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ABSTRACT

An electrial ion mobility analyzer has been built for the study of the environmental
aerosol particle size spectrum and of the distribution of natural activity on this spectrum
in the size range 10~ 5cm >7>10-%cm. The mobility analyzer was carefully tested by a
new method to prove the laminarity of flow and the air velocity distribution inside the
apparatus. The quantity of charged aerosol particles classified into discrete mobility
(or size) groups was estimated by the a-radioactivity of collected particles tagged
before entering the analyzer by ThB ions. The electrical mobility analyzer was then
completed by a sonic jet diffusion charger for unipolar aerosol charging by diffusion
and the elctrical parameters of this device were tested to ensure reliable operation.
The activity size spectra A(r) were transformed to relative particle size distribution
curves N(r). The measurements were carried out in Stockholm, Sweden, under varying
physical conditions (varying the activity, the residence time, the collector voltage or
applying the diffusion charger for unipolar charging of particles). All experiments gave
very similar results. The activity curves A(r) of positive and negative particles as a
function of radius show a similar profile with a maximum in the region of radius
r=3-6 x10~% cm corresponding to Junge’s model of aerosol particle distribution. The
calculated relative particle size distribution curves N(r) are not always characterized
by a peak as expected from Junge’s model but are increasing below radii » < 10~% em,

8o that no pesek is evident.

1. Introduction

The environmental inactive aerosol size
distribution has been studied by a number of
investigators for instance Junge (1953 and 1955),
Holl & Miihleisen (1955), Mohnen & Stierstadt
(1963) and others using quite different methods.
The charge distribution of aerosol particles has
been studied by Gunn (1955), Gillespie &
Langstroth (1952), Keefe, Nolan and Rich (1959)
and others. The attachment coefficient be-
tween aerosol particles and small ions has been
studied theoretically and/or experimentally by
Lassen and Raul (1960), Lassen (1961), Jacobi
(1961), Siksna (1963), Fuchs (1963), Baust (1967)
and others.
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The size range of environmental aerosol
particles covers several orders of magnitude in
radius with approximate limits of 10-3 to 10-7
cm. Previously only parts of this spectrum had
been investigated due to the size limits of the
various experimental methods used. Particle
spectra down to radii below 10-* cm are well
known as they have been studied by direct count
under the optical microscope. Particles of radius
less than 105 cm are counted in total by con-
densation nuclei counters. However, to deduce
nuclei spectra from ion spectra the fraction of
charged particles must be known, which just
in the region about 10—¢ cm is not well deter-
mined and contains inaccuracies and errors.

At present two methods are useful for the
determination of size distribution of natural
aerosols in the submicronic region (r <10~* em):
separation of particles by an electrical field or
by centrifugal forces. The method of electro-
static separation with unipolar charging of
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aerosol particles in a corona discharge has been
used by Wilkening (1952), Stierstadt & Papp
(1960) and by Salbreiter & Stierstadt (1966).
As the electrical charge distribution of particles
having passed the corona is disturbed (out of
equilibrium), it is quite difficult to use this
method for quantitative measurements. Other
investigators have used the tagging of aerosol
particles by radioactive tracers. This method
used originally by Shapiro (1956) and by
Chamberlain & Dyson (1956) was improved and
used successfully in the estimation of size
distribution of the environmental aerosol by
Mohnen & Stierstadt (1963). Another type of
aerosol particle unipolar charging before the
electrostatic separation process has been used
by Whitby & Clark (1966) in their “‘sonic jet
diffusion charger’.

Another method for the estimation of aerosol
particle size distribution is the separation by
centrifugal forces. There are two main types of
centrifuges for this reason: the Goetz-Aerosol-
Spectrometer (Goetz & Kallai, 1962; Goetz &
Preining, 1961) and the Conifuge (Sawyer &
Walton, 1950; Keith & Derrick, 1960). In spite
of some criticism concerning the theory of the
Goetz-Spectrometer it has been used by several
investigators for the determination of environ-
mental aerosol size distribution in the region
2 pym>r>0.02 ym: Schumann (1963), Baust
(1967) and Reiter & Carnuth (1967). The Coni-
fuge is not produced commercially and further
it is still being developed in order to cover also
small particle sizes and to increase its collection
efficiency. The results in Conifuge construction
announced by Stober (1967) seem to be quite
promising.

Some other methods for the determination of
environmental aerosol size distribution are still
used, the electron-microscope counting and
sizing of particles (Junge, 1953) and the diffu-
sion method (Twomey & Severynse, 1963).
Other methods used for the sizing of aerosol
particles are the impactor method (Kawano &
Nakatani, 1961) and filter pack method (Schleien
Friend & Thomas, 1967). These do not deliver
exact results as they are sizing the aerosol
particles in a limited range into a few groups
only.

In our investigations of the environmental
aerosol particle size distribution, carried out in
Stockholm, we were interested in the region
10-% cm >7 >10-% cm, and we have chosen the
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method of electrical separation of aerosol
particles previously tagged by the decay prod-
ucts of thoron.

