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The first chapter of the present monograph deals with the general theory of the 
aspiration method. The requirements imposed on the measuring capacitor are 
rendered more stringent, possibilities of measuring integral quantities with the aid 
of differential counters are indicated and new variants of the method of modulating 
die airion current in the measuring capacitor are suggested.

In the second chapter the systematic measurement errors are investigated and 
the range of application of the aspiration method determined. Empirical relation­
ships are developed which suffice for the quantitative estimation of the essentially 
nonlinear edge effect. The distorting effects caused by an increase in the air-ion 
concentration, the asymmetry of the measuring capacitor, and the mass of air 
ions are calculated, A theory is developed for the resolving power of the counter 
which is limited by diffusion and turbulence. The last portion of the chapter deals 
with the adsorption of air ions at the counter inlet.

The third chapter starts with an analysis of the methods employed in measuring 
the air-ion current. A quantitative estimation of the counter sensitivity is carried 
out in order to specify the requirements for the stability of the voltage supply. 
The spectrum measurements under conditions of fluctuating air-ion concentrations 
are discussed on the basis of special observation results. Allowance is made for 
design calculations and the optimization of the counter parameters. The closing 
sections give a survey of the different designs of the aspiration counter along with 
a description of the SAI-TGU-66 universal aspiration counter.

",
-*

*2
*7

*”



INTRODUCTION

The study of ionized air and aerosols is of interest for science and 
technology. Ionized air and charged aerosols are employed, for example, 
in electrostatic precipitators, electrostatic painting, neutralization of 
static electricity, electrophotography, etc. The characteristics of 
the special air-ion distribution are studied in the physics of the atmosphere 
/Tverskoi,1962/. According to data of 1957 the conductivity of atmospheric 
air was recorded outside the USSR by 36 stations /Israel, 1957 а/. 
Air ions are further of significance in hygiene /Minkh, 1963/ and medicine 
/Portnov, I960/.

Major emphasis is laid upon the determination of the size spectrum of 
the submicroscopic aerosol particles. One of the most promising methods 
is the measurement of the electric mobilities of the particles /Fuks, 1955; 
Junge, 1955, 1963; Green, Lane, 1964/. The particle size spectrum is 
then calculated from the mobility spectrum /Metnieks, Pollak, 1961; 
Fuchs, 1963; Fuks, Stechkina, 1963/.

The aspiration method is, the most universal and widespread method 
for measuring the concentration and mobility of air ions. Other methods 
for measuring mobility have limited application only, For the measure­
ment of gas-ion mobilities one often uses ac methods, which are reviewed 
by Loeb/Loeb, 1960/. The application of ac methods is limited to the 
measurement of light air ions which in most cases is effected under la­
boratory conditions, Ac methods proved to be suitable for the measure­
ment of the ion mobility in the rarefied upper layers of the atmosphere 
/Bragin, 1962, 1963/. The mass-spectrographic measurement method 
of the ionic composition of gases /istonin, 1959; Narcisi, Bailey, 1956/ 
is applicable under rarefied-gas conditions.

The recently developed pulse method /Fedorov, 1952; Tsvang, 1956; 
Tsvang, Gutman, 1958/ yields interesting data on the spectral distribution 
of mobilities of light ions in atmospheric air /Tsvang, Komarov, 1959; 
Komarov, Kuzmenko, Seredkin, 1960/. For the study of the mobility 
spectrum of heavy ions, however, the pulse method and the ac methods 
are considered to be unsuitable /Komarov, Seredkin, 1960/.

Some simplified methods for air ion concentration measurement 
are also known /Korsunskii, Reznik, Truten', 1962a, 1965b; Chernyavskii, 
1962; Tammet, 1962а/. However, these methods provide only rough 
approximations and are quite limited in application.

The first ideas relating to the aspiration method were published toward 
the end of the last century /Giese, 1882/. The work of J. J. Thomson 
and coworkers /Thomson, J. J., Rutherford, 1896; McClelland, 1898; 
Rutherford, 1899; Zeleny, 1901/ greatly contributed to the development 
of the aspiration method.

Notwithstanding its long history, the theory of aspiration counters has 
recently experienced vital impetus resulting from modern achievements in 
the measurement of weak currents, thus opening new possibilities for the 
study of air ions. The use of artifical ionization has led to the development 
of measurement methods at increased space charge densities and mobilities. 
The extension of the measurement range allows one to deal with side-effects 
in the measuring capacitor, which hitherto were not accounted for and 
which may considerably distort the measurement results. From the above 
considerations it thus follows that the theory of measurement methods 
must be rendered more rigorous.

The known devices for the air ion spectrum measurement are unsatis­
factory and their sensitivity and resolving power are inadequate for many 
problems. For example, the structure of the distribution spectrum of 
atmospheric ions has hitherto not been properly investigated. It is 
difficult to say to what extent this situation is due to basic limitations 
and to what extent to the imperfection of the instruments. To estimate the 
adequacy of a counter design, information is required on the dependence 
of the functional properties of the instrument on the design parameters. 
Although some success has been achieved in the study of this problem 
/Gubichev, 1960; Komarov, 1960a, 1960b; Seredkin 1960; Siksna, 
Lindsay, 1961/, the available information does not suffice for detailed coun­
ter design calculations.

The present work considers measuring methods in which the precipita­
tion of air ions in the measuring capacitor is electrometrically recorded. 
However, most of the results may be applied to the recording and study 
of the precipitated particles with the aid of optical or electronic-optical 
methods /Rohmann, 1923; Lipscomb, Rubin, Sturdivant, 1947; Gillespie, 
Langstroth, 1952; Hinkle, Orr, Dalia Valle, 1954; Litvinov, Litvinova, 
1955; Sergeeva, 1958; Gillespie, 1960; Challande, David, 1960/ or with 
the aid of radioactive radiation/Gerdien, 1907; Wilkening, 1952; 
Bergstedt, 1956; Stievstadt, Papp, 1960; Matulyavichene, 1962; Styro, 
Matulyavichene, 1965; Fontan, Billard, Blanc, Bricard, Huertas, Marty, 
1966; Wilkening, Kawano, Lane, 1966; Styro, Pestov, 1968/. The 
similarity between processes taking place in aspiration devices for 
measuring aerosols and those in devices for the electrostatic precipitation 
of aerosols for clean-air maintenance /Riezler, Kern 1959/ affords certain 
results a wider range of application.

In attempting to present the subject matter in the most systematic 
шаппАг, the author has fully covered the problems related to the considered 
theme with the exception of some specific problems for which references 
are given.

The electrostatic system of units (CGSE), which is traditionally used 
when describing the movement of ions and charged aerosol particles in air, 
has been employed throughout the book.

The author would like to take the opportunity to express his gratitude 
to coworkers at the Air-Ionization and Electroaerosol Laboratory of the 
Tartu State University for their cooperation. Particular thanks go to 
Va. I. Salm for his constant attention and useful remarks.
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Chapter I

THE THEORY OF THE ASPIRATION METHOD 
UNDER IDEAL CONDITIONS

$1. AIR IONS

The fundamental views on the mechanism of electrical conductivity of 
air were established at the beginning of our century, mainly by Giese 
/Giese, 1882/ and J. J. Thomson /Thomson, J. J., Rutherford, 1896/. An 
extensive review of the earlier work may be found in the well-known 
monograph by Wiedemann /Wiedemann, 1885/.

The electrical conductivity of air is associated with the presence of 
charged particles capable of moving in an electric field. Elementary 
ionization events create positively charged ions and free electrons. 
However, the lifetime of free electrons and of monomolecular ions in air 
at atmospheric pressure is very short. Free electrons and monomolecular 
ions play an appreciable role only in very fast processes, for the investiga­
tion of which the aspiration method is not suitable for various reasons. 
Neutral molecules attach themselves to the initially charged particles and 
a bond is formed by electrical and molecular forces. The relatively stable 
particles formed in this way are called light air ions. Little is known about 
the internal structure of the light air ions /Israel, 1957b/. Segal /Segal, 
1962/ tried to calculate theoretically the probability of formation of light 
air ions with different structures.

Light air ions are essential in the conductivity mechanism of atmospheric 
air.

Soon after the establishment of the ionictheoryof air conductivity, the exist­
ence of larger charge carriers was discovered / Townsend, 1898; Lenard, 1900; 
Langevin, 1905a, 1905b/; these were called heavy air ions. Heavy air ions 
are formed as a result of the attachment of light air ions to aerosol particles 
contained in air. By their nature, heavy air ions are not ions in the usual 
sense, but solid or liquid charged particles suspended in air which remain 
stable even after losing their charge.

In atmospheric electric phenomena the heavy air ions act as spaced 
charge carriers.

Light and heavy air ions move with different velocities in an electric 
field. For the study of electric currents in air, the different nature of the 
charge carriers has no significance and it suffices to characterize the air 
ions in terms of their mobility only. It is therefore advisable to describe 
the light and the heavy air ions from a common point of view, using the 
general term a i r ions.

In the field of atmospheric electricity one usually uses the term 
atmospheric ions, which has the same significance and may be 
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considered as synonymous to the term air ions. However, to denote 
charged particles formed in laboratory or industry the term air ions 
is more suitable.

The mean velocity of an air ion in an electric field is proportional to the 

field strength E ; .

v = kE. (1-1)

For the lightest air ions, relation (1.1) is applicable only at field 
strengths up to 10kV/cm /Mitchell, Riedler, 1934; Balog, 1944/.

The mobility of an air ion is by definition positive for positively charged 
and negative for negatively charged air ions. Usually, the absolute value of 
к is taken as the mobility of air ions. To simplify notation we shall adopt 
the following convention. If some quantity x has a subdot, then

| x | — x. (1.2)

Thus the letter к (without the subdot) stands for the mobility of air ions 
in the usual sense. The use of dotted letters for polar quantities is 

analogous to the vector notation: | x | = x .
The largest particles that can be considered air ions are those for which 

gravity and inertia forces are still negligible. A sufficient condition for 
this is evidently

. m<C------qE,, (1.3)
dE I 8+*a

where m is the mass of the particle, g is the gravitational acceleration, 
and q is the absolute value of the particle charge.

This description of an air ion is satisfactory if the chemical nature and 
the mass of the charge carriers have no significance, as when considering 
processes in air. In many cases, however, the chemical nature and the 
mass of the particles cannot be neglected, but such problems are of 
secondary significance in our analysis.

The usual measuring methods give only the macroscopic parameters of 
ionized air. Charges of individual ions are undetectable. It is therefore 
advisable to characterize ionized air in terms of parameters which are 
independent of the air-ion charges.

Ionized air is characterized by the differential mobility distribution 
function of charge density, or by the differential mobility spectrum

where dq is the charge density due to air ions with mobilities between к and 
d e
The distribution function q(k) is positive for positive $ and negative for 

negative k. One often uses the spectrum e(t), which is the absolute values 
of Q^k) as defined by (1.2). describes only the spectrum of air ions of 
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one polarity. To describe spectra of air ions of both polarities one has to 
introduce the two functions e+W and q_W. The mobility spectrum of air 
ions of both polarities is denoted by p+ (k) . If air ions of only one polarity 
are considered, and the polarity is of no significance, the subscript ± may 
be omitted.

The charge density in the interval (k, $2) is determined by the integral 
over the distribution function

g(*i,6ä)=J0(A)<rt. (1.5)

Similarly one finds the density of the negative charge = — °°.O), the 
density of the positive charge e+=e(0,oo) and the total charge density 
Q = Q (— OO , OO ).

The current density spectrum (or distribution function) in still air is 
expressed in terms of e(i) as follows.

= (1.6)

We shall call X(6) = ke(k) the conductivity spectrum, integration of k(k) 
gives the conductivity in the interval (£b Ae)

k(kY,k3) = (1.7)

When taken between appropriate limits, this integral gives the negative 
conductivity —oo, 0). the positive conductivity X+ = X(0,™) and the 
conductivity A =(—00,00).

Neither the conductivity spectrum nor the integrated conductivity (for 
С^г) can be negative. The interchange of the variables k, and & reverses 

the sign of the charge density e(*i.&)and of the conductivity kt.ki, fc2).
In the system of absolute values the charge density and the conductivity 

are positive if 6,<&2and negative otherwise. Here k, and k2 should 
represent mobilities of the same polarity. To describe the spectrum of 
air ions of both polarities, we should consider two complete sets of 
parameters; 0+(k,k) and e-(AbA8), 1МЛ) and L(*b*2). The conductivity 
spectrum also becomes double valued: UW and k-W. As in the case of 
qW . the subscript + or - may be omitted sometimes, or written in the 
form 1. Only when denoting polar charge densities 0± and polar conduc­
tivities k±, is the omission of the subscript admissible.

The use of the function X(A) facilitates the graphical presentation of the 
air-ion spectrum in large mobility intervals. The function e(fc) is unsuitable 
to this end since it usually has large values in the region of small 
mobilities, and vice versa. Particular attention should be given to the 
graphical presentation of the conductivity spectrum on a logarithmic mobility 
scale. The area under the Цк} curve in this case is proportional to the 
charge density. This is explained by the relation

fx(*)d(ln^)= fe(k)dk. (1.8)
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The arbitrary constant mobility in (1.8) is required in order to ensure 
correct dimensions.

Sometimes, the mobility distribution of air ions is characterized by 
the partial charge densities of hypothetical discrete groups. In the theory 
of measurement methods this approach is unjustified. The actual air-ion 
velocity distribution in any experimental arrangement is never strictly 
discrete (because of air-ion diffusion, to mention the most obvious factor). 
Even if the air-ion spectrum should turn out to be discrete, one must start 
with the assumption of a continuous distribution when setting up and 
evaluating observations, in order to prove discreteness. This is the best 
way to bring out the objective information. A discrete distribution can be 
considered as a particular case of a continuous one. To effect a mathema­
tical transformation from a continuous to a discrete distribution, the 
function е(Л) should be written as a sum

e(A)=Se„6(A^A„), (1.9)

where q„ are the specific densities of the air ions with mobilities fcn. Owing 
to the property of the delta function Jf(£)6(£— kn) —f(kn) all integral 
expressions transform into sums which are characteristic of a discrete 
distribution.

In practice one often attempts to calculate the number density ,a+(6b ž2) of 
air ions. If the charge of all air ions equals one elementary charge, then 

where e is the elementary charge.
Unfortunately the assumption q = e holds only for light air ions. Heavy 

air ions and the even heavier, artificially created, charged aerosol 
particles may carry a larger charge. When this is the case, formula (1.10) 
does not give the actual number density but only some relative quantity. 
If the true mean charge of the air ions is unknown, then it would be more 
correct to speak of the charge density expressed in elementary charges per 
unit volume instead of the number density. For singly charged air ions the 
last quantity coincides with the number density of air ions.

§2. VELOCITY FIELD OF AIR IONS

Consider a laminar air flow and suppose that the motion of air ions is 
determined only by the fluid velocity and the action of the electric field. 
The velocity of the air ions is then 

where и is the fluid velocity. Equation (2.1) defines the flow lines of air 
ions with mobility k. In the case of steady flow the ion flow lines coincide 
with the trajectories of the air ions.



We now calculate the density distribution of the flow of air ions passing 
through some imaginary surface S.

Through a surface element dS there is a flux of charge given by 

d(W =Q(k)vdS =Q(k)(d<I> +kdN), (2.2)

where d<p = udS is the volume rate of air flow through a surface element 

dS and dN = EdS is the electric flux through dS. The density distribution 
of the flow through the surface S is

/(%) — Jf + =е(¥)(Ф + А/у), (2.3)

where o(k) is some mean value of o(*) on the surface S, Ф is the air flow 
rate and N is the electric flux through this surface.

From formula (2.3) follow two conclusions of practical importance 
/Tammet, 1964b/:

1. For any flow surface of air ions with mobility 6 we have

'® + &V = 0, (2.4)

since I(k"\ through the surface of the flow always equals zero.
2. For a homogeneous distribution of air ions over some surface the 

density distribution of the flow through this surface is expressed by

/(£) = (<p + WeW. (2.5)

Consider now the behavior of the spectrum e(h) in the velocity field of the 
air ions /Cagniard, 1943, 1944; Tammet, 1960/. Further, let us assume 
that the air is incompressible and neglect the recombination and generation 
of air ions as well as processes in which the air-ion velocity varies. On 
the basis of these assumptions and the law of charge conservation, the law 
of conservation of the charge density spectrum follows, and is given by

—= — div/(&). ■ (2.6)

Since "/(*) =ие(^), expression (2.6) becomes

=— y(6)divy — vgrad(k). (2.7)

The variation of o(&) in a point moving along the trajectory of an air ion 

with velocity v is characterized by the total differential rfgW- This is 
connected with the partial derivative via the expression

200=2) +vgrad9(6), (2.8)

from which we obtain

^p-=— pWdivti. (2.9)

Since div и — 0 and div E=4me, we obtain

Ä =-4яеХ(^). (2.10)

This expression describes the phenomenon known as electrostatic 
dissipation /Townsend, 1898; Wolodkewitsch, 1933a, 1933b; Forster 1959; 
Dunskii, Kitaev, 1960; Whitby, McFarland, 1961; Kitaev, 1962/. Electro­
static dissipation is due to the mutual repulsion or attraction of air ions.

In many cases one may neglect the electric field of the space charge and 

assume that div E = 0. Then

'-^-0. (2.11)

This formula is a supplement to Liouville's well-known theorem on the 
motion of air ions. Formula (2.11) leads to a conclusion which is of great 
importance in the theory of the aspiration method: if one neglects generation, 
recombination, variation of mobility, diffusion and electrostatic interaction 
of air ions, then, in a laminar incompressible air flow Q(k) is constant along 
the trajectory of an air ion of corresponding mobility.

A similar result first appeared in a work of Becker /Becker, 1910/. 
The same result was obtained and applied in a little-known work
I Cagniard, 1943/ on the theory of an aspiration counter for the case of a discrete 
air-ion spectrum. For charged aerosols a similar result was obtained by Levin 
/Levin, 1957, 1959/,

When studying the motion of air ions it is sometimes advantageous to 
utilize the methods of the theory of similarity. To ensure similarity 
between the flow lines of air ions in two separate systems, then in addition 
to the condition of hydrodynamic and electrostatic similarity, we also 
require agreement between the values given by the special criterion

(2.12)

In this expression £ denotes the characteristic field strength, и the 
characteristic flow velocity, U the characteristic voltage, x the character­
istic dimension and к the mobility of the air ions under consideration.

S3. ARRANGEMENT OF AN ASPIRATION COUNTER 
AND THE PRINCIPLE OF MEASUREMENT OF THE 
AIR-ION SPECTRUM

The aspiration counter comprises a measuring capacitor and arrange­
ments for drawing air through the capacitor, for supplying voltage to the 
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capacitor and for measuring the currents generated. One usually measures 
only the current through one capacitor plate, called the collector plate.

For the case of steady-state operation of the counter and a stationary 
spectrum e(k), the current through the plates is determined by conduction 
of the air ions.

The current flowing through the capacitor is either grounded directly 
or otherwise via the voltage supply or current meter. The total current 
flowing through the measuring capacitor may differ from zero if the mean 
charge densities of the air entering and leaving the capacitor are not equal 
to one another.

In most cases when using the aspiration counter one may assume that 
the motion of air ions in the capacitor is independent of the presence of 
other air ions in the air sample. Then the density distribution of the 
current /(k) through the collector plate is proportional to the corresponding 
value e(^)» This can be expressed in the form

Hk) = GeW. (3.1)

The quantity G is here a constant depending on the structural and operational 
parameters of the measuring capacitor.

In what follows we shall assume that G does not depend on q(k) except in 
special cases where the interaction of air ions in the capacitor is allowed.

The current through the collector plate generated by the incoming air 
ions is expressed by the integral

. (3.2)

This current can be directly measured, thus enabling the experimental 
determination of the dependence of the current / on the operational 
parameters of the counter. The function /(ф), where Ф is an arbitrarily 
chosen variable operational parameter, is called the characteristic of the 
aspiration counter. Usually a volt-ampere characteristic is used, whereby 
Ф denotes the voltage across the capacitor plates. Each type of counter 
design is characterized by a particular form of the function О(ф, k), which 
is the Green's function for the air-ion current through the collector plate. 
Expression (3.2) can be regarded as an integral equation with respect to

j 0(ф.

if for one polarity G then (3.3)

/(ф) = |О(ф,

The physical significance of the function О(ф, k) is explained as follows. 
Suppose that the air sample contains air ions of mobility only. In this 
case e(A)=|e6(A — 6|) and equation (3.3) yields С(ф, L) = /(Ф)/е • Consequently, 
6(ф, 4) may be regarded as the counter characteristic (reduced to unit charge 
density) in the presence of air ions of mobility only.

Considering counters of a given type we have to find the actual form of 
the function G and the method for solving equation (3.3). The solution of 
the integral equation (3.3) in the general case is possible only with the aid 
of numerical analysis, which is rather laborious.

The solution is simplified only when certain design requirements of the 
capacitor are fulfilled, ensuring a special form of the kernel of equation G.

These requirements, common for all aspiration counters, are listed 
below:

1. The measuring capacitor should possess axial symmetry.
2. There should be two openings in the outer plate of the capacitor. 

These openings are called the entrance and exit opening, respectively, 
depending on the flow direction.

The surface of the opening is defined as the imaginary surface covering 
the opening. The surface of the entrance opening should be such that £ = 0 

on it and the flow velocity и is directed into the measuring capacitor.
3. In the internal capacitor plates there should be no openings through 

which part of the air can flow.
4, All the requirements stated in the preceding paragraph should be 

satisfied inside the capacitor. Outside the capacitor g(&) should be 
homogeneous.

Instead of an axially symmetric capacitor, the capacitor may have the 
form of a sector. One often uses a parallel-plate capacitor which is a 
limiting case of an axially symmetric capacitor of infinite radius. In a 
parallel-plate capacitor a homogeneous distribution of velocities of the air 
flow in the longitudinal section must be ensured.

In the general theory of aspiration counters we assume the above 
mentioned requirements are satisfied. The effect of deviations from these 
requirements on the measuring results is dealt with in the second chapter.

§4. INTEGRAL COUNTER

The measuring capacitor of an integral counter comprises two plates. 
For the collector plate one usually chooses the inner plate /McClelland, 
Kennedy, 1912; Nolan, J. J., Nolan, P.J., 1930; Weger, 1953a; Siksna, 
1961а/. The collector plate is connected to the current meter. A voltage 
U is applied across the collector and repulsing plates. The air sample is 
drawn into the capacitor at a volume flow rate Ф.

The integral counter is the most widely used version of the aspiration 
counter due to its simple design and high sensitivity. One reason for the 
wide use of integral counters is the simplicity of measuring integral 
quantities. Apart from measuring devices for ion concentration and 
conductivity, the integral method is applied in aerosol detectors /Sekiyama, 
1959; Rich, 1959; Hasenclever, Siegmann, 1960; Siksna, 1961b/.

To determine the G-function of the integral counter, let us consider the 
behavior of air ions with a given mobility k in the measuring capacitor 
having an inner collector plate (Figure 4.1). When Uk">0, the air ions 
are repelled by the inner plate and 0 = 0. When Uh < 0, the air ions will 
settle on the plate. The flow lines for air ions terminating on the inner 
plate enclose part of the space between the capacitor plates. This spatial 
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portion is limited by the flow surface which we shall call the boundary 
surface. The boundary surface comes into contact with the rear edge of 
the inner plate.

When the mobility к is sufficiently small the boundary surface does not 
intersect the outer plate, as shown in Figure 4.1. The electric flux through 
the boundary surface is then N=4nCU, where C is the active capacitance 
of the measuring capacitor. The active capacitance is the capacitance of 
the measuring capacitor proper and differs from the capacitance of the 
insulated counter system, which includes the electrometer capacitance and 
the parasitic capacitance of the connections. Methods for determining the 
active capacitance are treated in $33. According to (2.4) the air-flow rate 
through the boundary surface equals

Ф' = 4л CUk. (4.1)

The flow of air ions which enter the capacitor through that portion of the 
entrance surface bounded by the boundary surface is Ф'е (2.5). Since all 
the air ions passing through this region settle on the inner plate, / _ Ф'о and 
G = ®' = 4^CUk . This result was obtained for certain restricted initial 
conditions as early as 1903 /Riecke, 1903/. For less restricted initial 
conditions the problem is treated in studies carried out by Swann /Swann, 
1914a, b, d/.

FIGURE 4.1. Flow lines in the measuring capacitor:

- ----------- flow lines;---------—— boundary surface;............... flow 
lines on which e(k) = 0; — • — . — — entrance surface.

It should be noted that in the derivation of the expression

' l = 4nCUke (4.2)

no assumptions were made on the symmetry of the measuring capacitor. 
Therefore expression (4.2) is also valid in the case of an asymmetric system 
of any geometrical configuration. Such an approach was first outlined for 
somewhat different conditions in the work /Kohlrausch, 1906/.

More mobile ions with a mobility k, will have a boundary surface that 
intersects the entrance surface at the outer plate. In this case Ф' = Ф.

The corresponding mobility к is called the limiting mobility. From 
formula (4.1) we obtain for Ф' = Ф

k, — w 0— 4 я cu •

and considering the polarity

, — ®

(4.3)

when k0^k> all air ions passing through the entrance surface settle and 
6 = Ф.

On the basis of the above results we may write for the air ions attracted 
to the collector plate

G_ / 4л CUk for
— I Ф for ,<k.

Similar considerations for a capacitor with an outer collector plate lead 
to results expressed by formulas (4.3) and (4.4).

From the above it follows that the basic formulas describing an integral 
counter are valid independently of the geometry of the measuring capacitor 
and the flow velocity distribution only when the capacitor is axially symmetric. 
The latter applies only to axially symmetric steady flows. Air turbulence 
in the capacitor is inadmissible in the general case.

The question concerning the permissible capacitor geometry and flow 
velocity distribution has been a matter of controversy for a long time, 
although the above conclusion could be reached from known results /Swann, 
1914b; Cagniard, 1943, 1944; Levin, 1959/. The reason for misunder­
standings lay in that the basic formulas for the integral counter were 
derived from the calculation of air-ion trajectories, which involved serious 
difficulties due to the occurrence of radial components of the flow velocity. 
To simplify the calculations certain assumptions on the capacitor geometry 
and distribution of the air-flow velocities were made. Corresponding 
requirements were set up with regard to counter design. Such superfluous 
requirements may lead to appreciable limitations when designing counters. 
Consider as an example Becker's well-known counter /Becker, 1909/, 
whereby special measures were taken to ensure a homogeneous electric field 
at the capacitor entrance. This, however, only complicated the design 
without producing any advantages /Scholz, 1931b/. Recent works propose 
a uniform distribution of air-flow velocities /Misaki, 1960; Paltridge, 1965/ 
or the absence of radial components /Hoegl, 1963b/. When choosing the 
capacitor dimensions, large deviations from a cylindrical geometry are 
considered to be inadmissible /Komarov, Seredkin, 1960/.

It should be pointed out that the calculation of air-ion trajectories is 
complicated and at times requires computer-programmed numerical 
calculations /Kraemer, Johnstone, 1955/. The solution of many basically 
simple problems when reduced to formulas describing the integral counter 
appears to be complicated when calculating trajectories /Shimizu, 1956, 
1957, 1960/.
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§5. SOLUTION OF THE EQUATION OF THE 
INTEGRAL COUNTER

Apart from depending on the mobility, the О-function of the integral 
counter depends on the three parameters C, U and Ф. When determining 
the characteristics of a counter/ one of the parameters is varied while the 
remaining ones are kept constant. Usually the voltage is varied and, less 
frequently, the air-flow rate /Nolan, P. J., Kenny, 1952/. The reason is 
that variation of the air-flow rate may have an adverse effect on the q(A) 
of the air sample.

To solve equation (3.3) it should be transformed by applying a suitable 
operator into a form in which the desired quantities can be eliminated by 
algebraic operations. In the case of the integral counter this can be 
achieved by a single and double differentiation with respect to i|i and the 
operatorh,

^ = 1— (5.1)

The operator is often used for the evaluation of measurements, since a 
convenient method—"the tangent method" — exists for determining h^l/Israel 
1931, 1957b; Gerasimova, 1939; Imyanitov, 1957/ (see Figure 5.1).

FIGURE 5.1. Determination of h^I by the tangent method.

In the integrand of equation (3.3) the differential operator or Ц acts only 
upon the function G. Below we list the transformations of which will 
be used later:

aG_J ^nCk for k<ko (5.2)
du t 0 for < k,

dO_t 0 for /5 oi1 for *«<*. (-)

Ay0J ° f0F к<ко (5.4)
I Ф for 60<A,

J 4nCUk for
Ф ~ t 0 for k0 <

к<к„ 
k.

(5.5)

koi. (5.6)

_ 1 ,zb 
дФ= ~ toCU°x ко). (5.7)

Using expressions (5.2)—(5.7) we can readily derive formulas for 
calculating different parameters of ionized air in accordance with the 
well-known function /(U) or /(Ф). The results are

, toCU1 дЧ
ow- ф= au»- (5.8)

е(б0) = -4лСи (5.9)

»Ml- Ф1 Фа , (5.10)

огк ьл-д,№1 акад--------5ф—> (5.11)

üb ьх — 1 Га/№ d/W)i**!*24ncLdu------ au J1 (5.12)

X(^)=4,tcl и, и, ]• (5.13)

The use of the -function for the derivation of formulas (5.8) and (5,9) 
is not obligatory. Instead, the integral in equation (3.3) may be written as 
the sum of two integrals corresponding to the ranges and Ao <k, 
respectively. Differentiating with respect to the limits of the integrals, we 
obtain the same results /Langevin, 1905a; Israel, 1957b/.

It is possible to derive a more general and concise notation for the 
solutions of the integral-counter equation /Siksna, 1950; Israel, 1957b/. 
In this case we take for the starting function

P(*)=!. (5.14)

The quantity P(A0) has the dimension of charge density and will be called the 
conventional charge density for the limiting mobility Ao. In simplified 
calculations the value of P, expressed in elementary charges per unit 
volume, is often represented as the concentration of air ions. Thus the 
calculated concentration is actually a conventional quantity, since it does 
not correspond to any definite mobility interval. In practice, however, 
one often encounters conditions in which the actual character of the mobility 
spectrum enables us to assume

е№>,")~Р(*о). (5Л5)
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This expression is used very often to calculate the concentration of light 
air ions.

Starting with the function P(Aio), we transform equation (3.3) into

P(A0)=J^^leW^. (5.16)
0

Since

G (*,,*) _ J k!ko for k<ko ,
ф I 1 for»o<A, (5Д7)

equation (5.16) has only one independent operation parameter. For 
convenience, we take as the variable parameter the reciprocal limiting 
mobility to = l/60.

In similar fashion we obtain the formulas

eW = -«.3g^, (5.18)

е(^|,62)=Л„Р(А,)-А«.Р(^). (5.19)

Х(6Ь^)=^М —5Ю. (5.20)' *' nt.i л<л 4 " *

In the method of varying the air-flow rate, formulas (5.18)—(5.20) are 
inconvenient. Here it is better to start with the function

(5.21)

which has the dimension of conductivity and will be called the conventional 
conductivity at the limiting mobility *0. The kernel of the integral equation 
is

G _i * for
4^7/ I 60 for ko4k. 1 '

Calculations similar to those carried out above yield

e(Ä0)=-^., (5.23)
0*0

(4,4,1= 29444-290,2 (5-24)

N(k1, = — (5.25)

The integral counter is often used for measuring the polar charge density 
e+ and the polar conductivity A±. This is possible only under specific 
conditions. To measure p+ it is necessary that = 0 in the range fe<fc0 .

For the range in which q№ — 0 an arbitrary function may be taken for G 
without affecting the results. Setting G equal to Ф everywhere, we obtain

/,
e± = p+"' (5.26)

/+ denotes current at the respective polarity.
" To verify formula (5.26) k0 must be chosen sufficiently small in order 

that q(A) ■ 0 for fc<k0. The condition is satisfied if upon increasing the 
voltage, the current / remains unaltered and upon decreasing the air-flow 
rate / decreases proportionally.

To measure the polar conductivity kQ must be chosen sufficiently large 
in order to satisfy the condition =0 in the range k0<k. Then for all 
mobilities one may take G = 4nCUk, which yields

‘± (5.27)4 - Л+ — 4лСу. v /

For the experimental verification of this formula it is necessary that the 
current / remains constant when increasing the air-flow rate and is 
proportional to the voltage when decreasing the voltage.

S6. VARIOUS INTEGRAL COUNTER TYPES

Some variants of the aspiration method possess integral characteristics. 
The most widespread is the method of the precondenser ascribed to Mache 
/Mache, 1903/, but actually proposed by McClelland /McClelland, 1898/.

The arrangement of the counter with a precondenser is shown in 
Figure 6.1.

When plotting the characteristics of the counter the voltage of the 
precondenser is varied and the current /2 = /2(Ui) through the collector plate 
is measured. The voltage of the main capacitor remains unaltered.

FIGURE 6.1. Counter with a precondenser:

a--precondenser; b—main capacitor; u— voltage supply; I— ammeter.



The limiting mobilities are determined as follows:

^ = -^3,- (6.2)

If k/ka < 0. then
' G3 = 0.

If 0 < A/Aa < 1, then

0 for < —k/kz
—4n(CiL/| + CtUt)k for —
—4xC:Uak ' for 0 < k/k = 1 —k(k2
Ф + 4xCU,k for 1 — /k, < kf^x < 1 (6.3)

If 1 $ k/ka then

Gi =

0 ' for KA/Ä,

0 for A/A, < - 1
ф —4яС161А for -- 1 < k/k = 0
® + 4«Cti/iA for o < klky = 1
0 " ' for 1 < k/k

The counter with a precondenser is used, as a rule, for the study of air 
ions with mobilities klkt. In the range 0 4 hlkv the function 6, of the 
counter with a precondenser equals the difference of the fixed parameter 
Ф and the function О of the standard integral counter. The value of 63 for 

k/k does not depend on the polarity of the voltage Ut. This is shown in 
Figure 6.2, which gives a plot of the function 6 for a counter with a 
precondenser and for a standard integral counter.

FIGURE 6.2. The G-function:

1—*for a counter with a precondenser; 2«—for a 
standard integral counter.

If in the range 0 < A/A2< 1 the condition Q(k) =0 is satisfied, then all 
calculations for a counter with a precondenser differ from those for a 
standard counter only in the sign before the derivative and the operator Аф.

In the opposite case the situation is somewhat more complicated. When 
the polarities of the voltage across the preliminary capacitor and the main 
capacitor are the same, partial conductivities of the type 1(0, A) cannot be 
measured. It is thus recommended to plot the characteristics for opposite 
voltage polarities. In this case the partial conductivities are connected with 
the derivatives dl^dUt as in the case of the standard integral counter.

Some of the problems connected with the precondenser counter are 
treated in detail in the works /Kohlrausch, 1914; Israel, 1931; Polovko, 
Nichkevich, 1937; Nolan, P.J., O'Connor, 1955/.

The method of the condensation nucleus counter is closely related to the 
methods of the precondenser/Nolan, P. J., Deignan, 1948/. Since in the 
former the nonelectric quantity (concentration of condensation nuclei) is 
recorded, the method of the condensation nucleus counter with a precondenser 
will not be discussed in detail here.

FIGURE 6.3.# Counter in which air is blown 
through grids;

1—insulator; 2—collector grid; 3—repulsing 
grid.

We shall now briefly describe the method of blowing air through grids 
which may be used as an integral or differential method. This method was 
proposed in the work /Zeleny, 1898b/.

The method of blowing air through grids is not widespread /Kähler, 1903; 
Aselmann, 1906/, although it certainly is of interest because of the possibility 
of decreasing the dimensions of the measuring capacitor. The application 
of this method is apparently restricted to large limiting mobilities, for 
which it is advisable to consider a large air-flow rate with a relatively small 
active capacitance of the measuring capacitor.

A schematic diagram of the measuring capacitor with grids is shown in 
Figure 6.3.

The limiting mobility can be calculated from formula (4.3). However, 
more explicit is the expression

Ao=|, (6.4)

where u is the flow velocity, and E the electric field strength between the 
grids. The function 6 is given by (4. 4).

The method of blowing air through grids deviates from the requirements 
mentioned in $3. These requirements are replaced by the condition of a 
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uniform electric field and air flow and the condition of total screening of 
the electric field by the collector grid. In the case of a wide-mesh grid 
the last condition is not satisfied /Loeb, 1923; Kaden, 1950, Izergin, 1958/, 
which should be taken into account when designing the counter. At the same 
time attention should be given to the adsorption of air ions, which is of 
particular significance in the above described method.

§7 . DIFFERENTIAL COUNTERS OF THE 
FIRST ORDER

There are two types of differential counters of the first order: one has a 
divided electrode and the other employs a divided air flow. The method of 
the divided electrode was proposed by Zeleny /Zeleny 1901/. The theory 
of the air-ion spectrum was developed later /Blackwood, 1920; Hogg, 1939; 
Misaki, 1950; Tammet, 1960; Whipple, 1960; Hoppel, Kraakevik, 1965/. 
This method is the most widely used version of the aspiration method.

