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ABSTRACT

Two new methods of parameter determination of non-radioactive removal of radio-
active aerosols from the atmosphere by cloud systems are discussed in the present
paper. Theoretical considerations of the processes of capturing radioactive aerosols
by cloud droplets are still fraught with a number of restrictions. They can be partly
accounted for not only by the complication of the problem under review but also by
the lack of information on microphysical characteristies of cloud systems and processes
operative in them. The drawback of the present investigation is the assumption of
stationarity of the processes in a cloud but the first stage of the investigation did not

enable us to omit this assumption.

The parameter A permits us to determine experimentally the coagulation coefficient

K of cloud droplets with aerosol particles.

1. Introduction

One of the main problems in the study of
radioactive contamination or aerosol pollution
in general is the investigation of self-cleansing
atmospheric processes. One of the components
of atmosphere self-cleansing is the removal of
radioactive substances on the earth’s surface.
It happens either by means of dry deposition
of radioactive substances with dust or washout
by clouds and precipitation (STYyra, 1959). The
main mechanism of the last two processes is
the cloud and precipitation washout (STYRa,
1959; MAKHONKO, 1964; RENTSCHLER & SCHREI-
BER, 1962). Results have been obtained not
only for nuclear fission products but also for
natural radioactive substances.

The removal of radioactive isotopes from the
atmosphere occurs either by capturing of radio-
active aerosols by falling droplets and snow-
flakes or by cloud sampling.

The investigation of the two available me-
chanisms has shown that the capture of radio-
active aerosols by cloud elements forms the
main part of the specific radioactivity of pre-
cipitation and it makes up about one order
more than that fraction of radioactivity, which
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is formed by droplet washout of aerosols from
the air below the cloud layer (MAKHONKO, 1964;
Styra, 1956; Karorn, 1963). Hence, the inves-
tigation of the capture of radioactive aerosols
by cloud droplets is of special urgency in the
whole problem.

Since even small quantities of radioactive
substances are easily detected they assume ever
greater importance as tracers in the study of
some problems related to cloud physics and
precipitation. This problem acquires a double
meaning: on one hand, it serves the practical
purpose of studying mechanisms of removal of
radioactive admixtures from the atmosphere;
on the other hand, it reveals ever broader
possibilities in making a close study of clouds
and precipitation.

Experimental determination of the concen-
tration of radioactive substances in the air of
cloud systems provides us with ample oppor-
tunities in defining the parameter of non-radio-
active removal of radioactive aerosols in the
cloud (A) and the coagulation coefficient of
radioactive particles with droplets (K) depend-
ing on this parameter. Some methods and
results relating to these parameters will be
discussed subsequently.
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Fi1c. 1. The histogramme of «-tracks distribution
by their energy.

2. The method measuring the concentration
of radioactive substances in cloud air

The previously used method of determining
the radioactive concentration in the air of the
free atmosphere and of cloud systems was
reported in detail (STYrA et al., 1964; SHOPAUS-
KAS, 1964).

Radioactivity sampling was carried during
aircraft flights by sucking air through the cloth
JIP®C-1 or membrane filters. In those cases
when it was desirable to determine the isotopic
composition of radioactivity the cloth JIOC-1
with a thickness of 0.3-0.6 <mg/cm? was used.

The air was sucked in through a sampler
protruding 0.5 m from the craft’s fuselage. A
sampling pipe was bent at a right side of the
aircraft and ended in the direction opposite to
that of the flight. While the cloud air was sucked
into the sampler during the flight cloud drop-
lets were deviated by the socket and did not
fall on the filter located near the other end of
the sampling tube in the craft’s cabin. This
simple apparatus permitted us to carry out the
sampling of air radioactivity while flying
through clouds. Air radioactivity within clouds
is defined here as the radioactivity of the air
after removal of the cloud droplets.

To control the absence of droplets at the
sampling site of a filter a mixture of erythrosin
and talc rubbed into it was used. Being mois-
tened the erythrosin was coloured bright red.
During flights the filter of our installation never
changed its colour. It guaranteed the liquid
water content of filtered air, if any, to be less
than 1-10-® g/m?. Since we sounded clouds of
the kind St, Se and Cu having a considerable
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liquid water content and consisting of relatively
large droplets we considered that we filtered
droplet-free air and collected only small-size
radioactive aerosols from it.