2. Fxperimental arrangement

2.1 Electrical mobility analyzer

The present experience from published results
showed that for aerosol particle sizing in the
region 10-5 cm >7>10"% cm the electrostatic
method has many advantages. The ion mobility
of charged aerosol particles is usually measured
by passing the aerosol in a laminar stream
through a cylindrical condenser in which a radial
electrical field perpendicular to the direction of
aerosol flow is maintained. This radial electrical
field precipitates the charged particles on the
condenser electrodes permitting the particle
mobility to be calculated.

The samples thus obtained are primarily
classified according to the ion mobility of the
aerosol particles. To get a spectrum according to
the particle size, it is necessary to assume that
the particle mobility is a single valued function
of its particle size (valid for particle radius
7 <2 x10-% cm), or a correction for multiply-
charged particle fraction is necessary or the
aerosol particles must be charged artificially so
that the condition of single charged particles is
fulfilled (Whitby & Clark, 1966). The relation
between ion mobility and particle radius can be
calculated from equations or estimated from
figures published by Israél (1957).

2.1.1 Theory of an electrical mobility analyzer
of cylindrical type. For the measurement of the
ion mobility spectrum the air flow in the
mobility analyzer must be exactly laminar and
the velocity over the eross-section might have
a particular profile unchanged along the axis of
the chamber. The flow of a viscous incompress-
ible medium between two concentric tubes is
described by the Navier-Stokes’ equation:

do(r)

dv(r)
nlor—s=-rap (1)

nl

where 7 =dynamic viscosity, ! =length of the
tube, v(r) =velocity at radius r, Ap =pressure
difference between the opposite ends of the tube.
The equation (1) is valid for laminar flow and
for a tube of a certain length, where the be-
ginning disturbances at the orifice are smoothed.
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Fig. 1. Electrical aerosol mobility analyzer. I,
serosol input; 2, dividing chamber; 3, clean air input;
4, flow straightening rings; 5, circular slit; 6, central
collector rod (electrode); 7, outside cylinder (elec-
trode); 8, aerosol output; H. V., high voltage.

The velocity distribution which is built up does
not change as a function of the length of the
tube.

The Navier-Stokes equation (1) can be used
for the calculation of the air velocity distribu-
tion (Petrausch, 1967). After integration of
equation (1) another equation for velocity
distribution is obtained:

A
v(r)=_—7;r*+0,1nr+c, (2)

47

where the constants C; and O, are estimated by
the initial conditions (where r,, 7, =radius of
the outer and inner cylinder):

v(r,) =0 v(ry) =0 (3)
If the arbitrary distribution of stream-velocity

is supposed to be »(r), the flow-rate @ is expressed
as follows

Q=2nf lv(r)rd7‘=271[1"1(7‘1)—F(7'2)] (4)

LE]

where F(r)= jv(r)rdr. The trajectory of an ion
can be written as

dx dx dt 1
_— = -t — = ’U(T) —_—
dr dt dr kE
de  Inrjr,
dr w T ®)

where k =mobility of an ion, E =electrical
field, U = potential difference between the outer
and inner cylinder and z =distance from the
entrance along the axis. Integrating equation
(5) we obtain
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AEROSOL INPUT

CARRIER AIR

Fig. 2. Schematic of the electric aerosol mobility
analyzer with auxiliary equipment. ], large mixing
chamber (volume 480 1); 2, small mixing chamber
(volume 28 1); 3, mobility analyzer; 4, high voltage
source; §, F, filter; 6, gasmeter; 7, air-blower;
8, air-blower; 9, gasmeter; 10, absolute filter; 11, F,
filter; 12, gasmeter; 13, air-blower; 14, compressed
air cylinder; 15, flow-meter; 16, dry thoron-source;
17, rubber-balloon; 18, decay-tubes; 19, bubble-
chamber; 29, F, {ilter.

1
= - Ty v(r)rdr
kU

_ In Ty

x = [F(r)+ F1] (6)

For initial conditions r=r, at =0 (aerosol
inlet) then follows
Fi1= - F{r,)

Critical mobility k. is obtained by putting
r=r, and x=1[ (where I=Ilength of the central
electrode)

PR T T
c lU [ (7‘1) - (Tz)] (7)
_Innr, Q
¢ U 2n 8)

This shows that the critical mobility &, does not
depend on the velocity distribution but on air
flow-rate. The critical mobility is characterized
by the dimension (cm? xsec-! xvolt-?); it
means that with a given potential difference U
between the electrodes all charged partieles or
ions with a mobility k >k, are attached to the
central electrode.

2.1.2 Construction of an elecirical mobility
analyzer. We used an electrical mobility analyzer
of cylindrical type, Fig. 1, which was in princi-
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4 [em.s]

Fig. 3. The air velocity distribution inside the
mobility analyzer. Experimental curve ( )s
calculated curve (———-).

ple similar to that described by Mohnen &
Stierstadt (1963). The charged aerosol particles
(pos. or neg. sign) were precipitated on the
central collector rod with 10 rings. To get the
collected particles on this rod easily for radia-
tion measurement, 10 pieces of thin (0.1 mm)
aluminium foil were attached to the rings of the
central collector rod and after removal from the
rod they were counted for a-radioactivity.

