have a Boltzmann charge distribution. Typically,
100 cells are used, the sizes of which 1i ncrease expo-
nentially from an initial size of 10~ “m in the first
cell. The model treats radioactive decay and includes
the aerosol attachment rates.

The pathways within a given cell can be described
by a series of steady state equations, which can be
solved for the act1v1ty concentration of the surface
depos1ted ""Po and *'"Po acrosols. These measurable
quantities allow the model to be tested experiment-
ally. The following are employed as standard values:

-6 -1

ARn = Rn decay constant=2.111 X lO

Ipo = Po decay constant= 3.787 X lO

Jpn = Pb decay constant=4.31 X lO

Ji =""Bi decay constant=15.86 X 10~ -

Ja = attachment rate of ultrafine aerosols to
larger aerosols=0.01s" ' for a 200nm

aerosol at a nominal aerosol density of
7000 cm ™ (Porstendorfer 1994)
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1) O Neutral *’Rn atom

2) o-particle emitted
t f newly formed 2

8Po ion recoils.

3) ~10%s + @ Attracts cluster of molecules <+
resulting in ultrafine aerosol
1- 4nm diameter.

4) ~ls @ Loss of initial positive charge,
subsequently in equilibrium, may
have +ve, -veor zero charge.

5)  40-100s Attachment to larger aerosol ~0.1 um

® o-decay of Z18p,,,

ZHp}, pecoil ion detaches from aerosol

- repeat from step 3 - >

Subsequent B-decays of 214Pb and 214Bi have
insufficient recoil energy for aerosol detachment.
a-decay of 214Po yields 210Pb, considered stable

on the time-scale of short-lived 22Rn decay products.

(a)

o. (5.5MeV)
t, = 5.51 days

B (0.3-1.3MeV)

B (0.22MeV)

=38.7m

Figure 1. (a) Growth of ***Rn decay product aerosols; (b) **’Rn short-lived radionuclide decay chain.

(b)
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Figure 2. Schemallc oulhne of the pathways used to model the

behaviour of **’Rn decay producl aerosols in the atmo-
sphere. The particle drift is made up of contributions
from gravity, the Earth’s natural DC field and the
AC field.

/o =rate constant for neutralization of the
charged ultrafine ions=2s" )
Xoig = re suspensmn source term (in Bqm~ ’s” ])
‘Pb from decay and recoil of deposited
Po mto 50 um air layer (Jacobi 1972).
These "Pb recoil particles are distributed
uniformly with distance over the cells that
are within the recoﬂ range.
r. =recoil fraction of *'Po in air=0.8 (Mercer
1976)
7 = recoil fraction of *""Po following decay of
plated- -out *"Po=0.5
Earth’s DC field=100Vm"~
Gravity is assumed active unless otherwise stated.

The general transport equation for species j in
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spherical geometry with distance 7 and time ¢ is
given by:

—GC}' (1) — iaa I:((DJB +Drr)———— j( Y
r

ot
— Vi 1) Gifr, w)r?]

- /1]' C] (7: t) +S] (7: t) (1)

where (; is the concentration of species j, and . is
a species-dependent additional term representing the
pathways shown in figure 2 as follows:

S1=0 (QQQRH atoms)
So(r, t)=MCi(r, t)— (A +2)Co (1, 1) (
(charged ultrafine *%po 1ons)
Ss(r, t)= Ao Cor, t)— AaCs (1, t)
(neutral ultrafine *"po atoms)
Se(r, t)=Aa[Co(r, 1)+ Cs(r,1)]
(aerosol- attached *'"Po atoms)
Ss(r, t)=ACo(r, 1) FAsCs(r, t)— (Aew +2)C5 (1, 1)
4 raCafr, t)Fry - Xors
(charged ultrafine *'"Pb ions)
Se(r, t)=AanCs (1, t)— AaCs (1, 1)
(neutral ultrafine *'"Pb atoms)
S7(r, t)=A[Cs(r, 1)+ Cs(r, 1)] + Au (1— m)C1 (r, t)
(aerosol-attached *""Pb atoms)
Sa(r,t)=A[Cs(r, 1)+ Cs(r,1)] +Au(I1— m)C1 (r, t)
(charged ultrafine *''Bi ions)
So(r,t)=A[Cs(r, 1)+ Cs(r, 1)] + Au(1— ra)C4(r t)
(neutral ultrafine 'Bi 1ons)
S1o(r, t)=2a[Cs(r, 1)+ Cs(r, 1)] +Aa(1— mﬁ& (r, t).
(aerosol-attached *1'Bi atoms)

V; =drift velocity of species j due to E-fields and
gravity

nj =number of charges on species j particles

K1 = atmospheric diffusion constant

k> = diffusion constant near deposition surface

The Brownian diffusion and the particle drift velocity
are as follows:

kT
Dip = 1y 'T (2)

