1. The effect of electric field on the deposition of
radon daughters and air contaminants on the
plant canopy

1.1. Known facts and assumptions

Natural atmospheric radioactivity is determinedtbg concentration of radon and radon
daughter elements in air. Radon daughter elememscarried by aerosol particles of
accumulation mode as well as by nanometer partasesclusters (Porstendorfer et al., 2000;
Wasiolek and James, 2000). Immediately after ttemylef a*’Rn atom the daughter atom
218 forms a positively charged cluster of nanomsiee. The molecular clusters containing
2“ph and?*Bi also have considerable probability to carry pesicharge. The charged
nanometer clusters are called small air ions iroapheric electricity. The velocity of electric
drift of a small air ion in the fair weather atmbspic electric field is about 1 cm’sthat
exceeds the typical deposition velocity of eleeilicneutral air pollutants.

The effect of electric field on radon daughterkm®wn in atmospheric electric research
long time ago. Atrtificial electric fields have beeged for sampling of the radon daughters for
measurement since research by Elster and Geit@2]1%he radon daughters are traditionally
collected for analysis on a horizontally spanneceweonnected to the negative terminal of a
HV source. Wilkening (1977) first showed by measugat that the concentration of radon
daughter atoms in air is strongly influenced bynitherstorm electric field. Wilkening did not
directly measure the deposit of radon daughtersthen ground. He showed that the
concentration of radon daughters in air has deeceagny times in an inverted electric field
during a thunderstorm, although the radon conceotraemained constant. Willett (1985)
thoroughly studied the deposition of radon daughter relation with the ground-level
atmospheric electric electrode effect. His modeddpmts significant enhancements of the
ground surface radioactivity as a result of electdeposition of cluster-carried radon
daughters under typical continental conditions. Taaioactive deposition itself was not the
subject for Willett, who studied the vertical ptefof air conductivity near the ground. As a
rule, scientists working in field of atmosphericedticity did not consider possible
applications of the achieved knowledge in radiatiggiene. As an exception, the effects of
the electric field on the deposition of radon daeghand its applications in radiation hygiene
have been discussed by Jonassen (1988).

Heated discussion was started by Henshaw et a®6§19vho published an impressive
demonstration of the enhanced deposition of radarglkiters on the walls in the vicinity of
electric power cables indoors, and explained tfeceby electric deposition of dust particles
carrying the attached fraction of radon daught&dslitionally, Henshaw et al. (1996) pointed
to the problem of electrostatic deposition of radiaughters as a possible mechanism of the
environmental effect of high voltage (HV) powerds Miles and Algar (1997) published a
first objection to Henshaw et al. They measuredctivecentration of radon daughters under a
400 kV power line and showed no considerable irsered concentration at a height of 0.6 m
over grass directly under the line conductors. Tdligection by Miles and Algar seems
irrelevant because Henshaw did not claim an ineredsoncentration of radon daughters in
air. To the contrary, deposition should rather dase their concentration in air, but this effect
is estimated too weak to be detected by measureane¢hé height of 0.6 m under alternating
current (AC) lines. Afterwards Fews, Henshaw e{(E99b) showed that the AC power line
is able to produce a moderate direct current (D€jtec field on the ground and that electric
deposition of radon daughters could be detectedridtf power lines (Fews et al. 1999a).

Jeffers (1999) explained the effect of electriddfi®n the surface radioactivity with
deposition of unattached fraction of radon daughtdrhe measured effects of electric
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deposition of cluster ions agree with theoreticalcglations by Willett (1985). Henshaw
expected opposite that the radon daughters aréeddny neutral or low mobile aerosol
particles. Electric deposition of aerosol partictesild be an effect of wide environmental
importance because the particles carry not onlpmathughters but also an essential part of
miscellaneous air pollutants. The electric mechani$ deposition has been often neglected
because the electric mobilities of aerosol pasieee three orders of magnitude less than the
mobilities of small ions, and the particles are moipolar charged. In the natural atmospheric
environment, the electric field is weak and airt@oparticles are neutral or weakly charged
due to thermal fluctuations of electrostatic eneijyus the electric forces acting on airborne
particles in the atmosphere are weak and ofterentsgl when discussing the dry deposition
of these particles. In the recent review of dryas#pon by Weseley and Hicks (2000) electric
mechanism is not mentioned at all. The role oftaledorce in particle deposition is largest
when dealing with the carriers of radon daughtemeints. Porstendorfer (1994) has compiled
a respected review of the behavior of radon progeayr. Considering the mechanisms of dry
deposition, Porstendorfer writes: “In general, tthey deposition of aerosol particles is
governed by the physical processes of sedimentafiagravity, impaction by inertial forces,
interception and Brownian diffusion”. The electrieechanism is neglected despite its being
most obvious in case of deposition of radon daughtelectrostatic deposition of particles is
well known in technical applications, e.g. electatis filters and samplers. It is known a
device where electric field is used for cleaningtlodé air from radon daughters (Moeller,
1986). Strong electric field and artificial chargirof particles occur in these devices.
Schneider et al. (1994) showed how aerosol pastiate deposited on the faces and eyes of
people exposed to a strong electric field, e.gr aeamputer display.