The whole arrangement is shown in a schema-
tic form in Fig. 2. Before entering the mixing
chamber (I) with a volume 480 1 the environ-
mental aerosols were tagged by ThB-radio-
activity from a dry thoron source (16). Some
decay tubes (I18) were used for decreasing the
activity of thoron and before entering the pipe
into the mixing tank all decay-products of
thoron were removed in filter F, (20). In the
mixing chamber (I) the decay products of
thoron became attached to the aerosol particles
and afterwards the aerosol stream was led into
the second chamber (2) with volume 28 1 where
the flow was divided into two parts. One part
continued through filter F, (11) and enabled an
estimate to be made of the activity in the large
mixing tank (I). The other part continued to
the electrical mobility analyzer (3).

As filter-material we have used for filters F',
and F, the Gelman GA3 membrane 1.2 u
filter with a diameter @ 100 mm. The same type
of filter but with smaller diameter 2 26 mm
has been used for F, in the thoron line. For
carrier air line an absolute glass-fiber filter of
type Gelman Glass Fiber “A” of g 100 mm
diameter has been used.

The flow rates used in all experiments were
adjusted to these values: the aerosol input to
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the mobility analyzer @, = 2.88 1/min, the carrier-
air input @, =18 l/min and the analyzer output
Q; =20.88 1/min. At these flow-rate values the
original equation (8) reduces to a simple relation
for the center of each ring of the central rod
(impaction point):

1
ko= @ (cmz sec™! volt™") (9)

where U =voltage on the inner electrode (the
outer electrode was earthed), a; =constant
summarized for the 10 impaction points (¢ = 1—
10) as follows:

2 1 2 3 4 5

ai 20.00 6.67 4.00 2.81 2.22
% 6 7 8 9 10
ai 1.82 1.56 1.33 1.18 1.05

The collecting orifice of the aerosol input was
situated about 2 m above the ground outside a
low laboratory building.

2.1.3 Experimental determination of air veloc-
ity distribution. The velocity distribution,
calculated from the theory presented above
(equations (2) and (3)) for our geometric arrange-
ment and the total flow-rate @, =20.88 l/min
is illustrated in Fig. 3 (———-).

An experimental estimation of air velocity
distribution was tried at first by a method
developed for this purpose by Misaki (1960).
The air flow pattern and velocity distribution
inside the mobility analyzer had to be proved
with the aid of streams or puffs of smoke in-
troduced into the air stream. For this purpose
the outside metal cylinder was replaced by a
transparent perspex one which allowed optical
inspection of the flow pattern inside the
mobility analyzer. For creating smoke puffs a
special device was constructed. If the period of
chopping is known, the velocity of the air can
be determined by measuring the distance of
successive puffs with the aid of photography at
different positions between the outer and inner
cylinder, where the glass nozzles ejecting smoke
puffs were fixed. As the photographic method
proved troublesome in practice we have chosen
a quite simple method of optical inspection and
measuring the velocity of the smoke puffs at
varying radial distances on a defined length base
(parallel to analyzer axis). The linear velocity
v(r) as a function of the radial distance r showed

Tellus XXIIT (1971), 4-5
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Fig. 4. Smoke plume in a laminar air-flow. The flow-rate is 20.88 1/min.

Fig. 5. Smoke plumes in a turbulent air-flow.
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middle _3
electrode
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Fig. 6. Collecting device with two electrodes for
tracer laminarity experiment.

& parabolic relationship as shown in Fig. 3
The mean linear velocity ¢ calculated from the
air flow-rate @, is 2.8 cm sec—1. Comparison with
the Reynold’s formula for critical velocity o,
when laminar flow converts to turbulent one,
indicated that the mean velocity used # = 2.8 cm/
sec i8 under the critical velocity @, =22 em/sec
(for an ideal pipe with convenient margin) for
the dimensions of this analyzer. The behaviour
of smoke plumes inside the mobility analyzer
showed clearly the pattern of air-flow at dif-
ferent radial distances from the central rod
(white base line on Figs. 4-5). When the air-flow
is laminar (Fig. 4) the smoke plumes are stright
lines without remarkable increasing of their
width. At high air flow-rate (Fig. 5) the smoke
streaks disappear under the mixing action of
turbulence.

As a complement to the described optical
observations a further control experiment was
carried out using a radioactive tracer. At the
place for the last 10th ring on the central
electrode (corresponding to the minimum ion
mobility) a collecting device was mounted as
shown in Fig. 6. This device consisted of one
outer electrode (earthed) and one middle
electrode connected to a —200 V battery. The
experiment was carried out under the same
conditions as in the subsequent aerosol experi-
ments, i.e. with aerosols tagged by ThB atoms.
However, no voltage was applied to the analyzer
(between the central electrode and the outer
cylinder wall). The «-activity was then measured
on the central plate of the collecting device in
seven strips step by step. The result is illustrated
in Fig. 7. The conclusion was that the aerosol
stream from the cylindrical slit diffuses to-
wards the central electrode during its passage
through the analyzer, not, however, to such an
extent that it with any significance reaches the
central electrode. The ions with critical mobility
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Fig. 7. Activity measurement on the collecting
device put into the mobility analyzer instead of the
10th collector ring.

k >k, are moving on a parabolic path inside the
laminar carrier air. This is of great importance
with regard to the experimental conditions
essential for the subsequent aerosol experiments.