The counter with a divided electrode differs from the integral counter in 
that one electrode of the measuring capacitor is divided into two mutually 
insulated parts. During aspiration the second part serves as a collector 
plate, while the first part, called the forward electrode, is maintained at 
the same potential as the collector plate. The repulsing plate is standard. 
The design of such a capacitor is schematically shown in Figure 7.1. Here 
the inner plate is divided. As in the integral counter with an outer collector 
plate one can divide the outer plate, the rear part of which then becomes 
the collector plate. The inner part is not divided and is standard. The 
differential counter of the first order with a divided electrode is similar 
in design to an integral counter with a precondenser, but differs in its 
operation and the ratio of the plate capacitances.

FIGURE 7.1. Differential counter of the first order with a divided 
electrode.

The current through the forward plate equals the current in the integral 
counter with an active capacitance C,. The current through the collector 
plate equals the difference of the total current and the current through the 
forward plate. Consequently, the G-function for the differential counter 
with a divided electrode corresponds to the difference of the G-function of 
the integral counter with an active capacitance C, C2 and the G-function of 
an integral counter with an active capacitance C. When describing 
differential counters it suffices to consider air ions of one polarity only, 
as in S$ 4—5. Denoting the corresponding limiting mobilities by ka and kb, 
respectively, we obtain

ь — w____  U. IJ"u4n(C+C2)U‘

kh-_2- (7.2)

Г ^itC^Uk
G= < Ф— t^CiUk

0

for k < ka
for ka < k < кь (7.3)
for kb^k.

The behavior of the G-function is shown in Figure 7.2.

FIGURE 7.2. The G-function of a differential 
counter with a divided electrode.

The G-function (7.3) has the following properties:

0 
Ф
0

huG =
for 
for 
for

ka < к < кь (7.4)

Let us now define the function G for a counter with a divided electrode. 
The sum of the currents through the forward and collector plates equals 
the current in the corresponding integral counter, the active capacitance 
of which is C, -|- C2, where C, is the mutual capacitance (the absolute value 
of the coefficient of electrostatic induction) between the forward plate and 
the main plate, and C2 is the mutual capacitance between the collector 
plate and the main plate.

0G -
for 
for 
for

ка<к<кь (7.5)

of the differential counter of the firstThese properties enable the use
order with a divided electrode for measuring the partial charge density.
It can be readily shown that

0

0

h„I 
Q(ka, kb)=-£-, (7.6)



еи^ь)=-^. (7.7)

where J is the absolute value of the current through the collector plate.
If the interval (A„, A6) is sufficiently narrow, the spectrum can be 

approximately defined. Using the theorem of the mean integral value, we 
obtain

6(6)=^^+^^/, (7.8)

_ 4nCi(Ci A-C^U di /1 n\
с2ф 5ф-

In this interval the mobility k has the mean value

p — (С, + С3/2)Ф (7 10)

and the relative half-width

й‘~2сн^с? (7.11)

The smaller the ratio C2/C,, the smaller is the quantity 6„ and, consequent­
ly, the better the resolution of the method.

When the ratio C2/C, is small, the partial conductivities can also be 
calculated. This follows immediately from the form of the G-function and 
we can write

(—I). 
4ЛС2 \U2 L/j/

The mobilities R, and кг are defined by formulas (7.10) and (7.11) for the 
voltages U, and U2, respectively.

The method of Misaki /Misaki, 1950/, not treated here, differs from 
that described above and is an independent version of the differential method 
with a divided electrode.

We shall now consider the differential counter of the first order in which 
the air flow is divided. This method is not widespread /Nolan, J. J., 1919; 
Nolan, J. J., Harris, 1922/. The quantitative theory is given in the work 
/Tammet, 1960/.

The measuring capacitor of this counter has two plates and differs from 
the capacitor of the integral counter only in that the capacitor inlet is 
divided into two parts (a circular inner and outer opening, respectively) by 
a coaxial tube (Figure 7.3). If the inner plate is the collector then the air 
sample is drawn into the capacitor at a volume flow rate Ф2 through the outer 
opening. If the outer plate is the collector, the air is drawn through the 
inner opening. An additional flow of specially deionized air with a flow 
rate Ф1 is drawn in through another opening. If the additional air flow Ф1 were 
not deionized then the G-function would equal the G-function of a standard 

integral counter with an air-flow rate Ф,+Ф2. Assuming that the air flow 
®2is deionized, the G-function equals the G-function of an integral counter 
with an air-flow rate®i. The G-function for a differential counter with a 
divided air flow corresponds to the difference of the G-functions for the 
above stated cases. Consequently,

f 0 for к < ka
q= J ^CUk — Ф[ for ka < k < kb

I Ф2 for кь < к,
(7.13)

(7.14)

(7.15)

where 

к 0 — AnCU 

, _  Ф) + Фд 
Rb "" A«CU ‘

FIGURE 7.3. Differential counter of the first order with a divided air

in a counter with a divided air flow one usually applies only the method of 
varying the voltage. Calculations similar to those for the method of the 
divided electrode yield

Uka, kb) = • (7.16)

The spectrum M^)is calculated from

(7,17)

where k lies in the interval of mean mobility

т_ Ф1+Ф2Д (7.18)

and relative half-width



The partial charge density is calculated from the two current values 
/,(C7i) and UVUiV.

e№,^)=-^, (7.20)

where k, and hi are determined by (7.18) and (7.19) for the voltage Ux and 
Us, respectively.

The differential version of the method in which air is blown through grids 
/Zeleny, 1898; Altberg, 1912; Griffiths, Awberry, 1929/ may be considered 
as a differential counter of the first order. The measuring capacitor of such 
a counter is similar to that of the integral grid counter (Figure 6.3). The 
difference is that in the differential method the air drawn through the net 
is deionized and the air ions are generated directly in the space between 
the grids. To generate air ions, radiation from a radioactive source or 
some other ionizing agency is used. This, of course, limits the application 
of the differential method employing grids to the laboratory.

In the theory of the differential counter with grids one should start, 
instead of with the function q(A), with the spectrum of the flow of air ions 
regenerated in the space between the grids. The current through the 
collector grid is

7 = (7.21)

The limiting mobility k0 is given, as in the case of the integral method, 
by (6.5) or (4.3). Expression (7.21) is similar to the equation of the counter 
having a G-function of the form

The solution of equation (7.21) is

W = (7.23)

where U is the voltage between the collector grid and the rear grid and d is 
the distance between the two grids.

When comparing the differential methods of the first order with the 
integral method, we note that in the differential method e(k) is calculated 
in terms of the first derivative of the current instead of the second derivative 
as in the integral method. A single differentiation is actually carried out 
in the experimental arrangement since either the measuring capacitor or the 
air flow is divided. When studying the air-ion spectrum, the differential 
method of the first order has appreciable advantages over the integral 
method. Differential counters also possess certain advantages when 
measuring partial charge densities. To determine the partial charge density 
in a given mobility interval by means of the integral method, four values of 
the current 7(G) should be known (see §29). The differential counter of the 
first order requires the knowledge of only two 7(G)-values. When measuring 

е(^ь^г) > it is advisable to use the divided-electrode method with a 
relatively large CsIC^ ratio. When measuring g(Ä,oo), the divided air-flow 
counter is recommended, which requires only one 7(G)-value.

§8 . DIFFERENTIAL COUNTER OF THE 
SECOND ORDER

The differential counter of the second order is the most perfected version 
of the aspiration method for the study of air-ion spectra. This method was 
first discussed in the works /Erikson 1921, 1922, 1924, 1929; Zeleny, 
1929; Val'ta, 1929/. The quantitative theory was given by the author 
/Tammet, 1960/, who used a differential form of the aspiration-counter 
equation, which is not treated in the present book.

The measuring capacitor of a differential counter of the second order 
is similar to that of the differential counter of the first order with a divided 
electrode. However, the air is drawn in as in the case of a divided air-flow 
counter. The G-function for the differential counter of the second order 
corresponds to the difference between the G-function of the first-order 
differential counter with a divided electrode and air-flow rate Ф, + Ф2 and 
the G-function for the same counter with an air-flow rate. We denote the 
limiting mobilities as follows:

4Л(С] t •2) U

*,=x8+20 <8-2>

= (8.4)

In the case Ф2/Ф, < Сг)Сх, we have kab < kba, and

0 for к <5: kaa
4л(С| + C2) Gfe — Ф1 for ka <g к <% ^ab

G = Ф= for ^ab 5£йе= ^ba
Ф, +Ф2 —4nC)GÄ for ^■ba 5a к < = ^bb

0 for kbb 5£ к

(8.5)

In the case C2ICX $£ Ф2/Ф,, we have kba < k„b, and

° 
4n(C1 + C2)G£— Ф,

for
for kaa s

к s 
£ к s

% haa 
% hba (8.6)G = AnCsUk for kba s£ к 8 s kabф, + Ф2_ 4nCxUk for kob S£ к 8= hbb0 for kbb 5£ к

To determine the spectrum the theorem of the mean integral value is 
applied to the counter equation (3.3). Since in both expressions (8.5) and 
(8.6) integration of the G-function yields the same result, namely

( P jl_  СаФ2(Ф1 + Фз/2)
J uaR- 4nC(C+C2)U ’ (8.7)



we obtain

A/K\   4лС1 (Ci - Cs)U • /о o\е^-с^иФ. + Ф^)7- (8-8>

k lies in the interval defined by the mean mobility

T_ (C,+C)(0,+0,)—С,Ф| (8 gt
8xC(C+C2)U ' '

and the relative half-width 

ь _  (Ci + Сз)(Ф| + Фг) — С|Ф, /о in
°* - (С, + С,) (Ф, + Ф2) + С,Ф( 1 v •

Introducing the notation 

the above expressions can be written more clearly in the form

CW = + z = ‘ +
2(2Ф, + Ф2)М* 2(2Ф,+Ф2)*

(8.13)

g (8.14)4л(С, + C2)t/(l +6e) ’

. _ Yc+Y
l + YcY»‘

(8.15)

From expression (8.13) it follows that for certain values of the mean 
limiting mobility and mean air-flow rate Ф1+Ф2/2 the current / depends on 
the counter parameters only via the product Vcv». It is readily seen that 
when the quantity VcY. is not varied, the parameter 6* has a minimum if 
Yc=Y.. Consequently, the condition of best resolution for constant current 
is

= (8.16)Ф1 c,‘ '

This expression was derived in a less strict way in the work /Tammet, 
1960/.

The condition (8.16) is close to that of optimum operation, but it does 
not exactly coincide with the latter. The reason is that the counter 
sensitivity, apart from depending on the ratio IIqW, depends also on the 
capacitance C2. For optimum operation conditions, C2/C, < Ф2/Ф1 .

Besides the above application of the differential counter of the second 
order, the possibility of measuring the partial charge density or partial 
conductivity is of interest. This is borne out by the occurrence of the 

segment G = Ф2 or G = toCtUh in the mobility interval between kab and kba. 
Choosing the counter parameters in such a way that ®2/®i<dC2/C! or C2/C,« 
«0/0,, one can obtain the G-function in the form shown in Figure 8.1.
We shall divide the integral in equation (3.3) into terms corresponding to 
the linear intervals of the G-function. Most important is the integral in 
the interval kkab,kb^, which directly gives the partial charge density or the 
partial conductivity. To reduce the two remaining integrals to the form 
of partial charge density or partial conductivity, we employ the theorem 
according to which in the interval (a, 6) there always exists a 5, such that

» t
j/(/)d/= Jg(f)df (8.17)

only if in the whole interval the condition

0=5^1 <8-18)

is satisfied.
In the case Ф2/Ф, < C3JC1 we obtain

^^2)=^, (8.19)

where k, and k2 lie in intervals with mean mobilities

■Г ®,+®2/2 (8.20)
l—4л(С,+ C2)U ’

,,_0,+ 0,/2 (8.21)
2— 4nC,U ‘ '

FIGURE 8.1. G-function of the second-order differential counter: 

a—when®2/®1« C2/Ct; b—when C2/C, « ®2/®!.

The relative half-width of the (žp ž2) interval is expressed by (7.19).
In the case C2/Ci < Ф2/Ф1, we obtain

ktk, кЛ — 1 (8.22)— toC1U- ' ’ 
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where kx and "k2 lie in intervals, the mean mobilities of which are given by

, _  (С1+С2/2)Ф| /n OQ\
■ <8-23>

~l _ _ ) la 24)
4л C, (C, + C2) U 1 \ • I

The relative half-width ofthe interval is given by formula (7.11).
The advantage of this new method for measurings (6,, k^ and X(£b£2) over 

other variants of the aspiration method is that it suffices to measure directly 
only one value of the current through the collector plate in order to obtain 
one value of the desired parameter. It should be mentioned that in the 
integral method the measuring of four and in the first-order differential 
method the measuring of two current values is required to obtain the same 
result.

§9. COUNTERS WITH SEVERAL COLLECTOR 
PLATES

In the following we consider counters in which the current through several 
plates is measured. Counters with reversible plates, for example, that are 
described in the work /Ortner, El Nadi, 1955/ do not belong to this group. 
There are many possible designs of a measuring capacitor with several 
collector plates. A general treatment of the problem is very involved and 
beyond the scope of this book. We shall therefore confine ourselves to 
some practical examples.

The simplest counter with two collector plates is an integral counter 
measuring the current through both plates. It enables the simultaneous 
recording of air ions of both polarities, but does not present any new 
possibilities of measurement.

Consider the behavior of air ions in the measuring capacitor under more 
general conditions. Suppose the capacitor consists of many plates to which 
different voltages are applied, and consider the expression for the total 
current through some group of plates, which we shall call the collector 
group. This expression is similar to that for the current in an integral 
counter. However, two conditions must be satisfied.

1. Air ions of one polarity only settle on the collector group and if the 
conductivity is sufficiently large, all air ions of this polarity will settle.

2. The boundary surface of the air ions that are being collected (the 
current of which is unsaturated) should separate the collector group from 
all the other plates, so that the electric flux through the boundary surface 
will correspond to the sum of the charges on the plates of the collector 
group.

These conditions will be called the normal conditions.
The limiting mobility of the collector group is given by

*o =--------, (9.1)
• to 2 Qn

where Qn corresponds to the charges on the plates of the collector-group 
plates. This is defined by the sums 2Cnl U„.t. where Cn,t and Un l are 

respectively the mutual capacitance and the voltage between the plates 
with indices n and l.

The question whether the normal conditions are satisfied is complex 
and can be answered only in special cases.

FIGURE 9.1, Example of a measuring capacitor in which the normal conditions are not 
satisfied.

----------------- boundary surface for a certain mobility.

An example of a measuring capacitor in which the normal conditions are 
not satisfied is shown in Figure 9.1. The normal conditions are fully 
satisfied in the trivial case in which the potentials of all plates are equal 
to one another. This occurs in the differential counter with an electrode 
divided into several collecting plates /Israel, 1931/.

The current through the first plate of this counter is calculated in the 
same way as in the case of an integral cqunter, and the current through 
the remaining plates as in the case of a first-order differential counter 
with a divided electrode. Suppose the current is measured through the 
plate with index / ^1 and the plate with index m > l in a capacitor designed 
such that Cm = Cx. The currents 4 and Im are expressed by the integral (3.3) 

and G by equations (7.1)—(7.3), where C2 = Ct= Cm and C=E,C,for Gz and 

CX=SC, for Gm. The difference r— /„ is also expressed by the integral

(3.3), where G = G, — Gm. The expression

0 for k < кта
4я S CnUk — Ф for кта ^k kmb

4л C[Uk for kmt, < к < kla
Ф — 4л S CnUk for kla <k< klbn=l 

0 for klb < к,

(9.2)

where kma, kmb, kla and klb are the limiting mobilities corresponding to the 
capacitances 2 C„, ”sc„, 2 C„ and ijc„. The G-function (9.2) has the same 

form as the G-function of the second-order differential counter (9.6). We 
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can therefore apply the same method of calculation, which yields

(9.3)

where kx and k2 lie in the intervals with mean velocities

Therefore, in the case of the above-described counter, it is useful to 
employ one differential electrometer instead of two electrometers /Imyanitov, 
1952; Zachek, 1964/. This enables us to obtain directly a count which is 
proportional to the desired quantity.

An interesting new counter version with two collector plates was 
recently proposed /imyanitov, 1963; Imyanitov, Pavlyuchenkov, 1964; 
Schmeer, 1966/ for integral measurements.

4л U Cn 2 c,

_ ф(Е cn + cz/a)
171-----0.5)

4л U £,C, 2 cn

The relative half-widths of the intervals are respectively

6t,=  (9.6)

гЛ C" + C'

6»,=  (9.7)
2 2C,+C,

When studying the spectrum e(k) it is advisable to measure the currents 
through adjacent plates, the capacities of which are equal to one another. 
Assuming mel-1, we can arrive at the results obtained above. Similarly, 
as in the case of the second-order differential counter, we obtain

4n U Ž c„ 2 cn £ C„ 
00=—o-(-I#).

k lies in the interval with mean mobility

(9.8)

FIGURE 9.2. The counter of Imyanitov. A/ 1$ the differential electrometer.

A schematic diagram of the counter is given in Figure 9.2. The 
measuring capacitor consists of two collector plates with equal capacitances 
and equal voltages I/. The difference Д/ = Л — /2 of the currents through 
the first and second collector plate is measured with the aid of the differen­
tial electrometer. It is readily shown that for Д/ the function Од has the 
form

f 0 for k < ko/2
Од= J (2№-1)Ф for ko/2<k<ko (9.11)

[ Ф for ko<k

where ko is calculated from the active capacitance C of one inner plate. 
The trend of the function Од is shown in Figure 9.3.

(9.9)

4« U Z C„ 2 c„ 4Л и 2 c„ 
«=1 4=1 4=1

and relative half-width

C.

2«=1

In formulas (9.3) and (9.8) the difference between the currents through 
both plates appears.

(9.10)

FIGURE 9.3. The G-function for the counter of 
Imyanitov.
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Starting with expression (9.11) we can readily derive a formula useful 
for practical calculations:

e[(0.75± 0.25)Äo,“] = ^. (9.12)

To obtain one value of e(£, °°), one count will suffice.
The differential counter of Misaki /Misaki, 1950/ may also be considered 

as a counter with several plates.
Let us finally consider a problem indirectly related to the present section. 

It appears that the normal conditions are fulfilled for the integral counter 
shown in Figure 9. 4. The special feature of this counter is that the active 
capacitance of the measuring capacitor is accurately given by the formula 
for the capacitance of an ideal cylindrical capacitor, in spite of the fact 
that the electric field is of a rather complex form. Charges induced by the 
voltage between the forward plate and the collector plate mutually compensate 
one another. The normal conditions are satisfied in all capacitor designs 
in which some symmetrical component is connected in front of the collector 
plate to the outer plate. This enables the use of an annular entrance opening 
which is of interest in counters with a divided air flow as well as in certain 
specific designs of the integral counter /Reinet, 1958, 1959а/.

FIGURE 9.4. Measuring capacitor, the active capacitance of which can be accurately cal­
culated from the geometrical length of the collector plate.

considerably reduce the practical importance of methods in which interplate 
air mixing is employed.

Consider a measuring capacitor with two inner plates, between which 
the air flow is mixed. The density spectrum of the flow of air ions passing 
through the first part of the capacitor is defined as the difference of the 
density spectrum of the incoming flow and the density spectrum of the flow 
of settling air ions.

- (Ю. 1)

where Ga and G» are respectively the G-functions for the inner and outer 
plate of the first part of the capacitor. After mix:ing the spectrum is 
given by ;

e'W = ^1=(i-£4^)eW- (10-2>

The second part of the measuring capacitor corresponds to a standard 
integral counter. The function G3 for the current through the second inner 
plate is calculated by multiplying the o’- function of a standard integral 
counter by the multiplicative factor of formula (10. 2). Denoting the limiting 
mobility of the first part of the capacitor by k, and the limiting mobility of 
the second part by k2, we obtain for the condition k, < k2 .........

(10.3)

For the condition k2e L

Ф 2,) for
G2= (10.4)

0 for < k.

In the latter case we have

0

§10. COUNTERS WITH INTERPLATE AIR MIXING

Counters are known in which provision is made for mixing the air flow 
between the two inner plates of the measuring capacitor. This presents 
new measuring possibilities, as proposed in the works /israöl, 1949; Isral, 
Schultz, 1933; Gerasimova, 1941b/.

Interplate mixing of the air flow is effected by an arrangement in which 
the flow is first rendered turbulent and then laminar again. The mixing is 
facilitated by dividing the current into two branches /israöl, 1931/. 
Complete mixing is obtained when two measuring capacitors having plates 
are connected in series and separated by a grid-like screen.

Mixing of the air is unavoidably accompanied by a loss of air ions due to 
increased adsorption. Distortions may also arise in the case of incomplete 
mixing. These phenomena, which are neglected in the present chapter,

29

hu, G2 —-
for A < Ä2 
for ^2 <( Й < A, (10.5)

0

Applying the theorem of the mean integral value we can derive

e(k) = 2», t , (10.6)

where k lies in the interval with mean mobility

and relative half-width

ь — k,+k2я 2 (10.7)

. _  ^1 —
°* - k, + k, ■ (10.8)



It should be pointed out that in the described method the condition k2 < kv 
must be satisfied.

When the air flow is divided into two branches (after it has passed 
through the first part of the measuring capacitor), the latter are led through 
two respective counters with different limiting mobilities.

This enables us to determine e(k) from two simultaneous measurements. 
A detailed description of this method may be found in the works /Israel, 
1931; Israel, Shultz, 1933; Isral, 1957b/.

A comparison of the above method with the usual differential methods 
does not reveal any advantages. On the contrary, the method of interplate 
air mixing is undoubtedly less accurate and less sensitive, which can be 
easily seen from formulas (10,6) and (7.8).

Therefore, the above method can hardly be expected to be of any 
practical use.

Interplate air mixing can also be effected in a standard integral counter 
with a precondenser. If the second capacitor operates under saturation 
conditions, no deviation from the usual operating conditions will occur. In 
the opposite case certain complications arise. A detailed treatment of this 
problem may be found in the works /Israel, 1931, 1957b/. Compared with 
the usual method of the precondenser, the method of interplate air mixing 
offers no advantages.

Gerasimova /Gerasimova, 1941b/ proposed a method which on first sight 
seemed very promising. Here the partial charge density g(0, k^ of heavy 
and super-heavy ions is measured, whereby an integral counter is employed 
in conjunction with a precondenser and interplate air mixing. The measuring 
capacitors can have a relatively high limiting mobility and a simple design.

The method of Gerasimova requires that the condition k,< k4 be satisfied. 
The current through the inner plate is expressed by equation (3.3), where 
the G -function has the form given by (10.3). Differentiation of this equation 
yields

av,=-a0,f*‘o(8)dA, (10.9)

huvh= ®2 py(i-)-/» (10.10)
°

Let us now introduce the mean square mobility of the air ions and write 
the integrals in the form

^kW>dk^№roy k^e^, k,-), (10.11)
. 0

^k^dk^^, kxW, kxY (10.12)
0 .

Forming the ratio (hu, we obtain

„/A Ь , — Cl Ä=(0. Ai) <АиУ02 /10 1 o'
6 ’ 1 ®C,t/2 [^(0, d/ä/dt/, " "

The expression ^(0, fe|)/[6(0, k,)]2 cannot be determined from the measure­
ment results, which is a serious drawback of the method. Formula (10.13) 
can be applied only in the case when the parameter Г2(0, k)/R(0, k1)22 can be 
estimated on the basis of previously known results. Gerasimova 
/Gerasimova, 1941b/ assumed №(0, =[A(O,A)p. which leads to erroneous
conclusions.

§11 . MEASUREMEMT OF THE SPACE CHARGE 
DENSITY

Many methods based on various principles are available for measuring 
the charge density. Those not related to aspiration methods are the Thomson 
method /Thomson, W., 1882, Daunderer, 1909/, the three-collector method 
/Daunderer, 1907/ and the Imyanitov method (related to the Thomson 
method)/Imyanitov, 1951; In’kov, 1958, 1965; Kitaev, 1962/, and finally 
the Mühleisen-Holl method /Mühleisen, Holl, 1952/ and the indirect method 
of calculating the charge density from the spatial distribution of the electric 
field and the conductivity /Hansen, 1935; Mecklenburg, Lautner, 1940/. A 
survey of the various methods can be found in the book /israöl, 1961/.

The aspiration device for measuring the charge density should satisfy 
the condition G = Ф for any mobility. Since this is impossible, we must be 
satisfied with the approximate fulfillment of this condition in the practical 
range of mobilities. In the integral counter the condition О = ф can be 
fulfilled for mobilities of one polarity only. The limiting mobility should 
be less than the mobility of heaviest ions still contributing to the charge 
density. When measuring charge densities, the polar densities are recorded 
separately and then added. The accuracy of this method is not very high 
and the relative error often exceeds the relative errors of the initial 
measurements. Nevertheless, this method is sometimes applied in practice 
/Gockel, 1917; Reinet, 1958/. The simultaneous counting of air ions of both 
polarities can be effected by means of devices with a filter, through which 
the air is drawn. Here the current which flows through the filter to the 
ground is measured.

The operation of a fiber filter is based on air-ion adsorption. The 
application of the method was first described in the work /Zeleny, 1898а/. 
This method is considered to be one of the best methods for measuring the 
charge density /Mühleisen, 1957а/. The measuring filter of the device is 
filled with cotton wool /Becker, 1910; Obolensky, 1925/, with glass wool 
/Zeleny, 1898a; McClelland, 1898/, with metal shavings /Aselmann, 1906; 
Brown, 1930/, or with metallic grids /Krasnogorskaya, Seredkin, 1964/.

The theory of the fiber-filter method /Fuks, Stechnika, 1962/ has been 
little studied. To verify the effectiveness of the filter the air flow is drawn 
through two filters arranged in series. The filter is considered effective if 
the current through the second filter is sufficiently small compared to the 
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current through the first filter. The filter in question can be connected in 
series with the standard integral counter /Paltridge, 1967/. The charge 
density is given by an elementary formula

e=l (11.1)

The disadvantage of fiber filters lies in their relatively large resistance 
to the air flow. Accordingly, the electrostatic filter suggested by Gunn / Gunn, 
1953 / is more efficient. The Gunn method is a combination of the integral­
counter method and the filter method. This device is schematically shown in 
Figure 11.1. The G-function for such a filter has the form shown in 
Figure 11.2. For a sufficiently small limiting mobility the approximation 
G = Ф is permissible and does not depend on the mobility.

FIGURE 11.2. The G-function for the Gunn filter.

The Gunn filter usually consists of plane-parallel plates. The maximum 
allowable voltage between the plates should be chosen on the basis of 
reliability considerations. Since breakdown of the capacitor occurs at a 
certain value of the electric field strength E, the latter should be chosen 
before designing the filter. The formula for the limiting mobility (4.3) 
now becomes

ко=Ё?. (11.2) 

where d is the distance between the plates, and V is the filter volume.

§12 . MODULATED COUNTERS

In the usual aspiration counters one measures a fairly weak direct 
current through the collector plate. Amplification and recording of such 
a weak direct current constitutes a difficult technical problem. For the 
measurement of the very weak direct current in more recent instruments 
it is preferable to transform the incoming signal into an alternating one, 
since amplification of an alternating current is much simpler.

The possibility of transforming the output signal of the measuring 
capacitor by introducing certain changes in the counter design was proposed 
quite recently /Junod, Sänger, Thams, 1962/. Apart from the outlined 
advantage, this method opens the way to some other new possibilities of 
major importance. In modulated counters it appears possible to suppress 
various distorting effects which often cause serious trouble in usual counters. 
This problem will be discussed in the following chapters.

The main advantage of the modulated counters lies in the possibility of 
differentiating by means of modulation techniques. This was the main reason 
underlying the development of modulated measuring capacitors / Junod, Sanger, 
Thams, 1962/.

Modulated counters record the amplitude of the alternating component 
of the current through the collector plate.

The modulation frequency is very low (of the order of several Hz or 
lower) so that the use of amplifiers is required. For simplicity, we assume 
that the modulation period is sufficiently large compared to the time constant 
of the current generated by the air ions flowing toward the collector plate 
of the capacitor. This enables us to forego allowance for transient 
processes which considerably complicate the calculation procedure.

The amplitude of the alternating current through the collector plate is 
given by . - ......... : . .

^-="2"(f™* — l/niiõ- (12.1)

/ can be correlated with the spectrum e(*) via an integral transformation 
similar to formula (3. 3). The kernel of the integral will be denoted by G. .

Let us briefly consider the specific possibilities of counters with 
modulated measuring and modulated preondenser. For simplicity, we 
assume the modulating signal is rectangular everywhere. Rectangular 
modulation is in most cases the most appropriate.

1. Modulation by the means of the gas flow rate. Suppose the measuring 
capacitor is similar to the measuring capacitor of a usual integral counter. 
Denote the gas flow rate during the first half-period by Фь and during the 
second half-period by Ф2. Assume further that Ф, <Ф2 and denote the 
respective limiting mobilities by й, and k?. The function G.is then given by 

2G_ =
0

4л CUk —Ф
Ф2"— Ф1

for k « ki 
for k<kk 
for k; < k. '

(12.2)



This expression is similar to (7.13), which represents the 6-function of a 
first-order differential counter with a divided air current. Analysis of 
formula (12.2) leads correspondingly to results obtained in § 7 and expressed 
by formulas (7.16) and (7.20).

It may be noted that for the case Ф2 = 2Ф, the function G_ assumes the 
same form as the function G. of the Imyanitov counter (9.11), so that the 
described counter possesses the same properties as this counter.

For the case Ф, =0 the function G. corresponds to the function G of an 
ordinary integral counter. . ■ ,

Two antiphase-modulated measuring capacitors may be fed by one fan.
The gas flow rate through the fan will then be constant.

A disadvantage of gas flow rate modulation is the tendency of pulsating 
flows to becomesturbulentand the;:necygsity of mechanicar commutator 
arrangements in gas flow rate modulation, -.......... : ,

2. Modulation' of the measuring capacitor voltage. . Let us denote the 
voltage in successive half-periods by U, and U21 respectively, and assume 
U,<U2. In accordance with formula (4,3) A2<R,. The function G. then 
becomes . ■■ ■ .

Г4яС(<72—U,)k for k - k2 
2G. = 4 Ф— 4 v for k^k^h, ■ ' (12.3)

( 0 for A’i < '

When U; =0, expression (12. 3) corresponds to the G-function of a usual 
integral counter. Junod, Sänger and Thams /1962/ developed a method of double 
differentiation by means of a complex modulating voltage. A typical - ■
modulating voltage ensuring double differentiation is shown in Figure 12.1. 
Here the difference between the amplitudes of the variable high-frequency 
component is recorded for different half-periods of the low-frequency ■ 
component. . . ;

The double differentiation method is very sensitive to fluctuations in 
the relative charge density.

FIGURE 12.1. Modulating voltage signal ensuring 
double differentiaton, ■ ' ’ ■ '

A serious disadvantage of this method is the necessity to accurately 
compensate the induced current which exceeds the measured current by 

several orders of magnitude. The compensation of the induced current is 
effected by a bridge circuit /Junod, Sanger, Thams, 1962/, which will be 
described in §31.

3. Counter with a modulated precondenser. The measuring capacitor 
is schematically shown in Figure 12.2. The intermediate shorted screening 
capacitor is not necessary in principle, and merely serves to decrease the 
total length and to prevent a widening of the air flow after it has passed 
through the precondenser. Widening of the flow may cause turbulence. The 
auxiliary RC circuit serves to separate the alternating and direct current.

FIGURE 12.2. Counter with a modulated precondenser.

This counter has none of the shortcomings connected with the aerodynamic 
instability of the pulsating flow and induced current.

Counters employing a modulated precondenser offer many additional 
possibilities for work under various operating conditions. The function 6. 
is calculated as the difference of two expressions of the type (6.3). Since 
the general form of this function is of current interest, we shall consider 
only one example. Suppose the active capacitances of the preliminary and 
main capacitors are C, and C2, respectively, and the voltage of the 
preliminary capacitor is 0 in the first half-period and U, in the second 
half-period. Further, we assume that the voltage of the main capacitor 
is constant and equals U2. We choose the voltage U,, such that UXCX = U2C2, 
Denoting the limiting mobility of the ions in the main capacitor by k0, we 
obtain

( 0 for k < O,5£o
2G_ = < (2A/^o—1)Ф for O.5^o < к < kQ (12.4)

( ® for k0 < к.

This expression corresponds to (9.11). Consequently, the counter under 
consideration has properties analogous to those of the Imyanitov counter.

Choosing UiCx= — U2C2, we can obtain a G-function of the type (4.4).
4. Differential counter with an auxiliary modulating capacitor. According 

to Figure 12. 3 the auxiliary capacitor is located at the center of the first 
inner plate of the measuring capacitor. The auxiliary capacitor can be 
placed directly in front of the differential measuring capacitor but this would 
lead to complications because of the deviation from normal conditions and 
because of the appearance of an edge effect at the boundary between the 
auxiliary to the measuring capacitor.

35



FIGURE 12.3. Differential counter with an auxiliary modulated capacitor:

1—modulated plate; 2—equipotential elongation of the inner plate intended to improve 
the aerodynamic properties of the measuring capacitor.

Suppose the mutual capacitance between the first inner and the entire 
outer plate (including the modulated plate) is Си the capacitance between 
the first inner and the modulated plate is C-, the active capacitance of the 
second inner plate is C2. Denoting the constant voltage by U and the 
amplitude of the alternating modulating voltage by L'_, we obtain the four 
limiting mobilities:

The two last expressions are similar to formula (8.6), which describes 
the second-order differential counter under conditions whereby Ф2/Ф;.
Without further calculations it may be stated that, in principle, the above 
method offers the same possibilities as the second-order differential method 
for the conditions stated above.

When measuring the spectrum, it is advisable to choose the ratio U. JU 
equal or slightly larger than the ratio C2/2C ..

The voltage of the modulated plate need not necessarily have only an 
alternating component, as the alternating component can itself be modulated 
by a lower frequency component.

In the above-described method modulation by differentiation replaces the 
technically rather inconvenient separation of the air flow.

The possibilities of the method of modulating the precondenser are not 
confined to the examples considered above. Since the method is relatively 
new, it is difficult to indicate the practical significance of the different 
variants. The general theoretical calculations pertaining to the different 
counter variants are standard, and we shall forego any further treatment 
of additional variants of the method.

The theory of modulation counters must be further refined because of 
the need to calculate or estimate the transient processes. This problem 
will not be considered in the present book.

ь , _ _________2_______  (12.4):,l+— 4J.-HC, + C2)U + C_ UJ ’ v '

ka~= 4п{(С, + С2)и-CTu^\ ’ (12.5)

A»+— ^CiU + c. u_v (12.6)

(12.7)4л(С1С/ — С_ и_ )

When ка-^кь+, the function G. is expressed by

20. =

' 0 for к < k„.
4n[(Ci + C2)O+C.f/.]A —Ф for ka+^k^ku_

8nC. U- к for k0_ < к < kb+
0—4n(CU—C.U.)k fork<k<k-

. 0 for kb_ < k.

(12.8)

In the case of strong modulation ka+< ka-, so that

20. =

0 for к < ka+
4 л [ (C; C2) U + C _ U _ ]Ä — Ф for kQ_ < к < k^^

4nC2Uk for kb+ < к k0_
Ф — 4л(С|О—C-U.'ik for kQ_ к kb_

0 for kb_ < k.

(12.9)

* [Both this and the previous formula are denoted as (12.4) in the Russian text.]
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Chapter II

DEVIATIONS FROM IDEAL CONDITIONS

§13. FACTORS CAUSING DISTURBANCES AND 
SYSTEMATIC MEASUREMENT ERRORS

The conclusions derived from the general theory of aspiration counters 
are strictly valid only when the ideal conditions defined in the preceding 
chapter are fulfilled. In practice it is often impossible to fulfill all the 
conditions which lead to disturbances giving rise to systematic errors in 
the measuring results.

The danger of systematic errors forces us to focus our attention on the 
quantitative determination of these disturbances. Without such a determina­
tion it is impossible to judge whether or which disturbances appear under 
certain conditions. A quantitative evaluation of the disturbances is necessary 
for the proper choice of experimental parameters and observation methods.

More involved is the problem of applying the theory of the aspiration 
counter without allowing for one or another limiting requirement. The first 
step in the present book will be the determination of corrections eliminating 
the systematic errors due to small disturbances.

The measurement errors in the air-ion spectrum may be divided into 
three groups according to the nature of the disturbance source.

The first group comprises errors depending on the degree of perfection 
of the instruments employed for measuring the current, voltage, gas flow 
rate, etc. , and errors due to the instability of the voltage supply, different 
contact potentials /Benndorf, 1909, 1926; Scholz, 1931a; Israel, Dolezalek, 
1957/, etc. Some of these errors will be treated in Chapter III.