The collection time of one sample was 6 min-
utes and about 1 m*STP cloud air was sucked
through the filter during this time. The filtra-
tion was carried out by means of the vacuum
cleaner system D-2-03-27v. In our experiments
the efficiency of filters was 70 %. This low value
can be well attributed to the high sampling
velocity of about 5 m/sec. However, a reduction
of the sampling was considered inexpedient as
it would have resulted in a sharp increase of
filtration time and, therefore, in a considerable
averaging in space. By further reducing the
filter efficiency and increasing the sampling
rate it was managed to localize sampling to an
even greater degree.

After completion of sampling the filter was
taken off and (in the same craft’s cabin) put
in contact with the nuclear photo emulsion A-2,
sensitive to w«-particles. After 20-hour photo-
exposure the plates were developed, their
original thickness was restored by impregnation
in glycerine solution (PoTsius & NEDVETSKAITE,
1960) and they were examined by means of
the microscope MBI-2.

Radioactivity was defined by the «-track
concentration formed in the emulsion having
been in contact with the filter. The isotope
composition of a sample was determined only
by air sucked through the filter JI®C-1 as
alpha-absorption almost did not take place in
it due to its small thickness (0.3-0.6 mg/cm?).
After measuring the length of the a-tracks the
energy was evaluated (MeV) by a calibration
curve of energy dependence of a-particles on
the length of tracks in the emulsion (type A-2).
Finally the energy distribution of the a-partic-
les was plotted (Fig. 1). As shown in the
histogramme the greatest number of «-tracks
is attributed to Po?4(RaC’) since there are no
a-emitters of other isotopes in this energy range.
The small portion of «-tracks of about 6.0 MeV
appears to belong to the Po?#(RaA).

Before every flight the plates were kept
for some time in a solution of potassium
ferricyanide and were subsequently washed
thoroughly. This was done in order to remove
the a-tracks of the background. Moreover, only
surface «-tracks were measured and a blank-
plate was used in all experiments together with
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the signal-plates. In this way we were able
to reduce emulsion background up to 4-20
a-tracks/cm?. The number of signal «-tracks
amounts usually to 70-400 «-tracks/cm?,

3. The theory of the experiment

Radioactive sampling was carried out by
filtering and by putting filter in contact with
the emulsion, to fix the «-tracks on it. The
particles containing Po?2¢(RaA), Pb2?4¢(RaB),
Bi?¢(RaC), Po?#(RaC’) and other isotopes
(though in less quantity) including the long-
lived ones were sampled by air filtering. But
only .tracks of RaA and RaC’ were generally
revealed under the given conditions of filtration
and photoexposure.

Since RaC’(Po?*'*) has a half-life of 1.637
10-* sec, its atoms captured directly from the
surrounding air have enough time to decay
into Pb?*(RaD) during the contact period
with the filter emulsion. ‘

Thus, the tracks of RaC’ discovered in the
emulsion are formed as a result of the chain
decay of RaA, RaB and RaC filtered from the
air. Therefore, Po?® atoms captured by the
filter leave two a-tracks in the emulsion: firstly,
decaying as the RaA atoms, secondly, as the
RaC’ atoms.

Let us calculate the atom numbers of Po?®
(RaA), Pb214(RaB) and Bi**(RaC) which will
have accumulated on the filter at the comple-
tion of filtering. The following equation system
has to be solved for this purpose:

dM = efNydt— A, Mt + 2 M) ds, i=1,2,3.

(1)

The symbols 1, 2 and 3 correspond respec-
tively to Po?*(RaA), Pb4(RaB) and Bi
(RaC). M{ is the atom number of the 4th
element accumulated on the filter during the
time ¢, N, is the concentration of the sth nuclide
in the air, ¢ is the efficiency of filtering, f is
the air volume filtered per second. My =0 since
radon does not deposit on the filter.