The effect of electric field on the deposition @irficles on a plane surface appears weak.
However, some other weak factors, e.g. gravitatisedimentation, are never neglected when
discussing the dry deposition of particulate mditem air. Electric force applied on a single
charged particle i&e, whereE is electric field anc is elementary charge. The electric force
is superior to gravity when the particle diamegeless than the critical size

6Ee
d,. =3—, #.1
gE ,/npg (#.1)

wherep is the particle density anglis the acceleration due to gravity. The criticalesof
water droplets in the normal fair weather elecfigdd (E = 150 V m?) is 167 nm. The
number of airborne particles of diameter less thé&@ nm exceeds the number of bigger
particles. Thus the electric force surpasses thétgtnal force for most airborne particles.
When comparing the electrostatic and diffusion dépmm the fact should be considered that
diffusion coefficient of aerosol particles decresaseanultaneously with electric mobility and
the relative effect of electric field could appeansiderable (Tripathi and Harrison, 1998).

The long-living radon daughtefd%®b, ?*°Bi, and*'%o enter into composition of aerosol
particles, and alst"Pb and?**Bi may be found in the aerosol phase. As estimatedyt 50%
of the alpha-radioactivity of air is carried by &ins of high mobility, the other 50% is carried
by aerosol particles that are electrically neutrabf low mobility. Therefore, both the ionic
deposition and the deposition of aerosol partiees important in the nature. The known
theoretical calculations are insufficient to decidader which conditions the electric
deposition of aerosol particles could be neglededhould be considered. In the present
research a simple theoretical model is developetused to identify the conditions which
require that the electric field should be accounten analyzing dry deposition of particulate
matter from atmospheric air.

It has been determined that molecules of some adivactive substances in atmosphere
also have considerable probability to be in the position of air ions. The charging
probability of molecules with high electron or pntaffinity may be up to 26 times larger
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than that of non-active molecules. Considerable tathof polluting substances in air are
presented in the aerosol phase and electric faatdcontrol their deposition on the sharp edges
of electrically grounded bodies. Unlike the diffiisideposition, the electrostatic deposition is
essentially non-uniform: the plate out on the tseaves and conifer needles is much more
intensive than on hidden surfaces of the plantst iBhahy the effect of electric field on the
deposition of non-radioactive substances on vegeta worth of attention. The known fact
that the top branches of conifers are first oflalinaged by chemical pollution has no definite
explanation up to now. The knowledge of the depmsitjeometry of radioactive elements and
aerosol particles would help to understand theofactof pollution damages and the
propagation of polluting substances, including @adtivity, in biologic cycles.

1.2. Electric field

1.2.1. Natural atmospheric electric field

Strong electric field is generated by thunderstorifge thunderstorm currents charge the
ionosphere-ground capacitor up to 200-300 kV. A®slt, electric field is permanently
present in the atmosphere. Average strength daih&eather atmospheric electric field near
the ground is typically 166150 V/m dependent on the measuring site. When astigithe
role of the electrostatic deposition in nature, fitegjuency of different values of the electric
field should be known. Statistical distribution efectric field is analyzed using the
measurements in Marsta Observatory, Sweden, tha¢ baen carried out by Uppsala
University in co-operation with Tartu University. Aflarsta Observatory, the air electric
conductivity, electric field and near-ground spabarge density are recorded on the computer
carrier continuously from 1993. Since 1994 the dhtwve been complemented with
continuous recordings of meteorological parametéfke database gives some new
possibilities for analysis of the regularities oérnations of fair weather atmospheric
electricity.

The Marsta Observatory (59°56’'N, 17°35'W) is locatedrural area 10 km north of
Uppsala. The surroundings are a very flat farmieggdfiNearest forest is located more than 1
km from the observatory, which provides undisturb@dro-meteorological conditions. There
are no industrial establishments around the obsawalhe closest sources of possible air
pollution are the town of Uppsala and a militargpait with infrequent air traffic situated
between the observatory and the town. The smallstwoed observatory building is heated
by electric power. The soil around the observatemelatively rich in radium and is loosened
in the process of cultivation of the land everyry@us the concentration of radon around the
observatory is relatively high, which results imglniair conductivity and a low electric field.
Statistical characteristics of electric field areegented in Table #.1 and histogram of
distribution in Figure #.1.