The second group comprises errors due to external conditions. Under 
ideal conditions the spectrum e(A)at the counter inlet should be homogeneous 
and equal to the function e(k) of the air sample. Deviations from this 
requirement may be caused by an external electric field, by a disturbance 
in the air movement at the measurement point, or by other factors. Of 
greatest practical significance is the electric field, which complicates the 
study of atmospheric air ionization /O’Donnel, 1952; Chalmers, 1953/. 
Information on the effect of the external electric field upon the measurement 
results may be found in a number of works /Swann, 1914d, 1923; Mackell, 
1921, 1923; Norinder, 1921; Wait, 1934; Coroniti, Parziale, Callahan, 
Patten, 1952; Phillips, 1963; Ivanova, Kuklina, Sedunov, 1963; Zachek, 
1964b; Schmeer, 1966/. The disturbance due to the external electric field 
may be eliminated by proper voltage regulation of the apparatus /Higazi, 
Chalmers, 1966/. The movement of air ions in the free atmosphere 
constitutes a problem which lies beyond the scope of this book, and we shall 

therefore refrain from a detailed consideration of errors of the second 
group.

The present chapter deals with the errors of the third group which are 
caused by deviations from ideal conditions within the counter. The 
complexity of the problem compels us in most cases to consider small 
deviations in the first approximation. Neglecting the interaction of the 
disturbances, we shall be able to consider separately various deviations 
from the ideal conditions.

For various reasons we shall not discuss the interaction of certain 
disturbances of the third group. The problem of the unstable operation of 
the measuring capacitor is considered in detail in the works /Komarov, 
1960a, 1960b/. The precipitation of air ions by inertial forces is of definite 
significance in conductivity measurements in clouds. This problem is dealt 
with in the works /Zachek, 1962, 1964a, b, 1965/. The disturbance due to 
inertial forces is removed in those counters having a modulated precondenser.

The effect of air-ion generation in the measuring capacitor on the 
measurement results is connected with the accumulation of radioactive 
substances on aerosols /Kurz, 1906, 1907/. The theoretical evaluation of 
this disturbance is involved and has so far not let to any definite results. 
In practice, the generation of air ions inside the measuring capacitor is 
determined directly from the current measurement for operating conditions 
corresponding to Ф= 0, The effect of the radioactive substances precipitated 
on the plates depends basically only on the distance between the plates and 
increases with increasing distance. The effect of radioactive substances 
contained in air also depends on the distance between the plates but, in 
addition, is proportional to the filling time of the capacitor

Expression (13.1) applies to a cylindrical capacitor. For a parallel-plate 
capacitor we have

(13.2)

where c is the width of the capacitor.
The disturbance due to radioactive radiation is suppressed in counters 

having a modulated precondenser.
The filling time of the capacitor also determines the effect of air-ion 

recombination in the measuring capacitor on the measurement results. ' ' 
The relative error in recombination and attachment of air ions to aerosol 
particles is limited by the inequality

6<f' (13.3)

♦
where t is the mean lifetime of the air ion. For light ions in the case of 
polar charge densities ^^ges/cm^) (secb where e± 18 the

charge density of air ions of opposite polarity.
The generation and recombination of air ions in the measuring capacitor 

may partly compensate one another. In the works /Vogler, 1959, I960/ the 
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so-called "emis’sion effect" is discussed. Upon decay the radioactive atom 
radiates a- and ß-particles, the charges of which do not fully compensate 
one another. This gives rise to an additional current from the collector 
plate, upon which the radioactive substances have accumulated. According 
to Vogler /1959, 1960/ this current causes a considerable measurement error. 
An elementary quantitative evaluation shows that this statement is not valid. 
The "emission effect" is apparently smaller by several orders of magnitude 
than the effect of air ionization due to the same a- and s-particles, and can 
thus be of no practical significance.

$14. THE EDGE EFFECT

The edge effect results when the fringing electric field of the counter 
interacts with the air ions which are drawn into the measuring capacitor.

The nature of the edge effect depends on the manner in which the voltage 
is applied to the plates of the measuring capacitor. We shall therefore 
consider the different ways of applying the voltage to the measuring capacitor.

In most counters the inner plate is the collector plate, Because of certain 
technical advantages the collector plate is maintained at a potential close to 
the earth's potential. The outer plate in this case has a potential - U relative 
to the earth. To remove the electric field outside the counter the outer plate 
is surrounded by a grounded screen. The diverging of the electric field 
around the entrance of the outer plate may be avoided with the aid of a 
grounded entrance cylinder. An example of the entrance cylinder of such a 
measuring capacitor is shown schematically in Figure 14.1.

u

FIGURE 14.1. Example of a capacitor inlet: 

--------------flow lines;................flow lines for which q(*)= 0; A designates 
the separation region.

The edge effect in the above measuring capacitor may be analyzed from 
two equivalent points of view. First, if the entrance cylinder is not 
considered as a part of the measuring capacitor, then there exist no 
deviations from ideal conditions which could cause an edge effect. The 
edge effect is caused by the external electric field due to the potential 
between the outer plate and the entrance cylinder. In the second case the 
entrance cylinder may be considered as an additional plate of the measuring 
capacitor. The inlet of the measuring capacitor then corresponds to the 
inlet end of the entrance cylinder and the aspiration of the air to be studied 
will take place without any disturbances. The edge effect is the result of 
the settling of air ions on the plates of the inlet tube due to the influence 
of the electric field between the inlet tube and the external plate /imyanitov, 
Zachek, In'kov, Semenov, 1960/. Both points of view are equivalent, but 
the latter is more convenient for theoretical quantitative calculations.

The first detailed description of the nature of the edge effect was given 
in /Lenard and Ramsauer, 1910/. The edge effect has subsequently been 
treated in a large number of works /Swann, 1914c; Itiwara, 1931; Scholz, 
1931b, 1935; Gish, 1932; Israel, 1932a, 1932b; Graziadei, 1933/. The 
results of a detailed study on the nature of the electric fields occurring at 
the edge of various aspiration counters can be found in the work /Schmeer, 
1966/. In his work /Israel, 1932a/ Israel proposed the quantitative theory 
of the edge effect—the so-called theory of the preliminary screening 
capacitor. According to this theory the edge effect becomes similar to 
the effect of the precondenser. The settling of air ions in the preliminary 
screening capacitor is calculated as in the case of the standard integral 
counter with a correspondingly small capacitance /Siksna, 1950; Israel, 
1957b; Hoppel, Kraakevik, 1965/.

Let us consider the movement of the air ions of definite mobility near 
the inlet of the counter (see Figure 14.1). The spectrum e(k) at the inner 
surface of the inlet tube is either equal to the spectrum 0o(k) in the outside 
air, if the outward-emanating streamline ofthe air- ions terminates at the 
considered point, or to zero, if the streamline Emanates from the external 
plate. Let us denote the mutual capacitance between the outer plate and 
that region of the inlet tube, where g(A) =g0(fc), by C'. The capacitance C' 
depends, apart from the geometry of the electrodes, also on the location of 
the circle dividing the regions p(A) =eo(*)and e(A) — 0 (Figure 14. 1, Л). If 
the location of the dividing circle would not depend on the operating conditions 
of the measuring capacitor, then the above considerations would validate 
the theory of the apparent precondenser. However, simple considerations 
show that the position of the dividing circle depends on the voltage and the 
air flow rate. This leads to a divergence from the known theory. When 
describing the edge effect, one may start with the concept of the apparent 
precondenser. However, the capacitance c' of the precondenser should be 
regarded as a function of the operation parameters of the counter. The 
expression for the G-function of the integral counter, taking into account 
the edge effect, is given by v

f 4л.СШ for к < ko.
G — 4 • — 4лС'([/, Ф, Uk for ko<k<ko (14 1)

0 for ко < к, "
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where the limiting mobilities are defined by the equations

, - Ф
0 4л|С + С'((/,Ф,*„))1/’

Calculations according to the thus changed methods of the apparent 
precondenser lead to integral equations which cannot be solved in general 
form. This, along with the need to define initially the dependence of C' 
on the operating conditions of the counter, renders an exact quantitative 
determination of the edge effect difficult and compels us in most cases to 
restrict ourselves to an approximate determination.

There are counters which do not include a grounded entrance cylinder. 
Quantitative calculations are very involved because of the strong dependence 
of the edge effect on the movement of air in the vicinity of the counter and 
on other external factors. Generally, the character of the edge effect in 
this case should remain similar to that of the edge effect in counters with 
a grounded entrance cylinder.

Difficulties related to the edge effect required in many cases that the 
counter be connected in such a way that the potential of the outer plate is 
close to the earth's potential. As the collector plate one sometimes utilizes 
the inner and sometimes the outer plate. Let us first consider the counter 
with an inner collector plate, and the outer plate is grounded. If the counter 
is designed so that the inner plate, 15, fully screened, then the air ions enter 
the measuring capacitor only under the influence of the air flow and the edge 
effect does not occur. The edge effect occurs only when the outer plate is 
too short and does notsuffieiently-sereen theinner plate. Bi this case the 
electric field penetrates via the inlet into the outer space. The quantitative 
determination of the edge effect is difficult because of its dependence on 
conditions outside the counter. For a rough estimate we shall consider an 
approximate and simplified calculation /Tammet, 1962b/. Let us imagine 
a surface dividing the inner.and outer.space with respect to the measuring 
capacitor such that inside the "counter* the movement of air-ions proceeds 
in accordance with the assumptions in § 2 and outside q(*) is uniform. There 
is no such surface in reality.Thereforewe shall tentatively choose an 
arbitrary surface at which deviations from the above-mentioned requirements 
are minimal. We shall seek the function G for the integral counter. Let us 
denote the mutual capacitance between the inner and outer plates as before 
by C and the capacitance of-the edge effect, determining the flux of the electric 
field through the dividing surface, by C'. From considerations similar to 
those in §4 we obtain '...............

Г 4n(C—C/)Uk fork<k , ,
® + 4nC't/Ä for k,<k, <14,4)

where is expressed by formula (4.3). If in the corresponding ideal 
counter with active capacitance C the current is denoted by /0, then we 
may write

1=/+4nCUN+ ' (14.5) 

where X+ are the corresponding polar conductivities. Owing to the approxi- 
mationsused, (14.5) may serve only as a rough estimate of the errors cause' 
by the edge effect. The application of this formula for the determination of 
corrections /Tammet, 1962b/ is not justified.

In counters with an outer collector plate the source of voltage is connectec 
between the inner plate and ground. The potential of the outer plate is close 
to that of the earth. To prevent interference the counter is always screened. 
If the outer plate is sufficiently long in comparison to the inner one, then the 
counter with the outer collector plate will experience no edge effect. In the 
opposite case, an edge effect caused by the precipitation of air ions on the 
entrance tube occurs (Figure 14.2). The measuring capacitor of the integral 
counter is similar to that of the first-order differential counter with a 
divided capacitor and differs from it only by the quantitative ratio of the 
plate capacitances. This enables us to utilize formula (7.3) for the 
description of the edge effect. Ct is the capacitance between the inner plate 
and the entrance tube and C2 is the capacitance between the outer and inner 
plates. In practice the limiting mobility usually exceeds the mobility of the 
most mobile air ions. This simplifies calculations and the correction for 
the edge effect may be determined by the formula

/ = /0 —4лС11/Х±, (14.6)

where 70 is the current induced by the air ions in the corresponding ideal 
counter with active capacitance C,— C2.

222272222222222222227272222224

FIGURE 14.2. Edge effect in a counter with an outer collector

If the counter is attached to a free balloon, then we cannot determine the 
way in which the counter plates are connected merely on the basis of whether 
the outer plate is grounded or not. No attention was given to the edge effect 
under these conditions /Kroenig, 1960; Muhleisen, Fischer, 1961/. A 
qualitatively correct description of the edge effect for the case of an isolated 
counter is given in the work /Schmeer, 1966/.



Neglect of the edge effect may be unjustified. The precipitation of air 
ions in the measuring capacitor charges the isolated system which may give 
rise to an edge effect similar to that in a counter, the outer plate of which 
is maintained at a certain voltage.

Consider a simplified example. Suppose a counter attached to a free 
balloon collects all the air ions from the passing air. If the space charge 
of the air is, for example, positive, then the apparatus acquires a positive 
charge Q. The charge Q may be expressed by the product of the apparatus 
capacitance Cs and the voltage Q = C,US. This charge induces an edge effect 
which causes the current from the positive air ions measured by the counter 
to decrease by a value which is approximately proportional to the voltage 
U, and the polar conductivity A+. We shall denote the decrease in the current 
generated by positive air ions by 4a.C'UsX*, where C'corresponds to the 
capacitance of the edge effect. The apparatus will receive a current 
generated by negative air ions equal to 4лCsU5X-_ Assuming that the inner 
plate of the measuring capacitor is sufficiently screened by the outer plate, 
we obtain from the current balance condition the relationship

U= ” 4л(С$^+С'Кр ’ (14.7)

where Ф is the air flow rate through the counter and e is the space charge 
density. If the edge effect is not considered when measuring o+, we obtain 
the relative error

a_ у C‘ A
MCXTcÄp- (14.8)

When measuring the current generated by air ions, the polarity of which 
is opposite to that of the space charge, the edge effect is not observed.

The edge effect does not affect the measurement results of polar 
conductivity obtained by means of the apparatus attached to a free balloon.

The above simplified example explicitly shows the nature of the edge 
effect in the case of an isolated counter. A more vigorous and general 
treatment of the problem will not be attempted. Because of the involved 
calculations this would hardly be of practical interest.

§15. RESULTS OF THE EXPERIMENTAL 
INVESTIGATION OF THE EDGE EFFECT

The problem of the edge effect is significant in the case when the outer 
plate of the measuring capacitor is maintained at a certain potential relative 
to the earth. To estimate the edge effect the capacitance C' must be known 
in each specific case as a function of the operation parameters of the 
measuring capacitor. The capacitance C' is preferably represented as a 
function of the similarity criteria. The flow field of air ions in the inlet 
section of the counter depends on the Reynolds number and the dimensionless 
number K,, considered in §2. Below we shall use the following 
expressions for these criteria:

Re=^- (15.1)
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v kr 4я Ukr ' Z1 _ л .
= (15.2)

where v is the kinematic viscosity of air, r is the radius of the outer plate or 
the entrance tube (specified for each specific case), k0 is the limiting . 
mobility, C is the active capacitance of the measuring capacitor, U is the 
voltage between the outer plate and the entrance tube. The theoretical 
determination of the function C' = C'(Re, K,) is difficult because of the 
laborious calculations, since the flow field of the air ions is determined 
only by numerical methods. Therefore, experiments were carried out 
with the aim of determining the capacitance of the edge effect of typical 
capacitor inlet units.

Experiments were performed with the aid of a device in which the 
electrode arrangement could be varied (Figure 15.1). Artificially ionized, 
unpurified laboratory air was used. In order to achieve a laminar flow, 
the air was drawn into the apparatus from a chamber having a volume of 
0.1 m3 through a special laminarizing arrangement (not shown in figure). 
The air ions were generated by ß-radiation from the Sr90 preparation. The 
age of the air ions at the deposition point was about one second. Positive 
air ions, the mobilities of which were distributed over a narrower interval, 
appeared to predominate (Figure 15. 2). The polar charge density was about 
105 e. s. u. /cm3, which does not give rise to any appreciable disturbances. 
The current generated by the air ions was compensated by a current through 
a resistor (3.3 хЮ10 ohm) connected to a precision potentiometer of the type 
P375; as a null-indicating device a dynamic recording electrometer was 
used to record the residual voltage. In this way an air-ion current instability 
of no higher than 0.2 % was ensured. The decisive requirement for obtaining 
such a stability was the complete suppression of turbulence in the air-ion 
generation zone. . .

FIGURE 15.2. Spectra of positive and negative air ions according to measure­
ment results obtained in 521. . .

The geometry of the electrodes and the position of the switch s (Figure 15.1) 
correspond to the usual integral counter with an outer collector plate in 
which the edge effect does not occur. With the aid of such an arrangement 
the characteristic 7 = /((/) of an integral counter, corresponding to the , 
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constant active capacitance C, was determined. The measurement was 
performed by means of an ac bridge.

After turning the switch the edge effect current was measured. The 
first hollow cylindrical electrode, which previously served as the collector 
plate of the counter, now plays the role of the entrance tube and the second 
hollow cylindrical electrode becomes the outer plate. The direct measure­
ment of the edge-effect current flowing to the entrance tube ensures greater 
accuracy than in the case of measuring the current through the inner plate 
of the counter. This is particularly important when the ratio of the edge­
effect current to the saturation current is small. In order to alter the 
geometry of different entrance arrangements, exchangeable parts which 
could be placed on the electrodes were used. In a corresponding manner 
the geometry of the inner electrode was varied. The capacitance C' of the 
edge effect is calculated from

CU' = CU, (15.3)

where U' is the voltage at which the edge-effect current equals the current 
generated by the air ions in the integral counter with an active capacitance 
C at a voltage U. Expression (15.3) is valid if all air ions have the same 
mobility. The dispersion of the air-ion spectrum smoothes the function 
C' = C'i.Kj), averaging out values of C' at neighboring points in accordance 
with the spectrum 1(£). Such smoothing is essential only in the case of a 
strongly nonlinear behavior of the function C'= C'(K;), which is not observed 
in reality, The characteristics F = Г{U') of the edge effect were plotted for 
different values of the Reynolds number. The results are obtained in the 
form of the function C' = C'(/74b where 7'is the edge-effect current and i6 is 
fluctuating current corresponding to the precipitation of all passing air ions. 
The parameter /74 is related to K, as follows:

The measurement results are shown in Figure 15.3 and the geometry of 
the corresponding entrance arrangements -is given in Figure 15.4. The 
length of the entrance tube in all experiments was 9. 5r. In Figure 15.3 the 
parameter /74 is plotted along the abscissa and the inclined straight lines 
correspond to the values of K, shown in the figure. The errors due to the 
instrument itself and the instability of the current generated by the air ions 
range from one to several percent.

The decrease in C' with increasing Ki» for all entrance arrangements, 
is clearly evident in Figure 15. 3. This is explained by the fact that an 
increase in the voltage shifts the dividing circle (Figure 14.1) toward the 
incoming air flow. The effective capacitance C‘ of the edge effect depends 
primarily on the Reynolds number. An increase in Re flattens the velocity 
profile of the air flow and shifts the dividing circle toward the outer plate. 
Even if the critical value of the Reynolds number is exceeded, the flow in the 
entrance arrangement will remain laminar; since in the wider tube of the 
air-ion generator the Reynolds number is less than the critical value and 
in the short entrance tube turbulence has no time to develop. Quantitative 
data on the dependence of C’ on Re (Figure 15.3) are valid only for an 
entrance tube of length 9.5 r. For smaller lengths of the entrance tube the 
same values of C are obtained for a smaller Re, and vice versa. The 
dependence of C' on the flow profile is clearly seen in curves 4 and 6,
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corresponding to entrance arrangements with identical electrode geometry 
but differing from each other by the air-flow direction and the function of 
electrodes. A section consisting of a tube of smaller diameter was attached 
in one case to the first cylindrical electrode and in the other case to the 
second hollow cylindrical electrode (Figure 15. 1). The inner electrode was 
removed. The air flow in the entrance arrangement in the first case diverges 
and in the second case converges. In the converging flow the velocity 
distribution is more uniform, causing larger values of C' than in the case of 
the diverging flow. In the asymmetric entrance arrangement, whereby the 
cross section of the entrance tube and the outer plate are equal (Figure 15. 4 d 
without an inner plate), a similar change in the —tion ef the flow and 
a change in function of the electrodes did not al 
within the limits of accuracy of the experiment.

§16. EFFECT OF SPACE CHARGE ON 
MEASUREMENT RESULTS

The edge-effect current of entrance arrangements f /Scholz, T931b/ and 
b, in which the inner plate protrudes into the entrance tube, approaches 
some limit which is a certain fraction of the saturation current as the 
voltage is increased. This is reflected in the rapid decrease of C' when 
ГЩ approaches some limiting value (Figure 15.3, curvs 7 and 15 — 23).

of entrance arrangement (Figure 15.4) and the values of the parameters are listed according 
to the number of the curve:

1-c, Re =2500; 2-c, Re= 250; 3 —e, Re = 2500; 4-e, Re —1000; 5-e, Re = 250; 6-e, 
with a reversed air flow. Re =1000; 7—f, Re = 1000; 8 d, Re = 1000; 9 — g, Re— 1000;
values obtained from curve 9 should be doubled (the scale of curve 9 is halved); 10 —a, dfr — 
= 0.05 or d/r = 0.1 (results practically coincide), Re = 1000; 11 —a, d/r—0.2, Re =1000;
12 —a, dlr =0.5, Re = 1000; 13-a, dlr = 0.1, Re
= 0.05, r/r =0,234, Re = 1000; 16- b,
= 0.2, r,/r =0.234, Re =1000; 18 — b,
= 0.1, r,/r= 0.234, Re =250; 20 = b, 
= 0.05, n/r =0.83, Re = 1000; 22-b, 
r/r =0.83, Re =1000,

dlr =0.1, 
djr =0.1, 
dlr =0.1, 
dlr =0.1,

= 2500; 14—a, d/r=0.1, Re=250; 15—b, djr =
П/r = 0.234, Re =1000; 17-b, d/r = 
ri/r=0.234, Re =2500; 19-b, dlr = 
rjr =0.65, Re = 1000; 21-b, d/r = 
r,/r =0.83, Re = 1000; 23-b, d/r = 0.2,

Curve 8 in Figure 15. 3 indicates that the entrance arrangement shown 
in Figure 15. 4d used to eliminate the edge effect /Becker, 1909; Furman, 
1960/ is ineffective, which was already convincingly pointed out earlier 
/Scholz, 1931b/. The edge effect is not removed, and is in fact increased 
when providing the entrance device with a grid (Figure 15.4g), which was 
erroneously proposed for the prevention of the edge effect /Imyanitov, 
Zachek, Inkov, Semenov, 
9 and 10 in Figure 15. 3. 
width of 0.15 r and a wire

1960/. This may be seen when comparing curves 
In the investigated device a grid with a mesh 
diameter of 0.034 r was used.

The space charge of the air induces an electric field which may distort 
the electric field of the measuring capacitor. The electric field of the 
space charge causes an electrostatic dispersion of the air ions in the 
measuring capacitor. .

Allowance for the distortion of the electric field of the measuring 
capacitor was made as early as 1906 /Franck, 1906; Becker, 1910/. The 
problem is considered in more detail in the work/Siksna, Metnieks, 1953; 
Siksna, Lindsay, 1961/. Here the intensity and the potential of the electric 
field in a cylindrical capacitor with a uniformly distributed charge density 
was calculated. In the first of the above works an error occurs which is 
corrected in the second work.

The effect of the space charge on the flow of air ions between the plates 
of the measuring capacitor is very complex. An attempt to calculate 
rigorously the effect of the space charge in the general theory of aspiration 
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counters does not give the desired results owing to the mathematical 
difficulties. When the charge density is large, the processes in the measur­
ing capacitor acquire a nonlinear character and the function G starts to 
depend on q(&) . An analytical solution of the counter equation is impossible 
and a numerical solution is not feasible because of the laborious calculations.

The piecewise-linear character of the function G, necessary for a simple 
solution of the counter equation, is retained if the distribution of the space 
charge between the plates of the measuring capacitor is uniform and does 
not depend on the operation parameters of the counter. Such a case will 
be considered in the present section /Tammet, 1962b, 1963а/. This is of 
some practical interest because the described situation may take place 
when measuring conductivities and studying the spectrum of light ions in 
air, the space charge of which is caused by heavy ions. The results obtained 
in the general case will suffice to obtain a rough estimate of the errors.

As a simplification, suppose that:
1) the measuring capacitor is an ideal cylindrical capacitor or an ideal 

parallel-plate capacitor;
2) the air flow field in the capacitor is uniform;
3) the charge density in the capacitor is distributed uniformly and does 

not depend on the voltage between the plates.
The charge Q of the collector plate is composed of the charge CU, 

dependent on the voltage between the plates, and the charge Q', induced by 
the space charge. We denote the equilibrium voltage of the collector plate 
by U'. If U—U', then the charge CU + Q' of the collector plate equals zero, 
and consequently Q'= — CU', so that

■ Q = C(U — U'). ' (16.1)

We can write the relationship

У'=а$, ; (16.2)

where a is a constant of the measuring capacitor.
To find the actual expression for the constant a,we must know the 

electric field of the measuring capacitor under the assumption Q =0. The 
equation describing the electric field in a cylindrical capacitor has the form

1^2.=4ле. (16.3)

where r is the distance of the considered point from the capacitor axis. 
The solution of this equation for the boundary condition 0 is

f:,(r) -2лр(г--1)- (16.4)

For the boundary condition E(r2) — 0, we obtain

Ea(r) =—2яд(4-'-)- (16.5)

The voltage U' is determined by the integral of E(r) over the interval (rb r2). 
Calculating the corresponding integrals enables us to find the specific 
expressions for the constant a. In the case where the collecting electrode 
is the inner plate, we obtain

а = a, = л (r2 — ? 2r? In 7) . (16.6)

In the case of the outer collector plate, the relevant expression is

а = a2 = л ^2r2 In I—r2-|-r?j. (16.7)

A similar calculation for a parallel-plate measuring capacitor yields

а = = 2ndz, (16.8)

where d is the distance between the plates.
The dependence of the constant a on the ratio of the radii of the plates 

of the cylindrical capacitor is shown in Figure 16.1.

FIGURE 16.1. Dependence, of the constants a and b on the ratio of the radii 
of the plates of the cylindrical capacitor.

Consider the behavior of a discrete group of air-ions with mobility k and 
partial charge density q' in the measuring capacitor.
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The variation of 9’ with time is described by equation (2.10), which has, 
in the case of an unaltered charge density e, the solution

Eliminating Ao, we obtain

e' = eo exp(—4леА/), (16.9)
(16.17)

where Qo is the initial value of o'at the instant t = 0.
If e'and Q have the same sign and the limiting surface does not intersect 

the second plate, then the function G can be found by integrating the current 
density j' — kEe' over the entire collector plate area and dividing the result 
by go: ' "

G = — kE J j exp (— 4 л qkt) dS. 
"1 j ’"

(16.10)

t is the time required for the air ion to move from the beginning of the 
measuring capacitor to the point where it is precipitated. Denoting the 
distance from the beginning of the capacitor to this point by x, we obtain

(16.11)

We bear in mind the relationship

cc 4nC(U — U') 
EdS =  ------ :— dx. (16.12)

After integrating, we have

G = — ^77^ [1 — exp(— 4mqW0)J. (16.13)

We shall introduce the concept of the characteristic mobility, defined 
by the expression

Д' — 1
* 4ло to ’

(16.14)

The characteristic mobility plays a similar role with regard to the electric 
field generated by the space charge as the limiting mobility with regard to 
the electric field induced by the voltage between the plates. Let us now 
write the function G for the entire interval of mobilities (—00,0):

(0
— 4nC(U— — exp

Ф

for 
for 
for

(16.15)

The limiting mobility Ao is determined by the equality of the expressions of 
G in the interval 0<k/ko<1 and K k/ko :

—AnC^ — U'U' [1 —ехр(-^)] = Ф. (16.16)

The term 10Ф/аС is a dimensionless constant of the geometrical shape of the 
capacitor. To simplify the notation, we set

6=^-1. (16.18)

It is easily verified that for a parallel-plate capacitor 6 = 1. For a 
cylindrical capacitor with an inner collector plate, we have

6 = 6, = ^ (16.19)

and for an outer collector plate

6 = = (16.20)
a2

The dependence of the constant b on the ratio rjr2 is given in Figure 16.1. 
Now that we have introduced 6, we can express the characteristic 

mobility by

k' = -___ ®. (16.21)* 4nCt/'(l + 6)

We now write the formula for the limiting mobility

д„-д'1п (16.22)

The last expression, notwithstanding its concise form, is inconvenient 
in the case of small U’/U-values. Although in the limit U‘- 0 the expression 
(16.22) transforms into the usual formula of the limiting mobility (4.3), a 
direct calculation is indeterminate. An evaluation of the errors arising 
when not allowing for the influence of the space charge is quite complicated. 
It is often more convenient to use the following expansion

> (-»)” 1
2^. ifp\n I1 + У^____ Ö (16.23)1 + 2 n + 1 \U) J" '

For a parallel-plate capacitor this becomes
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Considering the result obtained, it should be noted that the limiting 
mobility is indefinite in the interval ((/', — bU'). In this interval the argument 
of the natural logarithm in the expression (16.22) has negative values and 
the series (16.23) and (16.24) do not converge. The dependence l!k0 on U is 
shown in Figure 16.2. The behavior of k0 is explained by the existence of 
a field strength inversion in the measuring capacitor if U is contained in the 
same interval. If U — U', then the inversion layer reaches the surface of the 
collector plate; if U =—bU', then it reaches the surface of the second plate. 
Since the air ions of any mobility cannot penetrate the inversion layer, there 
can be no limiting mobility for и 6 (U',— bU'). If k0 is indefinite, the function 
G has the form -

Г 0 for kfk' < о
6=1 — 4nC(G— U'Yk' Г1 — exp (-p) for klk'. (16.25)

The equation of the counter is solved under the assumption Ue(U‘, — bU). 
We apply to the function G of the form (16.15) the modified operator h': "

hü=\-W-U') (16.26)

which gives

h'G — l ° tor
v 19 for 1 <klk0 (16.27)

From the last expression we obtain the formula for calculating the partial 
charge density:

Q(k1,k2) =
huHUO 

Ф, (16.28)

FIGURE 16.2. Dependence ш = Цк6 on voltage:

1—asymptote of the function o>(U); 2 — ta(U) for 8=0.

The geometric interpretation of the operator hu is given in Figure 16. 3.
The second derivative of the function G has the form

d23 _ _______ Ф2______ «.(b__ , \ (16.29)5Ü5 — — 4nC(U - C/')2|U + 6U'| °1- ■°'"

Hence, we obtain the formula for the spectrum
3,14 у, (16130)

FIGURE 16.3. Determination of h uIW by the 
method of tangents.

We note that all the above formulas were derived under the limiting 
conditions stated at the beginning of this section. If these conditions are 
not fulfilled, the results obtained merely suffice to effect a rough evaluation 
of the errors arising when not allowing for the space charge. Most charac­
teristic of the distorting effect of the space charge is the error in the 
limiting mobility which can be conveniently estimated with the aid of the 
expansion (16.23). In the first approximation the error is determined by 
the absolute value of the first term of the sum

" gb—lag (16.31)
‘— 21/ "

If the ratio of the radii of the plates of the cylindrical capacitor is small, 
we should consider also the second term which gives the correction

r_ (62-6+-Day (16.32)

For a parallel-plate capacitor the error is expressed in the first approxima­
tion by

g. _4rfgW (16.33)
* — зи= "

A simple computation shows that under conditions of natural atmospheric 
ionization, it is usually justifiable to neglect the effect of the space charge. 
The error in the limiting mobility becomes appreciable only in exceptional 
cases.

The effect of the space charge should always be accounted for in the case 
of artificial ionization. When designing a counter for measurement under
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conditions of increased space charge density, it is useful to choose the 
smallest possible value forr2 —n. As follows from (16.31) and (16.33) a 
decrease in the difference r2 —n enables an effective decrease in the 
counter sensitivity to the distorting effect of the space charge.

Additional errors arise from variations in the space charge density 
with time /Komarov, 1960a, 1960b/: A change in the charge density causes 
a variation in the induced charge Q‘. The induced current is superimposed 
on the measured conduction current due to the air ions. A detailed calcula­
tion of the induced current is given in the works /Komarov, 1960a, 1960b/. 
Below we shall consider only the most simple case in which the space 
charge is induced by air ions, the mobility of which is considerably less 
than the limiting mobility. We can thus disregard the effect of the electric 
field of the measuring capacitor on the charge density. It should be noted 
that in this case variations in charge density present a serious problem, 
since the charge density may be of the same (or even larger) order of 
magnitude as the polar charge density of the precipitated air ions. When 
calculating the induced current, we start with the fact that the uniform 
space charge of the air filling the capacitor induces a charge oCq on the 
collector plate.

Taking into account the incoming as well as the outgoing charges, we 
obtain

/'(i)=^[e(O-e(i-io)], (16.34)

where q(0 is the charge density at the beginning of the capacitor.
The error due to the induced current decreases as the current averages 

out with time and depends on the inertia of the recording instrument. The 
mean value of the induced current in the time interval Д/ is

/" = £ <16-35)

where pi and ei are the charge densities between the plate of the measuring 
capacitor at the initial and final instants, respectively.

$17. MEASUREMENT METHODS BASED ON THE 
UTILIZATION OF THE ELECTRIC FIELD OF 
THE SPACE CHARGE

When the space charge density is appreciable, certain additional 
possibilities of measurement arise. For example, expression (16.2) points 
to the possibility of directly measuring the density of the space charge 
/Tammet, 1963а/. The voltage U* may be determined experimentally, since 
the potential of the insulated inner plate gradually approaches the value U‘. 
The density of the space charge is calculated from the formula

0 = > (17.1)

The above method for determining the charge density is similar to the well- 
known method of Thomson and may be considered as a modification thereof.

In the case of unipolar ionization the direct determination of U' involves 
large experimental errors. The equilibrium voltage of the inner plate may 
considerably exceed U' which is explained by the adsorption of ions. To 
prevent this U' should be determined by the extrapolation of the current 
intensity in the voltage interval (U‘,—6U')- The extrapolation is simplified 
by the fact that no limiting mobility exists in the indicated voltage range 
and the current intensity depends linearily on the voltage.

In many counters the current is determined from the accumulation of 
charge on the characteristic capacitance of the measuring capacitor. For 
such counters the following methods of practical determination of U' can 
be proposed. First, a rough intuitive estimation of U' is made on the basis 
of the observed voltage variation of the insulated inner plate. We choose 
a voltage U\ which should be close to -bU'. Now we charge the inner plate 
to the potential U, or higher. We insulate the inner plate and determine the 
time At, which is the time required for the voltage to change from Ux to 0. 
Then we follow the subsequent variation of the voltage and determine U2, 
which is attained by the inner plate during the time interval Д/ after passing 
through 0. U' is calculated in accordance with

^ = №7- (I?-3)

The derivation of this formula is based on a law whereby the voltage changes 
exponentially:

L/=U'[1 — exp(—a/)], (17.3)

where a is the unknown constant. Writing the corresponding expression for 
t=. — At and i = AL we obtain equations which can be solved by formula (17.2).

The above method of measuring the charge density widens the range of 
application of small-ion counters for the study of artificially ionized air. 
Under conditions of unipolar ionization it is possible for the small-ion counter 
to determine, apart from the partial density of small ions, also the partial 
charge density of large ions and even the mean mobility of large ions. The 
last quantity is calculated according to

= (17.4)

Komarov /1960b/ developed a method in which the charge density is 
measured by a recording of the induced charge. The measuring capacitor 
is provided with a precondenser capable of collecting all air ions from the 
passing air. At the beginning of the measurement the voltage is disconnected 
from the precondenser and the main measuring capacitor is filled with a 
space charge. By measuring the induced charge aCy, the charge density 
can be calculated. If the conductivity of the air is not too high and the induced 
charge is recorded by a low-inertia instrument, the diffusion of air ions 
does not constitute a negative influence in this method.

The last method of measuring the charge density can be combined with 
the earlier-described method of recording the equilibrium voltage. This 
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ensures the continuity of observations utilizing both the advantages charac­
teristic of the method of equilibrium voltage and the rapid response 
characteristic of the method of induced charge. There is no need for a 
precondenser. This synthesis is possible owing to modern electrometers 
which effect compensation by means of feedback of the parasitic capacitance 
and render the effective capacity of the insulated system equal to the active 
capacitance of the measuring capacitor. In this case the voltage caused 
by the induced charge coincides with the equilibrium voltage. After switching 
on the instrument the insulated inner plate gradually acquires an equilibrium 
charge which then rapidly follows the variations in the charge density. 
However, along with the positive quality of the described arrangement, we must 
allow for the serious disadvantage caused by the effect of adsorption of air 
ions on the measuring results. The method is applicable if a sufficiently 
symmetric conductivity of the air sample can be assumed. To render the 
conductivity symmetric the air sample can be irradiated with radioactive 
radiation.

Tammet /1963а/ proposed a method for studying the air-ion spectrum 
based on the precipitation of air ions in the electric field of the space charge. 
The characteristics /=/(Ф) of the integral counter can be experimentally 
determined at U - 0. Because of limited applicability and the complexity in 
evaluating the observations this method is of no practical significance. Here, 
the manner in which the air-ion mobility is measured in the case when all air 
ions have the same mobility к may be of some interest. The equation of 
electrostatic dispersion then assumes the form

4»_ , (17.5)d=4kg* ' '

The solution of this equation is

»° (17.6)v 1+4лЛОоГ ' '

where q0 is the value of g at t=0.
The current through the collector plate at U = 0 is calculated by integrating 

the current density over the surface area of the plate. In this case, we 
obtain

Eds=4nCadx,

hence the expression for the current may be written

(17.8)
0

Integrating, we obtain

/(0) = 4^^', (17.9) 

where k' is determined correspondingly by the initial charge density.
Eliminating к from the expression (17.9), we have

k - ______ И 7 10)"-4xCal*—(1+b)/(0)]‘ ‘1)

where /* = д0Ф is the saturation current.