Vi=—n-W |:ng + FEpc + \/§~Erms(r)~sin(2n50t)i|
(3)

where ¢ is the electronic charge, £ the Boltzmann’s
constant and 7 the absolute temperature. In a 50 Hz
E-field, the aerosol will oscillate with a peak-to-peak
amphtude of ( \/_MErrnsj/{J()n) E(r) has the variation
with distance E ()= Eo /7", and gravity is assumed to
be invariant with distance. At the boundary where
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r=0, C} will fall to zero. The aerosol-attached *
and & 'Po are assumed to have a Boltzmann dlstrlbu-
tion of charge, which has been found to be a good
empirical description of the charge state for particles
of 200nm diameter being modelled here (Hinds
1982). It is possible that the attached *''Pb and *''Bi
might have an excess positive charge from the earlier
radioactive decays (Clement and Harrison 1992).
Any initial excess charge will tend to increase the
enhanced (E-field) deposition. However, the model
does not allow for this because we consider that
neutralization by ambient air ions will generally be
fast enough to ensure that the charge distributions
are close to the Boltzmann distribution. Because each
charge state will drift differently in E-fields, equations
for Ci, (7 and Cio are themselves subdivided into
five components, representing the five most probable
charge states. Each component is treated separately
for diffusion and drift and then recombined to give
the total concentration of attached *'°Po and *''Po
This system of linked equations is written in a finite
difference form and solved sequentially by the
Crank—Nicholson algorithm.
The moblhty of ultrafine aerosols is taken as

1510 'm’V™'s™', the average of reported
values. The attached aerosols have an assumed
diameter of 200 nm, leadlng to a mobility of
8.3x10 ' m° V"~ , using the data of Cheng et al.
(1992). The caleulatlon can use either an exact
treatment for particle motion where all the charged
particles oscillate with the AC phase, or the dividing
surface approximation similar to that used by Mayya
and Sapra (1997). The latter is used (e.g. for indoor
simulation) where it is a good approximation. For
outdoor conditions of high deposition velocity (and
short turbulence time scales compared with the AC
period), this approximation is poor and the exact
method is used instead.

2.1.3. Model parameters. The calculation is run in two
stages. The first sets up the vertical concentration
profile of the particles, by including transport to the
open atmosphere. The second estimates the depos-
ition on the test surface (here a 20cm diameter
sphere represents the human head) at a specified
height by using the calculated profile from the first
stage and letting turbulent diffusion transport these
particles to the surface. This allows a perturbed E-
field deposition to be calculated, which will locally
affect deposition but will not change the overall
atmospheric profile.

The first stage simply seeds the main calculation
with appropriate particle concentrations giving reas-
onable values of F' and f (radon decay product
equilibrium fraction and ultrafine fraction), by using

a simple form for the turbulent diffusion away from
the ground, D7 = Kir. This linear form is similar to
that used by Porstendorfer (1994) and Jacobi and
André (1963), and can represent a form of flow-
induced turbulence studied by Sehmel (1973). Values
of the constant Ki between 10”° and 1 were tested
to represent different weather conditions, but were
found to have a negligible effect on the deposition,
which was determined as discussed below by the
form of turbulent diffusion close to the test surface.
In other words, uncertainty in atmospheric transport
has little effect on deposition close to the ground,
and only the diffusion coefficient close to the ground
1s relevant. Note that this 1s almost irrelevant for

"Po deposition because this is determined almost
totally from the ultrafine particle deposition.

Deposition close to the test surface was modelled
using different forms of D7, in order to overcome
the uncertainty of which form to use. Thus, the form
D7 =FK>r" was used, with n=1.5, 2.0 and 3.0. The
quadratic form is the same as that used by Crump
and Seinfeld (1981) and Mayya and Sapra (1997).
This form enables the simulation to reproduce the
experimental observatlon by Porstendorfer (1994)
that the ultrafine **’Rn decay product aerosols have
a deposition velocity ~ 100 times that of an attached
aerosol. The values of the constant Ay completely
determine the deposition velocity, and were set to
give a nominal ultrafine deposition velocity of
0.0lms™" outdoors

For the *'*Po charge neutralization time, the pub-
lished data indicate that while a value around s is
reasonable, at low “*’Rn concentrations in outdoor
conditions it could rise to tens of seconds.
Alternatively, in wet conditions the value could fall
below 1s. In the diffusion model, the time has been
varied between 0.02 and 20s (0.05< A< 50).

2.2. Experimental methods

2.2.1. Principles of o-particle track detection in TASTRAK
plastic. The development of TASTRAK plastic for -
particle detection and spectroscopy has been
described in a number of previous publications (Fews
1992a,b, Henshaw et al. 1994, 1995, 1996).

In the present application TASTRAK, typically
7X5cm, is held in air, samphng two categories of
aerosol. As described above, ~""Rn decay product
aerosols on production undergo diffusive dispersion
in room air. If during their lifetime they come into
contact with a surface, they may adhere to it—a
process commonly known as ‘plateout’ but referred
to in this paper as (surface) deposition. A proportion of
**Rn decay product aerosols will therefore deposit
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on the TASTRAK surface. On radioactive decay,
these aerosols emit o- partlcles of the characterlstlc
energy of the decay products *Po and *''Po. Those
o-emissions in the direction of the plastic will be
recorded at their characteristic full energy of respect-
ively 6.0 and 7.7 MeV and ranges in TASTRAK of
40.2 and 60 5 pm.

The **Po and *''Po a- -particles have respective
ranges in alr of5 1 and 7.6 cm. Therefore, a propor-
tion of the “**Rn decay product ae(rosols in the air
in front of the detector as well as **"Rn itself may
also be recorded if their a-emissions occur both
within range and in the direction of the detector
surface. (Note that TASTRAK is not sensitive to the
p- partlcles emitted from the decay products *"'Pb
and = Bi, so_ that the detection of the extremely
short half-life *'*Po is a signature of these preceding
p-emitting decay products.)

In the present work, cone-like etch tracks were
revealed by etching in 6.25M NaOH at 75°C for
4.5h. The detectors were analysed using an image
analysis system in which up to 14 parameters of the
shape and size of each recorded a-particle track are
measured (Fews 1992a,b). These measurements,
combined with track geometry data from calibration
exposures, enable the o-particle energies to be dir-
ectly determined.