Table #.1

Atmospheric electric field at Marsta Observatorgaading to statistics of 46608 hours

Parameter Electric field

1% percent point -627 VIm

25% percent point 35 V/m

median 67 V/im

75% percent point 98 V/m

99% percent point 231 V/m

average 51 V/Im

standard deviation 142 V/Im
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Figure #.1. Atmospheric electric field at Marstas@tvatory according to
statistics of 46608 hours. The edge bars contaioualbf-scale measurements

In most of atmospheric electric stations the avenague of electric field is about 2 times
higher but the shape of statistical distributiosimsilar. According to the atmospheric electric
tradition the electric field is considered positmien directed downwards and the ground
carries negative charge. The distribution histogedmows that most of the time the electric
field is positive and the positive ions that catihye radioactivity are drifting downwards.
Extreme values of electric field are characterigtfcthunderstorm situation. During the
thunderstorms, negative electric fields are prevgidnd in this case the effect of electrostatic
deposition of positive ions is switched off.

1.2.2. Electric field under a HV power line

The electric field induced by ordinary power transsion line is alternating and does not
enforce a directed flux of ions. The ions are oatilly in the AC electric field with low
amplitudes and the field does not force the dejpwosif ions on the plain surfaces. However,
the AC electric field is still a factor of depositi when the deposition target is fine needle or
grass haulm because the air is carried by windrasidence time of the air in the deposition
zone near the needle is typically less than thegef the oscillation.

Corona discharge that is characteristic of HV polivess generates the space charge near
the wires and simplified electrostatic calculatairthe field ignoring the space charge yields
incorrect results. Theoretical consideration of oaroeffect on the electric field is
complicated. Thus the reliable results can be aelidsy measurement. The measurement
were carried out under the same power line wheeed#éposition of radon daughters was
studied. The instrument was designed as a grounel leorizontal plate antenna. The
parameters of the line: number of parallel condisc®) distance between the conductors 9.2
m, height over a flat ground 10.2 m, voltage 330, kMquency 50 Hz. The field was
measured on one side of the line and complementeithé other side by symmetry. Result is
shown in Figure #.2.

The amplitude of electric field under HV power lirreabout the same as the maximum
value of the natural atmospheric electric fieldhnnderstorm situation. The ions of mobility
1.27 cmiV s oscillate in a field of 8000 V/m with a velocit§ d m/s and amplitude of 3.2
mm. It could result in some enhancement of defsitin the salient objects like tree leaves
and needles.
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Figure #.2. Electric field under a 330 kV power laerording to measurement

1.3. Deposition of radon daughters on spruce needles

1.3.1. The test model for theoretical estimates

The electric field is strongly enhanced on the tifpdeaves and on needles of plants.
Therefore the electric deposition of cluster iond particles to elements of plants depends on
the geometry of plants. It follows that the elecfield could bias the distribution of deposit
on the elements of plants and in this manner itccoantrol air pollution damage. The shapes
and positions of leaves and needles are varialileaarexact calculation of the distribution of
deposit seems a hopeless task. A simplified modells to be considered to allow rough
theoretical estimates about the importance or wiler of the electric mechanism of
deposition of particles to plants.

According to intuitive geometric considerationsg strongest electric field is expected on
needles of conifer trees, especially on the tofheftree. A needle can be modeled as a piece
of thin cylinder. A thin cylinder is a proper moaed well for grass or cereal reeds. Thus a thin
and long cylinder or wire is chosen below as a mtatget of deposition. The electric field on
a surface of a wire depends of the distributiontled grounded elements around it. The
geometry of the surrounding elements in a realtganopy is variable and too complicated to
make exact calculations. A simple geometric obgubuld be used as a model of the
surrounds. The effect of electric field is most gigant when the needle or reed is positioned
over the open surface of plant canopy. A groundadepplaced parallel to the wire models
this situation. The distance from the wire to thangl should be chosen as comparable with
the distance from the needle or reed to the neigdpaelements of plants. The model is
illustrated in Figure #.3.

Uniform and perpendicular to the wire airflow isased in the neighborhood of the wire.
The wind speed near the wivediffers from the meteorological wind speed anduitidoe
estimated considering the actual location of thgod#ion target.



The electric field on the surface of a long wirgadiusR distantH from the plane is
H

= Rinf2r/R)

wherekE, is the undisturbed atmospheric electric field aber plane. The field on the surface
of a short needle is slightly stronger than thenese above. The enhancement of the
atmospheric electric field on the wire is describgdhe ratioE/E,, which could reach values
up to one hundred. An exampleRf= 0.5 mm andH = 7 cm therk = 25E..

(#.2)
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Figure #.3. Diagram of the test model.