2.2 Supplementary apparatus

2.2.1 Radioactive dry thoron emanating source.
As a thoron generator for aerosol particle
tagging a dry source of radio-thorium (Th2s)
prepared by the method of Hursh & Lovaas
(1967) has been used. The activity of our source
of Th2z type RLS1 (delivered by the Radio-
chemical Centre Amersham, England) was about
0.58 mCi Th2», The recommended air flow
through the source is about 10 1/h. The output
activity of thoron and its decay products was
varying with the number of decay tubes used in
the experiment.

In all measurements of the ThB-activity the
a-measurement on its decay-products ThC -+
ThC! was used and therefore some corrections

[eA]  p=25atm. Q=34 i/min.
120
100 2i s
1 fa | 4
SRR DS
3
pmnra vk
5
/ 5| 6
) f /J //'6 :
20 — //f,;ﬁfr ?
—"{(:J"/B
-3 -4 A 17)
17

Fig. 8. Sonic jet diffusion charger. Corona current
I, as function of corona voltage U; needle-to-orifice
spacing S as parameter. Pressure p and flow-rate @
of compressed air constant.
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Fig. 9. Sonic jet diffusion charger. Corona current I,
as function of corona voltage U; pressure p of
compressed air as parameter. Needle-to-orifice
spacing S constant.

were necessary (Evans, 1955). Our ThB activity
values are valid at time ¢ =0 (at the end of the
experiment) and therefore a further correction
for the decay of ThB was necessary.

2.2.2 Sonic jet diffusion charger. The ion
mobility analyzer is capable of separation of
charged particles only; for the estimation of the
uncharged fraction of atmospheric aerosol in
the measured size-range further theoretical
calculations are necessary. For a direct measure-
ment of this uncharged fraction the uncharged
particles must be charged. Whitby & Clark
(1966) used for this purpose unipolar negative
charging by a special diffusion charger called
“gonic jet diffusion charger”’. We have used this
design of the diffusion charger in some of our
experiments. Negative ions generated by a sonic
jet corona generator (Whitby, 1961) are ejected
downward through a small orifice (0.35 mm)
in the metal anode into a conical space where
they mix with the aerosols entering from an
annular slot. The entering aerosols are charged
by diffusion as they mix with the ions. A
plastic cone leads the charged aerosol particles
to the storage vessel. The total free ion current
I, is monitored by & vacuum tube voltmeter
with high input resistance (Hewlett Packard
mod. 425A) connected between the charging
chamber and the earth.

The operation of the charger was tested by
examining its electrical parameters. At first the
dependence of corona current I, on corons volt-
age U was estimated at various needle to
orifice spacings S (Fig. 8). Then free ion current
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Fig. 10. Sonic jet diffusion charger. Free ion current
I, output as function of corona voltage U; pressure
p of compressed air as parameter. Needle-to-orifice
spacing S constant.

I, output as a function of corona voltage U at
various needle to orifice spacings S was tested.
Further the corona current I, as function of
corona voltage U at varying compressed air
pressures p was measured (Fig. 9). In Fig. 10
the free ion current I, as a function of corona
voltage U at different pressures p is illustrated.
Finally Fig. 11 shows the corona current I, and
free ion current I as function of the pressure p
at constant needle to orifice spacing S and
constant corona voltage U. From the character-
igtics illustrated in Fig. 8-11 the following
values were chosen as operational parameters:
corona voltage U =5 kV, needle to orifice
spacing S =1 mm, pressure p =2.5 atm at @ =
3.4 1/min. Using the sonic jet diffusion charger
for unipolar aerosol charging the apparent

[wA] S=25mm U=-575kV [n4]
20 20
¥
15 15
A .l/i lli

10

W

10 /

1 2 3

[atn]

Fig. 11. Sonic jet diffusion charger. Corona current
I, and free ion current I, as function of pressure p
of compressed air at constant needle-to-orifice
spacing S and constant corona voltage U.
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particle count then delivered by the mobility
analyzer should be corrected by a factor C
(single efficiency factor depending on particle
radius ), which takes into account the com-
bined space charge loss and charging efficiency
as recommended by Whitby & Clark (1966).
The useful lower particle size limit of the
instrument is about radius r=8 x10-7 cm,
since the fraction charged and collected rapidly
approaches zero below this size.

3. Measurement of environmental aerosols

3.1 Method of particle size evaluation

For the evaluation of the activity curves A(r)
of positive and negative particles delivered by
the electrical mobility analyzer as a function of
their ion mobility the process of attachment of
radioactive ions and atoms to aerosol particles
must be known. The theory of attachment
published by Baust (1967) was adapted especi-
ally for the attachment of ThB ions and atoms
which were used in our experiments for radio-
active tagging. The ecalculated attachment
coefficients of ThB ions and of ThB neutral
atoms were then applied for a special case of
charge distribution, symmetric bipolar aerosol.
For all radii the number of positive and negative
charges are the same in this case. The total
attachment coefficients #(r) for ThB were
calculated by Baust as a function of aerosol
particle radius. With the aid of a known charge
distribution (supposed to be symmetric) and of
the total attachment coefficients for ThB the
total particle size spectrum can be estimated.