Figure 3 illustrates how recorded track size varies
with o-particle energy and angle of incidence. The
projected track length (the major axis of the etch
track opening mouth on steep tracks, and the track
length in projection on shallow tracks) is plotted
against the minor axis diameter. The data fall within
an envelope characteristic of the o-particle track
response for the etch conditions employed Bands
are seen which originate from o-emissions from *'*Po
and *'"Po deposited on the plastic surface. These
arise from the deposited o-radionuclides observed at
constant energy over a range of incident angles.
Airborne emission will give a variation of both energy
and angle, and discrete bands would not be observed.
Therefore, a separate measurement of both the

deposited and airborne components is made from
the same TASTRAK detector.

2.2.2. Detection OfQQQRn decay product aerosols outdoors.
Use of TASTRAK outdoors requires comparatively
long exposure periods to acquire enough counting
statistics, although exposures of several days have the
advantage of integrating over short-term variations
in aerosol concentration. In practice TASTRAK
exposed outdoors suffers solar UV damage which
limits its exposure period to around 6 days. Under
these conditions typical count densities range from a

"bo.
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Figure 3.
track mmor axis versus prO]ected length, showing
and *'*Po plateout and the region of airborne activity.

Photomontage of etched tracks and scatter plolt8 of
po

few hundred tracks per cm’ from deposited activity,
to < 30 per cm’ from the air act1v1ty

Outdoor exposures often result in solid particles
landing on the TASTRAK surface. These can intro-
duce microscopic scratches onto the detector surface
which when etched grow into defects that can mimic
real etch tracks. Such defects are recognized as an
extra-Poissonian number of closely separated tracks,
taking account of genuine close - emlssmns that may
]oe recorded from sequential decays of **Po and

‘Po on the detector surface. Details of this proced-
ure will be described in another publication.

2.2.3. Layout of detectors under power lines. Measurements
were made at several locations under high voltage
transmission lines in south Gloucestershire, UK:
(1) 400kV at OSGB map reference 672830; (2) and
(3) 400 kV at two separate locations at OSGB 774775;
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(4) 400kV at OSGB 644838; (5) 275kV at OSGB
666868; and (6) 132kV at OSGB 713854.

Two configurations of TASTRAK detectors were
employed. One configuration used detectors placed
at 30 sampling points 1 m above the ground at right
angles to the line. Each sampling point comprised
five detectors (the ‘pizza box’ assembly) mounted on
a varnished wooden stake (figure 4a). Three detectors
were mounted orthogonally, in the horizontal plane
and in parallel and perpendicular planes with respect
to the power line; two further detectors were mounted
horizontally, looking respectively upwards and down-
wards. The downwards-facing detector was mounted
in the bottom of an inverted plastic pizza box, to
protect it from rainfall. In all, including controls, 180
detectors were employed.

This configuration enables the deposition of aero-
sols to be studied in various directions with respect

(@

Figure 4. Configuration of TASTRAK detectors under power
lines: (a) a perspective view of the pizza box assembly
and (b) a sectional view of the sphere assembly showing
equipotential contours.

to the power line E-field vector, but suffers a difficulty
in that the field distortion around each detecting
element is uncertain due to uncertainties in the
moisture content of the stake. The E-field distortions
around the stake are always uncertain and are likely
to be substantial when the stakes are wet. For this
reason, and the fact that the detectors are not in the
highest field-enhanced region but a few centimetres
away from it, the ‘pizza box’ results are considered
to be difficult to interpret.

Therefore another configuration was also em-
ployed using a grounded 20cm diameter metal
sphere which created a field perturbation similar to
that expected around the human head. Apart from
underneath the sphere, field lines would terminate
on the sphere at right angles (figure 4b). The sphere
was mounted 1m above the ground with five
TASTRAK detectors attached: one horizontally on
the top surface and the remainder vertically in north,
east, south and west-facing directions. Spheres were
placed in the high-field region under the power line
and in the low-field region about 100 m away.

Table 1 summarizes the exposures carried out.
Weather conditions throughout were recorded.
Aecrosol concentrations were not measured contem-
poraneously but background monitoring using a T'SI-
3010 condensation particle counter found a diurnal
variation in the range > 7000 to <70000cm A
typical mean value was 16 000 cm ™ °

After each exposure the TASTRAK detectors were
processed and measurements were carried out by
automated image analysis as described in §2.2.1.
These were blind in the sense that the person carrying
out the image analysis and subsequent data pro-
cessing had no knowledge of the position of each
TASTRAK detector with respect to the power line.

2.2.4. Calibration. The raw track densities are meas-
ured in counts per cm’. For a given exposure time
they can be expressed in Bqm™ ~ of recorded tracks.
The detection efficiency for the deposited activity is
calculated wusing the known track response of
TASTRAK, by calculating a cut-off angle. Typical
detection efficiencies are 0.268 for ' "Po deposition
and 0.209 for *''Po depositions. )

The airborne activity concentration in Bqm ™ * s
calibrated by simulating emission as a function of
height above the TASTRAK surface (the activity
concentration is assumed to be uniform with height),
and integrating the calculated detection efficiency.
This results in an equivalent sampling thickness by
the plastic and hence an absolute conversion to
activity concentration.

The particle tracks are resolved by energy and
therefore a proportion of the airborne activity may



1512 A. P. Fews et al.

Table 1.  Summary of exposure parameters.