The integration of equations (1) if M} =0 at
¢ =0 results in the equation system:

Ef n n-1
wetgnfo (4

nY=1
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n-1 —ln —/l‘t
Z—— , n=1,23. (2
- A,H(Ak )

k#i

After the completion of sampling the filter
is put in contact with the emulsion during the
time , only after this the registration of alpha-
decay begins. Therefore, at the beginning of
the registration there is the following number
of radioactive atoms of different isotopes on
the filter:

- 5 2, 1 4)

n 1 ~Aity, - Uit
2 —e e 28 (3)
a T -2

:{

The total number of «-tracks calculated in the
emulsion can be expressed by the following sum:

2M

~ M+ M, 3 @)
2

This sum determines air radioactivity due to
the nearest radon daughter products. Figure 2
in the denominator shows that only one side
of the filter was put in contact with the emul-
sion. Substituting M, from formula (3) into
equation (4) the following equation combining
the number of «-tracks calculated in the emul-
gion with the concentration of the Po?#(RaA),
Pb214(RaB) and Bi%**(RaC) atoms in the air
can be received:

f 3
Y Z (ai+ B N (5)

The coefficients «, and §, are constant and
depend on the condition of experiment and the
constants of decay of the considered elements 4;:

l_e—A.t har
o, = = 3 , og=oy=0,
1
3 3 —A,T
(1—eMhyeH (6)
B (H@)Z 5 , 1=1,2,3
j=t
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4. The determination of the constant of
non-radioactive removal of radioactive
aerosols on cloud droplets

Let us make the following assumptions:

1. A cloud consists of mono-disperse droplets.

2. Radioactive aerosols are mono-disperse.

3. Droplets have no vertical motions, their
fall speed is compensated by a vertical motion,
their fall speed is compensated by a vertical
velocity of air

w=C,r? (7a)
which is the well-known Stock’s law, with
C, =constant and r =droplet radius.

4. The processes are stationary.

5. Aerosol deposition on droplets is described
by Smolukhovsky’s formula:

dN KnN
— = — KnN,
dt

(7b)
where N is the radioactive concentration in a
cloud, n is the concentration of droplets, and
K is the coagulation constant,

6. The cloud is horisontally isotropic.

The concentration variation of any ith ele-
ment of the radon chain under standard condi-
tions can be described by the following differen-
tial equation for unit volume of air:

a(N;w)
T + LN+ KnN;~%4 1 N;_,=0. (8)

The first term is the divergence of the th
element (taking into account condition 6), the
second term is the radioactive decay, the third
term is the number of atoms deposited on
droplets and the last term gives the number
of atoms prodused by the mother substance, 4,
being the decay rate of radon and N, its con-
centration.

Applying equation (8) successively to the
RaA, RaB and RaC atoms and assuming in
the first approximation that radon concentra-
tion in the cloud does not vary with height (as
shown later it is approximately justified) and
supposing that near the lower boundary of the
cloud radon is in radioactive equilibrium with
its nearest decay products (SHOPAUSKAS, 1964)
we can integrate this equation by height and
deduce the formula for the N; distribution in
the cloud:
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§-1
szloNo (H /15)
i=1

( M+ Kn )
exp | — z
i w

A A

=10+ En) [T (- 40)

k=1
k+i
1
+ H . (9)
H +Kn) |0
j=1,2,3

N, is the radon concentration in the air, 1, is
the radon decay constant.

It is known (JacoBl & ANDRE, 1963) that
radioactive equilibrium between radon and its
nearest decay products is disturbed near the
earth’s surface but is reached at some (com-
paratively small) height above the surface. This
height depends upon turbulent exchange inten-
sity and convective mixing processes in the
atmosphere. At any rate for the cloud level
the condition

N, i, =const (10)

for radon and its three nearest decay products
can be considered valid. Determining air radio-
activity near the lower boundary of the cloud
by the above-mentioned method equation (5)
(taking into consideration condition (10)) can
be written in the form:

+
P:‘ZON Z“z ﬂi

1

(1

While sounding a cloud at an altitude z above
its base we determine the concentration of the
Po218, Pb214 and Bi%1* atoms described by equa-
tion (9). However, the calculations show that
if 2>15~-20 m (in practice sounding is always
carried out at some height above cloud base)
all the terms except the last one of the system
of equations (9) can be neglected. This is true
for every available value of w, expressed by the
Stoek’s law. Then equation (9) is transformed
into the following system:

1-1
I 4
i=1

N;=2N, , §=1,2 3. (12)

E
H (Ai + Kn)

Putting into equation (5) the values of N,
from formula (12) and substituting 1,N, from
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equation (11) we get an expression combining
the measured values of radioactivity under the
cloud and at some altitude (above 15 m) in
the cloud with the removal parameter (A = Kn)
of radioactive aerosols on droplets:
i-1
3 H li
Z (o, + B) T“_l_
= IT (2 + Kn)
i=1

P
P 3 . (13)
P, Z oy + By

1=1 1}

Since P and P, in this expression can be
measured, the parameter A = Kn can be deter-
mined from equation (13) experimentally. From
this the coagulation coefficient K can be ob-
tained if the droplet concentration n is known.