The model of the target of deposition as a wirenapd over a plane surface is a very rough
approximation to the real geometry of plant streesu Thus the model does not claim to give
precise results and there is no need for stronginegents for the exactness of calculation of
the electric and mechanical depositions of pagicle the model wire.

1.3.2. Factors of deposition of cluster ions

The effect of gravity and inertia of clusters iglgible and their deposition is controlled
by two factors: Brownian diffusion and drift in etec field. The electric factor is easy to
estimate because the cluster ions are single athange electric mobilityZ is their indirect
characteristic. The electric deposition velocigyof cluster ions is:

ug = EZ. (#.3)

The Brownian deposition on a cylinder is estimateing the well-proven Churchill-
Bernstein equation of heat transfer from a wire (seropera and DeWitt, 1996)

12 5,1/3 5/8\*/5
Nu=| 03+ 062Re"? Pr 1+( Re j | (#.4)
L+ (0a/pr)2f* | 282000

in which there are three dimensionless parameters:

the Nusselt number Nu :Z—Rh , (#.5)
K

the Reynolds number Re=@/ , (#.6)
Y

the Prandtl number pr=Y . #.7
a
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The symbols used above atre- coefficient of heat transferk — thermal conductivity of
air,v — kinematic viscosity of air, and — thermal diffusivity of air. Equation (12) may be
translated according to Eckert and Drake (1972)etmns of the Brownian diffusion. The
translation consists of two substitutions:

the Nusselt number by the Sherwood number

sh=2Rb (#.8)
KTE
and the Prandtl number by the Schmidt number
Sc=—— | (#.9)
KTE

wherek is the Boltzmann coefficienfl is absolute temperature, aBdis the mechanical
mobility of clusters. The diffusion coefficient isplaced above by the teiB on the basis
of the Einstein law (see e.g. Fuchs, 1964). Thehauaical is related to the electric mobility. If
the charge of the cluster is supposgthen
Z=eB (#.10)
If the condition Re Sc > 0.2 is satisfied (andsitwell satisfied, as a rule), the translated
equation offers a good approximation:

12 o LI3 5/8)\*/°
U =XTB| o34 062RE 5011/4 [1+(—Re j J . (#.12)
2R (1+ (o 4/5c)2’3) 282000

1.3.3. Theoretical comparison of Brownian and electric deposition

The ratio of two components of deposition velocaityand up depends on the wind. The
wind speed should here be measured in the immeditety of the deposition target and it
depends on the location of the target. The winetdpear the grass reeds of lower branches
of trees is essentially less than that at a heaglatbout 10 m as measured by meteorological
stations.
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Figure #.4. Critical value of the electrostatiddie/Vhen the field exceeds the critical
value, the electrostatic deposition exceeds thHagidn deposition. Conditions assumed in the
example: R=1mmD =0.03cms*, Z=1.27 criV s, H =36 cm.

Brownian deposition increases with wind but thecile deposition remains unchanged. It
is possible to find the wind speed at which the faciors are equal. This specific wind speed
is called the critical wind speed. When actual wapeed exceeds the critical value then the
Brownian deposition occurs to be leading mechanigttectric deposition is leading
mechanism at lower wind speeds. Figure #.4. is dech@ccording to equations above. The
natural atmospheric electric field over the plaiound is about a hundred volt per meter and
when considering the test model, the electric faabways dominates over Brownian diffusion
because the wind speed near the needles is ngleehough to cause the critical field exceed
the normal atmospheric electric field.

1.3.4. Measurements by means of gamma-spectrometer

The radon daughter elements can be analyzed asdawgdo their alpharadiation as
according tdeta-orgammatradiation. The advantage of gamma-spectrometry igh h
resolution that enables to identify the isotopeam@a-activity of the sample was measured
using EG&G Ortec HPGe detector GEM-35200, analy@2x-W3 Spectrum Master, and
Maestro software. The thoron daugHt&Pb was identified according to the 238.6 kekhe
and radon daughtét“Bi according to the 609.5 key/line. It was possible to identify as well
the long-living daughter of radéfPb, but interpretation of the results would beidifty as
part of “*Pb has different origin. The method of gamma-speustry enables to use large
samples of spruce needles. This supports the s&ysdind accuracy of measurements. On the
other hand, the requirement of large sample do¢=mnable to learn some details e.g. the
radioactivity of tips of needles.

Figure #.5. Spruce under the HV power line usetiénexperiment. Veljo Kimmel is
standing before the spruce.