Location Powerline E-field at Average

UK grid ref. voltage I m height Fraction of Rain wind speed

Experiment (OSGB) Dates (kV) (kVm™") time dry (mm per day) (ms~ )"
1’ 672830 1-9 May 1997 400 4.0 0.86 3.6 3.2
2° 774775 27 Aug—2 Sep 1998 400 3.8 0.97 0.4 1.0
3¢ 774775 20-26 Jan 1999 400 6.3 0.83 5.3 3.0
4 644838 16-22 Feb 1999 400 7.0 0.86 1.5 3.2
5 666868 5-11 Mar 1999 275 3.4 0.95 0.1 2.6
6 713854 24 Feb—2 Mar 1999 132 1.9 0.25 6.0 5.4

“Ims” "= 3.6 kilometres per hour= 2.2 miles per hour).

Experlmenl 1 was a ‘pizza box’ run and the others were sphere experiments. “Note that the locations of experiments 2 and 3 were

not identical.
Sphere exposures were not carried out in experiment 1.

interfere Wlth the deposition bands. For example, an
airborne ' 'Po decay of 7.7MeV may be recorded
with a de raded energy of 6.0 MeV, mimicking a
6McV *'*Po deposition. The cahbratlon for the
alrborne region allows for the presence of the various

*Rn-derived species, including those lost into the
deposition bands. Simulations suggest that ~5-10%
of the airborne tracks are superimposed on each
deposition band. Since the ratios of airborne to
deposition track densities is ~ 0.1 for outdoor expo-
sures, then it follows that up to ~0.5-1% of depos-
ition tracks may be Wrongly categorlzed This will
apply nearly equally to ~ "Po and *'"Po deposition,
and therefore the resultlng error on both deposition
and the *'"Po/*'*Po ratio is inconsequential. Thoron
progeny would reveal additional deposition bands,
but were not observed in these experiments.
Illustrative track counts on each detector without an
E-field are 300—-1500 counts for 2MPO, 100-500 for
*"*Po and 10-50 for the airborne region, where each
sphere or pizza box employed five detectors. In
general, the errors from counting statistics are negli-
gible compared with the intrinsic variation between
adjacent detectors. This intrinsic variation is the basis
for the quoted errors in the tables of results. The
authors believe this intrinsic variability is generally
due to patches of wet deposition, and is worst on the
wettest experiments (experiment 6).

3. Results

The model used the standard set of conditions
indicated by the constants given in §2.1.2, from
which particular parameters were varied.

3.1. Theoretical modelling

Figure 5 shows the Varlat}on 1n *!"Po-enhanced
deposition factor, EF and ‘Po/*""Po deposition
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Figure 5 Predlcled variation in *'*Po enhancemenl factor and

2Po/? P Po deposmon ratioina 5kVm~ perturbed AC
field as a function of A..

ratioin a 5kVm ™ perturbed AC field as a function
of Au. The heights of 1.0 and 1.8 m correspond with
a child and adult respectlvely The *"*Po deposition
shows an EF of ~4 at A« =1, increasing to 10-15
for low /. (long charged lifetimes). EF values greater
than 2 are seen for 24< 3s” , and therefore signific-
ant enhancements are expected for the range of A,
which could occur outdoors. The variation in the
*'Po/* " Po deposition ratio spans a comparatively
small range, between 1.7 and 2. As will be seen later,
measured ratios can be larger than this because the
"Po dep0s1t10n is increased due to wet deposition,
which is not included in this model. For most values
of /wl the actlon of the perturbed field is to reduce
the *""Po/*""Po dep0s1t10n ratio, in other words,
the enhancements for * 'Po are somewhat smaller
because of a higher proportion of deposition from
attached particles. )
Flgure 6 shows the variation in * "Po EF and the
Po/’ Po deposition ratio with 4, in a perturbed
5kVm~ ' AC field. The equivalent aerosol concentra-
tion is based on an aerosol attachment coefficient of

214
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Figure 6

1.4X10 "cm’s” (table 5 in Porstendorfer 1994).
The actual aerosol concentrations may differ by a
small factor because variations in the attachment
coefficient may occur. As indicated in §2.2.3, the
range of interest is where 0.01 < 4,< 0.1, correspond-
ing to an aerosol concentration in the approximate
range 7000 to 70000cm™ ". In th1s  range EF is
predicted to lie between 3 and 9 for *'*Po.

The form of the variation in the ~ Po/*'’Po
deposition ratio with 4, and aerosol concentration
can be understood qualltatlvely In the limit of very
low aerosol concentration all *~ Rn decay product
aerosols are in ultrafine form because there are
insufficient aerosols present to allow attachment to
larger aerosols. Here (not shown) the deposition ratio
1s s1mply equal to the ratio of the mean lifetimes
C"Pb+""Bi+""Po)/* "Po= 15.2. Similarly, at very
high aerosol concentration (again not shown) it may
be considered that all aerosols are in attached form,
again giving a deposition ratio of 15.2. In the range
of the aerosol concentration of practical interest,
where deposition occurs for a combination of
ultrafine and attached aerosols, the ratio is less than
15.2 because the *'Po de osition is mainly from
ultrafine particles but the *"'Po is from a mixture of
ultrafine and attached aerosol particles. Therefore
the attached depos1t10n of *''"Pb and *''Bi is not
negligible, and 1t 1s this attached deposition that
drives the *'"Po/*'*Po ratio, which is why it can be
used as an indicator of aerosol concentration. With
no applied field it passes through a minimum of
around 2.0 at an attachment rate of around 0.02 to
0.03s™ ', corresponding to a nominal aerosol concen-
tration between 14000 and 20000cm™ ". The effect
of the perturbed AC field is to decrease the ratio at
normal aerosol concentrations because with increas-

ing attachment rate the ultrafine particles spend an
increasing proportion of their t1me in the charged
state. As a result the *'"Po and *''Po behave more
similarly and the effect of neutral ultrafine aerosols
is small in this region. This results in the ratio being
essentially flat throughout the range of aerosol con-
centration of interest.