Equation (13) is calculated assuming that
radon concentration in the cloud does not
change with increasing altitude. If we suppose
that the radon concentration in the cloud varies
exponentially according to

N0=N0‘oe_lz, (14)

then expression (13) will be transformed into

j-1
H Me—zz
i=1

3
2. (o5 +87) 5
=t I_I (11+Kn—xw)

i1

IR
I

-3

(15)

'z o+ By

1=1 )./

Fig. 2 represents the curves of ratio P/P,
calculated by formula (13) for different available
K and n values. In calculations ¢ was taken
equal to 360 sec and t to 30 sec. The ratio of a-
tracks registered by sampling in the cloud at
an altitude exceeding 15 m above the base of
the cloud to the analogus measurements made
below the cloud boundary in the layer near
the cloud’s base enables us to determine A
and K if n is known.

The parameter of radioactive aerosol removal
on droplets can also be determined if the number
of a-tracks formed by Po?:8(RaA) and Po24
(RaC’) is measured and if one makes use of
the condition of so-called non-radioactive
equilibrium.

In cloud air radioactive isotopes are removed
as a result of two processes: radioactive decay
and coagulation of radioactive aerosols with
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Fia. 2. The graph of relative air radioactivity de-
pendence in a cloud air on the coagulation coefficient
(1, at » =100 cm~3; 2, at n =200 cm~3; 3, at n =300
cm™3).

droplets. The coagulation process can be ex-
pressed by equation (7b). The integration of
this equation under the assumption that n is
independent of ¢ results in
N=N,e &t (186)

which resembles the radioactive decay law,
where Kn =A is analogous to the radioactive
decay constant. A is a parameter which con-
trols the radioactive aerosol removal rate.

The conditions of non-radioactive equilibrium
can be written in the form:

loNo= (11+A)Nv
AN, = (A, +A)N,,
ANy = (15 + A) N,

(17)

It was assumed by writing these equation
that A is independent of the nature of isotopes.
This assumption seems to be rather reasonable
ag different isotopes can be present on the same
aerosols.

Solving equation (17) relatively to N, and
by expressing them by N, we get:

1
N7=)'0N0—1__ »

IT 3+ )
71

i-1,2,3.  (18)

Equation (18) enables us to make up the
following ratio:
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F1e. 3. Air radioactivity profiles obtained by intersecting clouds; the air (2) on December 7, 1960, and

(b) on April 13, 1963, in Vilnius district.

N, (+A)(&+A)

) (19)
N+ Ny LA, +2+A)
Nl
Let us express ——=2_8. (19 a)
N,+N,

S can be determined experimentally by M,.
Substituting into equation (19a) the values N,
received after solution of the system of equa-
tions (3) we get (after non-complicated alge-
braic transformations):

S - aM,
dM,+b(M,+cM,)

(20)

where a, b, ¢ and d are numerical coefficients
which can be expressed by radioactive decay
constants ¢ and 7.

Finally, solving equation (19) the removal
parameter A can be determined and turns out
to be

A=§{Z1S— (Az+}'s)

Vay -2+ 1,848 +2(2, + 4]} (21)

The radical has the positive sign before it as A
is physically positive value.

5. The results of the experiment

A few series of cloud soundings have been
carried out and profiles of radioactivity with

altitude have been obtained by the above-
mentioned method. By passing the lower air-
cloud boundary air radioactivity reduces steeply
but does not reach zero. In cloud air radio-
activity variations with height are small and
can often be attributed to errors in measure-
ments. Therefore, it enables us to consider in
the first approximation that radioactivity con-
centration is constant with height. The profiles
of air radioactivity variation by intersecting
clouds are illustrated in Fig. 3.