Table #.2. presents a typical example of measuremesalts. The spruce needles were
picked during 1313 August 1998 from four locations. The samplingcpl under the HV line
is shown in Figure #.5. The 330 kV line above thrises was the same as in the electric field
measurement described above. The height of condufrtam the ground was about 10 m.
The electric field on the top of the tree was na&asured. A rough estimate gives the field
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strength close to the corona discharge field. Tdmapding place in the natural field was far
away from HV lines. The weather during the samplpegiod was windy with developed
turbulence. The needles were picked from a seldmtaxch and put into a calibrated vessel.
The amount of needles in different samples vanethf30 to 50 g. A sample was prepared
and carried to the laboratory as quickly as possibhe measuring began 780-1020 s after the
spruce branch was cut.

Table #.2.
Example of results of gamma-spectrometric measumnesme
Sample Radon daughter| Thoron daughter
2B, Ba/kg ?1%pp, Balkg
Top of the spruce under HV line, height from 1350 300
ground about 6 m.
Inside of the crown of the same spruce, height 120 measurement is
from ground about 2 m. missing
Top of a branch jutting far out in the natura 480 35
electric field, height from ground about 3 m
Inside of the crown of the same spruce, height
215 13

from ground about 2 m. F

1.3.5. Measurements by means of alpha pulse chamber

The half-life of ?®%0 is short and the instrument for measurementigifazactivity of
conifer needles and tips of leaves must allow fiaahipulation with fresh samples. A special
air ionization chamber was designed and manufattiaremeasurements during this research.
A sample is to be placed on the bottom of a 34G cyiindrical vessel switched for
measurement to the potential of +1200 V. lons eckddy a-particles are collected on the
upper disk electrode connected to an amplifier.iGajidength of a pulse is 480 ms and it
depends on the energy of the particle. Figure shbws distribution of pulse lengths in a
experiment where radioactivity of tips of tree leawas measured. However usage of the
pulse length as a measure of energy does not @rosadisfactory resolution. Thus the
instrument was used to measure the integral alptiatg of a sample and not as a
spectrometer. The time to pick the needles or lgamat off their tips and place them into the
pulse chamber should not exceed few minutes. Theisamples are small, typically about
hundred milligrams. When measuring the radioagtieit small samples of plant fragments
picked from naturel environment, the counting iatd coincidence probability is low.

A

140
130 £ %
120 £

E ]

110 £
E AQl

S

=
o
o

g1 o ~N oo
OO OoOoo

Number of pulse

Jgg
%

=N
oNeNe]

0O 10 20 30 40 50 60 70 80 90 100
Pulse length, ms

Figure #.5. The distribution of the lengths of mslsn the pulse ionization chamber
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The pulse ionization chamber should be used ctofigetsite where the plant fragments are
picked. Thus wrong pulses induced by mechanicalrawibrations are hard to avoid.
According to special measurements with empty chartte perturbation pulses are shorter
than 40 ms. Thus only the pulses longer than 4Gvere counted at actual measurements,
which eliminates some short-track alpha pulsesabsamnd slightly reduced the efficiency of
the instrument. The alpha particles are counted fra angle about 1 sr. The recording system
has about 20% of dead time. Some needles on thenbatf the vessel overlap each other.
Considering the losses, the counting efficiencyaaghly estimated as about 5% of the
radioactive decay events on the needles. Efficidacyackground radon in the air is higher
and is estimated as about 25%.

An experiment carried out using the alpha pulsentie is explained below. Two samples
were taken from the top of the same spruce underH¥ line as in the case of gamma
spectrometric measurement, August 10 and 11, 1088 the tip fragments of needles were
cut and included in the sample. The mass of a sampk less than 0.3 g in order to reduce
the overlapping of needles. Sample no. 1 was medsiluring two hours and sample no. 2
with interruptions during three days. Half-hour ntaufor sample no. 2 are shown in Figure
#.6. The shape of the decay curve is a result mibaoation of three processes: decay of radon
daughters, decay of thoron daughters, and decagdoin in the volume of the vessel. The
thoron daughter§Pb and?*%Bi have a combined decay time constant of abou® 10idutes.
The constant background radiation is estimated éoabout 20 pulses per hour and the
sampled thoron daughter pulses about 50 pulsekeirfitst hour. The background can be
explained by room radon concentration of about g0r8
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Figure #.6. Decay curve for a sample of sprucelesed

The decay curves are nearly the same for both ssmphus the radioactivity of needles
was estimated by analyzing the sum of counts fertthio samples during first hours of
measurements. The decay curve for this periodeisgoted in Figure #.7.

The initial activity of radon daughters (withoti®Po) in the joint sample is estimated
according to analysis of described measuremenbastd4 kBg/kg. There was 250 needle
fragments in the vessel with total length of 133 emd surface area of needle fragments was
28 cnf. The estimated specific surface activity is at®uBqg/nf that is unusually high value
for biologic subjects.