Figure 7 shows the variation in EF and deposition
velocity as a function of aerosol size at 1.8 m height
with and without a 5kVm™ perturbed AC field.
Increased deposition is seen throughout the aerosol
size range up to 10 um. A typical 200nm aerosol
shows an enhanced depos1t10n factor of ~ 2. The EF
values at smaller sizes differ from *'°Po ultrafine
aerosols in that the particles are assumed to have
a Boltzmann charge state, which includes an
uncharged component. In the presence of gravity the
deposition velocity shows the characteristic minimum
in the range 0.2 to 0.3 um (Porstendorfer 1994). The
velocity increase above 0.3 pm is due to the effect of
gravitational settling. (

Figure 8 shows the variation in *""Po EF with the
field-free depos1t10n velocity at 1.8m height in a
perturbed 5kVm~ AC field and a nominal Earth’s
DC field of 100V m™ . Values of n=1.5, 2 and 3 in
the turbulent diffusion expression D7 =K/ have
been used. This also yields (not shown) values for
the ultrafine/attached deposition ratio of 32, 155
and 756, respectively. Of these, the value for n=2
is within the normal observed range of 100-200
(Porstendorfer 1994). This suggests that n= 2, as used
by Mayya and Sapra (1997), is appropriate.

Figure 9 shows the variation of EF outdoors and
indoors in AC and DC (static) fields. The outdoor
and indoor situations were represented by adjusting
the constant Ay to give ultrafine deposition velocities
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1

in the absence of fields of 0.01 ms~ ' and 0.0055m's~
(2mh” ]), respectively. These values are typical of
those determined from measurements in the present
study and those given by Porstendorfer (1994). Data
are shown for the EF in the perturbed (ﬁeld of a
20 cm sphere at a height of 1.8m, for Po and
200nm aerosol deposition. Enhanced deposition of
200nm particles is not predicted indoors—this is
expected because the deposition boundary layer
thickness i1s much greater than the peak-to-peak
oscillation amplitude. Indoors, the effects of turbulent
diffusion and wind are depressed as are the effects of
the Earth’s DC field. Note, however, that EF would
rise further for departures from the standard aerosol
condsitions, i.e. for {1&>0.01 s (>7000 aerosols
cm” ) and Aa<1ls™ . Significant enhanced depos-

ition 1s expected mdoors for DG fields as low as
10Vm~ ' for both *'"Po and 200 nm particles.

In figure 8, note that since the simulation includes
the Earth’s DC field, the EF at a deposition Velomty
of 5.5%10" 'ms™" (the nominal indoor value) is not

comparable to the indoor EF value in figure 9
because the AC result here does not include any
DC field.

The model calculations were checked by compar-
ing the predictions with known analytical solutions
for particular configurations. This test was made
using a uniform initial concentration profile in an
enclosed system, which has a known analytic solution
for the concentration profile as a function of time.
The model showed good agreement with the
expected concentration profile. The deposition vel-
ocity also matched the analytic value (2/m~/K2Do)
for the As values used (Mayya and Sapra 1997).

The reliability of the model in predicting the
measured data has to be considered because it is a
one dimensional representation of an essentially three
dimensional air flow and diffusion pattern around
the detectors. The model allows particles to flow
freely towards the spheres, so depletion in the down-
wind direction is not modelled. However, the authors
are particularly interested in relative deposition, and
not the absolute values, and this depends only very
weakly on the K1 and As turbulent diffusion coeffi-
ments The absolute deposition velocity was set at

=62s , giving a typical deposition velocity for
ultraﬁne aerosols of 0.0l ms™~ , comparable with the
deposition velocities measured from the detectors,
which were generally in the range 0.005-0.02ms
The atmospheric profile of *Rn and its decay
products depends on the value of A1 used, but has
no effect on either the deposition velocity to the
ground (because this depends on Az), or on the EF.
Therefore, uncertainties in K1, and the details of
atmospheric transport have a negligible effect on the
EF. It is therefore unimportant that transport into
the atmosphere can only be an approximation,
glthough it will have some impact on the predicted
*"Po/*Po deposition ratio. Therefore, the model
should match the experiment reasonably closely in
terms of EF values.

Table 2 gives expected amplitude of oscillation
and velocity at deposition for ultrafine aerosols for
various field strengths. In the perturbed ﬁelc}l at
1.8 m height, Values between 2.7 and 27ms = or
10-100kmh™ are predlcted for applied fields
between 1 and 10kVm™

3.2. Experimental measurements

Results for the pizza box detectors in experiment
1 are shown in figure 10. Figure 10a shows the
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Table 2.

Estimated range of amplitude of oscillation of ultrafine aerosol of mobility 1.5x 10™ *m’ V"~

1515

's™" for various 50 Hz field

strengths and conditions.