§18. THE ELECTRODE EFFECT

In still air, a space charge layer is formed in the vicinity of the charged 
electrodes which enhances the electric field strength at the electrode surface 
This phenomenon may play a significant role in the aspiration counter if the 
air is sufficiently strongly ionized. Suppose that the density of the free 
space charge of the air sample equals 0 or is infinitesimal.

In the measuring capacitor the electric field separates the polar charges 
and consequently a layer of free space charge appears at both plates. The 
charge distribution in the measuring capacitor when measuring the conduc­
tivity is shown in Figure 18.1. Simple considerations lead to the 
conclusion that in this case the electrode effect is greatest. The 
determination of the electrode effect is in general involved. The problem 
is somewhat simplified when assuming a large limiting mobility because of 
the small thickness of the space charge layer in comparison to the distance 
between the plates. For simplicity, let us further suppose that the air 
contains positive air ions of mobility k^ only and negative air ions of 
mobility k- only.

FIGURE 18.1, Distribution of charges causing the electrode effect. Hatching in 
one direction designates space filled with air ions of one polarity; hatching in the 
other direction shows the space filled with air ions of the opposite polarity.

The space charge in the vicinity of the surface of the inner plate induces 
an additional charge Q' on the latter. Since the charge of the inner plate in 
the absence of the electrode effect is Q = CU, the relative error in measuring 
the conductivity is

•=S- (18Л)

The induced charge Q' can be considered to be approximately equal to the 
charge in the layer of the space charge adjacent to the plate. The space 
charge formed on one plate primarily induces an additional charge on the 
same plate and only slightly affects the charge on the other plate. This 
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conclusion is readily verified with the aid of the well-known Hamo-Shockley 
theory.

To estimate the electrode effect the volume of the space charge layer 
must be calculated. This volume depends primarily on the velocity 
distribution of the air flow in the measuring capacitor. The hydrodynamic 
problem of air flow in a cylindrical capacitor has not been solved. The 
exact flow profile is known only for two boundary cases. In a potential flow 
the velocity distribution is uniform. For a high flow rate and a sufficiently 
short capacitor the air flow approaches a potential flow in the entire capacitor 
/Misaki, 1960; Hoegl, 1963b/. In a long measuring capacitor and for a low 
flow rate the flow approaches a steady laminar flow. The profile of the 
steady laminar flow is described by the formula /Lamb, 1947; Targ, 1951/

Under intermediate conditions the actual flow differs considerably from 
the above two profiles. In this case more exact results are obtained when 
using the boundary layer theory.

If the conditions

_ Vv<F2- rx 1 (18.3)
Vvto J

are satisfied, the boundary layer at the plate is then similar to that at a 
flat plate. The flow velocity in the vicinity of the surface is /Loitsyanskii, 
1959/

u(y)=0,332y|/^, (18.4)

where y is the distance from the surface, x is the distance from the 
beginning of the plate and u0 is flow velocity far from the plate.

When the air flow is potential, the calculation of the error 8 is simple. 
The volume of the space charge layer at both plates is in the first approxi­
mation given by

V‘=2ntk,CU. (18.5)

Using (18.1), we obtain

0 = 2nWTo±. (18.6)

In these and in the following formulas the upper sign in the subscript will 
refer to the case fe0>0 (the voltage of the collector plate is negative), the 
lower sign to the case £o<O (uis positive).

In the center of the boundary layer the radial component of the flow 
velocity must be considered. To avoid mathematical difficulties we start 

with the expression for the air flow rate through the dividing surface of the 
space charge layer which is defined in the first approximation by

Ф'^ =toC(ix')h^U. (18.7)

This expression describes the region of the surface of the space charge 
layer from the beginning of the plate to the point corresponding to the 
coordinate x. On the other hand, Ф'(х) is defined by (18.4):

Ф' (x) = wcyu (y) - 0.332 (18.8)

where rc is the radius of the collector plate and y the thickness of the space 
charge layer at the point with coordinate x. From expressions (18.7) and 
(18.8) we can readily derive the equation for the surface of the space charge 
layer as follows:

The volume of the space charge layer is given by the integral

1
V=2r.fy(x)ax. (18.10)

o

The expression for the error may be written in the form

ö^2a/0*-e±|/2r. (18.11)

Actual calculations for the case of an inner collector plate yield 

and for the case of an outer collector plate

Y=Y2 = (18.13)

A similar calculation for the parallel-plate capacitor leads to the same 
formula (18.11), where

Y=yo=]/^-
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The formulas obtained are applicable if the thickness of the boundary 
layer exceeds the thickness of the space charge layer. For the case of an 
inner collector plate the last condition is written as follows:

The calculation of the error 6 leads to the formula (18. 11) where У for 
the case of an inner collector plate has the form

4nrJvZ ’
(18.15)

for the case of an outer collector plate

(г^-г?)Ф (18.16)
For the case of an outer collector plate

and for the case of a parallel-plate capacitor

(18.17)

The assumption of a steady laminar profile complicates the problem. 
However, the calculations can be simplified by the approximation

du(rc) (18.18)

since we are interested only in the thin layer of air in the vicinity of the 
plate. At the surface of the inner plate, we obtain

and at the surface of the outer plate

Under the above assumptions the equation for the surface of the space 
charge layer is simply

„= I P ,v,

For a parallel-plate capacitor we obtain

Y = ri =0.77. (18.24)

When estimating the electrode effect the conditions (18.3) and (18.15), 
(18.16) or (18.17) must first be verified. If these conditions are fulfilled, 
formula (18.12), (18.13) or (18.14) must be applied. In the opposite case, 
formulas (18.22)— (18.24) are used. Note that these formulas give the 
largest possible errors corresponding to a large limiting mobility. When 
ko/k is small the errors are considerably smaller.

In the naturally ionized air of the air layer near the ground the electrode 
effect plays a significant role only in exceptional cases. The electrode 
effect constitutes a negative influence for stratospheric measurements. 
The possibility of distortions due to the electrode effect should always be 
taken into account when studying air with artificially produced ions of 
increased mobility.

To render the theory more rigorous the electrode effect and the effects 
of air-ion recombination should be simultaneously considered, since these 
distortions arise under the same conditions and may partly compensate one 
another. It is also advisable to allow for the electrostatic dispersion of 
air ions in the space charge layer.

§19. DIFFUSION OF AIR IONS

Diffusion is a consequence of the thermal motion of air ions which is of 

a random nature. The equation of motion v = u + ^E, used in the preceding 
sections without reservations, is in fact merely the equation of the mean 
expected motion of the air ions. The actual trajectories of the air ions form 
a diverging beam about the mean trajectory defined by the above equation.

The first attempt to quantitatively estimate the effect of diffusion in an 
air-ion counter /Mache, 1903/ was unsuccessful because of erroneous 

64



theoretical premises. In the work /Becker, 1910/ the starting principles 
and the qualitative characterization of diffusion are correct, but rough 
approximations used in calculations lead to serious disagreement with 
experimental data. More satisfactory is the evaluation of the random 
displacement of an air ion directly from formulas of the theory of Brownian 
motion /Zeleny, 1929/.

There are two methods which enable a mathematical description of the 
diffusion of air ions: the method of calculating the diffusion flow on the basis 
of the Fick equation and the statistical method used in the statistical theory 
of Brownian motion. The second method is the more appropriate for 
our purposes.

The influence of the diffusion of air ions in the measuring capacitor can 
be described in two ways. In the first case, the diffusion is already allowed 
for in the expression for the function G. The function G in this case loses 
its piecewise linear behavior (Figure 19. I), which complicates the solution 
of equation (3.3). In the second case, the effect of diffusion is represented 
as a transformation of the function e(A) into the function of the apparent 
distribution Q*^), whereby the former trend of the function G is retained. 
The considerations below are based on this approach.

As a consequence of diffusion, an air ion of mobility A precipitates in the 
measuring capacitor at that point where, in the absence of diffusion, air 
ions of some other mobility kv, which is the apparent mobility of the air ion 
under consideration, would precipitate. We shall denote the probability 
that an air ion of mobility possesses an apparent mobility between k, and 
hi—dby W(, ^^dk. If the actual spectrum of air ions is characterized 
by the function y(A), then the apparent distribution is

+ <0
Q*($i) = j W(. (19.1)

FIGURE 19.1. The function G of an integral 
counter:

1—ideal case; 2—when diffusion of air ions 
takes place.

The function W(,k) completely determines the effect of the diffusion of 
air ions on the measuring results. If this function is known, then formula 
(19.1) may be taken to define the actual spectrum е(Л) on the basis of the 

function e*(£), calculated without allowance for the effect of diffusion. The 
solution of the integral equation (19.1) is rather involved. One is usually 
satisfied with the result g(k) The function IF (6, is used in this
case only to estimate the errors caused when diffusion is disregarded.

Consider the simplest case of measuring the mobility of an air ion. 
Suppose that the air ion moves in a uniform electric field of field strength 
E, and its mobility is inferred from the distance d traversed by the air ion 
in the direction of the electric field during time t. The mean value of this 
distance is

d=feEt=VhUi, (19.2)

where U is the voltage between the mean end point and starting point of 
air-ion motion. According to the theory of Brownian motion, the random 
difference d — d obeys a normal distribution with mean square deviation

ad = V^Di, (19.3)

where D is the diffusion coefficient of the air ions. The diffusion coefficient 
is linked to the mobility via the relationship

D== — , (19.4)

where К is Boltzmann's constant, I is the absolute temperature and q is 
the charge of the air ion.

The measured value of the mobility is proportional to the distance d, so 
that the measured mobility also obeys a normal distribution. The relative 
mean square deviation s„ of the mobility equals the relative mean square 
deviation sd of the distance. With the aid of expressions (19.2), (19.3) and 
(19.4) we obtain

s,_ =* * a V qU

The function w in this case has the form

W(k, k,) = —U exp [- ■

From formula (19.5) it follows that the relative error of the mobility 
measurement depends on the ratio of the mean energy of thermal motion 
of the air ion to the mean work of displacement of the air ion in the electric 
field. This fact is of special physical significance, which is fully disclosed 
only when approaching the problem from the point of view of the kinetic 
theory. Although there is no direct need for this, we shall briefly follow 
the simplified derivation of formula (19.5) based on kinetic considerations.

Suppose that the probability distribution of the air-ion velocity at the 
initial instant is determined only by thermal motion. Consider a short time 
interval t, in which no collisions of the air ion with molecules occur. Owing 
to thermal motion the air ion traverses during this time in the direction 

(19.5)

(19.6)
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of one coordinate axis, a distance whose mean value equals zero and whose 
mean square deviation is

6,=VK (19.7)

where m is the mass of the air ion. Under the influence of the electric 
field the air ion acquires the additional velocity qEtlm and traverses the 
•distance

d = = (19.8)2 m f 2m ' '

where u is the voltage drop over the distance d. Calculation of the ratio 
ajd leads to formula (19.5).

If during the time t one collision occurs, then the latter subdivides the 
time interval t into two parts, t, and t2. The dispersion of the thermal 

displacement of the air ions in the interval z, is and in the interval

z2, = /к The colliding air ion retains on the average a fraction a of

the initial momentum. The covariation of the thermal displacements of the 

air ion in the time intervals Zt,z2 is therefore a tta. The dispersion 
of the thermal displacement in the interval t is correspondingly expressed 
by the sum

KT? 2/,+2). (19.9)

The displacement of the air ion due to the electric field is in the first time 
interval di = Eqt? /2т and in the second time interval d2 = Eq/a tt2+ t^[2l/m . 
The total displacement is then

+ = ■ (19.10)

The ratio Ga/d is expressed, as previously, by formula (19.5). On the 
basis of similar arguments we can verify that expression (19.5) holds for 
an arbitrary number of collisions.

In the aspiration method the time of movement of the air ions is inferred 
from the drift of the air ion with the air flow. Since diffusion occurs also 
in the direction of the air flow, this introduces an additional error into the 
measurement result.

Consider the determination of the mobility in a homogeneous electric 
field. Here and in subsequent derivations in this section we shall assume 

that the flow velocity и and the field strength E of the electric field are 
perpendicular to one another. If the air ion traverses over a certain time 
a distance x in the direction of the air flow and a distance y in the direction 
of the electric field, then its mobility is determined by the relation

(19.11)
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The ratio ylx has no statistical moments, since at x = 0 there exists a 
finite probability density. In order to retain clarity of presentation we 
shall refrain from full mathematical rigor and introduce certain new 
concepts. The ratio ylx will be called the conditional mean of the ratioz//x. 
The sum s2+s3, which equals the relative variance of the linearized form 
of the ratio yix, will be called the conditional relative variance of the ratio 
ylx. We shall assume that random deviations are considerably less than 
the mean values of x and y. Then the distribution function of the ratio 7/x 
practically coincides with the distribution function, whose variance equals 
the conditional variance of the ratio ylx. For the sake of brevity, we shall 
omit in the following the word conditional in the definitions "conditional 
mean" and "conditional variance."

In a homogeneous field □, = a, and s, = ^ The standard deviation au 

is defined by formula (19.5). Setting y/x = kE]u , we obtain

The above result may be directly applied to evaluate the effect of diffusion 
in a counter with a parallel-plate measuring capacitor.

The method of the apparent distribution of mobilities enables us to 
describe similarly the effect of the diffusion of air ions in the measuring 
capacitor for the case of an integral as well as a differential counter. In 
both cases the measurement results depend on the behavior of the critical 
air ions, which move close to the limiting surface for the mobility k0.

in a counter with a parallel-plate measuring capacitor, we have for the 
critical air ions x = l andy==d. Accordingly,

s. = l/u МГ, (19.13)

where

(19.14)

In the case of a inhomogeneous field matters become more complicated 
in the coaxial capacitor. We shall make an approximate calculation, whereby 
we consider the movement of an air ion over short successive segments for 
which one may use formula (19.12) with sufficient accuracy. The movement 
of the air ion is determined by the ratio of the air-flow rate and the electric 
flux k=O/N through the flow surface. If the flow surface consists of 
successive segments through which the flow rates and electric fluxes are 
Ф„ and N„ respectively, and the considered air-ions possess different 
apparent mobilities k„, in each of those segments we may then write for 
each segment k„ = <DjN„. For the entire flow surface the apparent mobility 
is given by

Lo, I.N„k„
k = ^---- = ---- (19.15)

2Nn N ‘
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Consequently, the variance of the mobilities is determined by the sum

2_ л______  
№

(19.16)

When the critical air ions move through the entire measuring capacitor, 
N = 4nCU . For a short segment of the axially symmetric flow surface, we 
have

Nn = 2nrnE„i„, (19.17)

where /„ is the length of the relevant segment along the capacitor axis. 
Determining in accordance with (19.12), and bearing in mind that 

h 1
Un = " , (19.18)

we obtain 

’ (19.19)

where tn = ljun is the time of passage through the segment /„. 
In the above expression a certain mean mobility may be placed before 

the summation sign. Thus, assuming the mean mobility is equal to й0, the 
expression for can be written in the form of (19.13), where ц is given by

(19.20)

In this expression it is advisable to switch from summation to integration. 
A physical interpretation makes this transition seem rather incorrect 
because of the nonpermissible increase in the variance on. The integration 
should be considered only as a means of effecting art approximate calculation. 
The final expression of the parameter u for the axially symmetric measuring 

capacitor with transverse fields и and E is

u=Er2(0)2(0)de+*25(0)E* (0)<№ j. (19.21)

The. relative time 0 is defined as

(19.22) 
‘0

where the time of passage of the air ion through the capacitor is assumed 
to be equal to the filling time of the capacitor.

In the absence of radial components of the air flow velocity, we obtain 
for a cylindrical capacitor

r2(») = ^—(r22-r2p (19.23)

or

r2(O) = r2+(r2 —r2)». (19.24)

The product rE is constant:

rE=-^—. (19.25)

In the case of uniform distribution of flow velocities integration is simple 
and yields

For a velocity distribution described by (18.2), integration likewise involves 
no difficulties, but the resulting formula is awkward and inconvenient. The 
value of the parameter ц depends only slightly on the profile of the flow 
velocity, so that formula (19,26) suffices for practical considerations.

The dependence of the parameter д on the ratios Цг2 and is given 
in Figure (19.2).

of a cylindrical capacitor. The numbers above the curves denote 
the values for the ratio ^2.

The expression obtained for s„ differs from that given in the work 
/Tammet, 1962 b/, where an unjustified simplification is used. The 
difference in the results, however, becomes marked only for large values 
of the ratio r2/n, which are seldom encountered in practice.

Apart from the distortions treated in the present section, diffusion leads 
to the absorption of air ions. The problem will be dealt with below.



§20. TURBULENT MIXING OF AIR IN A 
MEASURING CAPACITOR

In the theory of the aspiration method, it is usually assumed that the 
air flow in the measuring capacitor possesses a laminar character. Some­
times this condition is not satisfied and the air flow in the capacitor is more 
or less turbulent. The estimation of distortions caused by turbulence is of 
great interest, since these distortions constitute a decisive factor when 
choosing the flow rate for the aspirated air. Unfortunately, the effect of 
turbulence on the measurement results is the most complicated and least 
studied problem in the theory of the aspiration counter. In early works 
/Gish, 1933a, 1933b; Wait, 1934; Graziadei, 1935/ only ill-founded, 
ly^et|)^tical propositions on the effect of turbulence on the current generated 
in the integral counter were made. In these works the absence or presence 
of turbulence in the measuring capacitor was judged on the basis of the 
Reynolds number. This, however, leads to doubtful results. Only in the 
works /Israel, 1931; Wolodkewitsch, Dessauer, 1931b/was the appearance of 
turbulence determined by observing a smoke trace in a transparent 
model of the capacitor. This method of studying the nature of the flow was 
recently also applied with success /Faucher, 1958; Misaki, I960; 
Matulyavichene, 1962/. In the work /Misaki, 1960/ the smoke-trace method 
was modified to serve as a quantitative measure for determining the flow 
profile. Israel /Isral, 1931/ showed that turbulence reduces the current 
generated in the integral counter by approximately 5—10%. This result is 
disputed in another work /Reimers, 1940/, where, on the basis of experi­
mental data and theoretical considerations, it is maintained that the 
character of the air flow in the measuring capacitor in no way affects the 
measurement results. Insufficient accuracy of the experiments and ill- 
founded theoretical considerations are evidence that this assertion is 
unreliable.

The most detailed experimental work in the study of turbulent mixing 
was performed by Yaita and Nitta/Yaita, Nitta, 1955/. The character 
of the flow was studied with the aid of a thermistor probe. Accordingly, 
it was found that the effect of turbulence is manifested in the dispersion of 
the air-ion mobilities. The quantitative results are limited to a few 
examples in which the characteristics of an integral counter are compared 
under different operating conditions in a parallel-plate capacitor.

Tammet /Tammet, 1962b/ estimated the intensity and regularity of 
turbulent mixing from data based on atmospheric turbulence /Richardson, 
1926; Teverovskii, 1949/. Ill-founded initial assumptions rendered the 
results of this work erroneous.

The turbulent mixing of air disperses the air-ion trajectories in the 
same way as in the case of thermal diffusion. According to (19.1) this 
leads to a smoothing of the spectrum p(£). In the following calculations we 
shall neglect thermal diffusion. ,

The turbulent flow field may be resolved into the mean field u, and the 

field of turbulent fluctuations u(. The field u0 is time-independent and has 
properties which should be characteristic of the flow field in the measuring 
capacitor of the counter. Deviations from ideal operating conditions of the 
counter are caused by the additional field "ut. The mean value of ut is equal 
to zero by definition, so that turbulent pulsations do not affect the mean 

distance traversed by the air ion over a given period. Consequently, in the 
first approximation turbulent mixing will not distort the mean values of the 
measured mobilities. This is confirmed by experimental results described 
in the following section.

As in the preceding paragraph we shall assume that the fields E and u0 
are perpendicular to one another. Consider the movement of an air ion 
during the short time interval t„. The time /„ should be sufficiently small, 
so that the inhomogeneity of the electric field and the mean air velocity 
along the trajectory of the air ion can be neglected. The time tn should also 
be small compared to the Lagrangian microscale of turbulence. The mean 
displacement of the air ions in the direction during the time tn is x„ = u0L; 
the variance of this displacement is o2=u242. Correspondingly, the _  
displacement along the electric field is yn = kEtn, and the variance is a^—utyt1. 
The apparent mobility of an air ion is proportional to the ratio y„[x„. 
Remembering that the ratio /u^ usually does not exceed 100, the relative 
variance of the apparent mobility can be calculated as follows:

4 = si + 4 - (20.1)

where Ryy is the correlation coefficient between ut, and u(]l. Since the 
coordinate axes of the correlation are at right angles, R,,v is small remote 
from the plates. When moving from one plate of the measuring capacitor 
to the other, R,„ changes sign and, when averaged, is practically equal to 
zero. Suppose R,.u = 0. Then

= (20.2)

e is a certain mean intensity of turbulence. Assuming that u2x=u2,=u2y, e 
is expressed by

v/-26-L_J2L. (20.3)

If the air ion has different apparent mobilities in the successive time 
intervals tn, then the apparent mobility determined from the movement of 
air ions over a longer time interval can be calculated by formula (19.15). 
When determining the dispersion of the apparent mobility, we must allow 
for the characteristics of the turbulent diffusion /Batchelor, 1953; Frenkiel, 
1953; Pai, 1957; Monin, Yaglom, 1965, 1967/. In the case of the thermal 
diffusion, the deviations of the apparent mobility from the mean k„ — k in 
successive time intervals could be considered as independent, but in the 
case of the turbulent diffusion, the situation is more involved. The 
deviations 4„ — k and —Ä are correlated with one another. Denoting the 
correlation coefficient between the above deviations by R„„, we obtain the 
following expression for the variance:

0k ™ ölrnOhm . (20.4)
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We now utilize formula (19.17), and, after replacing t„ by dt, we switch 
from summation to integration:

Ä = v2jj <2)'-(<,)£(<l)Uo(f,)<T6(/1)X

XrV^EkUWtOa^ dt.dh. (20,5)

is the Lagrangian correlation function of the apparent mobility 
along the trajectory of the air ion.

To simplify the notation, we change over to the relative time scale and 
introduce the dimensionless quantity

e^-w^EWW«. (20.6)

The relative variance of the apparent mobility of the critical air ion in 
the measuring capacitor is now given by

f j R(^i,6s)w(•,)w (#2)s*(di)^(^2)de,d62 (20.7)
0 o

Let us now carry out the calculation for a cylindrical measuring capacitor, 
assuming that the field u is homogeneous. It can be readily shown that in 
this case «/(-ft) — 1. The expression for ЖО1Л2) is unknown, which compels 
us to confine ourselves to an approximate solution. We place the correlation 
function i?(»i,»2) before the integral sign, using the mean-value theorem. 
The corresponding mean value will be denoted by R and will be called the 
relative effective scale of turbulence in the measuring capacitor. Thus, we 
place before the integral sign the effective turbulent intensity e, which is 
the corresponding mean value of the quantity e(A). As a result, we obtain

= (20.8)

where

v/i+**a (20-9)
Integration yields for the cylindrical measuring capacitor

I Г [i I 4Zir‘ pl (20.10)

Figure 20.1 shows curves plotted in accordance with the above formula.
A similar calculation for the parallel-plate capacitor leads to the same 

formula (20.8). However, the parameter u, is now expressed by
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In (20.8) the quantities R and e remain undefined. Therefore, the above 
calculations do not yield any direct practical results, but merely serve the 
purpose of creating a qualitative picture of the effect of the turbulent mixing 
in the measuring capacitor. Formula (20.8) may be used for a quantitative 
estimation only in the absence of more accurate data. In the case of a 
completely turbulent flow in the cylinders e is of the order of about 1/20 
/Hinze, 1959/, and the relative scale R may be estimated from the ratio 
of r2 — r, and the length of the trajectory of the critical air ions.

cylindrical capacitor. Numbers above the curves correspond to values of 
the ratio lira.

In principle, the quantity ~eVR may be estimated more accurately when 
using the well-known semiempirical theories of turbulence and the available 
data obtained in experimental investigations of turbulent flow in tubes and 
channels /Pai, 1957; Hinze, 1959; Gkhosh, 1968/. However, this leads to 
rather involved calculations and the accuracy obtained is still doubtful. In 
addition to this, the initial data necessary for such calculations are known 
only in a limited number of cases. We are thus compelled to prefer another 
approach, for example, the direct experimental investigation of the effect of 
turbulent mixing of air in the measuring capacitor.

Finally, we note that turbulent mixing as well as diffusion of air ions has 
practical significance, particularly in the study of the air-ion spectrum. 
The effect of turbulence on the current generated in the integral counter is 
not very strong and causes only a slight reduction in the latter. The error 
reaches a maximum if the air contains air ions of mobility k = ka only. The 
relative error in this case is determined approximately by the formula

*-=4+,й['-“р(-й)]-4'"Ш- (20-12>
For 30% a sufficient accuracy in ensured by the simplified formula

6, ^0.4st. (20.13)



Of practical significance is also the effect of turbulent mixing on the 
adsorption of air ions /Siksna, Metnieks, 1953; Zachek, 1964b/.

§21. RESULTS OF THE EXPERIMENTAL INVESTIGATION 
OF THE EFFECT OF TURBULENCE

The main purpose of the experiments described below is to study the 
character of the dependence of the mobility dispersion on turbulence, on 
the parameters and operating conditions of the measuring capacitor, as 
well as on the air conditions at the counter inlet. Together with this, the 
task of the compiling data for a rough quantitative estimate of the effect 
of turbulent mixing on the measurement results was kept in mind.

The following requirements were imposed on the experimental counter:
1. The counter should have a high resolving power, so that the smoothing 

of the spectrum by turbulent mixing can be detected and quantitatively 
measured. The smoothing of the spectrum should be prevented because of 
the adsorption of air ions.

2. So as not to complicate the aerodynamical properties of the counter 
inlet, methods requiring the separation of the air flow should not be 
employed.

3. The design of the counter should ensure the possibility of using 
interchangeable inner plates of different lengths and radii, while maintaining 
the radius of the outer plate.

These requirements compel us to select the principle of the first-order 
differential counter with a divided capacitor and an outer collector plate. 
The arrangement of the measuring capacitor is schematically shown in 
Figure 21.1. The inner plate may be optionally displaced toward the inlet 
opening or in the opposite direction, allowing us to regulate the effective 
length of the measuring capacitor. The effective length was determined by 
a calculation method which will be described in §33.

Another suitable method for the experimental investigation of turbulent 
mixing in the measuring capacitor is the use of an integral counter with an 
oppositely charged precondenser (Figure 9.1). Here, operating conditions 
can be used, whereby the current generated in the main capacitor occurs 
only in the case of dispersion of the apparent mobilities of the air ions. In 
the present book, the last method was not used because it was judged to be 
less suitable under the condition that there was no preliminary information 
on the character of turbulent mixing in counters.

The circuit diagram and the air path of the counter used here are shown 
in Figure 21.2. The voltage was applied to the inner plate by a P82 poten­
tiometer from the VS-22 rectifier, which ensured a highly stable voltage up 
to 4000 volts. The voltage o'f the inner plate was measured with the aid of 
an M502 voltmeter (accuracy ± 0.1 V). The current through the collector 
plate was measured by the method described in §15. The air-flow rate was 
measured with the aid of a gas counter of the type GKF or RS-40, which were 
previously calibrated with the aid of a calibrated 0.6-m3 container filled with 
water. Sudden changes in the air flow due to the gas counter were smoothed 
with the aid of a drum having a rubber cover and an effective volume of 
about 1 m3. The correction for the pressure difference, which became 
marked at high flow rates, was allowed for. To calculate the correction 
the temperature difference in the system was measured.
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A highly stable source of air ions was necessary in order to perform the 
experiment. The ion generator must be sufficiently powerful, so that the 
ionization of air drawn into the measuring capacitor does not depend 
appreciably on the flow rate. The age of the generated air ions at the inlet 
of the counter should be not less than half a second, so that the spectrum 
q(&) will have enough time to stabilize and will not change while the air is 
passing through the measuring capacitor. In addition to this, it is necessary 
to create a turbulent field at the inlet of the counters which corresponds to 
conditions encountered in the atmospheric layer near the ground. The 
turbulent field must be sufficiently stable. Keeping the above-mentioned 
requirements in mind, a special ion generator was designed and built 
(see Figure 21.3). The air ions are generated in equal quantities for both 
polarities. The maximum obtainable polar charge density was 170,000 e.s.u./cm . 
The ionizing power is regulated by placing aluminum disks under a radio­
active preparation. The mean linear air velocity in the ion generator was 
2.15 m/sec, and the flow rate 0.245 m3/sec. The turbulent intensity can be 
reduced by letting the air flow through a grid placed at the outlet of the ion 
generator. The turbulent intensity was not measured,, since a suitable 
instrument was not available.

We shall determine the voltage U*. which for laminar air flow satisfies 
the condition

/(t;*) =/((/*/2). (21.1)

Assuming a normal distribution of mobilities with a relative variance of 
s2 =0.016, we obtain

U* = 0,984 0 , (21.2)
■ 4лС6

where C — C, -|-C2/2 is the mean effective capacitance and к is the mean 
mobility. Since the accuracy in determining the mean effective capacitance 
is relatively low, the value of U* was accurately adjusted for each electrode 
geometry. To do this, four measurements were performed at the respective 
voltages Uo, Ub, UJ2, Ub/2, where Ua and Ub were chosen close to U*. The 
exact value of U* was determined from the measurement results by means 
of graphical solution of equation (21.1). For a change in the flow rate, while 
maintaining the electrode geometry unaltered, U* was calculated from the 
relationship ^/Ф2 =

FIGURE 21.2. Circuit diagram of the counter. E—dynamic electrometer; Api- differential manometer of 
the flow meter; S—shock drum; K,andff2-two-way stopcocks of the flowmeters; /(,—control stopcock; F— 
fan operating at Др = 600kg/m2.

The air-ion spectrum was determined for Re = 1200, Iki — 2.5 and 
r2/P| — 8.4. The counter was provided with a laminarizing unit consisting 
of a nozzle and grids. Preliminary experiments showed that such conditions 
ensured a resolving power close to the best possible resolving power which 
can be obtained upon varying the operating conditions of the described 
counter. The results of the spectrum are given in Figure 15. 2. Further 
measurements were carried out with positive air ions, the spectral 
distribution of which is quite close to a normal Gaussian distribution. This 
specifically applies to the left-hand part of the spectral distribution, which 
cannot be distinguished from the normal distribution curve with a relative 
variance s2 = 0.016. Preliminary experiments also showed that the 
character of the spectral distribution remains similar to a normal 
distribution even when turbulence occurs in the counter.

These preliminary results greatly simplified the experimental layout 
for further experiments. To find the dispersion it is not necessary to 
determine the spectrum in detail. Instead, the method described below 
was used.

FIGURE 21.3. Ion generator, 1 —preparation Sr90 (10 mCD; 2—air channel; 3—door; 
4—fan; 5—measuring capacitor of the counter.

To determine the variance the current was measured at voltages U( —0.8 
[/•and t/2 = 1.3t/*, respectively. From these measurements the auxiliary 
value

7_ >№ (21.3) 
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was calculated, which is related to the relative variance of the spectrum. 
Assuming a normal distribution, we obtain

The dependence s2 = s2 (Z) , plotted in accordance with (21.4), is shown in 
Figure 21.4. The parameter Z appears to be quite a sensitive indicator of 
small changes in the variance of the spectrum.

FIGURE 21.4. Graph of function s2 (Z)

where is due to the finite length of the collector plate; s2a is due to the 
thermal diffusion of air ions; s2, is due to turbulent mixing; and is due to 
the actual spectral distribution and to unmentioned smoothing factors which 
play a secondary role.

The variance s44 is determined from formulas (7.6) and (7.11). After 
carrying out the relevant calculations, we obtain

12 (/ ) • (21.6)

FIGURE 21,5, Counter haracteristics;

1—for s’ = 0; 2—for 5^ = 0.016; 3—/(U/2)for 

- 0.016; 4— /(U) for si “ 0.1.

Note that the auxiliary value Z depends essentially on the behavior of 
air ions, the mobility of which is less than the mean mobility. As mentioned 
above, the assumption of a normal distribution of mobilities is valid in the 
range in question. This is sufficient reason to assume that the accuracy of 
the described method is satisfactory. Considerable deviations from a normal 
distribution may arise only in the case of particularly large variances. 
Therefore, the standard deviations, obtained with the aid of the described 
method and which exceed 20—30%, are inaccurate and have rather the 
character of some conditional parameter.

As an example, Figure 21.5 shows the characteristics of a counter for 
relative variances of 0.016 and 0.100. The points U*, Ulf U2 and the method 
for the graphical solution of equation (21.1), can be seen in the figure.

When smoothing the spectrum successively with the aid of certain smooth­
ing functions, the relative variances of the spectrum and the smoothing 
functions are cumulative, so that the relative variance of the apparent 
spectrum becomes

^ = ^+^ + ^+4, <21-5)

The variance is calculated in accordance with formulas (19.13) and 
(19,26). The variance s2 must be determined experimentally. To do this, 
operating conditions must be attained for which s2 = 0. The laminarizing 
nozzle shown in Figure 21. I helped to prevent turbulence. The electrode 
geometry was specified by the ratios /'/r2 = 3.8, Ur— 2.5, and r2/n-8.4. The 
dependence s2 = s2 (Re) was determined with the aid of an earlier described 
method.

The Reynolds number Re was calculated from

The results are listed in Table 21.1.
These results enable us to assume that at Re < 1400 there is no turbulent 

mixing of air in the counter. To verify this, several experiments at 
Re-1400 were carried out. First, the ion generator was provided with a 
grid which reduced the level of internal turbulent fluctuations. In the 
experiment without a laminarizing nozzle, the value of s2 decreased from 
0.2 to 0.09. With the laminarizing nozzle, we obtained s2 =0.0163 in both 
cases. Hence, it follows that external turbulence does not penetrate 
through the laminarizing nozzle. Secondly, a tube of length 29 r2 was 
mounted between the measuring capacitor and the laminarizing nozzle.



This also did not alter the variance s 2. Consequently, no turbulence occurs 
inside the capacitor.

The described experiments at the same time constitute an experimental 
verification of the theory of the diffusion dispersion of mobilities. The 
results listed in the first three columns of Table 21.1 agree well with the 
theoretical conclusions (§19), on the basis of which the variances were 
calculated.

TABLE 21.1

Re 570 1115 1400 1920 2980 5030

sl 0.0183 0.0165 0.0163 0.0189 0,0207 0.0211

^4 0.0002 0.0002 0,0002 0,0002 0.0002 0.0002

0.0039 0,0019 0.0016 0.0012 0.0008 0.0004

4+4 0,0142 0 0144 0,0145 0.0177 0.0199 0.0205

A series of basic measurements was carried out over the shortest 
possible time interval in order to prevent marked variations in the external 
conditions. The experiments were performed in a basement which rendered 
the test easier. Over a period of six days, which was the time necessary 
for the measurements, the air temperature varied from 21° to 24°, the 
relative humidity from 42 % to 52% and the atmospheric pressure from 
756 mm to 766mm Hg. Each day, prior to carrying out the measurements, 
the exact value of U* and the variance s^0 were determined.

The values of s2 were 0.0141, 0.0145, 0.0144, 0.0144; 0.0149 and 0.0144, 
respectively. The relative standard deviation of the parameter from the 
mean value was 0.9%. This value characterizes the stability of the relative 
spectral distribution of air ions for the described conditions.

The length /'of the frontal section was varied by mounting tubular sections 
between the measuring capacitor and entrance nozzle. The results are 
graphically shown in Figure 21. 6.

From the curves in Figure 21. 6, it immediately follows that skl depends 
strongly on the turbulence of the air entering the counter. For intermediate 
lengths of the frontal sections the external turbulence and the entrance 
conditions of the air play a decisive role in the turbulent smoothing of the 
spectrum.

Another interesting result is that in a counter without a laminarizing 
nozzle and without tubular sections (curve 1, Figure 21.6) skl decreases 
with increasing air flow rate, even at high values of Re. This emphasizes 
the incompatibility of the traditional viewpoint on the problem of preventing 
turbulence in counters. The observed "reciprocal" dependence of s6l on Re 
is fully explicable. Small-scale turbulent pulsations penetrate with the 
aspirated air into the measuring capacitor. The turbulent intensity at the 
beginning of the measuring capacitor is determined by the ratio of the mean 

square value of the fluctuation and the mean airflow velocity. Consequently, 
the turbulent intensity decreases with increasing flow velocity.

In the described experiments the intensity of the turbulence penetrating 
from the outside considerably exceeds the turbulent intensity of the steady 
flow in the tube. The initial turbulence gradually diminishes as air flows 
through the measuring capacitor. In the long tubular attachment the initial 
turbulence decreases considerably and the variance depends only slightly 
on the conditions under which the air enters into the counter. These 
conclusions are borne out by the behavior of curves 9—12, Figure 21. 6.