At first the activity distribution as a function
of impaction point (the distance on the central
electrode from the zero point) must be converted
with the aid of equation (9) to the activity
distribution as a function of ion mobility. Using
the known relation between the radius and ion
mobility of the charged particles (Israél, 1957)
this distribution can be further converted to the
activity distribution as a function of radius.
All particles are estimated to carry one elemen-
tary charge. Further correction to a constant
radius interval Ar must be made as the constant
length interval Al does not correspond to a
constant radius interval Ar.

The correction to multiple charged particles
should be made as the double, triple and multiple
charged particles are deposited at different
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impaction points. This correction for multiple
charged particles was not used in our evaluation.
The error introduced in the region between
10-% cm —5 x 10-% em is estimated to be about
10-159%,; in the region below 5 x 10-¢ cm it is
much lower.

Assuming that the symmetric bipolar charged
aerosols are not changed by the ThB attach-
ment, dividing the activity spectrum A(r) by
the total attachment coefficient #(r) we get the
fraction N, (r) of the charged aerosol of radius 7.
The total number, N(r), of particles of radius r
can be deduced from the charged fraction from
the equation

N(r)=P(r) >, Ny(r) (10)
p=1
where
No(r)
Plry=og—""+2 (11)
> N7
p=1

The first term in eq. (11) can be calculated from
the known fractions of p-times charged aerosol
particles in a symmetric bipolar aerosol. When-
ever the activity curves A(r) of both polarities of
particles were available the positive curve was
used for particle size distribution.

3.2 Technique of collection

Our measurements of environmental aerosol
gize distribution were made at the National
Institute of Radiation Protection in Stockholm
during summertime and they consisted of 32
experiments. The experiments ran from 16.00
hours overnight till 09.00 hours in the morning,
that is 17 hours. At night the aerosol composi-
tion is quite stable as Hasenclever & Siegmann
(1960) demonstrated, although during the day
it varies depending on the meteorological
conditions and artificial influences. Our experi-
mental conditions were constant: aerosol flow
rate @; =20.88 l/min, the voltage between the
electrodes U = +100 V, +1 kV, +10 kV, All
drifts in the flow-rate or in the voltage be-
tween the electrodes were corrected so that
they did not influence any mobility shift. The
activity of ThB used in the mixing chamber was
chosen at three different values: 4, =120 - 10-°
Ci/m® +109%, A,=20-10"* Ci/m?®+27% and
A3=2.6-10-1 Ci/m3+13%. Two values were
adopted for the residence time of the environ-
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Fig. 12. Activity of positive ( } and negative
(----) charged particles as a function of particle
radius r. Relative particle size distribution of an
environmental aerosol (—-—-—- ). Activity of ThB
A, =120 %10- Ci/m?®+10 %, residence time Ty, =
88.2 min (Series A).

mental aerosols in the large mixing chamber:
Tr, =88.2 min, Tz, =10 min. Also the filters F,
and F, were measured. All the x-measurements
were arranged 5 hours after the end of collection.
The activitites were expressed as ThB activity
at the end of collection (¢ =0).

Our measurements of environmental aerosols
consisted of five series using different experi-
mental conditions (using tagging by ThB):

Resid-

ence time
Series Activity (min)
A A,=120 -107°Ciim®+10 % Tri(88.2)
B A;= 20 -10-1°Ci/m®+27 %  Tg1(88.2)
C Ag= 2.6 -10-1°Ci/m**t13 %  Txe(10)
D Ay= 1.73-10°Ci/m®*+ 3.1% T=r«(10)
E Ag= 3.95-107Ci/m®+ 3.9% T=r(10)
F Natural activity

Series A-C were arranged using different collec-
tor voltages (+100 V, +1 kV, +10 kV)
corresponding to three ion mobility ranges (for
both signs):

1) 10~ to 10-2 cm?® sec~! volt—1 ( £ U)
2) 10-% to 10-3 em? sec—* volt~! ( +TU)
3) 10-% to 10— cm? sec—! volt—! ( +U)

Tellus XXIII (1971), 4-5
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Fig. 13. Activity of positive ( ) and negative
(----) charged particles as a function of particle
radius . Relative particle size distribution of an
environmental aerosol (—:—--- ). Activity of ThB
A;=20x10"1 Ci/m®+27%, residence time T'p,
= 88.2 min (Series B).