E-field at Erms peak-to-peak
Applied deposition amplitude from Particle velocity
E-field surface deposition at surface
Type of E-field (kVm™) (kVm™ " surface (cm) (ms™")
(a) Unperturbed 1 1 0.14 0.15
(uniform field) 5 5 0.70 0.75
10 10 1.40 1.5
(b) Perturbed by 20 cm 1 10 1.2 1.5
Sphere, at 1 m height 5 50 4.6 7.5
10 100 7.4 15
(c) Perturbed by 20 cm 1 18 2.1 2.7
Sphere, at 1.8 m height 5 90 6.9 14
10 180 10.5 27

measured deposition velocity of *"*Po on detectors
mounted vertically facing parallel and perpendicular
to the line. Note that the deposition Velomty shown
is for the total *'*Po deposition, and is not the
ultrafine deposition velocity. The deposition velocity
was calculated using the ratio of the deposited activity
to the airborne activity, using the standard definition
of deposition velocity. For the parallel facing detectors
excess deposition is seen within + 2]5m of the line
where the E-field exceeds 1.5kVm™  up to a max-
imum of 4kVm™ . No excess deposition is seen in
the perpendicular facmg detectors, indeed these show
an essentially uniform profile of deposition with
distance from the line. Figure 10b and c, respectively,
show the data plotted as the ratio of deposition in
the parallel and perpendicular directions for "Po
and *''Po.

Results for the 20 cm diameter sphere experiments
2 to 6 are shown in figure 11 and table 3. The EF
values range from 1.1 to 2.9. The statistical signific-
ance was tested using a f-test and all values except
that at 132kV were significant at the 95% confidence
level. The latter, however, was carried out in particu-
larly adverse weather conditions. Table 1 shows that
there was rain 75% of the time for this exposure,
indeed this is the only exposure that was predomi-
nantly wet. The results from the corresponding pizza
box detectors for all of the sphere exposures are
given in table 4, where each value is the average of
all detector directions.

Table 5 shows a breakdown of the deposition
values with respect to direction for experiment 4.
The average wind direction was north-westerly.
There was remarkable uniformity in the correspond-
ing values on each of the four spheres for both power
lines and controls, as indicated by the small spread
in each value quoted. The control deposition values
are higher on the upwind sides. However, under the

power line, the deposition on the upwind side is
particularly enhanced and there is depletion on the
downwind side. The observation suggests a coupling
of the AC oscillation to turbulent diffusion onto the
sphere on the upwind face. The depletion downwind
is assumed to be due to the excess upwind deposition.
The resulting EF values are higher upwind with
an overall excess dep0s1t10n of 2.86+0.32 and
92.44+ 0.23 for *'*Po and *''Po, respectively.

4. Discussion
4.1. Modelling results

An important feature from figure 9 is the difference
in factors governing deposition outdoors compared
with indoors. Outdoors, the deposition in power line
AC fields is httle aﬁected by the Earth’s DC field of
~100Vm"~ Apart from field strength, the sensitive
parameters are A« and 4., the latter being sensitive
to aerosol size and concentration. As seen in table 2,
the Velomty of ions at deposition in the perturbed
field is in the range 2.7-27ms " "or 10-100kmh"
which is faster than typical wind speeds. These
velocities underline the nature of the increased expo-
sure on the human head and face. In particular, they
will overcome any thermophoretic effects, which
have sometimes been invoked to argue against excess
deposition of aerosols on the human body.

Indoors, the effects of DC fields are much greater
than for AC. The human body can readily pick up
static potentials of up to 10kV in the office and
home environment. Under these conditions EF values
in excess of 300 are predicted. Such dramatic effects
of DC have been proposed as a method of reducing

*Rn decay product concentration indoors (Jonassen
1983). The concern here is with excess deposition on
the human body and in this situation even transient



1516 A. P. Fews et al.

static body potentials could lead to an overall signi-
ficant excess deposition. Viruses in the relatively
small size range of 40-300 nm would be attracted to
the body with particular efficiency. The importance
of such DC effects indoors are well known and a
recent study by Hatch et al. (1998) suggested an
association between childhood leukaemia and use of
TV sets and video games, which might be associated
with exposure to static. Future case—control studies
of childhood leukaemia in relation to time-varying
EMF exposure could usefully be extended to include
measurements of exposure to static fields.

The EF predicted for 200 nm aerosols in AC fields
is negligible indoors because the particle oscillation
amplitude is much smaller than the deposition
boundary layer.

The field-free deposition velocity and the form of
the turbulent diffusion coefficient were varied to test
different turbulence conditions. However, to repro-
duce a deposition velocity of 0.0lms™  and an
ultrafine/attached deposition Ve10(31ty ratio of ~ 100
required the use of Dr= 62. 5°. The authors there-
fore feel this is an appropriate form to represent the
conditions experienced on the spheres in outdoor
conditions.

4.2. Experimental measurements

The results from the pizza box assembly for experi-
ment 1 demonstrate the principle that excess depos-
ition of aerosols occurs by oscillation along the E-
field lines. This is underlined by the fact that no
excess deposition was seen on detectors mounted
vertically facing a direction perpendicular to the line
(figure 10). Umformlt}/ n depomglon in this direction
was found for both *'*Po and Po aerosols. This
further illustrates that the ~"Rn emission from the
ground was uniform across the exposure site. This
feature is important because small-scale spatial and
temporal variations in *Rn emissions from the
ground are known to occur (Robé et al. 1992) and if
not corrected for could lead to false changes in
measured deposition under power lines.