The radon and thoron daughter activities in thénalactivity measurements are higher
than in the gamma spectrometric measurements. d$dts can be explained in terms of
different ways of sampling. In the case of gammasuneements full needles were picked as
from the very top of the tree as well as from dis&s up to 20-30 cm from the top. In the case



11

of alpha measurements, only the absolute top neediee picked and only the tip fragments

were taken into the sample.
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Figure #.7. Counts per 6 minutes for the two sampfeneedles with the total mass of 0.47
g. Thin lines show the 90% fiducial corridor forimon distribution. Lowest line displays the
constant background and the dashed line displaypulses from the thoron daughters. The
estimated initial activity of*Po (RaC") is about 20 counts per minute. The dgtofi*'‘Bi is

nearly the same.

Selected results of alpha-measurements are preseni@ble #.3. The results confirm the
hypothesis about the role of electric field in dgpon of radon daughters on trees.

Table #.3.

Alpha-activities of some samples of spruce neealeasured by pulse ionization chamber

Sample needle fragments from ... kBqg/kg
.. the top of a 6 m high spruce below of 330 kV At&| 5-20
.. an internal branch of the same spruce <05
.. the top of a 6 m high spruce away of 330 kV At&li 5
.. the top of a 1.5 m high spruce in natural 120 D@ field 3
.. the top of a 1 m high spruce connected to —1800 V 20 — 200
.. the top of a 1 m high spruce connected to +1800 V 0.4
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1.4. Deposition of aerosol particles onto sharp structures

1.4.1. Estimate of electric deposition

The deposition intensity is measured by the dejpositelocity defined as the ratio of the
deposition flux to the surface area. The electapasition velocityug of uniformly charged
particles over a plane surface is easy to estimate:

ug = EZ = EQB, (#.12)

whereE is the electric fieldg, B, andZ are respectively the electric charge, and mechénic
and electric mobilities of the particle. The medhahmobility is a known function of the
particle size (Fuchs, 1964; Tammet, 1995). The alestimate is valid for particles of one
polarity. Particles of the other polarity are répelfrom the surface by the electric force and
do not deposit.

If the particles are not uniformly charged, thelqability p; of a particle to carry the charge
g =ie (e is the elementary charge, charge numbsmegative for negative particles, zero for
neutral particles and positive for positive pada®)l should be determined first. Thereafter the
deposition velocity needs to be calculated as aaupartial deposition velocities of particles
of different charges. The sum is expanded over goiarity since the particles of opposite
polarity are repelled from the collecting surface.

The charge probabilitigg depend on many factors. The equilibrium statisticstribution
of particle charges is explained by thermal fluttues of electrostatic energy (Fuchs, 1964).
Hoppel and Frick (1990) gave an improved calcuratd charge probabilities. In the present
research, exactness requirements are not high asichgle mathematical approximation
proposed by Tammet (1991) and refined using datadigchl et al. (1996) is employed. First
the partial coefficients of attachmghiof a positive small ion to the particle with cheug
and diameted are calculated:
2

_ e
2Tk e, . L iz-co.4l.  (#13)
B (d) = 2rkTB———— [1-——
exp) -1\~ 2+i(i—1)+d /(LOnm)

Here k is the Boltzmann constant, is absolute temperature, andis the permittivity of
vacuum. Next, the unnormalized particle numbersateulated
i 3. .(d
No(d) =0, N;(d) = HMA
L1 B_;(d)
whereA is the ratio of air polar conductivitiesi/A. in case of positive values bBndA_/A.
in case of the negative valuesi oThe normalized probabilities are

N; (d)
pi(d) = - :
1+25 7N ()

The velocity of electric drift of a particle isBE and the field on the surface of the cylinder
is given by Equation (2). Therefore the partial@@pon velocity ofi-charged particles is

: (#.14)

(#.15)

Ug =ie (#.16)

B— 1 E,.

RIn(2H/R)
Finally the electric component of deposition velpes calculated as a weighted sum of partial
deposition velocities

Ug = i p; (d)ug; , (#.17)

i=1
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which accounts for particles of one polarity. Ttaapity should be chosen depending on the
direction of the electric field. Positive particlesove downwards in a normal fair weather
atmospheric electric field. Therefore, Equationig8)ritten above for positive particles.

1.4.2. Estimate of mechanical deposition

The role of electric field in deposition of parasl is characterized by the ratio of the
velocities of electric to nonelectric depositiorheTnonelectric factors of deposition as listed
by Porstendorfer (1994) are sedimentation by gyavimpaction by inertial forces,
interception and Brownian diffusion. All these fomechanisms are mechanical in essence
and their summary effect will be called mechanagbosition. Specific deposition velocities
caused by gravity, aerodynamic effect (impactiod amerception) and Brownian diffusion
are denoted below hys, ua, andup.