The three curves of every sign were then put
together and a complete mobility curve for
positive and negative particles ranging from
10-1-10-* cm?sec~?! volt-? was obtained.
Series D was a control measurement where
another collector voltage was used (+500 V,
+5 kV) to prove whether the curve corresponds
to that of the previous experiments. Series E
was made with the aid of the sonic jet diffusion
charger, characterized by unipolar negative
charging of particles. Series F was made with
particles carrying the natural radioactivity only
(without previous tagging by ThB) at mean
activity value A4,=0.18 x10-1° Ci/m?® +259,.
In this last case the results are—as expected—
uncertain because of low activity. The mean
S.D. ¢ in the «-radioactivity measurements is
9%, if Series F is excluded. Thirteen per cent
of the measurement points has a S.D. of more
than 159, but less than 27 9% (max.) preferably
in the size region <10-% cm. Series F has a
mean S.D. of 329, (429 intheregion <2 x 10-¢
cm and 189, in the region >2 x 10-¢ cm).

3.3 Experimental results

As afirst step the activity of postive ( yand
negative (— — — —) charged particles as a function
of particle radius r was estimated by the process
described in the previous chapter 3.1. The
results for different experimental conditions
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Fig. 14. Activity of positive ( } and negative
(----) charged particles as a function of particle
radius r. Relative particle size distribution of an
environmental aerosol (—-—-—-). Activity of ThB 4,
=2.6 x1071° Ci/m®+13 %, residence time T g,=
10 min (Series C).

{Series A-F) are presented in Figs. 12-17. All
of the curves show similar profiles and a
maximum dominating the region between
radius 7 =3-6 x 10-* em can be observed. One
exception is in Series F (natural activity distri-
bution), where the curve increases towards the
upper end of the diagram (r =10-* cm), but as
mentioned above the results of Series F are
not absolutely reliable because of the low
activities. From the similar results presented in
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Fig. 15. Activity of negative charged particles as &
function of particle radius r. Relative particle size
distribution of an environmental aerosol (—-—---).
Activity of ThB A4,=1.73x1071 Ci/m®+3.1 %,
residence time 7'g; =10 min (Series D).
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Fig. 16. Activity of negative charged particles as a
function of particle radius r. Activity of ThB A4, =
3.95 % 1071 Cijm®+3.9 %, residence time Tp,=
10 min (Series E), unipolar charging (Whitby).

Figs. 12-16 (Series A-E) we can draw these
conclusions:

1. The results obtained were dependent
neither on the ThB activity used for particle
tagging nor on the aerosol residence time in the
large mixing chamber (Series A-C). Although
the ThB activity was varied by a factor of
6, no alteration in the activity distribution
curve has been observed; the same applies to
the variation of residence time by a factor of 8.8.

2. The operation of the apparatus is reliable
at different collector voltages (comparison of
Series A—-C to Series D).

3. The operation of the mobility analyzer in
connection with the sonic jet diffusion charger
for unipolar charging of all aerosol particles
(Series E) is quite satisfactory.

4. The size distribution of the environmental
aerosols especially during the nights when our
measurements were arranged seems to be quite
stable within the size region of radius 10-% >r >
10-¢ cm.

5. The reproducibility and reliability of the
apparatus has been verified by the good agree-
ment found in the comparison of activities of
filters F, and F, to the summed activities
>3 ‘U of individual rings (¢ = 1-10) on the central
collector electrode at voltage +U.

In the experiments Series A—C the activity of
negative charged particles (ions) especially in
the region of the peak (r=3-6 x10-* cm) is
higher than that of positive charged particles.
The ratio of activity of negative to positive
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Size group pos. neg.
(radius) (%) (%)

Small middle ions (2.4 x10"7cm <r<7.8x 10-7 cm) 5.6 2.7
Large middle ions (7.8 x 10~ 7em <r<2.5 x 10-%cm) 27.9 23.4
Langevin ions (2.56x10°%cm<7r<5.7x10"%cm) 41.3 47.1
Ultra-large ions (r>5.7%x10"%cm) 25.2 26.8

particles in the peak region increases with
increasing activity inside the mixing chamber.
This can be explained as follows. The mobility
of negative ions is higher than that of positive
ions. With increasing activity inside the mixing
chamber there is increased ionization and the
maximum of charge distribution is moving to
the negative side as a consequence of the
unequal mobility of ions.

A further interesting region in the activity-
particle size spectrum seems to occur in the
region of r =2 x10-% c¢m, where a small sec-
ondary peak appears in the particle-curves
(Series A-C). This secondary peak can also be
observed in Series D-E. Below this secondary
activity peak towards radii r<2 x10-%* cm
(mobilities K >1.7 x 10-* em? sec~! volt~!) the
activity curves of negative particles are crossing
the activity curve of positive particles so that
below r =10-* cm the activity curve of positive
particles dominates that of the negative parti-
cles.

By planimetric comparison of different particle
gize groups according to Israél’s classification
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Fig. 17. Natural activity of positive ( } and

negative (----) charged particles as a function of
particle radius r. Natural activity 4,=0.175 x 10-1°
Cifm3 +24.7 %.
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(1957) of ions we can find the distribution for
positive and negative particles in Series A (se
above).