The metal spheres were permanently grounded
and therefore the field perturbation was the same

Figure 10. Measured deposition velocity for total deposition
(ultrafine and attached particles) for the ‘pizza box’
detector arrangement shown in figure 4a for the experi-
ment 1 power line exposure. (a) Data points for g
deposition on detectors mounted vertically parallel and
perpendicular to the line are shown separately. Measured
deposition data plotted as the ratio of deposition on
detectors mounted parallel versus perpendicular to, lhe
line: (b) *'*Po deposition versus distance and (c) ~ "Po
deposition versus distance.

both in all directions and in all weather conditions.
The data from table 3 show typical EF values from
1.1 to 2.9. Comparing the values with the prediction
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Figure 11.  Sphere deposition of *Po and *'*Po aerosols under high voltage power lines and distant controls: experiments 2, 3 and
4, 400kV; experiment 5, 275kV and experiment 6, 132kV.

Table 3.  Summary of the sphere results giving the mean enhancement factor under the powerline.
215p, 2ipy
No of spheres Powerline Control Enhancement Powerline Control Enhancement
Experiment expt, controls Bqm~ ’ Bqm™~° factor Bqm™~° Bqm™~° factor
2 2,2 23.32+ 1.57 11.92 + 0.42 1.96 £ 0.15 54.96+2.89  26.15£1.10 2.10+£0.14
(0.042) (0.033)
3 4, 4 17.80 + 0.99 8.91+1.12 2.00£0.27 62.90+3.12  43.05+ 3.61 1.46 £ 0.14
(0.001) (0.019)
4 4, 4 15.07 £ 0.97 5.27+£0.48 2.86+0.32 43.70+2.29  17.92+ 1.44 2.44+0.23
(<107 (<107
5 2,2 - - - 21.10+£0.83  14.76 £ 0.40 1.43+£0.07
(0.028)
6 2,2 - - - 36.90+1.26  33.10+5.99 1.11+£0.21
(0.39)*

*Not significant.
p-value given in brackets.

in figure 9 suggests that Aa is likely to be in the
region 1-2 s~ | giving a neutralization time some-
what less than 1s. In these conditions, enhancement
is expected on the spheres but not on the pizza boxes
with an unperturbed field.

4.3. General aerosol behaviour

Significant enhanced body deposition in the region
1.5-2.0 1s expected for general aerosol particles in
the entire size range 10nm to 10 um, as shown in
figure 7. This result is entirely independent of radon
decay product behaviour, although experimental
data for this enhancement is not available. For a

given aerosol size spectrum, the theoretical prediction
could be used to estimate the increased mass depos-
ition of pollutant aerosols under power lines. This
could include the expected increased deposition of
viruses and bacteria in air. It should also be noted
that detectable excess deposition on the head would
be expected for all common transmission line volt-
ages. This is borne out in the measurements at 400
and 275kV. The EF value at 132kV in the current
measurements was not statistically significant,
although as stated above, the measurements were
carried out in particularly wet and windy conditions.

The existence of meanir}gful excess deposition in
terms of exposure to non-"Rn pollutants is essen-
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Table 4. Summary of plua box total deposition values in
Bqm™"° * for sphere exposures.

Powerline Control
Exposure po po pg Mpo
2 7.6+ 0.3 16.9+0.7 82+12 176+3.4
(15) (15) 3 (3
3 7.9+£05 349+1.6 7.8£05 27317
(14) (14) (12) (12)
4 3.924+0.19 13.9+0.4 3.10+£0.40 142+1.3
(D (1) (2) (2)
5 - 12.7+0.3 - 10.7£0.3
(1) (1)
6 - 179+ 0.4 - 21.2+£ 0.4

(D (D

Standard errors are shown. Number of detectors is given in
brackets; where only one detector is available the error is based
on the counting statistics.

Table 5. Directionality of *'"Po-enhanced deposition around
the spheres for experiment 4.

Direction ?pg powerline *'"Po control EF

Top 16.20 £ 1.81 6.73+0.71 2.41+£0.37
North-west 31.35+0.57 6.00+0.32 5.23+£0.29
South-east 1.80+ 0.43 3.30+0.16 0.55+0.13
North-east 3.35+0.58 4.10+0.58 0.82£0.18
South-west 22,65+ 1.35 6.23+0.70 3.64 £ 0.46

tially due to the perturbation of the E-field by the
human body. In particular, no detectable effect is
expected in the unperturbed field. This is in broad
agreement with the overall pizza box results in table 4
and suggests that the increased deposition on pizza
box assemblies in figure 10 (experiment 1) may
indeed be attributed to uncertain field enhancement
around individual detectors due to the wet conditions.

The deposition model suggests that the aerosol
oscillation mechanism, coupled to turbulent diffusion,
does not affect the air concentration of aerosols.
Mlles and Algar (1997) used air samphng to measure

‘Rn decay product activity in air and found no
difference in values near compared with away from
a 400kV power line. McLaughhn and Gath (1999)
also found no difference in ~°'Rn decay product
activity either in air or on surfaces near compared
with away from a 400kV power line. Their results,
however, appear to be based on only four data points
in the unperturbed field. Also, there is no indication
that the detectors were aligned at right angles to the
power line E-field vector. In any case, both these
results and those of Miles and Algar (1996) are
entirely consistent with the modelling presented here,
which predicts that neither the airborne activity nor

the deposition in the unperturbed field will show any
enhancement under power lines.

4.4. Implications for dose

The observed increased deposition on spheres
representing the human head under high voltage
power lines is in good agreement with the theoretical
model Wthh demonstrates a mode of increased
exposure to ***Rn marker aerosols under high Voltage
power lines. The model suggests that aerosols in
general, including viruses and bacteria, will be subject
to increased deposition and this could be tested
experimentally in further work.