The velocity of Brownian deposition is estimatedadwhen considering the deposition of
cluster ions.

The gravitational deposition velocity; of particles is:
Ug = mgB, (#.18)
whereg is the gravitational acceleratiom and B are respectively the mass and mechanical
mobility of the patrticle.

The aerodynamic deposition of particles of radios a cylinder of radiuR is estimated in
terms of a simplified model. The empirical dataserged by Fuchs (1964) and numerical
results by Wessel and Righi (1988) are roughlgditivith the equation

2
Up = —Stk +L l, (#19)
0.6+ Stk Ri|m
wherev is the air flow velocity and Stk is the Stokes tem
Stk = %3 . (#.20)

The three specific deposition velocities charazieg different deposition mechanisms are
not exactly additive. A rough approximation is usadcalculations below to estimate the
combined mechanical deposition veloaity:

Uy =+US +us+uj . (#.21)

1.4.3. Discussion

The role of a specific mechanism of deposition delgenot so much on the absolute value
of the specific component of deposition velocity @s the relation between the different
components of the deposition velocity. The velocityelectric deposition is proportional to
the electric field while the other deposition veli@s do not depend on the electric field. In a
thought experiment the electric field can be adjdsto that the velocity of electric deposition
equals the velocity of some other specific depasitiThis particular strength of electric field
will be called the critical field strength of electdeposition. Different critical electric field
strengths can be associated with the gravitatioBagwnian, aerodynamic, and joint
mechanical depositions.

The concept of critical field strength is helpfuhen it is necessary to decide on the
significance of the electric mechanism of depositilectric deposition of aerosol particles
can be neglected if the estimated critical fieldnach higher than the actual atmospheric
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electric field, but should be considered an imparfactor of dry deposition in the opposite
case.

The actual atmospheric electric field depends otearelogical conditions. Typical fair
weather atmospheric electric field near the groind006-200 V m* while the maximum
values exceed 10 kV Thin thunderstorm situations (see e.g. Israél, 19Mh33ome situations
the anthropogenic electric fields are importarg, an AC field of many kV it occurs near
high voltage power lines.

The value of the critical field can be estimatecgasot of the equation: = uy, whereu is
a specific velocity of the considered nonelectrechanism of deposition. The components of
deposition velocity can be estimated using the &gpus derived and presented above. The
value of the critical electric field depends on mdactors. Most essential factors are the
particle size, the wind velocity, the wire diametand the distance to the zero-potential
surface.

Some decisions about the role of electric depasitan be made by examining typical
example situations. An example is considered belbhe fixed data that correspond to a
typical situation are:

. air parameters match the standard conditions,

. airborne particles are monodisperse spheres,

. wire diameter is 1 mm and distance from zero-paéstrface is 7 cm,
«  particle density is 2 g/cin

. ratio of air polar conductivities s./\_ = 2.

In free atmosphere the air polar conductivities approximately equal. The ratio of 2 is
chosen to match the electrode effect near the gr(aee e.g. Israél, 1973).
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Figure #.8. Critical electric field associated wilifferent mechanisms of deposition:-G
gravitational, A- aerodynamic, B- diffusional, M- joint mechanical. Wind speed is 1 i, s
other assumptions are explained in the text.

The comparison of electric deposition with differgpecific mechanisms of deposition in
low wind situation is given in Figure 2. The crélcfield associated with gravitational
deposition is low for fine particles and reaches ¥alue of an average atmospheric electric
field at particle diameters over 100 nm. Thus thectac deposition dominates over the
gravitational deposition for most of the atmospheerosol particles. If the gravitational
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mechanism of deposition of fine particles from aspitere is the subject of discussion, then
the electric mechanism should not to be neglectéis conclusion holds not only for the
deposition on needles, but on a plane surface ks we

Aerodynamic deposition is an essential mechanismepbsition of particles of diameter
above 100 nm. Aerodynamic sedimentation exceeddrieledeposition over a wider size
range than gravitational deposition. However, tHectec effect dominates over the
aerodynamic effect in case of ultrafine particles.

Brownian diffusion is an essential mechanism of adéon of ultrafine particles. It
replaces the aerodynamic deposition as the mairhanémal deposition mechanism for
nanometer particles. The transition size range G200 nm appears to be just the range
where the electric effect is most important for dgposition. In case of uniformly charged
particles, the electric mobility and diffusion chefnt are proportional to each other. Thus
the dependence of the critical electric field oa garticle size is weak in the size range over
10 nm. In case of smaller particles the percentddbe charged fraction of aerosol particles
decreases and so does the role of electric deposithen compared with the Brownian
deposition.