The decrease of radioactivity concentration
during the transport of air into the cloud to
the constant value of radioactivity concentra-
tion in the cloud takes place in a thin layer.
This decrease with height has been calculated
by formula (9) and by taking into consideration
the system of formula (3). The results of these
calculations are plotted in Fig. 4, from which
we can conclude that not only the system of
equations (9) as a whole but also the simplified
formula (12) can also be used for determining
the removal parameter A.

It follows from Fig. 4 that radioactive aero-
sols entering the cloud coagulate with droplets
in its lower layers. Natural radioactivity of
higher cloud layers depends upon the radon
concentration and does not vary with altitude-
if the radon concentration is constant with
height but should decrease if the radon con-
centration decreases. Furthermore, radioacti-
vity of cloud air is dependent upon the para-
meter A and decreases with its increase.

Table 1 gives the data of the parameter A
and of the coagulation coefficient calculated for:

Tellus XVIII (1966), 2:
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average values of the droplets concentration in
clouds given by Masox (1961), Kara1ian (1961),
ZAartsEv & LepoxkHOVICH (1960). Calculations
have been made by the formula (13) by means
of determination of radiocactivity in two points
under the cloud and at an altitude z within
the cloud. The measurements have been carried
out in Vilnius district and the data under num-
bers 8-10 have been obtained in the Caucasus.

The main experimental parameter is a coeffi-
cient of non-radioactive cleanout of radioactive
aerosols by droplets from the cloud A. As it is
shown in the series of numbers given in the
table the value A varies only slightly though
the measurements are separated not only by
time (1960, 1962, 1963) but also by space loca-
tion (The Caucasus, The Baltic States). The
most frequent value is 6:-10-¢ sec™!, average
value ig 7.6-10-* sec—1l. This value slightly
exceeds radioactive decay coefficients of RaB
and RaC and turns out to be less than that of
RaA. The life of non-radioactive half-removal
of radioactive aerosols calculated by the average
value of A turns out to be 15.2 min. Hence, it
can be concluded that, if A is the same for RaA,
RaB and RaC, then Po?8(RaA) is removed in
general by radioactive decay whereas Pb#¢
(RaB) and Bi?*(RaC) mainly by coagulation
on droplets in clouds.

During a number of flights air was sucked
in through the filters JIOC-1 for isotope compo-
gition determination of radioactivity. A histo-
gramme of «-track distribution by energy is
illustrated in Fig. 1. The large column to the
right represents a-tracks left by Po?* and the
small peak to the left those of Po2?¢. Due to
the smaller number the error in the determina-
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Fia. 4. Air radioactivity variation in the cloud
with height at different coagulation coefficient and
droplet concentration values (at »=200 cm=%: 1,
K=7-10"% cm® gec™1; 3, K=2-10"% em?® sec—!; 5,
K=0.5-10"% cm?® sec™!; at n=300 cm—% 2, K=
2-107% cm?® gec1; 4, K=0.5-10"% cm? sec1).

tion of the «-tracks of Po?® is larger and can
reach 30-40 %. Therefore, M, will have a great
error by the definition of § in formula (20).
Moreover, we determine Pb?“# and Bi%4 atom
numbers, i.e. M, + M,, by the difference of the
e-track numbers defined by Po?* and Po2s
columns. The sum M, + M, is a part of formula
(20) where ¢=1.137 under the conditions of
experiment. By calculations we succeeded in
proving that the measured value M, + M, differs
negligibly from M, +c¢M, The last value in-
creases with decreasing A. For possible varia-
tions of A from 10-2 to 10-¢ sec-! the ratio

TasLE 1. The values of washout parameter A and of the coagulation coefficient K.