In Fig. 18 our results are compared with
published data of other investigators using
different methods. In this figure the theoretical
conclusions are illustrated together with experi-
mental results as integral activity distribution
curves of atmospheric aerosols, that is the
integrated activities of all particles with radii
smaller than 7 as a function of 7. Both full curves
in Fig. 18 are calculated applying Lassen’s
attachment formula (1961) for the influence of
electrical forces on the attachment process on
two different models of inactive aerosol size
distribution: the Junge’s model (1962) and Holl-
Miihleisen’s model (1955). As Schumann (1963)
presented, all the experimental results published
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Fig. 18. Integral activity distribution in the atmos-
pheric aerosol. Upper curve: Lassen’s attachment
formula (1961) applied to Holl-Miihleisen’s aerosol
distribution model (1955); lower curve: Lassen’s
attachment formula applied to Junge’s aerosol
distribution model (1962); - - - -, Baust’s attachment
coefficient (1967) applied to Junge’s aerosol distri-
bution model; —-—~-—-, Schumann (1963) natural
radioactive aerosol; —--—--—, Schumann (1963)
aerosol tagged by ThB; ...., measurements by
Bricard; ————- , measurements by Wieser (1966);
—~——, measurements by Mohen & Stierstadt (1963);
0O—-0-0-0, measurements published in this paper
(Series A).
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by different investigators and transformed to
integral activity distribution curves j T A(r)dr
are with few exceptions located between Junge'’s
and Holl-Miihleisen’s curve (see Fig. 18). This
fact is verified by activity distribution curves
published by Schumann (1963) (on natural
radioactive aerosols and on aerosols tagged by
ThB), also by integral activity curves derived
from papers of Bricard (1965), of Wieser (1966)
and of Mohnen & Stierstadt (1963). Our own
results, calculated from Series A, are most
similar to the integral activity distribution
curves of Mohnen & Stierstadt in spite of
different geographical and climatic conditions;
this might be explained by similar methods
(electrical mobility analyzer) used in both
measurements. The methods used seem to in-
fluence the results even in other cases: compar-
able results were also obtained by Schumann
(1963) and of Wieser (1966) with tagging of
particles by ThB.

The activity distribution curves were then
transformed to relative particle size distribution
curves N(r) (dot-dashed curves in Figs. 12-15).
The particle size distribution curves do not show
the significant peak predicted by the Junge's
model of aerosol size distribution. The particle
gize distribution curve increases for smaller
particles (Fig. 12. and 14) or seems to reach a
constant value (Fig. 13). This observation is not
in agreement with the results of Mohnen &
Stierstadt (1963) either. Towards larger particle
sizes the rapid decrease of the particle size
distribution curve corresponds to Junge's
aerosol distribution model. In the particle size
distribution curve in Fig. 15 (Series D) a peak in
the region r =2 x 10~ cm can be detected.

4. Discussion

The environmental aerosol particle size distri-
bution is an object of intensive investigation from
different points of view and therefore many
papers on this subject have been published in
the last few years. The indirect methods for
these investigations are quite different in
principal from the direct observation of sub-
micronic particles which is only possible by
electron microscopy. Furthermore, the results
differ from each other and it is difficult to
distinguish the differences originating from
different methods from those resulting from
differing conditions in the environment.
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The electrical mobility analyzer used in our
studies operates in the region of particle radii
10-% cm >7 >10-% cm. At first we have proved
the operational characteristica of this mobility
analyzer and especially the laminarity of the
air flow. The air velocity distribution calculated
from Navier-Stoke’s equation was in good
agreement with experimental results obtained
in smoke tests. A new method using radioactive
tracing of aerosol particles with ThB enabled us
to determine the laminarity of air flow inside
the mobility analyzer. Careful laminarity tests
proved the reliable operation of the analyzer.
Further a radioactive dry thoron emanating
source has been built and the delivered activity
measured by different methods; estimation of
ThB activity was arranged by the o«-measure-
ment of ThC +ThC?.

For unipolar aerosol charging by diffusion we
used a sonic jet diffusion charger and examined
operational electrical parameters. As we could
not estimate the efficiency factor of this device
(especially valuable for small particles with radii
r <2 x10~* cm where the collection efficiency
decreases rapidly), we used the factor published
by Whitby & Clark (1966).

The theoretical calculations by Baust (1967)
for the attachment of radioactive ions and atoms
to aerosol particles are at present the most
advanced theory in this field, which takes all
the factors influencing the attachment process
into account. We have therefore used the total
attachment coefficient of ThB for a symmetric
bipolar aerosol from Baust’s theory in the evalu-
ation of our experiments. By this method the
calculation of the particle size spectrum N(r)
from the activity spectrum A(r) does not deliver
absolute values of particle concentrations as a
function of particle radius.