The example given in Figure 2 shows that whiledleetric mechanism of dry deposition
of particulate matter does not dominate under nbatmospheric conditions, it is comparable
with Brownian and aerodynamic mechanisms in thdigharsize range of 10-200 nm and
should not be neglected under the low wind conalitio
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Figure #.9. Critical electric field associated wjbimt mechanical deposition depending on
wind velocity. Assumptions are explained in thettex

The role of electric deposition depends essent@tiywind velocity. Wind increases the
role of aerodynamic deposition and suppressesédlativie role of the electric mechanism.
Figure 3 compares the electric deposition to tive jmechanical deposition for different wind
velocities. The critical field strength is stillM@st for the particle diameter range o200
nm independent of wind. This size range containstrobthe atmospheric aerosol particles.
In case of low wind of about 1 m/s or less, thdicai field is comparable to the normal
atmospheric electric field, and electric depositidraerosol particles has considerable role as
a factor of redistribution of deposit on differexiéments of plants. In a strong wind of about
10 m/s or more, electric deposition can be impadrbaty in a thunderstorm situation or on the
top branches of trees.
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A subject of public discussion is the possible emwvnental effect of HV power lines. As a
rule, power lines transmit AC current. The ampléwaf the AC electric field is measured up
to ten kilovolts per meter in the vicinity of an Hwer line. The possible effect of an AC
field on electric deposition is usually neglectexd icauses only oscillation and does not
enforce any directed flux of charged particles. @ al. (1999b) have shown that an AC
power line can create a DC field of a few hundrethVinduced by corona ions. This field is
comparable with the natural atmospheric electeddfiat distances downwind up to half a
kilometer from the line. To neglect the AC fielda$actor of particle deposition is, however,
not correct. The amplitude of oscillation of pdeg in the AC field of a power line is a
fraction of a millimeter. The effect of the oscilly field makes it appearance when fine
geometric targets are considered. The time of gassiparticles carried by wind through the
capture zone near the tips of needles or leavessentially less than the period of the field
oscillation. Thus the effect of electrostatic depos of particles on the leaf or needle tips
should be nearly the same as in a DC field. Theebga environmental effect of HV power
lines is the redistribution of the deposit of antlptants between the tips and shielded surfaces
of leaves and needles of plants.

1.5. Conclusions

The effect of atmospheric electric field on deposiiof radon daughters carried by positive
cluster ions is well known in atmospheric electyidiut ill known in radiation hygiene and
environmental protection. The research in atmosphaectricity has been concentrated on
the effect of radon daughters on air conductivitg ghe distribution of the deposit on the
plant canopy was not studied. The measurementsrpestl in the present research show that
electric field is essential mechanism controllihg teposition of natural radioactivity from air
to different parts of plants. The maximum of depegas measured on salient branches of
trees, especially on the tips of conifer needld¢® €lectric deposition of radioactive cluster
ions can be switched off when the tree is insulfat the ground and connected to positive
term of a HV voltage source. In such a experimbatradioactivity of tips of spruce needles
was measured below 0.5 kBg/kg. The radioactivityopf needles of a 1.5 m high grounded
spruce in natural atmospheric electric field wai8/kg. The electric field is stronger on tops
of high trees where higher radioactivity is expdctéspecially strong field is present under
HV power transmission lines. On the tops of spruseger HV power line the radioactivity up
to 20 kBg/kg was measured.

At least half of the radon daughters in air areriedrby aerosol particles. The role of
electric mechanism of deposition of airborne pltion the various elements of plant canopy
can be estimated using the concept of criticaltetedield. If the actual electric field is
comparable with or larger than the critical figllden the electric mechanism should not to be
neglected. The value of the critical electric fieldpends on many factors and cannot be
exactly calculated. This value can be only appratety estimated by using a simplified
model in which the deposition target is replacealblgin conducting wire.

The nanometer particles of diameter below of 10amenmostly neutral and the Brownian
diffusion is the dominating mechanism of dry deposi at the normal atmospheric
conditions. Aerodynamic deposition is the domimgtmechanism for particles of diameter
over 200 nm. The electric mechanism is importarthetransition size range of 10-200 nm,
which contains most of atmospheric aerosol pagicle

The role of electric deposition is most important dase of low wind and on sharp
structures like conifer needles, spider webs asdanantennas. Thus the environmental effect
of the electric mechanism of aerosol depositiothes redistribution of the deposit on the
elements of biological structures. Knowledge of a®fion geometry improves our
understanding of air pollution damage to plantspamticular, electric deposition of aerosol
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particles should be considered when discussing reetia pollution damage to the top
branches of conifer trees. The electric field stoubt to be neglected when discussing the
appearance and effect of radon daughters in thieoemvent.
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