Measured Mean
Sampling Clouds values A values K
N date type PP, sec—! em—3 em?® sec—!
1 July 11, 1960 Sc 0.26 9.10—* 300 3:10-¢
2 Aug. 8, 1960 Se 0.35 6-10-¢" 300 2.10-
3 Dec. 6, 1960 St 0.30 6-10—¢ 200 3:-10-¢
4 Dec. 7, 1960 St 0.29 6-10-4 200 3.10-¢
5 Sept. 12, 1962 Cu 0.23 9.104 300 3-10-¢
[} March 5, 1963 St 0.14 16-10—* 200 8.10-¢
7 Apr. 13, 1963 Se 0.35 6-10-4 300 2.10-¢
8 June 22, 1963 Se 0.35 6.10-2 300 2.10-¢
9 June 26, 1963 Sc 0.32 6-10-+¢ 300 2.10-¢
10 June 27, 1963 Cu 0.32 6-10-4 300 2-10-°

Tellus XVIII (1966), 2
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(M, +cM,)/(M, +M,;) changes from 101.4 to
114.0 % which enables us to take the value
107 % in our calculations and to increase by
using formula (20) the experimental value
M,+M; by 7 %. Furthermore, this value cor-
responds to the increase of M, +cM; at the
average value A obtained by the first method.

Consequently, the determination of A by the
second method is fraught with a lot of errors
whereas the accuracy of radioactivity deter-
mination by ea-tracks number (it was used in
the first method) is rather good and the radio-
metric error does not exceed 8-10 %.

B. 1. STYRA ef al.

On the basis of data obtained during the
flights the average value M,/(M,+cM,) was
calculated and the constant of non-radioactive
removal of radioactive aerosols from cloud air
was determined by formulas (20) and (21); this
constant proved to be equal to 2.7-10-2 gec—.
It is approximately 2-4 times higher than the
values obtained by the first method and it
can be partly accounted for by inaccuracies in
the isotope composition determination of air
radioactivity.
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ONNPEJEJEHUE HEKOTOPBIX ITAPAMETPOB Y IAJIEHIA PAANOAKTUBHEBEIX
ADPO3OJIEN U3 BO3Y XA

IlpuBogATcA pBa MeToga H&JIA OOpefelieHUs
ImapaMeTpa HepajMOAKTHBHOTO YAAJeHNA pa-
AMOAKTUBHBIX a’po3ojiefl HA Kamau o6JaKa u
Koo uUureHTa KOAryJIANMU Kallelb € a3p030-
sgamu. IlepBHIlf MeTox OCHOBAH HA pelleHHU
oupdepeHINANBHOI0 YpPAaBHEHMA [JIA CTANHNO-
HApHBIX YyclIoBHIL B o0nawke IpH OTCYTCTBUH
TypOyJeHTHOTO INepeMeIMBAHUA M IpH HAJU-
YyuMu cBefleHU# 00 u3MepeHMU KOHIEHTpaLUKu
PanMOAKTHBHEIX BelWeCTB B BO3AyXe MNOx U
BHyTpu o6naka. Bropoilt Merom OoCHOBAH Ha
peLlIeHNM CHCTeMBl ypaBHEHMU HepajuOaKTMB-
Horo pasHoBecusa AjaA Rn, Po2is, Pb2is u B2y
B 30He o0xakKa.

TIpodunu pacnpepeieHMs PATHOAKTUBHOCTH

B BO3QYXe NPU NPOXOMKACHUM 06JIaKa MOJTyUeHH
C INOMOIUNLI0 YCTAHOBKH, KOTOpasg OTQUIBTPO-
BBIBAJIA KAILIM U JIABAJa BO3MOMKHOCTH H3MEPUTH
KOHI[eHTPALUIO PAafiMOAKTUBHEIX BeIlecTB B BO3-
ayxe ofaaka. JlaTyMkaMu CAy:UIa sAgepHas
amyabcud THna A.-2. Ilo gaHHBHIM 0 KOHIlEHTpA-
UM «-CTeJ0B B oMYJIBCHH ONPefeNsanach pagno-
aKTUBHOCTh NIPOOHI, & MO pacIpelelleHNI0 JHIUH
o-TPEeKOBU30OTONHEI COCTAB PafMOAKTUBHBIX Be-
mectB. Ilo MaHHHIM SKCHEPUMEHTAJIBHHX W3Me-
peHuit U TeopeTUYECKUM CXeMaM II0JIy4YeHH 3HA-
YeHus mapaMerpa ygajlenunsa A=(6--16)101
1/cer u wroadpdunUeHTA KOAlYyIALHMH PATNOAK-
THBHHIX aapo3oieil ¢ wanuamnm K= (2--8)10-8
cM3/ceK.
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