All our measurements of environmental
aerosols delivered very similar results (Series
A-E), even with varying physical conditions.
The activity curves A(r) of positive and negative
particles as a function of radius r in the size
range 10-%* em >r>10-% em show a similar
profile with a maximum in the region of radius
r=3-6 x10-* em. The night sampling was
essential to ensure a constant aerosol size
spectrum for our experiments. Changes in the
ThB activity by a factor of 6 and variation
of residence time by a factor of 8.8 did not
influence the results. Operation of the mobility
analyzer with different collector voltages and
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unipolar diffusion charging did not alter the
profile of the activity curves. As proved by our
measurements the results of direct estimation
of the environmental radioactive aerosol distri-
bution by measuring its natural activity in differ-
ent size groups are not significant because of the
low activity present and limited measuring time.
The activity distribution in different size groups
(Israél’s classification) of the environmental
aerosols in our experiments in Stockholm shows
excellent agreement with the results published
by Mohnen & Stierstadt in Miinchen although
the climatic and geographical conditions are
quite different. A comparison of our results in
the form of the integral activity distribution
curves with that of other investigators shows
that the results can be divided in two groups.
The results by Schumann (1963) and Wieser
(1966) using a Goetz-Aerosol-Spectrometer are
in mutual agreement as are the results of
Mohnen and Stierstadt (1963) and our measure-
ments both made by an electrical mobility ana-
lyzer. It is difficult to know whether the reasons
are the different methodologies only or the
aerosol composition too.

From the activity spectrum A(r) the relative
particle size distribution spectrum N(r) is
calculated. We have found, that most of our
particle size distribution curves are not un-
ambiguously characterized by a significant peak
as expected from the Junge’s model (1962) and
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from other investigations. The particle size
distribution curves seem to increase in the region
r<10-¢* cm. That means either that Junge's
model is not fully valid for this size range or
that the particle concentration in this size
region is changing frequently and influencing
the various profiles of the relative particle size
distribution curves. It is therefore to be re-
commended that this dilemma should be
cleared up but another non-electrical method
estimating all particles in total (charged and
uncharged) in the region below r <10-* em
would be necessary.
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PACHIPEAEJIEHUE ECTECTBEHHON PAIVMOAKTUBHOGCTU B CYBMUKPOHHBIX
YACTHHAX A3PO30JIA

JnAa wm3yuyeHHMA CcHeKTpa pasMepoB  4aCTHI]
OKPYHAKILEro a3po30JIA U pacnpeneNeHUA UX
€CTeCTBEHHO! AKTUBHOCTM B MHTepBaJle pa3Me-
poB 1078 cm >7r > 1078 ca GBI MOCTPOEH AHAJIHM-
3aTOpP MOABUKHOCTY WOHOB. IJTOT AHAIUIATOP
GBI TINATEJBHO IIPOBEpPEH HA JAMUHADPHOCTB
MOTOKA BO3AyXa BHYTpH annapata. Koauuecrso
3apAKEHHHX YACTUI aspo30d, KiaaccuPuuupo-
BAaHHEIX B JAMCKpeTHBIe IPYynmsl IO HX IHOJA-
BUKHOCTH (UIIM DPasMepaM), OIeHMBAJIOCh IO
®-PAAHOAKTHBHOCTH COOPAHHHX 4YacTull, IO-
MEeY4eHHBIX Depel HuX BXOJOM B aHaJIM3aTOP
vonamu ThB. AHanu3aTop dJIeKTPUYECKON MOJ-
BIKHOCTH MOHOB 3aBepuUIajiCA CTPYAHHIM Aud-
$y3HOHHBIM 3aPAXHUKOM A COOGLIEHUST YACTH-
1aM a3po307A 3apAAA ONHOTO 3HAKA. DJEKTPH-
YeCKHe IapaMeTpHl 3Toro npubopa npoBepAINCS,
yro6hl y6equThCA B HAASKHOCTH ero padoTH.
AKTUBALIMOHHBIE CHEKTPH MO pasmepam A(r)
TPaHCYOPMUPOBAINCE B KPMBHIE OTHOCUTEIhHBIX

pacmpenmeseHnit vacTuly no pasmepam N(r).
Namepenus nposoausuck B Croxroibme, lllse-
nuaA, npu #u3MeHeHMH Quanueckux ycaoBui
(akTUBAL MM, BpEMEHM HAXOMKIEHWUA 4YACTHUI B
npudope, HANpAMEHUA HA KOJNJIeKTOpe WIM
npuMeHeHueM INPPysMOHHOro BapATHUKA IJA
OJHOPOJHOTO MO0 B3HAKY B3apfAMKeHHMA dacTul).
Bce sKcnepuMeHTH JajlMl BecbMa CXONHBIE pe-
3yJbTaTH. AKTHBAallMOHHBIe KpuBne A(r) moyo-
MUTEJBHEX U OTPHUIATENbHHX YaCTHL UMelT
aHajornyHeie npodpuiau ¢ maxcuMymom B 06-
Jact¥ r =3-6-10-% cmx B COOTBETCTBHU € MO-
aennlo lOHre pacmnpepelieHusa 4acTHI IO DPAas-
MepaM. PaccuuTaHHBe KpHMBBEIE OTHOCHTENBHBIX
pacnpeaeseHuii yactun mo pasmepam N(r) He
BCETJA XAapaKTepU3YIOTCA MAKCHMYMOM, Kak
MOMHO OMjaaTh U3 Mmojenaum lOHre, HO 4acro
NMOKA3bIBAIOT YMeHbIIeHUE I/ paguycoB r< 10-¢
cM, TAK YTO MUK 3Xech He NMPOABIAETCH.
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