FIGURE 21.6. Turbulent dispersion of mobilities. The type of nozzle (Figure 21.1) and the value of the 
ratio t'jrs (in parentheses) are given for the respective curves:

1—without nozzle (3,8); 2 — d(3.8); 3 — b(3,8); 4 —e(3.8); 5 —c (14.3); 6 —without nozzle (14,3); 7 —d 
(14.3); 8 —e (14.3); 9 — c (33); 10-without nozzle (33); ll-d(33); 12 —e (33).

The effect of the conicity of the entrance section of the measuring 
capacitor appears to be extremely strong. In the widening flow (nozzle, 
Figure 21. 2. c) particularly vigorous turbulence is generated, which in the 
above experiment exceeds even the level of the external turbulence. In the 
case of a short cylindrical entrance section the parameter z reached values 
up to 65%, which does not permit calculating the variance with the aid of 
the applied method. Therefore, the corresponding data do not appear in 
Figure 21.6. On the contrary, the convergent channel section strongly 
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suppresses the external turbulence. This is in good agreement with the 
well-known results of a study on the stability of converging and diverging 
currents / Loytsyanskii, 1959/.

An effective means for the suppression of turbulence in the measuring 
capacitor is the use of a grid attached to the inlet (curves 1 and 3, 
Figure 21.6).

The dependence of skl on the effective length of the measuring capacitor 
was studied for the conditions Re = 1400, г2/г, = 8.4; (/' + /)/r2 = 17. The air 
was drawn into the counter via a converging channel. The measuring results 
are shown in Table 21.2.

TABLE 21.2

tki 1 2.5 6

4 0.0037 0.0057 0,026

eVR 0.035 0,022 0.019

The values of the parameter eVR are calculated from experimental data 

according to formula (20. 8). The decrease of eVR with increasing length 

of the measuring capacitor is explained by the decrease of YR. The mean 

turbulent intensity e increases slightly with the length / because of the 
decrease in the length /' of the frontal section. For comparison, we note 
that for an inner plate with //r2 — 2.5 under the same conditions the following 
values were obtained: for /7r2 = 3. 8, el^ = 3.6%; for /'/r2 — 14.5, eVR- 

-2.2%; for l'/r4 = 33, 1>^ = 1.8%.
The measurement results in the case of long and intermediate frontal 

sections, and large Reynolds numbers agree well with a rough determination 
of the parameter gVR according to the method described at the end of the 
preceding section.

A number of experiments was performed to clarify the effect of the 
geometry of the end of the inner plate on the turbulent mixing. The results 
of these experiments are mostly of a qualitative nature and we shall therefore 
refrain from stating any values. In the case of a thin plate (ra/r = 8. 4), no 
considerable influence of the geometry of the end of the inner plate was 
observed. For the ratio Пг/и = 2.7 turbulence started at a lower flow rate 
and the variance sbt of the mobility due to turbulence was larger when the 
end of the inner plate had the form of a transversely truncated hollow 
cylinder. No differences were observed between the results obtained with 
an inner plate having a flat, semispherical and semiellipsoidal end, 
respectively.

For ra/r = 1.17 a considerable dependence of turbulent mixing on the 
geometry of the end of the inner plate was observed. The intensity of 
turbulent mixing increases in the following order of plate-end geometries: 
semiellipsoidal, semispherical and flat.
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The investigation of the dependence of skt on the ratio r2lrx, with the aid 
of the above experimental arrangement, proved successful, since upon 
changing the radius of the inner plate the transition conditions of air from 
the section with a circular cross section to the section with an annular 
cross section are not preserved, which essentially affects the character 
of the flow. This introduces an uncertainty into the measurement results 
which does not allow us to make any concrete statements.

§22. LONG MEASURING CAPACITOR WITH A 
TURBULENT AIR FLOW

In the preceding sections the mobility dispersion due to turbulence is 
assumed to be relatively small. Without this assumption the problem 
becomes considerably more complex. There exists, however, a very 
simple solution of the problem in the limiting case of very strong turbulent 
mixing in a long measuring capacitor. This solution is of practical 
importance since it determines the upper limit of distortions which can 
be caused by turbulence.

In the limiting case of a long capacitor with vigorous air mixing, the 
function g(6) between the plates can be considered to be independent of the 
radial coordinate of the point under consideration. p(&) will be a function 
of the distance x of this point from the beginning of the measuring capacitor.

The equation describing the characteristics of the integral counter under 
these conditions was derived already in the work /Becker, 1910/. Below 
we shall consider this equation in a somewhat altered form. Let us first 
suppose that the air contains air ions of mobility к only. For a short 
section of the cylindrical measuring capacitor we can write

d/— 4л UX± dC = Ф q(x) у , (22.1)

where kg is given by (4, 3).
o(x) decreases in this section by the value <7/(х)/Ф. Consequently, the 

equation for e (-*) has the form

(22.2) 
dx kol

Integrating this equation for the condition q(O) — q0, we obtain

eU) =00exp (— (22.3)

The current through the collector plate of the counter is computed by the 
integral

l22-4>
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The function G is defined as the ratio //q0 . Integrating, we obtain

6 = ф[1-exp (-£)]. (22.5)

In Figure 21.1 the curve of the function G for the above case is compared 
with the curve for an ideal counter.

FIGURE 22,1. Function G of an integral counter: 

1—laminar flow; 2—complete mixing.

The obtained form of the function G is inconvenient for solving equation 
(3.3). The study of the spectrum of air ions under these conditions is 
senseless and we shall therefore consider only the errors arising in the 
calculation of the polar conductivities and the polar charge densities, using 
the well-known formulas derived under the assumption of laminar flow. 
The greatest distortions in the conductivity will arise when the mobility of 
all the air ions is equal to the maximum mobility of air ions actually 
encountered. To ensure that the relative error will not exceed the value 6, 
a sufficiently large limiting mobility should be chosen. The minimum 
permissible values calculated according to the divergence between the 
G-functions in (22.5) and (4,4), respectively, are listed in Table 22.1. 
When measuring the polar charge density, one should start with the minimum 
value kmin of the encountered mobility and restrict Ao to a sufficiently small 
value. The permissible limit of the value Ao for different 6-values is also 
shown in Table 22. 1.

As can be seen from the results, turbulent mixing constitutes a negative 
influence when measuring polar conductivities.

Allowance for the true form of the curve q(6) ensures less stringent 
restrictions. It is easy to show that for the condition

^0 > ^max (22. 6)

we obtain

......
= 0---------------------- . (22.7)
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Correspondingly, for the condition

^0^ femin (22.8)

we obtain

iexp (~^)e wdk
6, = °--------5--------------------• <22-9)

Je()dk

TABLE 22.1

Permissible
Permissible R,

Measurement of Measurement of 
0*

1% Ao > 50 Nmax

2% ke > 24.6

5% Ro > 9.7 ктах feminin

10% *= > 4.7 кта1

20% Ro > 2.2 Ilminl'S

However, complete mixing, as assumed in the above calculations, is 
never attained in practice. The experimental verification of the manner in 
which the air ions settle in a long capacitor with a turbulent air flow was 
carried out with the setup described in $21. The parameters of the counter 
were: r2/r, = 2.7, //r3=17, /7^ = 18, Re- 15,500. The air was drawn into 
the measuring capacitor through a convergent channel.

FIGURE 22.2. Characteristics of a differential counter:

1—laminar flow; 2—complete mixing; 3—according to 
experimental results.



In the case of complete air mixing the function G of the first-order 
differential counter with a divided capacitor has the form

- _ C. к I k\Gs®GRexPVR) (22.10)

The above formula holds if the ratio C2ICV is small. In the experiment 
described, C2ICX = 0.007, which justifies the approximation employed.

The experimental results are given in Figure 22.2. For comparison, 
the figure shows the characteristics of a counter for laminar flow conditions 
and those of a counter for conditions of complete mixing (formula (22.10)).

§23. THE ASYMMETRY OF THE MEASURING 
CAPACITOR AND THE EFFECT OF GRAVITATION 
ON AIR IONS

The intricacy of a cylindrical measuring capacitor depends on how 
accurately the inner plate is centered. To determine the required 
accuracy, we must know the dependence of the arising errors on the 
eccentricity of the cylindrical plates.

Consider an asymmetrical measuring capacitor of an integral counter. 
For small voltages the limiting surface intersects the inlet cross section, 
and the function G equals 4лС1/й, i. e., it does not differ from the function 
G of a symmetrical counter. An increase in the voltage causes the limiting 
surface to intersect the second plate. However, because of the asymmetry, 
the limiting surface will not enclose the entire flow. Here, the function G 
is then less than 4лС№, but also less than Ф. Only a further increase in 
the voltage causes the limiting surface to enclose the entire air flow, and 
the function G attains the value of Ф. An approximation of the function 
for an asymmetrical measuring capacitor is shown in Figure 23. 1.

k *
FIGURE 23,1. Function G of an integral counter:

1—for a symmetrical capacitor; 2—for an asymmetrical 
capacitor.

The effect of the asymmetry of the measuring capacitor on the measure 
ment results can be described also by the method of the apparent spectral 

distribution used in §19 and §20. In equation (3.3) the undistorted form of 
the function G is preserved and the distortions are described as the 
dispersion of the apparent mobilities. It can be readily verified that the 
interval of dispersion of the apparent mobilities coincides with the interval 
of mobilities in which the function G is distorted.

We shall carry out the calculation for a cylindrical capacitor in which 
the axes of the plates are parallel but displaced by a distance Ar. For 
simplicity, we make two approximations: 1) we assume that the profile 
of the air flow is homogeneous, 2) we also assume that Дг<Сг2 —гн and then 
carry out the corresponding calculations in the first approximation.

The transverse cross section of the capacitor with an off-center inner 
electrode is shown in Figure 23.2. The electric field in the capacitor 
coincides with the field of two charged filaments at distances h and f2, 
respectively, from the axis of the outer plate /Landau, Lifschitz, 1957/.

FIGURE 23.2. Cross section of an asymmetrical capacitor.

The distances f, and f2 are defined by

^2 = Г2 I , .
(fi-Ar)(/2-Ar) = r? }• (23.1)

In the first approximation /1 and /2 are expressed in simple fashion by

= (23.2)
D-H

(23.3)

Consider the field along the line OA (Figure 23.2). The distance from 
the axis О of the outer plate will be denoted by r. The field strength is 
given by

,23'4> 
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where Q is the charge per unit length of the capacitor. Taking into account 
expressions (23.2) and (23.3), and neglecting second-order small quantities, 
we obtain

£=~r , <23-5>
r Р + ,Т^ТЛг

1 rU3_'ll J

The apparent mobility of an air ion is inversely proportional to the time 
t required for the air ion to pass from one plate to the other. If no radial 
components of the air-flow velocity occur, then

(23‘6)

Calculation yields

, I I OM r3) 9,2 11_L‘(2 — r?)+ Ar 2r> + L2___ -4__ — П (23 71‘ 4eQ 1 L + + (23.7)

The relative deviation of the apparent mobility from the value at Ar = 0 is 
determined by the ratio of the two components in formula (23. 7). This ratio 
is expressed by

8Ar

3(d-£?)= ‘ (23. 8)

It is not difficult to carry out a similar calculation for an air ion moving 
along the line OB. In this case, the time of passage of the air ion is 
shortened and the absolute value of the relative deviation of the apparent 
mobility due to the asymmetry can be determined, in the first approximation, 
by the same formula (23. 8).

For air ions moving in other longitudinal cross sections of the measuring 
capacitor, the deviation of the apparent mobility will be less than in the 
above cases. Therefore, formula (23.8) in the first approximation defines 
the limits of the dispersion of the apparent mobilities resulting from the 
asymmetry of the measuring capacitor.

The distortion of the flow profile due to the asymmetry causes an 
additional dispersion of the apparent mobilities. In a flat channel the mean 
flow velocity at unaltered pressure is proportional to the square of the 
distance between the walls. Therefore, one can write for the flow across 
the lines ОЛ and OB

(23.9)

It is readily shown that the error limited by condition (23. 9) is always less 
than the error determined by expression (23. 8). Hence, we conclude that 
the distortion of the flow profile cannot effect more than a twofold increase 

in the distortion limits of the mobilities determined by (23. 8). In actual 
fact, the distortion limits of the mobilities increase considerably less.

The problem of asymmetry has special significance in the case of a 
parallel-plate measuring capacitor. Only an infinitely wide parallel-plate 
capacitor strictly fulfills the symmetry requirements.

FIGURE 23.3. Cross section of a parallel-plate measuring 
capacitor.

The electric field of a parallel-plate capacitor may be rendered more 
homogeneous by means of the method applied in the work /Fontell, 1932/. 
This method is explained in Figure 23.3.

To prevent distortions it is a prerequisite that the profile of the collector 
plate is identical in all longitudinal sections of the capacitor. The measuring 
capacitor should be sufficiently wide so that side walls do not distort the air 
flow over the collector plates.

In the case of high flow velocity the required distance between the edge 
of the collector plate and the side wall (Figure 23.3) can be determined on 
the basis of boundary flow theory. As is well known /Köchin, Kibel, Hoze, 
1963/, the relative distortion of the flow velocity in the vicinity of the wall 
is less than 26, if the distance from the wall exceeds ¥(8) Vvx/u. Some 
values of the function (8) are listed in Table 23.1.

TABLE 23.1

6 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%

v 5.7 5.4 4.9 4.5 4.3 3.4 2.7 1.9

According to the above it is sufficient to assume

c'=V(6) V7/o. (23.10)

Independently of the fulfillment of this condition one observes an increase 
in the flow velocity along the axis of the capacitor, since the widening 
boundary layer pushes the air toward the center / Yaita, Nitta, 1955/.

At low flow velocities formula (23.10) can yield excessively large values 
for the distance c', since it does not allow for the effect of the lower and 
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upper walls. The exact calculation of this effect is only possible for a 
steady laminar flow. The movement of air ions in a parallel-plate capacitor 
with a steady laminar flow is treated in the work / Lipscomb, Rubin, 
Sturdivant, 1947/. We shall use the formula derived in this work for 
determining the distance x', within which the air ion entering at the edge of 
the plate is precipitated.

2a da Г1 I ® /ii 32 \ /. 3 nz 1 . -I'=w['+^(1 + ;^f)('-»*7)+ ■]■ (23Л1)

Here, ua is the flow velocity in the center of the rectangular channel, c0 is 
the width of the channel and z the distance from the central vertical 
longitudinal cross section (Figure 23.3). In practice, the inequality c0/d>l 
always exists. In the case z = 0 the expression in brackets nearly equals 
unity. For the half-width of the interval of dispersed mobilities we obtain 
the formula .

In the first approximation the relative half-width of the interval of dispersed 
mobilities is given by

(гд — rf) In,, 
iqu V2 — ri) ’

(23. 13)

where m is the mass of the particles.
In a horizontally oriented parallel-plate capacitor the apparent mobilities 

of air ions of equal mass mobility are not dispersed, but shifted toward 
one direction. The relative shift is expressed by

= (23.14)

In a vertically oriented capacitor the apparent mobilities are also shifted 
toward one direction. For a cylindrical capacitor we obtain

To simplify calculations, we give in Figure 23. 4 curves which enable us 
to find a satisfactory value for c', when 6N and со/d are known.

FIGURE 23,4, Curves for finding a satisfactory value for c at 
developed laminar flow.

In design calculations of a counter b„ should be determined in accordance 
with both formula (23.10) and formula (23.12), and the smaller of the two 
values selected.

In the case of charged aerosol particles additional distortions may be 
caused by gravity. The determination of the gravitational effect is quite 
simple. There exist several different ways for doing this and it is advisable 
to consider each one separately. For simplicity, we shall assume the flow 
profile to be uniform in all cases.

In a horizontally oriented cylindrical capacitor the gravitational effect 
is quite similar to the effect of the asymmetry of the measuring capacitor.

and for a parallel-plate capacitor

= (23.16)

Of some interest is the situation in which a parallel-plate capacitor is 
placed on its side, so that the direction of both the air flow and the electric 
field are horizontal. In this case distortions are completely eliminated, 
if the condition

c'>^ (23.17)

is fulfilled.

§24. ADSORPTION OF AIR IONS

Gerasimov /Gerasimov, 1941b/ showed that losses of air ions due to 
adsorption should always be considered when designing inlet devices for 
an aspiration counter.

Adsorption here applies to the settling of air ions owing to diffusion and 
attractive electrical image forces. Before calculating the adsorption, we 
should specify the respective roles of the above two mechanisms.

Consider air ions with mobility к and charge q, distributed uniformly 
at the initial instant / = 0 near the plane conducting wall. If only the diffusion 
mechanism of adsorption were acting, then in time t as many air ions would 
settle as are contained in a layer whose thickness equals the mean Brownian 
displacement of the air ions /Fuks, 1955/. This thickness is given by

(24Л)
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When only the image-force mechanism is active, the corresponding layer 
thickness is

3___
(24.2)

The more dominant of the two mechanisms is indicated by the relation

Ya_/1024K3TB22 (24 3)
yg V 9 л’ q ‘

We shall clarify this expression by setting T = 283°K:

_ 37 1A (cm2/V-sec) I (sec) (24. 4)
Уд V [q(elem.ch.)25

It appears that in most cases the image-force mechanism of adsorption is 
of no practical significance. This mechanism may become dominant only 
for artificially charged aerosol particles. In the following, we shall ignore 
the image-force mechanism of adsorption.

In the theory of adsorption it is useful to exploit the similarity between 
the problem at hand and that of heat transfer. The diffusion equation differs 
from the equation of thermal conductivity only in that the temperature is 
replaced by the concentration of impurities and that the heat conductivity 
coefficient is replaced by the diffusion coefficient. The flow of material 
to the surface where it is adsorbed is proportional to the initial impurity 
concentration. In calculations, it is convenient to use the ratio Фд of these 
two proportional quantities which we shall call the adsorption flow rate. In 
analogy to the Newton formula from the theory of heat transfer, we write

Фд = £5, (24.5)

where S is the area of the adsorbing surface and J is the coefficient of 
adsorption, which in our case replaces the coefficient of heat transfer.

In order to apply the formulas of heat transfer to problems of adsorption, 
the specific heat capacity and the density of the material should equal unity, 
the Prandtl number Pr should be replaced by the Schmidt number Sc = v/£> and 
the Nusselt number Nu by a special adsorption criterion

(24.6)

where r is the determining parameter.
Let us first consider the adsorption of air ions when the air is flowing 

through wire grids. The use of wire grids in the inlet unit presents certain 
advantages, since with the aid of grids one can screen disturbing electric 
fields and suppress turbulent pulsations of the incoming flow. The only 
drawback is that these grids adsorb a certain portion of the air ions.

We assume that the mesh width of the grid is sufficiently wide, so that 
the adsorption on the grid wires can be compared to that on separate wires.

The heat transfer of a separate wire is described by the empirical equation 
/Ulsamer, 1932; Grober, Erk, Grigull, 1958/

Nu = 0.91 Re0-385 Pr0-31, (24.7)

where the diameter of the wire is taken to be the determining parameter. 
Formula (24. 7) was derived from experimental data for the ranges 0.2 < Re 
<50 and 6<Pr<1240, respectively /Davis, 1924/. These values of the 
Prandtl number correspond to singly charged air ions with mobilities 
ranging from 0. 005 to 1 cm2/volt- sec. The Reynolds number rarely exceeds 
50. When 50 < Re < 10, 000, we should use the formula /Ulsamer, 1932/

Nu = 0.60 Re°5 Pr°-31. (24.8)

Formula (24. 7), as applied to the problem of air-ion adsorption, becomes 

where ro is the wire radius.
The relative adsorption is determined by the ratio

4 = ^, (24.10)

where Ф is the air-flow rate.
If a grid is mounted on the inlet of a cylinder of radius r, then that portion 

of the cross-sectional area covered by wires is given by

S=^, (24.11)

where it is the mesh width.
For the relative adsorption we then obtain

0.385 1.33 л0.69
A “ 15 O0.515Av0.075 ’ (24.12)

For normal external conditions

A _ о 4 (24 13)
[Ф(ст3/зее)1° 615/i(mm)

In the case ur0>25v, we start with formula (24.8) and obtain

[гп(цт)]° VfcmHHcm’/v-seDj’“’ ...
Л = 0.11 —— --------------------------------------- (24. 14)

[»(cm’/sedfSKmm)

Formula (24.13) was verified experimentally. The air was ionized with 
ions of both polarities by the ion generator described in $21. The mean 
mobility of the air ions was 1.2 cm2/volt- sec. The relative adsorption was 
determined by comparing the flows obtained in the integral counter with and 
without a grid. The counter was operated under saturation conditions.
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The radius of the outer plate was 0. 8 cm. The results are listed in 
Table 24.1.

The agreement between the experimental data and the calculated values 
is somewhat rough. However, when designing a counter, formula (24. 13) 
is sufficiently accurate for a preliminary estimation of the errors.

TABLE 24.1

( * ) to 
(цгп)

Ф 
(cm3/sec)

A
experimental (24.13)

0.44 67 220 19% 15%

0.44 67 510 13% 9%

0.44 67 1000 9% 6%

0.785 145 220 10% U%

0.785 145 510 7% 7%

0785 145 1000 5% 4%

There exist no suitable empirical formulas in the theory of heat transfer 
which can be applied here for calculating the adsorption of air ions in the 
inlet cylinder of the counter. The available formulas /Mikheev, 1956/ apply 
only to long cylinders. For short cylinders some results are known for 
the specific case Fr = 0.71. The use of these data in calculating the air-ion 
adsorption is unjustified for a number of reasons. We shall attempt, 
therefore, to calculate theoretically the relative adsorption of air ions in the 
inlet cylinder on the basis of certain simplifying assumptions.

In the work /Siksna, Metnieks, 1953/ this problem is solved under 
conditions of uniform air flow in the cylinder. Simple calculations yield

A=*$D,S’ <24Л5>

where /'is the length of the inlet cylinder.
The assumption of a uniform flow profile is somewhat loose, since 

adsorption takes place in the near-wall layer, where the flow velocity 
differs considerably from the mean flow velocity. Calculation shows that 
the layer thickness Ar/2, calculated from formula (24.15), is considerably 
less than the thickness of the boundary layer. According to a preliminary 
assessment, adsorption takes place completely within the boundary layer 
where the velocity profile is nearly linear (see formula (18. 4)). Accordingly, 
the following calculations will be carried out on the basis of this assumption.

In still air the adsorption is described by expression (24.1). Hence,

Here, 1/4 denotes the equivalent layer thickness from which the air ions are 
adsorbed. In the boundary layer, £ is somewhat less than in still air for the 
same value of yd. This difference, however, cannot be large. For 
simplicity, we shall also use (24. 16) to describe the adsorption from the 
boundary layer.

The airflow rate in a layer of thickness yd is given by

Ф = 0.166 (24.17)

where c is the width of the strip in question (for the entire tube c= 2ur) and 
x is the distance from the beginning of the cylinder. The adsorption flow 
rate is calculated with the aid of the integral

Фл = c j £(x')dx'. (24.18)
0

Comparing expressions (24.17) and (24.18), we obtain

D |/V f dx', (24.19)
Vx " 0.83л У „5 J ■

The solution of the above equation is

^=1.97^’^- (24.20)
uo

Now it is easy to calculate the flow rate Фл from formula (24. 17) or (24. 28). 
The relative adsorption is given by

Л=2.3^^. (24.21)

At room temperature and normal pressure we have

A = 0 (24.22)
tolcmVsec)]1/2

1 2D
(24.16)

The following condition must be fulfilled in order to apply formula 
(24. 12):

(24.23)

where to is the filling time of the preliminary cylinder. At the same time 
it must be ensured that yd does not exceed the thickness , within the 
limits of which formula (18.4) is sufficiently accurate. The last condition 
is fulfilled if Sc > 1. For normal external conditions it suffices that

6 cm2/volt* sec.
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Comparing formulas (24.15) and (24.21), we see that the former gives 
values which are 1.74 Sc1/6 times greater than those of the latter. The 
error produced upon applying formula (24.16) merely effects a decrease 
in this ratio. The deviation between formulas (24. 15) and (24. 12) in the 
case of the most highly mobile air ions corresponds to a factor of two; for 
slightly mobile air ions this factor is considerably larger.

In the work /Siksna, Metnieks, 1953/ experimental data are given which 
coincide well with formula (24.15). This, however, is doubtful, since 
theoretical considerations speak in favor of formula (24.21).

The controversial character of the problem stimulated further investigation 
The methods employed in the relevant experiments were generally the same 
as those described in the work /Siksna, Metnieks, 1953/. It should be noted, 
however, that these methods are not fully free from external distorting 
influences, and do not guarantee high accuracy. A slightly modified version 
of the setup shown in Figure 15. 1 was used. Air ions were generated not 
by radioactive irradiation but by corona discharge. The ionization was 
unipolar positive. The mean air-ion mobility A =1. 2 cm2/volt1 sec was 
determined by the integral counter method with the aid of the same arrange­
ment. The cylinder connected to the electrometer had an inner radius of 
0,845cm and a length of 4.0cm. It was possible to lengthen the cylinder by 
an additional cylindrical segment of the same radius and of length 8.0 cm. 
Before measuring the adsorbed flow, the inner plate was removed.

The experimental results presented in Table 24. 2 clearly speak in favor 
of formula (24.21). At large Reynolds numbers the experimental data 
deviate sharply from the calculated ones (this may be due to turbulence).

The problem of air-ion adsorption from the turbulent flow is more 
complex and precludes a simple theoretical approach. The use of empirical 
formulas of the theory of heat transfer to calculate the turbulent adsorption 
is unjustified, since owing to the extremely short time intervals the 
image-force mechanism of air-ion capture can no longer be neglected. The 
adsorption of aerosol particles from the turbulent flow in the measuring 
capacitor of a counter was estimated in the work /Zachek, 1964b/.

TABLE 24.2

1
(cm)

Ф
0 Re=^

e+ 
elem, ch. 

cm5

A

experi­
mental

(24.21) (24.15)

4 137 340 20.000 4% 5% 12%

4 257 640 30,000 3% 4% 9%

4 372 930 30,000 3% 3% 7%

4 1010 2500 40,000 6% 2% 4%

4 1790 4500 40,000 5% 1.5% 3%

12 96 240 20,000 13% 11% 25%

12 220 550 30,000 7% 7% 16%

12 416 1040 40.000 6% 5% 12%

12 1010 2500 40,000 8% 3% 8%

12 1750 4400 40,000 7% 2.5% 6%

The adsorption changes the spatial distribution of air ions over the 
entrance cross section of the measuring capacitor. Therefore, air-ion 
adsorption in the inlet cylinder is not only manifested in the measurement 
results of the polar charge densities, but also in the results of the spectral 
distribution analysis. Counters with inner and outer collector plates behave 
differently with respect to adsorption. The effect of adsorption on the 
function G of the integral counter is shown in Figure 24.1. The measure­
ment results of the conductivity are distorted only in the case of the outer 
collector plate. However, connecting a counter with an outer collector 
plate has the advantage that the air-ion adsorption in the inlet cylinder does 
not affect the measurement results of the spectral distribution. In the case 
of an inner collector plate, the usual methods of data processing give a 
distorted apparent spectral distribution. In this case the mobilities not 
only exhibit dispersion but the mean mobility undergoes a shift as well. The 
relative decrease in the mean mobility equals the relative adsorption A. 
The dispersion limits of the apparent mobilities are in effect also limited 
by the value A.

FIGURE 24.1. Function G of an integral counter:

1—In the absence of adsorption; 2—for an inner collector 
plate; 3—for an outer collector plate.

FIGURE 24.2. Determination of the relative adsorption 
from the characteristics of an integral counter with an 
outer collector plate:

U, — contact potential.

9897



A plot of the function 6 in the case of an outer collector plate enabled 
us to determine the relative adsorption Л from the experimental curve/ = /(U). 
The essential feature of the suggested method is clearly illustrated in 
Figure 24.2. This method is in some respects more appropriate than the 
method of measuring the adsorbed flow of unipolar air ions, and can be 
recommended for further experimental work on the study of the adsorption 
of air ions in the inlet cylinder.
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Chapter III

PARAMETERS AND DESIGN PRINCIPLES OF ASPIRATION 
COUNTERS

$ 25. CLASSIFICATION OF COUNTER CIRCUIT 
ARRANGEMENTS

There are many ways in which the measuring capacitor, electrometer 
and voltage supply can be connected to the counter circuit. The principal 
circuit arrangement determines the different properties of the counter, 
and, consequently, the specific choice of a circuit is of great practical 
importance.

Below, we shall consider the circuit arrangements of integral counters 
only. However, all considered circuits are also feasible for differential 
counters.

To provide a basis for the circuit classification it is advisable to 
specify criteria determining the properties of the counter and to effect 
a subdivision of all circuits into several groups according to each criterion.

First, we shall subdivide the circuits into two groups, i. e., respectively 
corresponding to parallel and series connection of the electrometer into 
the circuits. In the parallel arrangement (Figure 25.1a) the entire 
voltage of the voltage supply is applied to the electrometer. The current 
through the collector plate is determined from the rate at which the 
voltage decreases at the electrometer. This arrangement was utilized 
in the well-known counter of Ebert/Ebert, 1901, 1905/. The high voltage 
supplied to the electrometer renders it necessary to use a coarse instru­
ment of low sensitivity. In contemporary counters the series arrangement 
is used almost without exception (Figure 25.1b). Here it is possible to 
employ a sensitive electrometer and to crry out the measurements on the 
basis of the charge accumulation method as well as by the method of the 
voltage drop across a resistance connected in parallel to the electrometer. 
The series arrangement was implied in the first two chapters of the 
present work.

The parallel arrangement is usually referred to in the literature as the 
circuit based on the "discharge method," and the series arrangement — that 
based on the "charging method." However, these names are not always 
used consistently. In some cases the series arrangement was called the 
circuit based on the "discharge method" /Nolan, J, J., Nolan, P. J., 1935; 
Reinet, 1958, 1959а/.

The inconsistency in the terminology "charge method" and "discharge 
method" is partly due to the fact that these names do not describe the 
essential feature of the method and are, consequently, rather arbitrary. 
In fact, as charge accumulates, the measuring capacitor discharges in 
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both methods, and the electrometer in the series arrangement can be 
charged or discharged depending on the initial charge.

Sometimes the parallel arrangement is called the circuit with the low- 
sensitivity electrometer, and the series arrangement the circuit with 
the high-sensitivity electrometer.

Secondly, we shall subdivide all circuit arrangements into three 
groups depending on the ground connection. If the point c is grounded 
(Figure 25.1), we have a circuit with a grounded repulsive plate. In this 
circuit the edge effect causes an increase in the current through the 
collector plate. When grounding the point a, we obtain a circuit with a 
grounded collector plate. In this case the edge effect causes a decrease 
in the current through the collector plate. Grounding the circuit at 
point b gives a circuit arrangement with an intermediate grounded point, 
which is the most general arrangement and which includes the two 
preceding schemes as limiting cases /Tammet, 1962b/.

Sometimes the "charging method" and the "discharge method" are 
distinguished according to the choice of the ground connection, i. e., the 
first applies to the method of the grounded repulsive plate and the second 
to the method of the grounded collector plate.

Thirdly, the circuit arrangements are subdivided according to the 
geometry of the measuring capacitor. Here, there are also three principal 
variants: the cylindrical capacitor with an inner collector plate, the 
parallel-plate capacitor, and the cylindrical capacitor with an outer 
collector plate.

The classification scheme shows the classification of the circuit 
arrangements of counters.

a b

FIGURE 25.1. Principal circuit arrangements of a counter: 

C — measuring capacitor; E— electrometer; U— voltage supply-

Of the 18 possible circuit arrangements, only the five indicated by lines 
in classification scheme 25.1 are applied in practice. Let us briefly 
consider these variants.

1. The parallel arrangement. Since only one variant of the parallel 
arrangement has practical application, there is no need to specify further 
the name. The usual name "discharge method" can be applied only to the 
parallel arrangement, although in the literature this is not always the case. 
The use of the parallel arrangement was described already in the first 
papers on the study of the electrical conductivity of air/Wiedemann, 1885/ 
Elster, - Geitel 1899/. The most widely known counters are those of 
Ebert/Ebert 1901, 1905; Lutz, 1909/ and Gerdien/ Gerdien, 1905a, 
1905b/. In the parallel arrangement the instability of the voltage supply 
cannot affect the measuring result, since the voltage supply is turned off 
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during the charge accumulation cycle. However, because of the low 
sensitivity of the electrometer, this advantage has no practical value. 
Currently, the parallel arrangement is rarely used and is mainly of 
historical significance.

Classification scheme 25.1

2. The series arrangement with a grounded outer plate. The inner 
plate is the collector plate. To prevent ambiguity, the classification 
according to the "discharge method" and "charging method" should not 
be used here. The series arrangement with the grounded outer plate 
was used already in the first aspiration counter /Thomson, J. J., 
Rutherford, 1896; McClelland, 1898; Rutherford, 1899/. Later, it 
gained wider application /Nordmann, 1904a, 1904b; Baranov, 1925; 
Israel, 1931; Nolan, J. J., Nolan, P. J., 1935; Weiss, Steinmauer, 1937; 
Schaffhauser, 1952; Gubichev 1955; Reinet, 1958, 1959a; Hock, 
Schmeer, 1962/. In some of the above works the series arrangement 
with the grounded outer plate was erroneously regarded as a new method. 
The series arrangement with a grounded outer plate readily enables the 
suppression of the edge effect and has been used over the last years.

3. The series arrangement with a grounded inner collector plate. 
This is usually called the arrangement based on the "method of charging." 
The series arrangement with the grounded inner collector plate is the 
most widespread. Among the first works in which this arrangement was 
described, we shall cite the following: /Zeleny, 1901; Kähler, 1903; 
Bloch, 1904; Becker, 1909; Lenard, Ramsauer, 1910; Swann, 1914с/. 
A disadvantage of this arrangement lies in the complications which result 
from the edge effect.

4. The series arrangement with a grounded outer collector plate 
enables us to suppress the edge effect. However, it is relatively 
seldom used /McClelland, Kennedy, 1912; Nolan, J. J., Nolan, P. J., 
1930, 1931; Weger, 1935a; Isral, 1937; Siksna, 1961а/.

5. The parallel-plate measuring capacitor was used exclusively 
in the series arrangement with a grounded collector plate. The parallel­
plate capacitor was employed in differential counters /Nolan, J. J., 1919; 
Erikson, 1921, 1922, 1924, 1929; Nolan, J. J., Harris, 1922; Chapman, 
1937; Daniel, Brackett, 1951; Hewitt, 1957/. In integral counters the 
parallel-plate capacitor was seldom used /McClelland, Kennedy, 1912; 
Nolan, J.J., Boylan, Sachy, 1925; Beckett, 1961/.

Of some interest are also the series arrangement with a grounded 
repulsive plate in a parallel plate capacitor and the three variants of the 
series arrangement with an intermediate grounded point. The remaining 
nine possible variants of the principal circuit arrangements are of no 
practical significance whatever.

§26. CURRENT MEASUREMENT BY THE CHARGE 
ACCUMULATED IN A CAPACITOR

The current through the collector plate of an integral counter is usually 
of the order of IO-14— 1012 A. In differential counters one sometimes must 
record currents not exceeding 10-16 — IO-15A. Direct methods of current 
measurement via the magnetic field effects do not ensure the required 
sensitivity. Consequently, in aspiration counters indirect measurements are 
used which are based on the conversion of the measured current into voltage, 
which is then recorded by means of an electrometer. The circuit diagram 
for converting the current into voltage, when connecting the electrometer 
in series with the measuring capacitor, is shown in Figure 26.1. Let us 
combine the internal capacitance of the measuring capacitor, the electro­
meter capacitance and parasitic capacitances and denote this as the total 
capacitance Co. In the same way the resistance Ro includes all the leakage 
resistances in parallel with the electrometer.

FIGURE 26.1. Circuit diagram 
for converting current into voltage.

Let the switch К be opened at time t =0. Assuming that the current / 
is constant, we shall represent the time dependence of the voltage by

= (26.1)

where t=RqCo is the time constant. Of practical importance are only 
two segments of the function U(ty. the initial segment/« t, in which

U , and the steady-state segment I< t, in which U «IR0. Corres­

pondingly, the current measurement method based on the charge accumula­
ted in a capacitor and the current measurement method via the voltage drop 
across a resistance are distinguished.

In the method of charge accumulation the resistance Ro should be as 
large as possible. The largest value of Ro is restricted by the leakage 
resistance Rp of the insulators. Since the current is calculated via

(26.2) 
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the occurrence of the resistance Rp causes an error, the relative value 
of which in the first approximation is //2т. If the electrometer is chara- 
terized by the limiting error MJ in the voltage, then the limit of the 
relative error of current measurement is

л   I CAU 
'' 2R,Co ' /f (26.3)

Here it is assumed that the exact value of the
The charge accumulation time t is chosen 

required measurement accuracy is achieved, 
utions of equation (26.3) is

capacitance Co is known.
in such a way that the
The shorter of the two sol -

(26.4)

A measurement with an error not larger than 6/ will be possible only 
under the condition

Formula (26.5) determines the lower limit of current measurement for 
the given electrometer sensitivity. .