There is current interest in the radiation dose to
the basal layer from *Po and *''Po deposition on
the skin and possible links with skm cancer. For
indoor exposure a at the average UK **Rn concentra-
tion of 20 Bqm "~ ® the annual equivalent dose to the
skin basal layer on the face and neck has been
estimated as 2.5 mSvy (range 1.7-17 mSvy )
(Eatough 1997). Outdoors, the deposition velocity is
~ 20 times greater than mdoors so that even account-
ing for lower “**Rn concentration outdoors, the dose
conversion per unit time is much greater outdoors
than indoors.

It is possible to estimate the indoor and outdoor
doses from the authors’ own experimental measure-
ments, assuming that deposition occurs at a constant
rate throughout the experlments Indoors, the un ub-
hshed measurements give average respective "Po
and *''Po deposition rates of 1.03 and 2.18 Bqm ’
at 20Bgqm™ . This is consistent with results from
m?delhng using a deposition velocity of 5 X 10~ "m
s, similar to that reported by Porstendorfer
(1994). Using equivalent dose converswn factors
for the face of 0.7 and 1.1 uSvy ~ per decay per
cm’ for “"Po and *''Po respectively, estimated by
Eatough (1997), this yields a dose rate of 9.8 mSvy :
By comparison, the deposition rates outdoors away
from 1 power lines reported above are 7.5Bqm"
for " "Po and 22.6 Bqm ~ for Z”Po These values

are consistent with an outdoor ~°Rn concentration

of 7qu ® and an ultrafine deposition velocity of
0.0lms™ . This deposited activity corresponds to
a dose rate of 95 mSvy " ' for continuous exposure
outdoors.

If a person spends 10% of the time outdoors then
half a person’s skin dose arises outdoors, and typical
skin doses are twice those arising from indoor
exposure alone. Using these figures, the total
dose rate (outdoors +indoors) away from power lines
is 18.3mSvy" '. This mean value is consistent with
recently reported values found on personal skin
dosemeters (Eatough et al. 1999). Under power lines,
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however, measurements suggest that the outdoor
dose is increased in the range 1.4-2.9 so that the
total skin dose rate becomes 22.1-36.4mSvy" ' an
increase in total exposure in the range 1.2-2.0. These
surprising results have consequences for the skin
cancer risk associated with natural °
especially for those living under high voltage power
lines.

Quantitative estimates of dose to internal organs
are difficult to make from the present work. Table 2
suggests that the velocity at deposition of ultrafine
acrosols onto the human head is around 14ms” "
(50kmh™ ') in an AC field of 5kVm~'. Aerosols
landing near the nose and mouth might deposit with
even higher velocities owing to the higher field
distortion in these regions where they might be
susceptible to increased inhalation. In the case of
some chemical species, there may be the possibility
of increased absorption through the skin.

Further mechanisms of increased exposure to aero-
sols near power lines are under investigation. The
authors are particularly interested in the effect of
corona losses, which lead to the emission of large
fluxes of ions into the atmosphere. The resulting
atmospheric space charge can reverse the direction
of the Earth’s natural DC field up to several hundred
metres from the line. In some circumstances, corona
1ons will have the effect of increasing the steady state
charge on aerosols near power lines, which in turn
will increase their lung deposition probability on
inhalation (Cohen et al. 1998). This subject will be
discussed in a separate paper.

*’Rn exposure,

4.5. Links with childhood leukaemia and traffic density

The authors suggest the results presented here are
relevant to the reported epidemiological associations
between high voltage power lines and childhood and
adult leukaemia, given that it is only one of several
mechanisms of increased exposure to pollutants near
power lines. The body of evidence relating traffic
pollution with childhood leukaemia is such that as a
working hypothesis the link can be considered causal.
The authors point out again that this link concerns
exposure outdoors as does the increased exposure
near power lines. Some studies have shown increased
incidence of lung cancer in relation to power line
exposures (Erren 1996, Henshaw 1997). Given that
environmental pollution contains polycyclic aromatic
hydrocarbons, including known lung carcinogens
such as benzo[o]pyrene, it may be assumed that
there is increased exposure to these agents under
power lines.

5. Summary

l. Taklng into account the special features of
“Rn decay product aerosols, notably their
initial positive charge state and ultrafine form,
such aerosols are a useful marker of general
aerosol behaviour in AC fields outdoors near
high voltage power lines.

2. A theoretical model predicts enhanced aerosol
deposition on the human head in typical power
line fields.

3. Repeated measurements under high voltage
power lines of *’Rn decay product aerosol
deposition on spheres mimicking the human
head show EF values in the range 1.4-2.9 in a
variety of weather conditions, in good agree-
ment with the theoretical model.

4. The results suggest that the total (indoor+
outdoor) dose to the basal layer of facial skin
from dep0s1ted "Po and *''Po is increased by
between 1.2 and 2.0 for 10% of time spent
outdoors under high voltage power lines.

5. The model suggests that, outdoors, the aerosol
deposition in AC fields is only weakly affected
by the Earth’s natural DC field, but indoors
the effects of DC (static) fields are likely to be
significantly greater than for AC fields.

6. Overall, the present results lend support to
the working hypothesis that the associations
between childhood cancer and power (transmis-
sion) lines are causal and are due to increased
exposure to environmental pollutants near
power lines, notably from vehicle exhausts.

It is hoped that the findings in this paper will be
of value in designing future case—control studies of
childhood leukaemia and other cancers in relation
to high voltage power (transmission) line exposures,
as well as re-assessing the results of existing studies.
The overall aim in future work is to establish risk
factors for living under power lines based on
increased exposure to environmental pollution.
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