In the limiting case Rp5>2MJ!16i, the charge accumulation time is given 
by

(26.6) 
°I

and in the case RP = 2MJ/I^

t = RcC0b, = 2^. (26.7)

The last formula determines the larges possible charge accumulation 
time for a given measurement accuracy.

The electrometer sensitivity depends largely on factors which are of 
a technical nature. There exists, however, a lower error limit, determined 
by thermal fluctuations. The determination of thermal fluctuations should be 
carried out separately for two measuring methods, i. e., for the fixed-zero 
and the zero-drift method.

In the method of the fixed zero only one electrometer reading is taken. 
The initial instant / = 0, U = 0 is taken as the instant at which the switch 
is opened. After opening the switch a residual charge will remain in the 
capacitance Co, which is included in the measurement results. This is 
a serious disadvantage of the fixed-zero method. A proper switch design 
helps to decrease the charge generated by the contacts /Shulman, 
Shepsenvol, 1950; Polonnikov, 1960/, but the thermal noise level still 
remains the decisive factor for the limit of this charge. The variance of 
the thermal voltage jumps when opening the switch is simply

(26.8)

Since this quantity equals the variance of the steady random process 
of the RPCO circuit, the voltage variance at / = 0 is determined by 
expression (26.8) independently of the time after the switch is opened.

Using expression (26.2), we obtain the mean-square error of the 
measured current

a, = ^. (26.9)

In practical applications ( T = 288°K) this formula becomes

(C) _(26.10) 
” ' r(sec)

In the zero-drift method two readings are taken: U, at the instant t' and 
U2 at the instant t+t‘ after opening the switch. The current is calculated 
from the ratio I — C(U2 — U^R. To determine the error we consider the case 
/ = 0. The variance of the difference U2— U, is = ay, + — 2Rll2aUl ,
where /?i,2 is the correlation coefficient between the voltages Ux and U2.
For the thermal noise of the RC circuit /Lebedev, 1958/ we obtain

/?>.s=exp(-l). (26.11)

The variances and o2, are expressed by formula (26.8). The mean­
square error of the current measurement equals the ratio With
the approximation /<т, calculation yields

6,-V95 (26.12)

For actual calculations (T — 293°K) this formula is written in the form

= -h’"10"" (26.13)VRp(Tohm}(sec)

In the zero-drift method the voltage sensitivity of the electrometer 
depends on the charge accumulation time. The last term of expression 
(26.3) which is inversely proportional to time vanishes. We must there­
fore reassess some of the statements made at thebeginning of the present 
section. Solving the problem of the minimum error 61 , we obtain the 
charge accumulation time ensuring the greatest current sensitivity in 
the zero-drift method

( = IrpC06,. . (26.14)
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The minimum value of the current measured at 99% confidence level with 
an error not greater than 6; is

/ ■ % 6 1/5? (26.15)
""n Rpb'fM Co ' *

In practice (T = 287°K), the last formula has the form

I ______ (26.16)muA R,(Tohm)VCo(nF)(100 8,)1s

The above expressions determine the theoretical limit of current 
measurement only when neglecting the correction for leakage. When 
this correction is included, it is possible to measure a weaker current. 
However, at present, even the limit defined by formula (26.15) is not 
reached in practice because of the occurrence of distorting factors of 
another origin, for example, the additional current generated by the 
insulators of the electrometer and the measuring capacitor.

A comparison of the thermal noise in the methods of the fixed and the 
drifting zero points to marked advantages of the latter. For example, 
under the conditions Co = lOOnF, 7?p=1016ohm, t= 100 sec, the mean - 
square error due to thermal fluctuations is 6.3 • 10~18Afor the fixed zero 
and 9 - 10-20A for the drifting zero.

In some cases the pulse method is used /Schulman, Shepsenvol, 1950; 
Arabadzhi, Rudik, 1963/, which is sometimes called the integration 
method. In the pulse method the zero is fixed. The charge accumulates 
on the capacitance C, which is not connected to the electrometer. The 
variance of the accumulated charge under the operating conditions / = 0 
is КТО,. At the end of the cycle the capacitance C, is connected in 
parallel with the input RC circuit of the electrometer, which records 
the voltage pulse. If the input capacitance of the electrometer is C2, 
then the variance of its fluctuating charge prior to connecting capacitance 
is KTC2. The sum of the variances of the charges on C, and C2 coincides 
with the variance of the steady-state process of the circuit after connecting 
the capacitance C, to the electrometer. Consequently, the variance of 
the measured current does not depend on the time during which a voltage 
reading is performed, provided this time is considerably smaller than 
the time constant of the electrometer input. The mean-square error is 
expressed by formula (26.9), assuming c0= C, + C2.

The advantage of the pulse method is that the electrometer can be 
used with a relatively small input resistance without limiting the current 
sensitivity. The disadvantage lies in the necessity of choosing the charge 
accumulation time beforehand without knowing the value of the measured 
current. In other respects the pulse method is similar to the usual 
method of charge accumulation with a fixed zero.

measurement accuracy and to shorten the voltage stabilization time, a 
special shunt resistance R, considerably smaller than the leakage resistance 
RP of the insulators, is inserted into the circuit.

In the preceding section we neglected the error in the determination of 
the capacitance Co. With regard to the leakage resistance R this was un­
justified. The stability and measurement accuracy of high resistances 
employed in counters are smaller than the stability and measurement 
accuracy of small capacitances by more than one order of magnitude. 
The relative error 6R is included in the error of the measurement results. 
To simplify the error calculation, we shall introduce the special notation 
6) =6, — R for the error due to other causes. In the case at hand this 
error is given by

S/=7^ + exp(-v)- (2711)

The measurement can be performed if

(27.2)
R6,

The time lost for obtaining a reading is

t = tln —--1 . (27.З)
^"1R

It is advisable to select the resistance R in such a way that this time is 
minimized. Suppose that Д1/ does not depend on the resistance R. The 
solution of the extremum problem dt/dR = 0 can be written in the form

R=pt=^M6'y (27.4)
Z6;

foei(6)) cannot be expressed in terms of elementary functions.
Some yalues found by numerical methods are listed in Table 27.1.

In the interval 2 • 10~® < 6) < 0.45 the function f0Dt(.b',) is approximated 
with an error less than 1% by the expression

1.180 + 0.79 6)- . (27.5)
u»0U5 *T" 0 j

At optimum resistance and for the initial condition U1=o = O the measure­
ment time is

( _ _ Co MJ
"" 78) U(8))-l'

(27.6)

§ 27. CURRENT MEASUREMENT BASED ON THE
VOLTAGE DROP ACROSS A RESISTANCE

In this method the operating conditions correspond to t» t. The 
current is calculated from Ohm's law 7 = U]R. In order to ensure
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Comparing the above expression with formula (26.6), we can see that the 
measurement time in the method of the voltage drop across a resistance 
is at least fopt/(fapl— 1) times larger than the measurement time in the 
method of charge accumulation. Several values of the function fpOJ(fOpt— 1) 



are listed in Table 27.1. The above statement holds if Ul=o = O. However, 
the stabilization time of a reading having the required accuracy exceeds 
the measurement time in the method of charge accumulation also in the 
case of a sudden change in the current.

TABLE 27.1

6’, (%) topi
^opt 

fop.-1
S'jW topi

topt 

u-1 8, (%) ^opt
fop.-'

0 1 co 0.3 1.13 9.0 5 1.21 5.8

0.001 1.07 15.2 0.5 1.14 8.4 10 1.26 4.9

0.005 1.08 13.5 1 1.15 7.6 20 1.34 4.0

0.02 1.09 12.0 1.5 1,16 7.2 30 1.41 3.4

0.1 1.11 10.2 2 1.17 6.9 40 1.49 3.0

0.2 1.12 9.4 3 1.19 6,3 50 1.60 2.7

In order to determine the limiting accuracy of the method of the voltage 
drop across a resistance, we shall consider the thermal fluctuations of the 
current. Let us suppose that the output signal of the electrometer is 
smoothed by an integratingRC circuit having a time constant t2. In the 
absence of such a circuit, we must set t2 —0. The insertion of the output 
smoothing circuit increases the inertia but at the same time decreases the 
effect of thermal fluctuations on the measurement result, which in certain 
cases may be advantageous. The mean-square fluctuation of the recorded 
current, derived from the signal fed into the electrometer, is given by

(27,7)

where t, is the time constant of the input circuit. In practice, this formula 
takes on the following form (T = 288°K):

= 6.3 ■ 10-17 1/ , w (27.8)
' /T (sec) Ivi (sec) + r2 (sec)]

A comparison of formulas (27,8), (26.9) and (26.12) shows that the 
sensitivity limit of the method of the voltage drop across a resistance 
is of the same order of magnitude as the sensitivity limit of the method 
of charge accumulation with a fixed zero but is lower than the sensitivity 
of the zero-drift method.

When using the output of the integrating circuit, the problem of selecting 
the optimum ratio of the time constants n and r2 arises. This problem 

should be solved in such a way that for a given thermal noise level a, a 
minimum stabilization time of the reading can be achieved with an error 6. 
The error is determined from the equation of the transient process

6 = ; L (27.9)

6 — (1 4- —) exp# —); t I — r2 J
N Va '

The problem of determining the optimum operation conditions reduces to 
finding the minimum of the function

. / 0 \ (0/1—a)(1 — a) exp I— z—— I — aexp I----- - ---- I6 (a) =--------------- '  ', (27.10)

where

a=-§- (27.11
T| + T2

and

t. (27.12)
VKTCo

The optimum value of the parameter a is determined by a numerical 
solution of the corresponding equation. Some results obtained in these 
calculations are listed in Table 27.2.

TABLE 27.2

6 aopt
0 (»»/♦).=0 (де/е).=м

0.02% 40% 7.5 14% 5%

0.13% 37% 6.0 11% 7%

0.43% 34% 5.0 9% 8%

1.2 % 30% 4.2 6% 10%

2.8 % 25% 3.4 4% 12%

4.7 % 20% 3.0 2% 15%

9.3 % 10% 2.4 0.5% 19%

13.5 % 0% 2 0% 24%

The table also gives the relative increase in the current stabilization 
time as compared with the optimum operating conditions at a = 0 and 
a= 0.5.

Despite the inertia and the lower sensitivity, the method of measuring 
the voltage drop across a resistance is often more convenient than that of 
charge accumulation. This is explained by the fact that in the former 
case, simple, continuous current recorders can be used. In the 
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method of charge accumulation an intricate commutation device is required 
for automatic current recording. The method of charge accumulation 
with a drifting zero is preferable if a particularly high accuracy or 
sensitivity is desired. Another advantage of the method of charge 
accumulation still remains to be pointed out. Commutation of the input 
circuit ensures in each cycle automatic compensation of the zero drift 
of the electrometer. In the method of the voltage drop across a resistance 
the zero drift is very troublesome, so that more stringent requirements 
must be imposed on the electrometer.

§ 28. SENSITIVITY OF THE INTEGRAL COUNTER

The often used determination of the sensitivity of the measuring 
instrument as well as the number of scale divisions in a measurement unit 
is not fully satisfactory. To render this determination more precise one 
should, in addition, indicate the ratio of a scale division to the possible 
errors in the measurement result. In essence, the sensitivity of an 
instrument is uniquely determined by the distribution of measurement 
errors for small values of the measured quantity. Here, we shall 
characterize the sensitivity by means of the standard deviation a, of the 
measurement result when the value of the measured quantity x is zero. 
The term "sensitivity" is taken to mean the ratio of a unit of the 
measured quantity 0, or some other quantity which increases with 
decreasing Ox. There is no need for a quantitative determination of the 
sensitivity.

Measurement errors in the absence of air ions are due to several 
factors:

1) errors in the electrometer readings (instrument error);
2) induced current when measuring the voltage or the capacitance 

of the measuring capacitor;
3) current noise due to the properties of the insulators.
The errors in the electrometer readings are due to thermal fluctuations 

and imperfection of the electrometer. The thermal fluctuations of the 
current were considered in the preceding sections. The imperfection 
of the electrometer causes an additional error in the voltage, the standard 
deviation of which will be denoted by aUE. The latter is a function of 
time. However, in practical calculations it can be assumed, for 
simplicity, to be constant.

In the method of charge accumulation with a fixed zero we must, in 
addition, allow for charges of nonthermal origin, which arise when the 
contacts are disconnected. The variance of this charge is determined 
by the design of the switch and by internal disturbances.

The variation of the voltage applied to the measuring capacitor induces 
a current producing a distorting effect /Weger, 1935b/. The same applies 
to the instability of the capacitance of the measuring capacitor. If the 
plates of a parallel-plate capacitor are not perfectly parallel, a relative 
change in the capacitance

(28.1) 

is induced, where M is the variation in the interplate distance. When 
one of the axes of a cylindrical capacitor is displaced by dr, we obtain

8—2+(dr), (282)
('2—rl),n^

where Ar is the initial separation between the axes. From expression 
(28.2) it follows that the stability of the capacitance of a cylindrical 
capacitor depends strongly on the accuracy of centering the cylindrical 
plates.

A distorting induced current is also caused by a random variation in 
the dielectric constant of the air flowing through the measuring capacitor. 
The induced current is generated also by the rapid drift in the contact 
potential between the plates of the measuring capacitor. The last two 
factors are of second-order significance and will not be considered in 
the following discussion.

The effect of random variations in the supply voltage can be partly 
compensated by means of special connections. It is therefore useful 
to introduce the concept of the equivalent fluctuation voltage, which 
in compensated circuits is correspondingly smaller than the fluctuating 
component of the voltage supply. When determining the equivalent 
fluctuation voltage it is advisable to allow simultaneously for the random 
variations in the capacitance of the measuring capacitor, since relative 
variations in the capacitance are equivalent in their effect to equal relative 
variations in the voltage applied to the measuring capacitor.

In the method of charge accumulation the variance of the mean induced 
current per cycle is

C‘u*suc()
°iu=----- p----- (28.3)

where C is the effective capacitance of the measuring capacitor and 
U’suc (O is the variance of the changes in the equivalent fluctuation 
voltage during time /. The relative variance s^ucM can be expressed 
in the form

4vc(0 = 2^c[1-/?^c(0]. (28.4)

where s2uc is the variance of the ratio of the equivalent fluctuating voltage 
to the mean voltage of the measuring capacitor, and RucW is the 
correlation coefficient between the equivalent fluctuation voltages at the 
initial and final instant of the cycle.

The capacitance Cp attenuates the variations in the voltage by a 
factor of C/(C + Cfl) and increases the capacitance of the differentiating 
circuit. Taking into account the above information, we obtain the 
expression for the variance of the induced current in the method of the 
voltage drop across a resistance

2 _CW^(T)
GI- ^2 (28.5)

where r = RC0.
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FIGURE 28.1. Circuit arrange­
ment for transferring the fluctua­
tion voltage.

Leakage through the insulator between the plates will be ignored, 
since this leakage is fully averted when the insulator is properly designed. 
Similarly, the errors due to the retarded polarization of the insulators 
after voltage commutation can be completely eliminated.

When determining the sensitivity one should use as the measured value 
either the conditional charge density Р = //Ф or the conditional conductivity 
Л = HAxCU. The variance of the conditional charge density is

P "(4л *0CW
(28.7)

The dependence of s^ucW on the correlation function of the fluctuation 
voltage is very involved. If the effective fluctuation voltage is differentiated 
with respect to time, then within the limits of small "t and t the induced 
current is calculated from I£=:Cd-^ and then s2TUC (t) = s\uc (/). Within the 

limits of large values of the time we have Ac = у Aue (0- In both

limiting cases the expression

2stvc (72) — Auc (0 (28.6)

is valid and can be used for a rough estimation of the ratio of sTUC and 
sAvC-

The stability of different voltage sources can be studied experimentally 
with the aid of the circuit shown in Figure 28,2. The capacitance c must 
be stable and can have a sufficiently large value, which facilitates the 
measurements. The additional R,CSt circuit is intended to eliminate 
errors connected with the leakage of the capacitor C. is determined
by the ratio of the instrument reading U; and the voltage U.

FIGURE 28.2. Circuit arrangement for the 
determination of sTukRcy.

The variance of the conditional conductivity is

(28.8)

In order to determine a, we take the sum of the variance of all the 
above-considered current disturbances. The following results are 
obtained.

1. Method of charge accumulation with a fixed zero and the pulse 
method:

, — 1 , ГП4- °9к + соаив+Ктс" I =uRß 1 (28 9)
°p- (4л*ог)г L &oc C2U2 (28.91

2. Method of charge accumulation with a drifting zero:

, 1 Г Л /.1 I C0öUE , IKTt , "та'Ч /r>Q 1n(L дис (/)+ + + • (28.10)

3. Method of the voltage drop across a resistance:

_ 1 Гл ,T\ , co°ue + ktco °w<21 (2811)
» — (4x1 *,4)2 LSvuc C2U2 '"Siwy' -minn

Under certain conditions the above expressions can often be simplified 
by neglecting one of the terms.

For the condition formulas (28.10) and (28.11) yield sensitivity 
values close to one another, since the thermal noise is usually overlapped 
by the remaining disturbances.

U — voltage source to be investigated;
Uf — instrument for measuring the ultra- 
low frequency voltage-

The current disturbance generated by the insulators is practically 
independent of the operating conditions of the measuring capacitor. 
Experiment shows that this current is inversely proportional to the 
resistance Rp of the insulators. We shall therefore denote the variance 
of the insulator current by OuPIRp. The quantity ay„ is usually of the 
order of a tenth of a volt. During short time intervals the insulator 
current is so strongly correlated that it may be assumed to be constant.
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§29. CALCULATION OF AIR-ION SPECTRAL 
CHARACTERISTICS

The partial charge densities, partial conductivities and the spectrum 
q(A) can be determined from direct measurement only by means of the 
appropriate calculations. In most of the formulas given in the first 
chapter, not only air-ion current values are encountered, but also the 
derivatives of the current with respect to one of operation parameters. 
This complicates the evaluation of the observations, since the usual 
measurement methods do not enable us to obtain the continuous function /(v), 
but only a number of isolated points /(^i), /(*2), ......  , 7(фп).
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The graphical methods for determining the quantities expressed in 
terms of the operator h, were briefly described in $ 4. The derivative of 
the current with respect to can be determined from the curve I(ф). More 
detailed information on the graphical method can be found in the literature 
/Gerasimova, 1939; Imyanitov, 1957; Isral, 1957b/. Complications 
arise if the curve Z(^>) is to be plotted for the discrete points /(фп) It is 
somewhat arbitrary to plot a smooth curve. Israel /Israel, 1957b/ 
pointed out this problem by the question "break point or bend?" To 
obtain reliable results, the limits of arbitrariness introduced by the 
evaluation of the observations should be precisely determined. In 
graphical methods this is quite difficult, as can be seen from the 
treatment of the nature of the spectrum of heavy air ions in the works 
/Nolan, J. J., 1916; Blackwood, 1920; Nolan, P. J., 1921; Nolan, J. J., 1923; 
Nolan, J.J., Sachy, 1927; Boylan, 1931/, and, more recently, /Fuks, 
1955; El Nadi, Farag, 1960, 1961/.

The graphical method is inconvenient if the mobility range is large. 
In practice, one often has to evaluate data on the spectrum of air ions 
with extreme mobilities with a ratio of 10,000 or more, while on one graph 
it is difficult to represent a spectrum with a width larger than one order of 
magnitude. The attempt to give up the linear scale when plotting curves 
proved unsuccessful, and the ill-considered use of a logarithmic mobility 
scale /Hoegl, 1963b/ led only to errors.

kiteresting ideas on the use of a logarithmic scale may be found in 
the work /Aoki, Kato, 1954/. However, these ideas still did not enable us 
to find a method which was less time consuming.

The evaluation of the observations may also be carried out by 
numerical methods, which were applied in the determination of the 
partial charge density of light ions /Baranov, 1925; Baranov, Stschepotjewa, 
1928; Shchepotieva, 1929/, and recently in the evaluation of spectrum 
measurements /Hoppel, Kraakevik, 1965/.

The main advantage of numerical methods is that they enable us to 
estimate the errors in the measurement results, and to determine accurately 
the uncertainty limits which arise due to the fact that the function /(v) is 
given by a series of points. There are also no difficulties in the case of a 
large mobility interval. In numerical methods the derivatives are 
determined from formulas of finite increments. The use of interpolation 
methods would be unjustified, since nothing besides continuity can be 
assumed concerning the behavior of the function jW/Tammet, 1962d/. 
Physical considerations-also give reason to assume the continuity of the 
function /(v) and its derivatives. Let us stipulate that the points /„ are 
chosen in a monotonic sequence. If v is the voltage, then we shall 
consider фя with one polarity only. Under these assumptions the following 
assertions are valid /Tammet, 1962d/:

a) in the interval (1,*2) there always exists a Ф = Е1, such that

Ф1 — Ф1 (29.1)

(Lagrange formula);

b) in the interval (фьф2) there always exists а ф = £2, such that

(29.2)

c) in the interval (фь Фг) there always exists а Ф = Ь. such that

&Аф/^з) = 2ф|1р2-^-Ч>'/=; (29.3)
Фг-ФГ

d) in the interval (фьфг) there always exists а ф = ^4, and in the 
interval (<p3, $4) a • = §s , such that

auto ditto
_^Ф_ _ ■ (29 4) 

"‘(5a—*/(55) (ф1-Фз)(ф2/1-Ф1/2)-(ч>8-Ф1)(Ф1/1 —ф3/4) ’ '

e) if ф2 is contained in the interval (фьфз), then this interval contains 
а Ф = , such that .

E3W($s) _q . . (фз-ф^)/! -(*,-*,)/!+ (l|>3-l|),)/3 (05)46 4"12%3 (Фз-Фз)(Фз-$.)№-*.)------ ' (29"5>

With the aid of formulas (29.1) — (29.5) we can calculate all the 
characteristics, which in the first chapter were expressed in terms 
of the derivatives of the functions I (Ф) or Р(ф). Formula (29.4) also 
makes it possible to calculate the mean mobility

I ke Wdk 
--- = *£§. (29.6)

J o№dn

Below calculation formulas are given for the integral counter and 
the first-order differential counter in the case of the voltage variation 
method. The uncertainty of the argument in the formulas of finite 
differences is interpreted as the error in the measured mobilities. 
The mobility determined only on the basis of the interval will be denoted 
by The mean mobility of the interval will be denoted by k and the 
maximum relative error corresponding to the uncertainty limits 6t.

a) The integral counter; calculation of partial charge densities, 
charge mobilities, and mean mobilities. The voltages U„ are chosen 
in increasing order: Ui<U2<U3<Ut.

о(к S,) = (29 7)

X №. g,_ (2 9 8)'VVK2'K11 4пС(ил-игНи,-и;)--------- ' ‘-9:6/
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E , . Ф((^/4—t73)(P2-P,)-(C/2-t/,)(P4-P3)]
1 8' U ~ 4лС[(1/2- I/,) (174P3 - UaP.WU(-U3> (t/2P, - U,P,)J ’ (29.9)

T _  Ф(^з+ UV) 
8nCU3Ut ’ (29.10)

r _ Ф^ + Щ
I — SnCUiU, ’ (29.11)

. _Ut-U»
°*» — и, + U, ’ (29.12)

A _ U.-U, õi‘ - U^Ux ■ (29.13)

b) The integral counter; calculation of the spectrum y(A). 
that the condition U\-<.U2<_U) is satisfied.

We assume

” — 8nCU\U3U^(U3 — tVi) P2 —(U3 — (7з) Pt —-(£/2— Рз] (29.14)

,7_Ф(^+№)
SnCLW ’ (29.15)

. _ u,—ut
^-U,+ U1- (29.16)

X(^2, 61) — Ф[Р(Р2 —P|)—(P4 —P3)l
4лС1/3(а—1) :

R (%, ЬЛ- Ф Р(Рг-Р.)-(Р.-Рз) 
1 4лСУ, а(Р,— Р,) — (Р4 — Р2)

Т _ ф(1+а) 
2 — 8лС(У4 ’

Г__Ф(1 + а) 
1 — 8лС(/2 '

дк — дм, = ° , 1 ■. ' 1 а+ 1
b) Choosing Ui, Uj and Ua, such that

^ = •+0.

we obtain

(29.20)

(29.21)

(29.22)

(29.23)

(29.24)

(29.25)

е(й)=-^[(2Р2-Р1~Р3)+ 24. (P3—Pi) ], (29.26)

bi order to obtain the most uniform information for all the investigated 
mobility intervals and to simplify calculations it is advisable to choose, 
when possible, the points U„ in a well-defined order. To calculate 
e(^i, A2), X(6h 62) and ^(^1,^2), the U„ should be chosen in pairs, which enable 
a more distinct determination of the limits of the interval (^1,^2). Here, 
the ratio has for all even numbers one value and for all odd numbers
a different value. The smaller of the two ratios determines the error in 
the mobility, and their product the width of the interval (£2, k,). To 
determine the spectrum g(k) it is expedient to choose Un with a constant 
ratio Un^/Un. The values of (>(£) are calculated on the basis of each three 
successive U„, which in the case of m points of the function P(t/) always 
gives m— 2 points of the function (k). The relevant calculation formulas 
are:

a) Choosing

^ = Й=а (29.17)

and

^=^=ß, (29.18)

we obtain

= (29.19)

k= 8nCl/a
Ф

4nC(/s ’
(29.27)

й (29.28)
°* (H-ö)s+1 °"

c) The first-order differential counter with a divided capacitor. 
Ui/Uv = a> 1.

e(*a, *,)- (g—1)ф ' (29.29)

T _ (а+1)Ф
8tt(Ci-VCi)U3 ’

(29.30)

г _ (а+1)Ф
6— 8лС,1/2 ’ (29.31)

(29.32)

„(кх_  8nC.(C,-+C)U, — Ь
e=R'~ С2Ф= а2—1 ’ (29.33)

where

ь_ (аС, + С, + аС2)Ф
8xU,C,(C,+ C,) ’

(29.34)
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0»="*с+с!+С • (29-35)
• a(C+C2+I ' '

When laying out the measurement program, it should be kept in mind, 
that the errors in the measurement result increase when increasing the 
accuracy in the mobility determinations by decreasing the constants a and 
6. The problem of determining the measurement error will be considered 
in the following sections. When studying atmospheric ionization with the 
aid of an integral counter of average sensitivity and accuracy /Reinet, 
1956/, the ratios a= 2 and ß = 5 are the most suitable. In accordance with 
the recommendation of the present author such ratios were used in 
multiannual observations of atmospheric ionization, carried out in Tartu 
by P. K. Prüller /Prüller, Reinet, 1966/. The evaluation of the observation 
data was carried out according to formulas (29.19) and (29.21) with the aid 
of a small desk calculator.

The question of the amount of work necessary to evaluate the observa­
tion data should be solved separately for each case with allowance for the 
actual conditions. One should also consider the possibility of programming 
the data on a computer, which can considerably increase the efficiency of 
the computation method. In some cases a graphical method and in other 
cases a numerical method may appear more convenient. As an example, 
a comparison of graphical and numerical methods was carried out for the 
calculation of partial charge densities in an integral counter. The series 
of limiting mobilities was as follows: 1; 0.5; 0.1; 0.05; 0.01; 0.005; 0.001; 0.0005;

0.0001; 0.00005 The partial charge densities were calculated

in five ranges e [(0.75 ±0.25) co ], e[(0.075± 0.025) t™-, (0.75 ±V *s00, V * sec
cm3

± 0.25) у ], etc. The computations were performed by a laboratory 

assistant, who had no previous experience in the evaluation of observation 
data by either method. In the numerical method a VMP-2 calculator 
was employed. To get used to both methods a full working day was spent on 
each of them. A time check of the control tasks showed that the evaluation 
of the observation data by means of the graphical method took 2.5 times 
as long as the evaluation of the same amount of data by the numerical 
method.

S 30. ASSESSMENT OF RANDOM ERRORS IN MEASURING 
THE CHARACTERISTICS OF THE AIR-ION SPECTRUM

Errors in the characteristics of the air-ion spectrum are larger than 
the errors produced when measuring the conditional charge density.
Not only are the direct observation errors significant, but also the 
instability of the air-ion spectrum during the measurement period. The 
last factor is irrelevant when the points are taken simultaneously.

The demands imposed upon the accuracy of the error determination 
are not too high, so that certain simplifying assumptions can be made. 
Suppose that the parameters of the measuring capacitor are exactly known. 
If necessary, the omitted error can be separately estimated and added 
to the result.
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Consider the error determination for integral counters. The variance 
of the errors of the measured quantity x is composed of two terms 
а’ = аг1 + ар, where Or characterizes the instrument error, and a, the error 
due to fluctuations of the air-ion spectrum with time. To estimate a, 
we assume that the air-ion spectrum is stable. Errors inherent in 
the instruments are practically independent of one another. Neglecting 
systematic errors, we can estimate the error in the conditional charge 
density from formulas (28.9 —28.11). Assume, for simplicity, that all 
the_P„ appearing in one formula are equal to one another and are denoted 
by P. With these assumptions the calculation of the variance o2 is simple 
when evaluating the observation data according to formulas (29.19), 
(29.20) and (29.26).

The fluctuation of the air-ion spectrum with time has the result that 
the series of successive measurement values Pb P2, . • do not
represent the function P(l/„) for any definite time interval. When 
estimating Op, we assume that the ratio o appearing in formula (29.19) 
is close to unity. This enables us to estimate the variance of the 
fluctuations of the differences aP,—P2 and aP3 — P4 from the variances 
of the differences P„ —P„+i, where P„ and Pn+i corresponds to the same 
limiting mobility. Let us adopt the notation 5д = ®(Р„—p„+1)/P- To 
determine $д special supplementary measurements must be performed 
in which the same time conditions are observed as in the main observation 
series.

In the same way the variance of the fluctuations of the differences 
2PZ — Pi — P3 appearing in formula (29.26) can be estimated. The cor­
responding relative standard deviation will be denoted by 
s дд = ®(2p„ _ Ря_! - p„+1) /p -

Owing to the above simplifications, the formulas for estimating the 
errors can be written in a simple form, which is convenient for practical 
calculations. Evaluating the observation data according to formulas 
(29.19) and (29.20), we obtain

(30.1)

(30.2)

Here, we make the additional assumption that the errors in the 
differences P2 — P, and P4 — P3 are independent of one another and have 
equal variances. P is some mean value of the relative charge densities 
Pb P2, Ps, P<-

For the evaluation of the observation data according to formula 
(29.26), assuming that the parameter ö is small, we obtain

o _ V ^р + Р’ Ддд 
e(*) '

(30.3)
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In first-order differential counters the calculation is similar in all 
respects. In the differential methods of the second order the estimation 
of errors is the most simple, since the quantity to be determined is found 
from the result of one measurement, and, consequently, the fluctuating 
component of the error drops out.

In practice, the integral method is most often used. Here, the 
fluctuation of the relative charge intensity is the principal factor 
determining the measurement accuracy. Random oscillations of the 
current through the collector plates of the counter were treated in a large 
number of works /Shepherd, 1932; Baranov, Kravchenko, 1934; 
Shaffhauser, 1952; Schilling, Carson, 1953; Dessauer, Graffunder, 
Laub, 1955 — 1956; Sagalyn, Faucher, 1956, 1957; Siksna, Lindsay, 1961; 
Siksna, Eichmeier, 1961; Siksna, Schmeer, 1961; Prüller, Reinet, 1966/. 
However, the authors of these works confined themselves only to citing 
examples of recordings of the conditional charge density and devoted most of 
their attention to analyzing the underlying causes of the fluctuations, 
while leaving the problem of quantitative laws untouched. Only in the 
work /Collin, Groom, Higazi, 1966/ are quantitative data presented 
which characterize the relaxation of the autocorrelation function.

To obtain quantitative data on the fluctuations of the conditional charge 
density of atmospheric air, observations were carried out with the aid 
of a high-speed counter specially designed for this purpose. This counter 
was connected in accordance with the circuit arrangement with a grounded 
inner plate. The parameters and operating conditions of the measuring 
capacitor are determined by the following parameters: r2 = 14 cm, 
n=2.3cm, Z —45 cm, ®=l,5m3/sec, Li'=2kV, 6.= 5 cm2/V-sec. The 
voltage supply consisted of a stabilized VS-22 rectifier with an additional 
integrating RC filter = 2 Mohrn, C —100 uF). The absence of disturbances 
due to random voltage oscillations was established by measurement with 
the air flow switched on. The filling time Zo = O.O2 sec of the measuring 
capacitor allows us to assume that the effect of fluctuations of the space 
charge density on the measurement results is negligibly small. This 
was verified by special measurements for the operating conditions U = 0. 
The current through the inner plate of the measuring capacitor was 
measured by the method of the voltage drop across a resistance. A 
high-speed dynamic electrometer was used. The time constant of the 
transient process was r = 0.4 sec. Recording was performed with the aid of 
the EPP-09M2 electronic potentiometer with a full-scale deflection time of 
1 sec. In the experiments, the data of which are given below, the chart 
speed was 1.33 mm/sec.

The counter was installed in a cabin located not far from Tartu, 
which is located in the territory of the actinometric station of the Institute 
of Physics and Astronomy of the AN ESSR. During the experiments wind 
blew over flat terrain stretching approximately half a kilometer from the 
cabin. The city was located on the lee side.

The air was sampled at a height of 5 m and was led into the counter 
through a vertical, wooden channel with a square cross section and a length 
of 2.6 m. The width of the channel narrowed down from 60 cm at the upper 
end to 45 cm at the counter inlet. The air was exhausted on the lee side 
at a distance of 12 m from the counter.

The measurements were performed on July 26 and August 1 and 2, 1963 
The positive conductivity was the object of measurement. The trend of 
the recording was practically independent of the polarity. For a detailed 
evaluation data of two measurement periods were considered. In the first 
measurement period — from 19 to 21 hours (local solar time) on August 1 — 
the intensity of the fluctuations was nearly maximum. The meteorological 
conditions were as follows: cloudless sky; westerly wind, 2 — 2.5 m/sec 
(at a height of 8 m); air temperature at a height of 2 m about 25°C; surface 
temperature of the soil approximately the same; relative humidity about 
50%; pressure 761 mm Hg. During the second measurement interval — 
from 1 to 2 hours on August 2 — the intensity of the fluctuations was 
minimum. The meteorological data were: cloudless sky; westerly and 
southwesterly wind, 2.5 — 3 m/sec; air temperature at a height of 2 m 
about 18°C; soil temperature 14°C; relative humidity about 80%; pressure 
761 mm Hg. The low intensity of the fluctuations of the conductivity under 
these conditions was due to a sharp temperature inversion, which led to 
a decrease in the intensity of the turbulence mixing of the near-ground air 
layer. The mean conductivity during the second measurement period was 
two times smaller than during the first period.

The theory of the fluctuation of the air-ion concentration in the 
atmosphere has not yet been developed. It can be assumed that turbulent 
mixing /Csanady, 1967/ is the main cause of rapid fluctuations. The 
initial nonuniformity of the concentration can be explained in terms of the 
electrode effect.

o.ts 1.5 3 4 xs is 30 M tie 20 *eo

FIGURE 30.1. Results of the investigation of the conductivity of atmospheric air. 
The subscripts e and n denote the results of evening and night observations.

In the following, the observations taken over the two described measure 
ment periods will be briefly referred toas evening and night observations.
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The observation results were evaluated as follows. After recording, 
the mean conductivities were determined for the consecutive times 0.75, 
1.5, 3,6, 12,24, 48 sec and 7.5, 15, 30, 60, 120, 240, 480 sec. For the 
series averaged over / = 0.75 sec, /=1.5 sec, etc., each of the 768 sec/z 
values of mean conductivity were calculated for the evening and the night 
observations. For the series averaged over / = 7.5 sec, t=15 sec, etc., 
each of the 7680 sec// values of mean conductivity were calculated for the 
evening observations and each of the 3840 sec// values were calculated 
for the night observations. From the obtained data $д and »дд were 
determined for different averaging times. The calculations were carried 
out for two time conditions. For time condition I the differences of the 
mean conductivities of neighboring averaging intervals were determined. 
This corresponds to the method of charge accumulation for the condition 
that the cycles follow one another directly without any time loss during 
switching. For time condition II the difference of the mean mobilities 
were determined in unit intervals. This corresponds to conditions under 
which the time loss during switching of the circuit is the same as the time 
required for charge accumulation.

The results are graphically represented in Figure 30.1.
Data referring to the averaging time 0,75 sec are somewhat distorted 

due to the inertia of the recorder.
From the results of the described experiments we arrived at a 

number of conclusions. As expected, the dependence of хддь $дп and 
$ддц on the averaging time basically reiterates the function «д| (/). 
$дь $Д|Ь 5дд1 and $ддц refer to time condition I and time condition II, 
respectively. The following relationship holds with slight deviations

sAii(/)=1.26sa1(-1/), (30.4)

The last result was found from an analysis of the values of the ratio 
25дп (/)Л^Д|(/) +$д1 (2/)]. The curve of the frequency of deviations of this 
ratio from the coefficient of formula (30.4) is given in Figure 30.2, which 
shows all the results obtained for the averaging times from 3 to 25 sec 
and from 7.5 to 240 sec.

FIGURE 30.2, Error frequency curve of 
formula (30,4):

p — frequency of errors, exceeding 6.

FIGURE 30.3. Error frequency curve of 
formula (30.5). Roman numerals on the 
curves denote the operation conditions.

Similar reasoning leads to the formula

1/ saI—ч5ддЮ = 5д(0Г 4-1.6-^-!. (30.5)

The frequency of deviations of the experimental values from formula (30.5) 
is plotted in Figure 30.3.

It is of practical interest to study the dependence of $д on the averaging 
time. If the fluctuations are small, $д increases monotonically with an 
increase in the averaging time; this increase is due to the slow fluctuations 
of the conductivity caused by the variation of the meteorological conditions. 
Under strong fluctuations, a totally different variation trend of sA(Z) is 
observed: the curve passes through a maximum for an averaging time 
between 5 and 10 sec, and through a minimum for an averaging time 
between 60 and 120 sec, the maximum-to-minimum ratio of the $д-values 
being equal to 1.9 in our case. The knowledge of the variation trend of 
$д(/) is necessary for the correct selection of the charge accumulation 
time. The results obtained show that the tendency to select a charge 
accumulation time shorter than a minute seems questionable; it would 
be better to use a time from one to three minutes. These conclusions 
are tentative, since they are based on limited data. It seems desirable 
to include special measurements for the study of the function sA(Z) when 
planning observatory observations of the ionization of atmospheric air.

The quantitative results obtained in the experiments show that under 
conditions of small fluctuations (during the night temperature inversion) 
it is possible to measure the spectrum of light ions by the integral method 
with a standard deviation of 20% for a half-width of 15% of the mobility 
uncertainty range. The suitability of night conditions for the study of the 
spectral distribution of air ions was also mentioned in the paper 
/Norinder, Siksna, 1953/. Under unsuitable conditions the standard 
deviation will not drop below 30%, even for a half-width of 30% of the 
mobility uncertainty range. The detailed study of the spectrum 0(A) 
becomes practically meangingless in this case.

The conclusions made so far are true only insofar as the values found 
for Pn or o(k,,k2), A(k,,k2) and q(A) are not subsequently averaged over 
successive measurements series. If such an averaging is carried out, a 
higher accuracy is theoretically possible. The reasoning with regard to 
the selection of the charge accumulation time becomes likewise meaningless. 
It can, in fact, be easily shown that when the results of n measurement 
series are averaged, an л-fold reduction in the charge accumulation 
time will always lead to a reduction in the influence of the fluctuations 
of P„ on the final result.

The above analysis pertains to the charge accumulation method. In 
the case of the method of the voltage drop across a resistance, the 
measurement results will be affected more strongly by the fluctuations 
of the conventional density. The use of this method for the study of the 
spectral distribution of air ions by an integral or first-order differential 
counter is therefore not to be recommended.
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A rough estimate of the effect of fluctuations on the result of a 
measurement by the voltage drop method can be obtained on the basis 
of the approximate equivalence of the times t and 1.7r, indicated in 
the paper /Kagan, 1964/.

S 31. ELIMINATION OF THE EFFECT OF RANDOM 
VOLTAGE FLUCTUATIONS ON THE MEASUREMENT 
RESULTS

The sensitivity of a counter connected in series is limited by the 
instability of the power source. The dependence of the sensitivity of an 
integral counter on random fluctuations was examined in § 28. A quantita­
tive analysis leads to the conclusion that the stability of the standard 
electronic voltage stabilizers is insufficient for measuring the polar charge 
density of heavy air ions under conditions of natural ionization atmo­
spheric air. A somewhat better stability is achieved by using high-quality 
batteries, for which sÄ£/ (100 sec) is of the order of 10-5. For 

em2Ao = 0.0001 —:------ and / = 100 sec, a„, caused by the voltage fluctuations,
V‘Sec

exceeds 50 elementary charges/cm3, which is frequently inadmissible. 
To increase the power stability, it is necessary to use batteries of larger 
dimensions and weight, which are bulky and inconvenient. It seems 
therefore preferable to eliminate the effect of the supply voltage fluctuations 
by means of special circuit arrangements.

The connection of the counter to a bridge circuit (see Figure 31.1) is 
a known method of compensating the current induced by a change in the 
supply voltage. Since the type of ground connection used can depend on the 
specific conditions, no ground connection is indicated in Figure 31.1. The 
utilization of the bridge circuit in the aspiration counter was already 
described in /Erikson, 1921/. The bridge circuit can be used with equal 
success in both the integral and the differential measuring methods. The 
integral counter is examined below.

In this circuit (Figure 31.1) the electrometer is inserted on the 
diagonal of the bridge formed by the resistances Rb R2 and the capacitances 
of the measuring capacitor C, and the additional compensation capacitor 
C|. Assuming that all the parasitic capacitances are connected in parallel 
to the electrometer, we have the equilibrium condition

(31Л)

When this condition is satisfied, a change in the circuit supply voltage 
will not affect the electrometer reading.

The use of a bridge circuit is convenient when the sensitivity increase 
resulting from the decrease in the variance s2&uc, determined in the 
bridge circuit by the stability of the bridge equilibrium, exceeds the 
sensitivity loss caused by the insertion of the shunt capacitance C,. To 
increase the sensitivity, the capacitance C, should be small. This requires, 
however, a high supply voltage U„ which exceeds by a factor of (1C/C) 
the voltage of the measuring capacitor.
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FIGURE 31.1. Counter connection in a bridge 
circuit.

(31.3)

the pulse

(31.4)

(31.5)

(31.6)

Consider the problem of the determination of the optimum capacitance 
С, (the capacitance giving the minimum error <rp) corresponding to a 
given supply voltage Us of the bridge circuit. The problem has a simple 
solution only if all the errors except the electrometer error cue are 
neglected. Then

C1№l = VC(Co-C,), (31.2)

where one starting magnitude is the total capacitance of the isolated system, 
excluding the capacitance of the compensation capacitor (Co— C,). The 
influence of the other sources of errors can be estimated in the first 
appr oximation

C, w! « (I + 6) VC(Co-C .
The expressions for 6 are

1) in the method of charge accumulation with fixed zero and 
method

“ 2^a^(C„-C,)[C+VC(C0-C,)J ’

2) in the method of charge accumulation with drifting zero

д =
2/?’o^(C„- C,) (C+VC(C„-C,)J ’

3) in the method of the voltage drop across a resistance

_ т2 ^ик+КТЦСо-СхЧ + УС(С,-С,)]Я2 
— 2R2o2E(Co—C,)(C+VC(C—C, '

The first approximation is adequate for all practical purposes, if 1.
The compensation capacitor C, must have a high insulation resistance, 

since leakage causes additional measurement errors. If the admissible 
value of this error is AP, the leakage resistance Re, must satisfy the 
condition

Rc,C,>aap (31.7)



The self-discharge time constant of high-quality solid-dielectric 
capacitors is 10® — 107 sec. This is usually insufficient, and special 
air capacitors have to be used. As in the case of C, it is also possible to 
use the capacitance of the other measuring capacitor, which is not dis­
charged. As a result several other parasitic phenomena are simultaneously 
compensated /Komarov, Kuz'menko, 1960; Komarov, Kuz'menko, 
Seredkin, 1961/.

The induced current is best compensated by a differential electrometer, 
in which the compensating signal can be phase-synchronized with the 
voltage variation. No voltage division is necessary, and the total voltage 
of the supply source can be applied to the measuring capacitor, which 
increases the counter sensitivity. The shunting effect of the compensating 
capacitor is likewise eliminated. The described circuit differs from the 
ordinary series circuit in that the other input of the electrometer is 
connected to the power source via an additional circuit, having the same 
transfer function as the circuit transmitting the voltage fluctuations through 
the measuring capacitor to the first input of the electrometer /Jonassen, 
1962/. '

This principle of compensating power supply fluctuations has been 
most successfully used in the Imyanitov counter, described in § 10. In 
this counter compensation is effected without any additional components, 
using only the symmetry of the system consisting of two measuring 
capacitors.

Another possibility for eliminating the errors caused by power 
source instability consists in replacing the power source in the counter 
circuit by a special reference-voltage capacitor, charged beforehand by 
the power source /Tammet, 1962b, 1963b/. The condition for a constant 
self-discharge time of the reference-voltage capacitor coincides with 
condition (31.7) for the compensation capacitor of the bridge circuit. The 
capacitance of the reference-voltage capacitor does not shunt the 
measuring system, and the power source voltage is fully utilized. 
Furthermore, in this design it is possible to use an ordinary electrometer 
without differential input. This method, however, possesses a shortcoming. 
It becomes impossible to effect continuous recording of the current over a 
long period.

In circuits with a grounded collector plate the reference-voltage 
capacitor can be connected between the repulsive plate and earth. The 
capacitance must exceed in this case tens of times the capacitance of-the 
measuring capacitor; otherwise the measurement results will be dis­
torted by the influence of the current generated by air ions of the 
opposite polarity settling on the repulsive plate. The high capacitance 
of the reference-voltage capacitor and the higher requirements imposed 
upon the insulator of the repulsive plate complicate the design of the 
corresponding counter.

The method of the reference-voltage capacitor is more suitable in the 
circuit with a grounded outer plate. It is convenient to switch the position 
between the electrometer and the power source. The reference-voltage 
capacitor is then connected between the inner plate of the measuring 
capacitor and the electrometer input (Figure 31.2). During measurements 
switch K, is opened only after the opening of switch K2, and is closed 
before the closing of switch K2. The circuit in Figure 31.2 can be 
considered from two points of view. If the capacitor C2 is considered as 

the power supply, the circuit then belongs to the series circuit arrangement. 
The capacitor C2 can, however, also be considered as an additional element 
of the electrometer, which, owing to the presence of the dividing capacitor, 
enables the application of a high direct voltage without impairing the 
sensitivity to changes in the voltage. According to this interpretation the 
circuit in Figure 31.2 would seem to belong to the parallel circuit 
arrangement of the counter. Ignoring this question, we shall designate 
the circuit in Figure 31.2 as the circuit with a dividing capacitor; this 
name reflects the function of the capacitor C2.

The requirement imposed upon the insulation of the dividing capacitor 
coincides with requirement (31.7).

The capacitance of C2 is best taken several times larger than the 
capacitance of the measuring capacitance and electrometer connected in 
series. A considerable sensitivity loss results when this condition is not 
fulfilled.

FIGURE 31.2. Circuit arrangement of the counter 
with a dividing capacitor.

In the circuit of Figure 31.2 the parasitic capacitance CD is split into 
the capacitance Cp, consisting of the capacitance of the electrometer 
and the capacitance of the mounting, and the capacitance Cp, connected in 
parallel with switch K2. In view of the presence of the capacitance Cp, 
the dependence of the electrometer readings on random fluctuations of the 
power source is not completely eliminated, but is only reduced by a 
factor of C"p/C. The removal of the capacitance Cp is practically 
impossible, since to ensure the required insulation of the inner plate 
it is necessary to use two insulating layers with a conducting layer 
sandwiched between them and connected to the power source. This screens 
the insulator from the electric field. Otherwise, a considerable leakage 
and disturbances caused by the retarded polarization of the insulators 
after power switching is unavoidable.

The influence of the power source instability is completely eliminated 
in the combined circuit represented in Figure 31.3. The equilibrium 
condition here differs from condition (31.1) in that the capacitance C is 
replaced by CP. It thus follows that the capacitance of the compensation 
capacitor C, in the bridge circuit with dividing capacitor can be relatively 
small. The counter sensitivity in this arrangement is therefore higher 
than in the usual bridge circuit. The bridge circuit with dividing capacitor 
is particularly convenient for a counter with an interchangeable inner plate 
of the measuring capacitor, since the balance condition is independent of 
the effective capacitance.
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FIGURE 31.3. Combined counter circuit arrangement.

The influence of slow fluctuations in the supply voltage is automatically 
eliminated in all the modulating counters.

§ 32. PREVENTION OF THE EDGE EFFECT

The edge effect is most simply prevented in counters connected in 
accordance with the circuit having a grounded outer plate or the circuit 
with a grounded outer collector plate.

Consider first the circuit with a grounded outer plate. To estimate the 
edge effect, we use formula (14.5). Since this formula is very approximate, 
the admissible relative error ö must be specified with sufficient allowance. 
The effective capacitance of the edge effect must satisfy the inequality

C^C, . (32.1)

where L is the maximum expected value of the dimensionless ratio 
Х,Ф/60/(М-

In order to fulfill condition (32.1) it is necessary to select a sufficiently 
large distance Г between the end of the inner plate and the plane of the 
input end of the outer plate perpendicular to the capacitor axis. Experi­
ments on a suitable model were conducted in order to study the dependence 
of the capacitance C' on the distance l'. The measured parameter was 
the capacitance C* between the inner plate of the coaxial capacitor and a 
large metallic disk placed in the plane of the input end of the outer plate. 
The disk had an opening at its center coinciding with the inlet opening of 
the outer plate. The disk was insulated from the outer plate by a thin 
plexiglass ring. The function C* = C*(I') was determined for six replaceable 
inner plates of different diameter for different end configurations. The 
The ratio r2/r, had the following values: 1.09, 1.42, 2.09, 3.62, 8.2, 21. 
The measurement results for a flat end of the inner plate are represented 
by the empirical formula

Г = ralog(r2/3C*) —0.6 log(r2/r,)]. (32.2)

Formula (32.2) intentionally effects a systematic overestimation of the 
values of since errors in the other direction are more dangerous. The 
error in the distance /', calculated by this formula, does not exceed 
0.1 (/'4-r2), if /'/rä>0.5 and r2/r,<20.
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Experiments conducted with inner plates having other end configurations 
led to similar results, thus making it possible to use formula (32.2) with 
a certain correction. In the case of an inner plate with a semielliptical 
end (ratio of the axes 2:1) it is necessary to subtract from the value of 
determined by formula (32.2), the correction n/2, if r2!r1>2, or rj4, if 
г2/Г| < 2. For a semispherical end the correction will be rj3, if 
^,>2, and r/5, if r2Ai<2.

The experimentally confirmed logarithmic relationship expressed by 
formula (32.2) was theoretically predicted by Grinberg /Grinberg, 1948/. 
On the basis of these considerations the range of application of formula 
(32.2) was extended to large ratios l'/r2, although experimental checks 
were carried out only up to l'lr2=3. The procedure for a quantitative 
estimate of the length I" is also discussed in the paper /Schmeer, 1966/.

The definition of the capacitance C is similar to the definition of the 
capacitance Cv, so that in the design calculation of the counter it is 
possible to start from the approximation C’C* and to calculate the 
required length of the inlet cylinder by formulas (32.1) and (32.2). In the 
empirical determination of the edge effect current, two- and threefold 
deviations from the relationship C = C* were observed in some counters. 
However, due to the logarithmic relationship this error is compensated 
by a small reserve in the length /'.

A sufficiently large length l' contributes also to the damping of external 
aerodynamic disturbances in the inlet portion of the capacitor. This 
problem has been little studied, and no specific recommendations can be 
given. The length /' should not be too large, since this increases the 
errors caused by the adsorption of air ions.

In the circuit with a grounded outer collector plate the capacitance of 
the edge effect C, has definite significance and can be measured by the 
usual methods without any additional assumptions. To remove the edge 
effect, the capacitance Cx must be selected according to condition (32.1). 
The dependence of C, on I' was studied by model measurements similar 
to those described above. The measured parameter was the capacitance 
between the inner plate and the inlet tube of the cylindrical measuring 
capacitor. The radii of the outer plate and the inlet tube were equal, and 
the gap between them was equal to 0.05 r2. The experiments were 
conducted for six values of the ratio r^r, between 1.09 and 21. The end 
of the inner plate was provided with replaceable nozzles of different 
configurations. An empirical formula was established on the basis of the 
results calculated from (32.2) in such a way that the error cannot take on 
negative values:

/' = r2[log(r2/2C,) — 0.61og(r2/r,)]. (32.3)

The formula represented corresponds to an inner plate with a flat end. 
The accuracy and applicability limits of this formula are of the same 
order as formula (32.2). In the case of an inner plate with a semiellipsoidal 
or semispherical end it is necessary to introduce the same corrections as 
for formula (32.2).

The required length /' is reduced if a metallic grid is attached to the 
inlet opening of the outer plate. The screening effect of the grid can only 
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approximately be estimated by computation methods. On the basis of the 
known formula of the screening effect of a grid in a parallel-plate capacitor 
/Kaden, 1950/ it is possible to suggest the following approximate formula 
for estimating the permeability of a grid transverse to the coaxial . 
capacitor axis:

e 22 l08 -I ' (32Л)1*10 3l 2

where Cl0 is the capacitance in the absence of the grid, h the mesh width 
and r0 the wire radius.

The coefficient of formula (32.4) was selected empirically. For a grid 
with hka = 0.1 and rJn —0.0043 the measured values of the permeability 
were up to 15% lower than the values calculated by the formula (for 
l'lr2> 0,5). For a grid with h/r2 — 0.08 and гоЛг = 0.0163 the permeability 
is up to 30% lower than the calculated value, owing to the large ratio rjh.

Having provided the measuring capacitor with a grid, one should not 
forget the danger of air-ion adsorption. The dependence of the parameter 
ЛС1/С10 on the wire radius is of interest for the selection of the grid size. 
The calculation shows that ЛС,/С|0 decreases monotonically with a 
decrease in the wire radius, provided that A ^>6 r0. It is therefore possible 
to recommend the utilization of the thinnest possible wire, which makes it 
possible to ensure a smaller adsorption of air ions at a given permeability.

This is illustrated by the following example. If we were to reject the 
utilization of a grid in the counter described in § 36, the outer plate would 
have to be lengthened by 30% in order to preserve the previous capacitance 
of the edge effect.

FIGURE 32.1. Bridge for measuring C./C.

Corrections for the edge effect can be introduced in the counter with a 
grounded outer collector plate. For this it is necessary to know the 
capacitance C, with an accuracy higher than that given by formulas (32.3). 
and (32.4). The ratio C/C, is most conveniently measured by an ac bridge 
(Figure 32.1). When a correction is introduced, it is desirable to fulfill 
the condition C/C, > kmaxlkmi„, where kmat and h„in are respectively the 
maximum and minimum mobilities of the air ions. On the basis of (14.6) 
we find

P(^o) =?'№>)+|^P№). (32.5) 

where P'(*o) is the value of the conventional charge density distorted by the 
edge effect, and kx is the limiting mobility, exceeding kmox.

The suppression of the edge effect is more difficult in counters with a 
grounded inner collector plate. If the measuring capacitor is not equipped 
with electrostatic shielding, the edge effect can be estimated from the 
data given in § 15 of this book. It is not necessary to use electrostatic 
shielding in all conductivity measuring counters, in which it suffices to 
determine the critical discharge from the sum of the effective capacitance 
and the capacitance C* in order to prevent the edge effect. In counters 
for measuring the partial charge densities the utilization of electrostatic 
shielding is usually unavoidable.

a b

FIGURE 32.2, Electrostatic shields.

The best-known electrostatic shield is due to Swann /Swann, 1914 c/. 
A drawback of the usual design of the Swann shield (Figure 32.2a) is the 
air flow expansion upon entering the measuring capacitor, which contri­
butes to the formation of turbulence. The improved variant of the Swann 
shield, represented in Figure 32.2b /Reimers, 1940; Komarev, 
Kuz'menko, Seredkin, 1961/, has eliminated this drawback.

In the measuring capacitor with a Swann shield part of the air ions 
settle on the shield. If the effective capacitance of the measuring 
capacitor is included the capacitance C of the respective input device 
(Figure 15.4e corresponds to Figure 32.2a, and Figure 15.4b to 
figure 32.2b). The conduction current in the counter with a Swann shield 
is not strictly linear, but this is of practical importance in rare cases only. 
The correction C' is usually relatively small and can be considered 
constant. The effective capacitance of the measuring capacitor is substantial 
only for air ions of mobility lower than the limiting mobility, and therefore 
only the range Шй < C'/C must be allowed for when estimating C' by 
Figure 15.3.

The Swann shield must reduce the electric field, which penetrates the 
former until the capacitance C' satisfies condition (32.1). The problem 
of the longitudinal penetration of an electric field between two coaxial 
cylindrical surfaces has not been solved. The pattern of field reduction 
is known only in limiting cases, when the radius of the inner plate is 
equal to zero or is close to the radius of the outer plate (Grinberg, 1943; 
Kaden, 1957). In both cases the field strength drops according to a near­
exponential law. Using the known theoretical premises and the quantitative 
relationships established on the basis of the experiments described in 
connection with formulas (32.2) and (32.3), we suggest the following 
approximate formula for estimating the necessary length of the Swann 
shield:

131
130



Zs = [0.75(r2-r,) +0.25(r2-r1)2/r2]log(r2L/2Cd). (32.6)

If the inner plate does not penetrate into the shield, we must take r =0. 
Formula (31.6) has not been checked by direct experiments, and it should 
therefore be used with certain caution. We have stated it here because 
no other methods exist for calculating the Swann shield.

The electrostatic shield with transition rings /Komarov, 1961/ is not 
connected with the inner plate of the measuring capacitor and only slightly 
increases the parasitic capacitance. The effective capacitance of a 
measuring capacitor with such a shield (Figure 32.2c) is constant. The 
determination of the number and length of the transition rings must be 
effected experimentally, in view of the difficulties involved in the theoretical 
calculation. The shield calculation is simplified if the length of an 
individual ring exceeds several times the distance r2 — ru In this case 
the ratio of the first (starting from the air inlet) ring to the voltage of the 
outer plate must be limited by the value CbIC'L, where C' is the 
capacitance of the edge effect of the corresponding input device without 
shield (Figure 15,4b) for The ratio of voltages of adjacent rings,
and also the ratio of the voltage of the outer plate to the voltage of the last 
ring, must be smaller than CJC, where C„ is the capacitance between 
the transition ring and the inner plate. The shield with transition rings 
is structurally the most convenient for counters with a small ratio of the 
radii of the measuring capacitor plates.

A similar electrostatic shield was used in the counter with a divided 
air flow /Yunker, 1940/, but the efficiency of the shield was in this case 
much lower, due to the absence of the screening effect of the inner plate. 
The edge effect capacitance in this shielding is determined by the relation­
ship

С'=Л-у, (32.7)

where S is the cross-sectional area of the air flow in the shield, and Zy the 
shield length.

§ 33. METHODS OF DETERMINATION OF THE EFFECTIVE 
CAPACITANCE OF THE MEASURING CAPACITOR

The effective capacitance of the measuring capacitor can be either 
calculated or measured. While calculation is obviously the only means 
available in the design stage, measurement represents a more accurate 
procedure, and is accordingly used after the completion of the counter 
in order to refine the calculated value.

The capacitance of a coaxial capacitor is calculated by the formula

C=-^-, (33.1)
21n-t-

where I is the capacitor length, r2 the radius of the outer plate, and r, the 
radius of the inner plate. The capacitor length is determined with an 
accuracy of the order of r2, which is frequently insufficient /Swann, 
1914b/. The manufacture of a coaxial capacitor of the correct length is 
possible by using equipotential elongations of the inner plate. An equi­
potential elongation of the input end of the measuring capacitor is ad­
missible only when measuring the conductivity /Cagniard, Levy, 1946/, 
a fact restricting the possibilities of this method.

FIGURE 33,L Effective length of the measuring capacitor.

In § 9 we described a measuring capacitor whose effective capacitance 
can be accurately calculated (Figure 9.4); this capacitor has, however, 
a very complex structure.

Formula (33.1) can be considered to be valid in the case of the standard 
measuring capacitor as well, provided the quantity / is understood as the 
corresponding effective length /Tarnmet, 1964а/. In the case of a 
sufficiently long measuring capacitor, the difference between the effective 
length and the geometrical length of the inner plate is independent of the 
plate length, and is uniquely determined by the configuration of the 
capacitor ends. It is possible to set the points of the effective ends of the 
inner plate in such a way that the effective length is equal to the distance 
between them. This is illustrated in Figure 33.1, The effective length 
is the sum of the geometrical length and the corrections Д/ for the two ends.

In the case of equipotential elongation the correction A/ = 0. The 
corrections M for the other most widely used configurations of the inner 
plate end were determined by means of model measurements. The 
experimental setup for these measurements is schematically shown in 
Figure 33.2. The capacitance between electrodes 3 and 2 is measured by 
means of a bridge. Electrode 1 serves as an equipotential elongation of 
plate 3. The electric field is similar to the field in an ideal coaxial 
capacitor, since the gap between electrodes 2 and 1 was made small. 
After the removal of electrode 1 from the capacitor, the measured 
capacitance changed by AC. From this we determine the correction for 
the inner plate which includes the end effect:

AZ = 2ACln^-. (33.2)

Such measurements were conducted for six different ratios of ri/r2: 0.048, 
0.123, 0.276, 0.479, 0.702, and 0.916.
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FIGURE 33.2. Arrangement for determining the corrections for the 
length of the coaxial capacitor:

1 ' equipotential elongation; 2 outer plate; 3 " inner plate.

FIGURE 33.3. End of the inner 
plate with cap.

In order to determine the correction Д/ for other configurations of the 
inner end plate, the change in the capacitance caused by mounting a 
suitable cap on the end of electrode 3 (see Figure 33.3) was measured. 
The corrections for an inner plate with a flat end were directly determined 
by the same method as that used for an inner plate with a hollow end.

The measurement results are plotted in Figure 33.4. The error of 
curves 1—2 does not exceed 0.01, and that of curves 3—6 does not exceed 
0.015 ±0.03 |AZ|/r2.

The applicability of the curves is restricted by the conditions /'>3r2 
and /o>3(r2 — n), where /' is the distance of the end of the inner plate 
from the end of the cylindrical portion of the outer plate, and /0 is the 
length of the cylindrical portion of the inner plate. According to 
experimental data given by Schmeer /Schmeer, 1966/, the dependence 
of AC on V is practically unnoticeable already at Г-2^.

The capacitance of a parallel-plate measuring capacitor is calculated 
by the standard formulas.

The capacitance of a measuring capacitor with an outer plate and an 
inner plate can be approximately calculated by the formula

ln^ + (’ + |ln^)ln5 + 
i rs) j £? ri ' ri

+ (m*g- ln”n)]' (33.3)

where ri is the radius of the outer plate at the thin end and ri' at the wide 
end.

When determining the length of a conic measuring capacitor it is 
necessary to take into account the corrections for the configuration of the 
end of the inner plate. With a small error it is possible to use the data of 
Figure 33.4, taking as r2 the radius of the outer plate at the end 
under consideration.

The method which requires the least time for the approximate calcula­
tion of the capacitance with an arbitrary plate geometry was described in 
the paper /Pflügel, 1969/.

The direct measurement of the effective capacitance of the measuring 
capacitor is complicated by the necessity of eliminating the parasitic 
capacitances connected in parallel to the measuring capacitor. If this is 
possible, the parasitic capacitances should be connected in parallel to the 
null indicator of the bridge. This is achieved in the circuit shown in 
Figure 33.2, where the capacitance between electrodes 1 and 3 is 
eliminated. It can happen that the design of the measuring capacitor 
prevents the realization of such a connection. The effective capacitance 
can be measured in this case only by means of special methods. One such 
method is the following. A screen covering the whole inner surface of 
the outer plate of the measuring capacitor, but insulated from the latter, 
is manufactured from paper and foil. By connecting the capacitance 
between the inner plate and the screen in parallel to the null indicator, it 
is possible to measure the parasitic capacitance Cp. The screen is then
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removed, and the total capacitance is measured in the usual way. The 
effective capacitance is the difference between the total and parasitic 
capacitances: C = C0 —C„.

the electrometer parameters and the relative instability 5Дис or StUC be 
given. The analysis is based on formulas (28.9) - (28.11). It is easily 
seen that the sensitivity has an upper limit, determined by the following 
expressions:

FIGURE 33.4» Curves for determining corrections for the length of the measuring 
capacitor. The left vertical scale corresponds to curves 1, 2, 3, and 5; the right 
scale to curves 4 and 6. The curves correspond to the following configurations of 
the end of the inner cylinder:

1 ” plane transverse to the capacitor axis; 2 — transversely cut-off end of a hollow 
cylinder with wall thickness 0.05 fa; 3 and 4 — semisphere: 5 and 6 — semi­
ellipsoid with major semi-axis equal to the diameter of the inner plate (ratio of 
the axes 2:1),

min 4521 (34.1)

when the current is measured by the charge accumulation method, and

o _
Pmin 4jiAqt ' (34.2)

when it is measured from the voltage drop across a resistance. In order 
to approach this limit we must increase indefinitely both the flow rate and 
the voltage.

The flow rate and voltage scale is determined by the absolute critical 
values Ф„ and Uc„ which are the minimum values of these parameters, 
at which the increase of one of them leads to the limit a^=2o|min. In the 
charge accumulation method with fixed zero and the pulse method we have

•g=s7ggV ok+c2oe+KTC,+PE (34'3)
■■ Rp 

and

S 34. PRINCIPLES OF THE SELECTION OF THE PARA­
METERS AND OPERATING CONDITIONS OF THE INTEGRAL 
COUNTER

The limiting mobility or the limiting mobility range which must be 
covered by adjusting the voltage or flow rate must be specified before 
starting the counter design. The effective capacitance of the measuring 
capacitor is assumed to be constant for a specific counter, since the 
adjustment of the effective capacitance is technically difficult and usually 
not expedient in practice. The specified limiting mobility range can be 
covered for different selections of the effective capacitance and voltage 
and flow rate ranges. It is the task of the designer to find the optimal 
solution.

This problem is complex and cannot be solved in a general form. We 
shall accordingly restrict ourselves to several particular aspects of 
practical importance.

We start by examining the dependence of the counter sensitivity on the 
basic parameters C, Ф, and U for the case of a fixed limiting mobility. Let

U — °UE
Cr~4uc№ ‘ (34.4)

In the charge accumulation method with a drifting zero

= (34.5)

where U„ is expressed, as before, by formula (34.4).
Here and in what follows we give only the formulas corresponding to 

the charge accumulation methods. The corresponding expressions for 
the voltage drop across a resistance are obtained (within the limits of this 
section) by replacing t by t, s&vc by s.uc and aQK by 0 in the formulas 
describing the charge accumulation method with fixed zero and the pulse 
method.

The effective capacitance does not have an absolute critical value, 
since for any value of C the unbounded increase of Ф and U leads to the 
limit

In practice, the maximum flow rates and voltages are limited by 
technical considerations. The maximum sensitivity is achieved if the 
flow rate and the voltage have the highest admissible values and the 
effective capacitance is selected in accordance with these values. There 
is no sense in considerably exceeding the critical values of the flow rate and 
the voltage, although this might be possible in practice.

This recommendation does not apply if the corresponding effective 
capacitance is beyond the specific technical possibilities. The procedure 
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in such a case is to select the highest admissible effective capacitance 
and voltage, and then to determine the flow rate.

The behavior of the function ap = <rp(C) for a fixed voltage is of 
interest for the rational selection of the effective capacitance. An 
unlimited increase in the effective capacitance leads to the value

11 IT) Op A. , *C-*w P 4RROt
(34.6)

о J attains a double limiting value for the critical value of the effective 
capacitanceC=Ceru. We obtain 

(34.7)

in the charge accumulation method with fixed zero and the pulse method, 
and 

(34.8)

in the charge accumulation method with drifting zero.
The dependence of the sensitivity on the effective capacitance for a 

fixed flow rate is of interest for the selection of the parameters of light­
ion counters and conductivity-measuring counters. In order to increase 
the sensitivity it is then necessary to reduce the effective capacitance, 
while simultaneously increasing the voltage. The sensitivity displays 
here a dependence on C which is the converse of the preceding case. It is 
possible in this case as well to indicate a critical capacitance СсгФ, for 
which up attains the double limiting value lim op.

C*0

In the charge accumulation method with fixed zero and the pulse method 
we obtain

. -KL-C (34.9)

In the charge accumulation method with a drifting zero we have

c-=iA5+(^F+W-c- (з4ло)

The counter calculation for the given range of the limiting mobility 
(*min. kmax) is more complex. The counter operating conditions will be 
described by functions of the limiting mobility. To simplify the calcula­
tions, the counter sensitivity can be characterized by the following 
criterion:

4 = 0p (W + 82^ (Amax), (34.11)

where the parameter в is taken equal to the mean ratio P(^min)/P(*max) 
is selected on the basis of other considerations. Obviously, for k=kmin 
it is efficient to use the maximum admissible voltage Umax, and for
*o = ^max the maximum admissible flow rate Фтаа. In the entire range of the 
limiting mobility the highest sensitivity is achieved when one of these para­
meters has the maximum admissible value, while the other parameter is 
determined according to the required limiting mobility. The effective 
capacitance of the measuring capacitor must be determined from the values 
Umax, ©max and from some mean value of the limiting mobility. As a 
function of the effective mobility the criterion л has a minimum, which 
determines the optimum value Cept of the capacitance.

The condition of the minimum of n leads to the equation of the optimum 
capacitance

1 + ^=^+^, (34.12)

where the coefficients C, C3, and C, are determined by the following 
expressions:

1) in the charge accumulation method with fixed zero and the pulse 
method

—2 _Lz-® 2 > угг ICQK + Cp °UE + KTCp H__ p2 
C, =___________________ 2£_,

Cp^^
(34.13)

(34.14)

(34.15)

2) in the charge accumulation method with a drifting zero

. . , 2KTt , oRt2
-I—CpT 2 „ r ' a5 R2C '°UE KpLp ° UE Kp ’-p

C, is expressed in terms of C, by formula (34.14)

q = cpc33.

(34.16)

(34.17)
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We recall that expressions (34.3), (34.4), (34.6), (34.7), (34.9), and 
(34.13) — (34.15) can be used in the method of the voltage drop across a 
resistance, provided we write aQK= 0 and replace t by т and stoc by s,cu.

If the specific values of the coefficients C,, C2 and c4 are known, 
equation (34.12) is easily solved by a numerical or graphical method. In 
the case of a numerical solution it is possible to set C0Pt = C4 in the 
first approximation.

The above method of calculating the effective capacitance is illustrated 
below by a particular example with typical values of the parameters. Let 
us take the following initial values: ftmln = 0.00033 cm2/V• sec, 0=10, 
t= 100 sec, C„ = 10 cm, Я„=9Х1014 ohm, acR=300V, l/max = 300 V, 
®max= 1000 cm3/sec. When using a mechanical electrometer with 
ctue= 3 mV, we find Coptsa 43 cm. For a limiting mobility of 1 cm2/V• sec 
we obtain ap« 10 elementary charges/cm3, and for the limiting mobility 
0.00033 cm2/V• sec, ap^s 200 elementary charges/cm3. Observe that for 
these initial conditions it is altogether impossible to reduce ap below 
160 elementary charges/cm3 for kQ = 0.00033 cm2/V ■ sec by means of an 
increase in the effective capacitance, if a dynamic electrometer with 
Que- 0.3 mV is used, the optimum capacitance Сор1я=! 90 cm, and for 
^o—l cm /V' sec we obtain op ~ 3 elementary charges/cm3, for 
k0= 0,00033 cm3/V • sec 0pe 25 elementary charges/cm3. The increase 
in the optimum capacitance with an increase of the electrometer sensitivity 
is due to the allowance for the current generated by the insulator. For 
auR = Õ the solution of the problem considered is C„=l«40 cm, regardless 
of the electrometer sensitivity.

Specific determinations show that the effective capacitance of the 
measuring capacitor of many known wide-range counters, selected on 
the basis of intuitive considerations, is close to the optimum value 
calculated by the above method, in counters with mechanical electro­
meters there is a tendency to select a superfluously high effective 
capacitance, as shown on the basis of the simplified formula of counter 
sensitivity by /Gubichev, 1960/.

The method described for calculating the optimum effective 
capacitance should not be considered an absolute and rigorous method. 
The determination of the optimality on the basis of the minimum of the 
criterion is in a sense arbitrary and does not reflect all the aspects of the 
problem. No property of the counter besides the sensitivity was taken 
into account in the deductions made. The value obtained for CODl should 
therefore be considered a tentative value, subject to subsequent refine­
ment when selecting the size of the measuring capacitor.

The design calculation of the measuring capacitor is confronted with 
a number of unsolved and little-studied problems. It is necessary in the 
first place to solve the problem of adequately neutralizing the distortions 
linked with the turbulent mixing of air. Two procedures are available 
to achieve this end. One of them consists in a sufficient decrease of 
the ratio Ц(гг-п). It is then possible to work at Re>Recr. and, as a result, 
to select a very high air-flow rate and to achieve a high counter sensitivity. 
This procedure has been little studied, although it seems promising for 
measurements in the range of high limiting mobilities. A rough estimate 

of the maximum ratio //(r2 —r,) of the measuring capacitor of the integral 
counter with turbulent air flow can be made via the formula

;r^<1000õ2, (34.18)

where Õ is the admissible error of the conditional density. The 
formula was derived on the basis of theoretical considerations and the 
empirical values at Re = 10,000—16,000, described in the preceding 
chapter.

The high resolving power necessary for the study of the spectral 
distribution of air ions according to mobilities is attained only if the 
turbulent mixing in the measuring capacitor has been sufficiently 
suppressed. The procedure for reducing the errors connected with the 
turbulence has likewise been insufficiently studied, although the 
elimination of the turbulence has been the aim in almost all designs of 
aspiration counters. To remove turbulent mixing in the measuring 
capacitor it is necessary to suppress the turbulent fluctuations in the 
air entering the measuring capacitor, and at the same time to ensure 
a laminar flow inside the capacitor. The turbulence of the ihcoming air 
flow can be suppressed by means of a wire grid /O’Donnel, Hess, 1951; 
Yaita, Nitta, 1955/. The efficiency of turbulence damping by blowing the 
air through the grid is calculated by the standard formulas /Batchelor, 
1955/or laminarizing grids /Styro, Matulyavichene, 1965; Dolezalek, 
Oster, 1965/. However, the use of grids is limited due to the adsorption 
of air ions. The turbulence can be suppressed to a certain extent by 
means of an inlet suction nozzle, such as was used in Gerdien's counter 
/Gerdien, 1905а/. The turbulence is also damped at low Reynolds 
numbers in a long inlet pipe.

To ensure laminar flow conditions inside the measuring capacitor, 
the Reynolds number should be sufficiently low, in the determination 
of the Reynolds number for an annular pipe it is expedient to select 
r2 — r'Vr2 as the characteristic dimension /Lonsdale, 1923/, which ensures 
the coincidence of the values of the Reynolds number Не=Ф/луг2 for the 
measuring capacitor and the inlet pipe. The above characteristic 
dimension was also used in the preceding chapter (formula 21.7). The 
critical value of the Reynolds number is a function of the ratio rijrt. 
The data available on this function are not adequate. The only conclusion 
which can be drawn from the sparse data available /Schiller, 1932; 
Schlichting, 1959 /is that Re„ increases with a decrease in the ratio 
r2/r,. In some papers /Funder, 1939; ElNadi, Bessa, 1958; Hoegl, 
1963b/ the critical value of the quantity Ф/лу^ + п) is taken as constant. 
This, however, is a very rough approximation. The estimate 
(Re /tvr) *1100(1-/2) is true only for large values of r2/n, while 
for low values of this ratio it seems questionable.

Attention should be given to the role played by bars transverse to 
the flow in the creation of the turbulence /Tammet, 1962с/. If it is 
impossible to avoid the use of bars, they should be streamlined 
/Komarov, Kuz'memko, Seredin, 1961/ or made as thin as possible. 
No turbulence will form behind a cylindrical wire if ro<O.Ol(r2 — n). 
This estimate was derived on the basis of the known value of the critical 
Reynolds number for transverse flow past a cylinder /Landau, Lifshitz, 
1954/.
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To improve the aerodynamic properties of the measuring capacitor, 
the outer plate can be made conical. As is known, in a converging flow 
the laminar flow conditions are preserved for considerably higher flow 
rates than in a flow of uniform cross section /Loitsyanskii, 1959/.

Experiments on the stability of an air flow in a converging capacitor 
with flat plates are described in the paper /Hoppel, 1968/ and confirm 
the above statements. In this study the properties of a conical 
measuring capacitor were also investigated.

At very low flow rates, air mixing due to heat convection constitutes a 
problem.

The problem of the maximum admissible field intensity in the measuring 
capacitor has so far not been solved. A drop in the counter reliability 
has been observed above 1000 V/cm. This drop is due to the frequent 
entanglement of microscopic filaments and motes in the capacitor, 
which leads to the appearance of local discharges and leaks. Obviously, 
the admissible intensity depends on the linear velocity of the air flow. 
The value £„„=1000 V/cm /Gerasimova, 1939/ corresponds to moderate 
flow velocities; the increase in the velocity shifts this limit toward higher 
values. However, the function £max = £„ax(u), which is highly significant 
for a substantiated design calculation of the counter, has hardly been 
studied. The radius of the inner plate must be selected according 
to £„„, and it is expedient to set it equal to the larger of the two solutions 
of the equation.

r, In Ц,= (34,19)rr Em„

This equation can be solved graphically or numerically.
In the region of high mobilities it is necessary to allow for diffusion, 

which limits the attainable resolving power of the counter. If, in 
accordance with /Komarov, Seredkin, 1960; Eichmeier, 1967, 1968/, 
we determine the resolving power from the relationship

R = -^, (34.20)

where ДЛ is the minimum difference of the mobilities of two discrete 
groups of air ions, for which the empirical curve q(6) has two maxima, 
the resolving power has an upper bound

The parameter u was determined in $ 19. To increase the limiting 
resolving power, it is necessary to ensure a sufficiently high value of 
the voltage, reducing, if necessary, the effective capacitance.

The design calculation for the measuring capacitor on the basis of 
these considerations is far from perfect. Although there exist some 
elements of quantitative calculations, the most crucial solutions are based 
on intuitive considerations, such as the assessment of the value of the 
initial parameters, and the compromise between accuracy and cost 
considerations.

The best substantiated method of complete calculation of the optimum 
design of a counter is based on the minimum cost principle /Tammet, 
1963а/. The idea behind one of the variants of calculation by this 
method consists in the following. Consider a multidimensional space 
in which the coordinates are determined by the design parameters of the 
counter. To every point of this space corresponds a specific counter 
design. Let the functional characteristics of the counter (sensitivity, 
accuracy, range of limiting mobilities, resolving power, weight, size, etc.) 
be specified. Set up formulas expressing these characteristics as 
functions of the design parameters. By substituting the specified values 
of the functional characteristics into these expressions we obtain equations 
defining the multidimensional surface of the designs satisfying the specified 
values. It is possible, in principle, to set up a formula giving the de­
velopment and manufacturing cost as a function of the design parameters. 
The optimum design is defined by the coordinates of the point of minimum 
cost on the surface of the designs satisfying the specified values.

Although designers always solve this problem intuitively, a rigorous 
mathematical solution is very difficult and laborious. The rapid improve­
ment of the theoretical solutions of individual counter components, such 
as the electrometer and the power stabilizer, considerably complicates 
the establishment of cost formulas. The realization of an overall 
calculation of the optimum design can be useful only when the counter 
is designed for mass production.

§35 . BRIEF SURVEY OF THE DESIGNS OF AIR-ION 
ASPIRATION COUNTERS

The existing aspiration counters are of the most varied designs. 
Almost every investigator using the aspiration method of air-ion study 
introduced some changes in the counter design. The survey given below 
has no pretentions of completeness. For relatively detailed technical 
descriptions of the counters we refer to the original papers. Some 
data on the different counters can also be found in survey papers 
/Kähler, 1929; Gerasimova, 1939; Torreson, 1949; Imyanitov, 1957; 
Israäl, 1957b; Beckett, 1961; Siksna, 1961a; Minkh, 1963; Knoll, 
Eichmeir, Schön, 1964/.

The first designs of aspiration counters were described in the papers 
of J. J. Thomson and his pupils, mentioned in the introduction of this 
book. We shall briefly describe one of these instruments /McClelland, 
1898/, which is of considerable practical interest. This counter is 
equipped with a cylindrical measuring capacitor with a grounded outer 
cylinder. The radius of the outer cylinder is 0.85 cm. The counter has ' 
two inner cylindrical plates, connected to the electrometer and the power 
source according to the circuit diagram in Figure 6.1. Both inner 
plates have a radius of 0.2 cm and are 6.5 cm long. Each of them is 
fastened to an ebonite insulator by means of a thin transverse bar. 
The insulator is placed in such a way that its surface is protected from 
the direct effect of the air flow. The first inner plate is connected to 
the stabilized power source. The second inner plate is connected 
to one pair of quadrants of the highly sensitive quadrant electrometer.
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The other pair of quadrants is connected to the stabilized power source. 
Before measurement, both pairs of quadrants are shorted by means of a 
suitable key. The current is measured by the charge accumulation 
method. The air is drawn through the measuring capacitor and flowmeter 
by a water-jet pump. The air-flow rate was 270 cm3/sec. This 
instrument was used in laboratory studies.

The scientific and technical level of the instrumentation used by the 
first investigators of the natural ionization of atmospheric air was 
much lower than the level attained in the works of the Thomson school. 
Of greatest historical importance are the instruments of Ebert/Ebert, 
1901, 1905/ and Gerdien /Gerdien, 1903, 1905, 1905b/. These two 
counters are connected according to the parallel circuit arrangement 
and equipped with electrometers of low sensitivity. The size and 
operation conditions of the measuring capacitor of the Ebert counter 
are given by the following figures: r2=1.46cm, ri = 0.25cm, / = 40 cm, 
Ф= 2000 cm3/sec, U = 200 V. The Ebert counter was described with 
negligible alterations in the papers /Lutz, 1909; Speranskii, 1926; 
Chernyavskii, 1937, 1957/. Gerdien's counter was first intended for 
conductivity measurement. Its basic parameters are the following: 
^ = 8cm, ri = 0.75cm, /=24 cm, Ф = 9000 cm3/sec. Some features 
of the Gerdien counter are described in the paper /Hewlett, 1914/.

Subsequently, the method of connecting the counter in series became 
more widespread. The most important design of the early period is 
the heavy-ion counter of Langevin and Moulin /Langevin, Moulin, 1907/. 
This counter employs a highly sensitive quadrant electrometer. The 
design of the inner-plate insulators are of interest; they are provided 
with an intermediate metallic layer for protection against leakage. 
The design of counter insulators with a protective ring was earlier 
described in the paper /Kähler, 1903/. Measurements by means of the 
Langevin and Moulin counter have been automized, the electrometer 
readings being recorded on photographic paper placed on a slowly 
revolving drum. Another system for the automatic recording of 
electrometer readings was described still earlier in the paper /Benndorf, 
1906/. The evaluation of the recordings of the Benndorf electrograph 
can be simplfied by using simple apparatus /Tamm, 1960/.

The design of the measuring capacitor of the Langevin-Moulin counter 
has been used with unessential modifications in the studies /Gockel, 1917; 
Hess, 1929/.

The next most important improvement in the design of aspiration 
counters was described in the paper of Swann /Swann, 1914с/, who 
invented the electrostatic shield.

In the designs of the heavy-ion counter of Langevin and Moulin and the 
light-ion counter of Swann a level was reached which was comparable 
to contemporary integral counters equipped with mechanical electro­
meters. Many known counters and automatic recorders /Kähler, 1930; 
Torreson, Wait, 1934; Wait, Torreson, 1934; Hogg, 1934; Lutz, 1934, 
1936; Grieger, 1935; Greinacher, Klein, 1937; Gerasimova, 1937, 1939, 
1941a; Leckie, 1938; Funder, 1939, 1940; Salles, 1942; Reinet, 1956; 
Saks, 1956; Neaga, Antonescu, 1958/differ from those described above 
only by a different combination of the design elements and secondary 
improvements. Important features of the above-mentioned studies are 
the use of the method of current measurement from the voltage drop across 

a resistance /Wait, Torreson, 1934/, the improvement of the air-supply 
system and the arrangement of a measuring capacitor with an inlet which 
opens from below /Hogg, 1934; Leckie, 1938/, the utilization of a flow 
rate /Grieger, 1935/, the realization of automatic voltage commutation 
of the measuring capacitor according to a specified program /Saks, 1956/.

The counters described in the works /Thellier, 1933, 1936, 1941; 
Vasiliu, Calinicenco, Onu, 1954; Vasiliu, Calinicenco, Mateiciuc, 1956/. 
differ by the utilization of the compensation method of current measure­
ment, in which the electrometer serves as a null indicator.

A peculiar design of the measuring capacitor with increased effective 
capacitance for a standard size of the instrument is described in the 
papers /Wolodkewitsch, Dessauer, 1931b; Litvinov, 1938, 1941/.

The paper /Wigand, 1919/ describes the only known attempt to employ 
an Einthoven galvanometer for the measurement of the current in the 
counter. In order to increase the current, a large number of measuring 
capacitors are connected in parallel. Such a method for attaining a high 
effective capacitance was described earlier in the paper /Kennedy, 1913/. 
Lately, the parallel connection of several measuring capacitors is 
again finding application /Mühleisen, 1957b; Hock, Schmeer, 1962; 
Hoegl, 1963a; Siksna, Eichmeier, 1966/.

An ingenious principle is the operation principle of a simple automatic 
indicator of ionization anomalies, described in the paper /Milin, Berezina, 
In’kov, 1954/.

The recent advance in the development of new designs of aspiration 
counters is due to the application of sensitive cathode electrometers 
/Godefroy, 1949; Mühleisen, 1957; Dolezalek, 1962a; Hock, Schmeer, 
1962; Mendenhall, Fraser, 1963; Hock, 1967/and dynamic electrometers 
/Kilinski, 1949, 1953; Callahan, Coroniti, Parziale, Patten, 1951; Curtis, 
Hyland, 1958; Kraakevik, 1958; Salvador, Masson, 1958; Adkins, 1959; 
Komarov, Seredkin, 1960; Jonassen, 1962; Saks, 1963; Reinet, Tammet, 
Salm, 1963; Hoegl, 1963; Reinet, Tammet, Salm, 1967/. A substantial 
advantage of the cathode and dynamic electrometers consists in the 
possibility of effecting automatic recording with the aid of the ordinary 
recording electronic measuring instruments.

In the work /Sozin, 1965/ an instrument is described for measuring 
the conductivity gradient. In this device a differential cathode electro­
meter is used.

When the electrometer possesses a high sensitivity, the instability 
of the power source is of considerable importance. It is necessary in 
many cases to use bridge and compensation circuits /Komarov, 
Kuz'menko, 1960; Jonassen, 1962; Reinet, Tammet, Salm, 1963; 
Kitaev, Kloiz, 1963/. The bridge circuit with a dividing capacitor is 
also used in the counter designed by the author. The arrangement of 
the measuring capacitor of this counter is represented in Figure 35.1. 
The use of an electrometer was described in the paper /Saks, 1963/. 
A weak flow of specially dried air is blown through the insulated casing. 
This method of preserving the quality of insulation was treated earlier 
in the work /Chapman, 1937/.

Although contemporary electrometers enable a nearly complete 
elimination of leakage via the insulators, quality insulation is still 
a prerequisite for the suppression of the noise generated by the insulators.
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FIGURE 35.1. Schematic diagram of the measuring capacitor of the 
counter with combined circuit arrangement:

1 - branch to the electrometer; 2 - connecting branch for feeding 
dried air into the chamber of the insulators; 3 — cylinder of the divi 
ding capacitor; 5 and 10 — screens of the insulator; 6 — branch for 
pumping out the air; 7 - outer cylinder; 8 - inner cylinder; 9 - 
switch Кд.

Teflon insulators have an extremely high resistance and are ideally 
moisture proof, but possess a high emf noise. The best insulating 
properties are exhibited by sapphire. A perfected design of sapphire 
insulators for a measuring capacitor is described in the paper /Gunn, 
1965/. When designing counters for operation under extremely severe 
meteorological conditions it is also useful to consider the designs 
which have been developed for insulating field measuring devices of the 
collector type /Dolezalek, 1956, 1961; Gadomski, 1965/.

Currently, major effort is being put into the development of universal 
portable counters intended for the study of various artificial sources 
of air ions in addition to the study of the natural ionization of atmospheric 
air. The Israel counter /israöl, 1929/, which is manufactured to this 
day by Spindler and Choier (F. R. G. ), can be considered as the first of 
the contemporary portable counters. The Isral counter uses two 
measuring capacitors — one for positive and one for negative air ions. 
When necessary, the measuring capacitors can be connected in series. 
The air-flow rate is low and the voltage of the measuring capacitor is 
relatively low. The two measuring capacitors are of the same size: 
ri — 3.4 cm, r = 2.6 cm, /=50 cm. A drawback of the Israöl counter 
is the edge effect — the counter is connected according to the arrangement 
with a grounded inner collector plate and does not possess an electrostatic 
shield. The counters of Bogoyavlennyi /Lesgaft, 1938/ and Tverskoi 
/Tverskoi, Otto, 1962/ have similar properties. The latter is described 
in the paper /Styro, Yurgelionis, 1956/. The Tverskoi counter is 
equipped with one measuring capacitor for light ions and one for heavy 
ions. Flow rates of up to 600 cm3/sec and voltages of up to 300 V are 
used. The effective capacitance of the measuring capacitor for light ions 
is 4 cm, and that of the measuring capacitor for heavy ions 105 cm, The 
instrument dimensions are 80X 32X 18 cm, and its weight is 16 kg. The 
simplified Tverskoi counter /Grachev, 1959/, intended for the measure­
ment of light ions only, is even more compact.

Many designs of portable counters were developed by the group of 
collaborators of the Tartus State University under the direction of Reinet 
/Reinet, 1959b, 1962a, 1962b, 1963/. In the SAG-2M counter a mecha­
nical electrometer of the type SG-1M is used. The edge effect is sup­
pressed, since the measuring capacitor is connected according to the 
circuit arrangement with a grounded outer plate. In order to suppress 
the effect of random fluctuations of the supply voltage on the measurement 
results a bridge circuit is used. The design of the insulators prevents 
leakage and parasitic polarization phenomena. The dimensions of the 
measuring capacitor are r2 = 1.95cm, r, = 0.95cm, /=63cm. The 
maximum voltage of the measuring capacitor is 300 volts, the maximum 
flow rate 600 cm3/sec. The outside dimensions of the instrument are 
85X 43X33 cm; the weight is 31 kg.

The dynamic electrometer is used in the counter of Komarov, Kuzmenko 
and Seredkin /Komarov, Kuzmenko, and Seredkin, 1961/. The dimensions 
of the measuring capacitors of this counter are chosen on the basis of
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theoretical calculations. The edge effect is suppressed by using an 
electrostatic shield. An improved variant of the bridge circuit was 
utilized. The rigid design of the measuring capacitors which enables the 
instrument to be used aboard aircraft deserves attention. The counter 
of Komarov, Kuzmenko and Seredkin is one of the most highly perfected 
contemporary counters. However, it is unique and is not manufactured 
industrially. A counter of the type SI-62 /Kitaev, Kloiz, 1963/ is 
manufactured in the Soviet Union. The design of this counter consists 
of elements of the counters of Reinet and of the counter of Komarov, 
Kuzmenko and Seredkin. The SI-62 counter is provided with two 
measuring capacitors connected according to the circuit arrangement 
with a grounded inner collector plate. The dimensions of both capacitors 
are identical: r2 = 1.9 cm, r, =1.2 cm, /=58 cm. The voltage of the 
measuring capacitor can reach 250 volts and flow rates of up to 1500 cm/sec 
can be attained. The air-ion current is measured" with the aid of a 
mechanical or cathode electrometer. The weight is 85 kg and the outside 
dimensions of the instrument are relatively large. A particular feature 
of the SI-62 counter is the presence of a portable measuring capacitor, 
which can be installed at a distance of up to 5 m from the remaining 
parts of the instrument. Royco Instruments, California, manufactures 
a model 411 light-ion counter and the model 412 counter, having a minimum 
limiting mobility of 0.0064 cm2/V:sec, The instruments manufactured 
by Royco are distinguished by the flat geometry of the plates of the 
measuring capacitor. Kathrein, West Germany, manufactures a model 
8310 ionometer, which is characterized by a high sensitivity. The limiting 
mobility is fixed (0.9 cm2/V- sec). The inner plate of the cylindrical 
measuring capacitor of the model 8310 counter is tubular. 14% of the 
air flows through the inner plate and is not utilized for measurements. 
The demands laid down in § 3 are no/ satisfied. However, in the instru­
ment model 8310 this does not cause any distortions.

A very compact recording counter of light ions is described in the 
paper /Giorgi, 1963/.

Several other extremely simplified designs of portable counters 
with small outside dimensions are known /Grachev, 1962; Derekhaov, 
1962/. Their use is limited to checking the operation of artificial air-ion 
generators, used in medicine and industry. Several models of simplified 
counters are described in the paper /Livshitz, Moiseev, 1965/.

Special demands are made upon the design of counters for the study 
of the ionization of the free atmosphere. Counters intended for use 
aboard aircraft /Wigand, 1914, 1921; Gish, Sherman, 1935; Callahan, 
Fraucher, 1954; Coroniti, 1960; Kranopevtsev, 1966; Paltridge, 1966/ 
differ only slightly from standard counters. A particular feature of some 
instruments /Zachek, 1965/ is the use of special devices to effect a 
decrease in the compensation of the flow of particles which settle due 
to inertial forces. Counters used in radiosondes attached to free balloons 
should operate automatically and weigh not more than a few kilograms. 
In such counters one utilizes the natural ventilation, arising in a vertically 
mounted capacitor when the balloon ascends. Owing to the strict technical 

demands, radiosondes merely enabled the simplest measurement in the 
range of high limiting mobilities/Venkiteshwaran, Gupta, Huddar, 
1953; Koenigsfeld, 1955, 1957; Venkiteshwaran, 1958; Hatakeyama, 
Kobayashi, Kitaoka, Uchikawa, 1958; Woessner, Cobb, Gunn, 1958; 
Mühleisen, Fischer, 1958; Jones, Maddever, Sanders, 1959; Kroening, 
1960; Coroniti, Mazarek, Stergis, Kotas, Seymour, Werme, 1954; 
Uchikawa, 1963, 1966; Paltridge, 1965; Takeuti, Ishikawa, Iwata, 1966; 
Pavlyuchenkov, 1966/. In the paper /Kroening, 1960/ a mechanical 
electrometer is used which at the same time serves as an automatic 
switch /Neher, 1953/. In all the remaining counters for radiosondes 
different variants of cathode electrometers are used and more rarely 
dynamic electrometers.

In the paper /Bordeau, Whipple, Clark, 1959/ a counter intended for 
use aboard a meteorological rocket is described.

In all the counters considered above the integral measuring method 
is used. Differential methods were used much more rarely. Apart 
from designs mentioned in the first chapter of the present work, the 
first-order differential counters described in the papers /De Broglie, 
1909; Nolan, P. J., 1926; Young, 1926, Gagge, Moriyama, 1935; 
Misaki, 1961/ and second-order differential counters described in the 
papers /Chapman, 1937; Yunker, 1940; Daniel, Brackett, 1951; Hewitt, 
1957; Hoegl, 1963a, b/ should be mentioned. The insulator design 
described in the work /Chapman, 1937/ is worthy of attention. In order 
to ensure a large leakage resistance under conditions of high humidity of the 
investigated air an auxiliary flow of dried air is used, which flows around 
the insulator. The counter described in the work /Hewitt, 1957/ is based 
on a special principle. In this instrument, the measured air ions do not 
settle in the capacitor, but are drawn through a narrow slit and are 
collected in an adsorbent filter which is connected to the electrometer. 
Here, disturbances caused by the instability of the voltage source are 
suppressed. This approach is utilized also in the paper /Wnitby, Clark, 
1966/.

To measure the space charge density, the method of the adsorption 
filter is most widespread. Apart from instruments mentioned in the 
first chapter, space charge counters are described in the papers 
/Dowling, Haughey, 1922; Wolodkewitsch, Dessauer, 1931a; Pluvinage, 
1946; Beau, Blanquet, L., Blanquet, P., 1953; Beau, Blanquet, L., 
Blanquet, P., Fourton, 1956; Gonsior, 1957; Makhotkin, Sushchinskii, I960; 
Moore, Vonnegut, Mallahan, 1961; Arabadzhi, Rudik, 1963; Bent, 1964/, 
The instrument described in the last paper is distinguished by a highly 
perfected insulator design and high sensitivity (air-flow rate 3000cm3/sec) 
/Arabadshi, Rudik, 1963/. The highest sensitivity in charge density 
measurements was attained in the study /Moore, Vonnegut, Mallahan, 
1961/, where a filter is described which is capable of letting through an 
air flow with a flow rate of up to 0.7 m3 / sec.

§36 . DESCRIPTION OF A UNIVERSAL INTEGRAL
AIR-ION COUNTER

The counter described below (SAI-TGU-66) was designed and built 
by the staff of the Tartu State University under the direction of the author.
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This counter is the last model of a series of constantly improved counters 
SAI-TGU-64, SAI-TGU-65, SAI-TGU-65m.

The design was implemented with the aim of ensuring small outside 
dimensions of the instrument and operating convenience.

The measuring capacitor of the counter is connected according to the 
circuit with a grounded outer collector plate. The design specifications 
of the measuring capacitor were calculated accordingly (Figure 36.1). 
The capacitor is mounted vertically with the entrance opening facing 
upward. The outer plate (7) is connected to the voltage source via a 
lower terminal. The terminal is connected to the inner plate by means 
of a lead, drawn tightly along the axis of the grounded supporting tube. 
The centering system of the inner plate (8) has 6 degrees of freedom. 
After all the adjustments are made the system is secured with the aid 
of epoxy glue. The outer plate (5) is carefully insulated.

The lead of the outer plate through the annular insulator (6) is not 
shown in the figure. In order to suppress turbulent mixing the outer 
plate is given a conical form. The conicity is not large and amounts to 
1:50. The cross section of the air flow is narrowed down by 30% along 
the entire length of the inner plate. The inlet opening of the inner plate (2) 
is covered by a grid (з) of mesh width h = 2 mm and made of wire of 
r0= 50 g • The grid shields the conical inlet tube against the inner plate. 
Apart from this, the grid prevents the entry of insects into the measuring 
capacitor, guards against accidental touching of the inner plate, which is 
maintained at high voltage, and suppresses to some extent the turbulence 
of the incoming air. At a flow rate of 4500 cm3/sec the adsorption of 
light ions on the grid is 2 — 3%.

The measuring capacitor can be readily disassembled. After unscrewing 
the upper shielding tubes (4) the outer plate together with the plastic 
annular insulator (6) are easily taken out. When it is necessary to 
separate the inner plate, it suffices to unscrew one bolt and to lift up 
the plate. After dismounting, all insulators and the plate surfaces are 
accessible for cleaning. In order to clean the grid of adhering particles, 
one can hold the removed outer plate upside down (with the grid facing 
downward) under a water tap with a strong, wide, foamy stream. The 
grid and the plate of the measuring capacitor are made of aluminum alloys. 
The capacitance of the measuring capacitor is 51 pF. The effective 
capacitance of the precondenser is I pF. The inner plate of the measuring 
capacitor (1) is removable and the entrance tube is the outer plate (2).

The block diagram of the counter is shown in Figure 36.2. At the 
input of the electrometer a dynamic capacitor C2 is used which modulates 
the constant signal with a frequency of 425 Hz. The dynamic, small-size 
capacitor designed by О. V. Saks ensures a modulation coefficient of 0.4 
under these operating conditions. The alternating component of the voltage 
is transmitted from the dynamic capacitor to the amplifier through a double 
dividing capacitor C3, C4. The dividing capacitor has a special design with 
a guard ring, preventing the self-discharge of the capacitor C3 on the 
surfaces of the insulator. The dielectric of the dividing capacitor is a

FIGURE 36,1, Measuring capacitor of the SAI-TGU-66 counter.
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fluoroplastic film. The constant-voltage signal is amplified 10,000-fold 
from the dynamic capacitor to the output of the amplifier. From the 
divider Ra — Rb, a 40—120-fold feedback is applied to the input through 
the resistance R,. At full scale the voltage across the terminals of the 
resistor R varies from 70 to 228 millivolts. The voltage between the 
outer plate and air is only 1.5 millivolts. The electrometer operates 
as an analog amplifier with a potentially grounded input. The current 
generated by the air ions is compensated by the current through the 
resistance R. This system of feedback renders the measurement 
accuracy practically independent of the drift of the amplifying coefficients 
of the tubes and also effects a 40—120-fold reduction in the leakage 
resistance caused by the shunting effect of the insulators of the outer 
plate.

FIGURE 36-2. Block diagram of the SAI-TGU-66 counter.

The shunting effect of the leakage resistance under such conditions 
is not dangerous. Dirt accumulation becomes marked already at leakage 
resistance, the shunting effect of which is not felt..

The resistance /?is connected depending on the measuring range 
of the conditional charge density. The largest value is I?=1012 ohm; 
the smallest is T? = 107 ohm.

Feedback is also utilized for the control of the degree of smoothing 
of the recording of the conditional charge density with time. The smoothing 
is carried out by an integrating circuit, consisting of resistances R, R12, 
and the capacitor C3. An additional feedback signal from the divider 
R= — Ra — Rm is applied through the capacitor C3. The auxiliary circuit R,3C6 
serves for the stabilization of the transient process. The time constant 
of the transient process depends on the position of the switches, reversing 
the outlet of the divider Rc — Rd and the resistance R. In the case /? = 1012ohm 

the shortest time required to attain 90% of full scale is 35 sec. The 
largest time constant of smoothing is 1500 sec. In the case 3.3 • 109 ohm 
these quantities are 2 and 140 sec, respectively.

The potentiometer R65 serves to determine the zero of the electrometer. 
The potentiometer R70 serves for the compensation of the contact potential 
between the plates of the measuring capacitor.

Figure 36.2 shows the block diagram of the air path, consisting of the 
measuring capacitor, the switch of the diaphragm and the fan. By 
switching in the calibrated diaphragms flow rates of 45, 142, 450, 1420, 
or 4500 cm3/sec can be achieved.

The entire circuit diagram of the counter is shown in Figure 36.3, Data 
of the circuit are listed in the specifications at the end of the present section.

The power transformer of the counter operates under conditions of 
ferroresonance, which ensures the stabilization of all voltages in the 
circuit. The voltage of the inner plate of the measuring capacitor is 
stabilized in addition by a 2-step stabilizer using SG-303S and 
SG-301S voltage regulators. The output voltage regulators V5 and V6 operate 
under optimum current conditions (about 14 u A), thermal insulation and 
mechanical shock absorbers. The attenuator Rto — Rsi and the divider R7a 
— R„ are built from stable microwire resistors.

The amplifier of the electrometer consists of an amplification of the 
alternating current at the pentode a phase detector at the pentode 
with two grids V2, and a series -ballanced amplifier of constant current at 
the double triode V4. The pentode V3 serves as an oscillator for the dynamic 
capacitor. The magnetizing current for the winding W is stabilized by a 
12-fold negative feedback of the constant-current oscillator.

The counter is supplied by an external automatic blocking system, 
consisting of a relay Rei connected via the bridge D6 — De, a limiter 
D2 — D5 and the pulse-linked capacitors Cg and C33. The relay Rei consists 
of a standard 2-way polarizing relay of the type RP-4. If the moving 
contact of the relay is in the left-hand position, then the input of the 
electrometer is shorted. The position of the relay Rei may be judged 
from the signal lamp LP The relay is operated by hand with the aid 
of the switch So. Automatic triggering of the relay occurs in the case of 
a constant 160% overload of the electrometer when a pulse signal appears 
on the grid of the tube V4. The pulse signal arrives on the grid V4 via 
a capacitor C33 when the voltage of the measuring capacitor is reversed. 
The high-speed external blocking system prevents high voltages from 
reaching the outer plate of the measuring capacitor, which in the case of 
improper operation of the instrument could polarize the insulator and put 
the instrument out of order for a long time.

The operation of the counter is very simple, since in order to determine 
the limiting mobility and the range of the conditional concentration, the 
reading on the counter is merely multiplied.

Let us state some other data on the SAI-TGU-66 counter.
1. The limiting mobility has all told 50 nominal values, determined 

by the switches. These values are: 8; 6.3; 5; 4; 3.2; 2.5; 1.6; 1.26; 1; 
0.8; 0.63;..................... ; 0.00016; 0.000123; and 0.0001 (cm2/V'Sec). The
maximum voltage of the measuring capacitor is 780 volts.
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FIGURE 36.4. Measurement limits of the SAI-TGU-66 counter. The hatchings in 
the other direction correspond to the region in which marked distortions are possible.

2. There are 35 possible ranges of the conventional concentration of 
the charge with upper limits 100; 200; 316; 632; 1000;................. 10®,
2X 10®, 3.16 X 10s (elementary charges/cm3).

3. The actual measurement limits are shown in Figure 36.4.
4. s,uc (40 sec) ™ 10-6; öue™ 40 uV; ourIRp5®66 10 13 A.
5. For light ions Op<40 elementary charges/cm3, for ko = 0,0005 cm2/ 

/V ■ sec a, <400 elementary charges/cm3.
6. The constant of the edge effect is C/C, = 25,000.
7. The counter is provided with a preliminary capacitor having an 

electric switch. The limiting mobility of the preliminary capacitor at 
Ф™ 142 cm3/sec is 0.12 cm2/V‘sec.

8. To the counter we can connect a potentiometric recorder with an 
input of 10, 100, or 150 mV, or a recording voltmeter with 15V full­
scale deflection and a current consumption up to 5 mA. There is also a 
standard current output up to 5 mA for a load of 2.4 kohm for automatic 
control devices.

9. The mean measurement error is not higher than 5%.
10. The outside dimensions of the counter (in portable state) are

45 X 23 X 33 cm; the weight does not exceed 12 kg. The required power 
is not more than 45 watts.

The counter is illustrated in Figure 36.5.

I. VACUUM-TUBE AND SEMICONDUCTOR ELEMENTS

Design specifications for Figure 36.3

V1 and V, v2 V» V5 and V6 v7 L1 L3

6Zh 1 P 6Zh 2P 6N 14P SG-301 S SG-303 S LN3.5-0.28

D,-D, De - D2 ^23 Du —

D 810 D 226 В D 7 A AVS-1-220
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II. CAPACITORS

No. c Type No. c Type

1 51 Measuring 22 0.07 KBGI - 200 V
2 25 Dynamic 23 0.05 MBM - 160 V
3 20 Dividing 24 2000 KSO - 500 V
4 40 25 2000
5 0.25 MBM - 160 V 26 2000
6 0.05 27 20.0 K50 - 3 - 25 V
7 2000 KSO - 500 V 28 20.0 KE - 2 - 150 V
8 1.0 MBM - 160 v 29 50.0
9 1.0 30 20.0 K50 - 3 - 6 V

10 0.25 MBM - 500 V 31 20.0
11 5.0 KE - 2 - 300 V 32 400.0 ETO -15 V
12 0.25 MBM - 500 V 33 390 POV - 10 kV
13 20.0 K50 - 3 - 160 V 34 390
14 50,0 35 0.1 MBM - 1500 V
15 20.0 36 0.1 MBM - 1000 V
16 50.0 37 0.1 MBM - 1500 V
17 20.0 K50 - 3 - 6V 38 0.25 MBM - 500 V
18 1.0 MBM - 160 V 39 0,25
19 1.0 40 1.0 MBGCh—750 V
20 1.0 41 2.0 MBGCh-250 V
21 4700 BM - 200 V

.IIL RESISTORS

No, R Type No, R Type

1 1000G KVM 25 33k MLT - 0.5
2 330G 26 33k
3 100G 27 33k
4 33G 28 33k
5 10G 29 33k
6 3.3G 30 33k
7 1G 31 33k
8 330,0 32 158.5D wire
9 100,0 33 161

10 33.0 34 187
11 10.0 MBM - 1000 V 35 0.36 MLT - 0.5
12 100G KLM 36 0.1
13 330.0 KIM - 0.125 37 Ik
14 330.0 38 Ik
15 4.7 39 3.6k
16 1.5 40 12k
17 4.7 41 36 k
18 1.0 42 0.12k
19 1.0 43 4.7
20 Ik 44 100 wire
21 33 k 45 900
22 33 k 46 500
23 33 k 47 600
24 33 k 48 3.6k MLT - 0.5
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III. RESISTORS (cont.)

No. R Type No. R Type

49 0.148 MVSG -0.5 73 2.4k MLT - 0.5
50 0.24 MLT -0.5 74 2.4 k
51 Ik 75 3.6k
52 Ik 76 3.6k
53 15.0 KIM 0.125 77 1.0
54 3.6k MLT -0.5 78 4.58” MVSG -0.5
55 0.47 79 3.64"
56 0,36 80 2.89"
57 0.12 81 2.29
58 2.0 82 1.82
59 0.36 83 1.445
60 0.27* 84 1.149
61 0.36 85 0.911
62 0.36* 86 0.725
63 2.4 k 87 2.80
64 Ik 88 20.0*“
65 220 SPO- 0.5 89 2.47
66 100 MLT - 0.5 90 20.0*»
67 100 91 2.47
68 Ik 92 1.5
69 Ik 93 9.4* • MLT - 0.5
70 Ik SPO -0.5 94 2.0
71 Ik MLT - 0.5 95 4.0»»
72 1 к 96 0.1

IV. ELECTROMAGNETIC ELEMENTS

R — relay built from RP-4, 6 к ohm windings 
L — winding of the dynamic capacitor 
M- synchronous electric motor G — 31A 
A — instrument M 265, 100 цА

V. WINDINGS OF THE TRANSFORMER

1 - 2400 X PEL 0.21
2 - 46 X РИ. 0.51
3 — 700 X
4 - 700 X
5 - 750 X

PEL 0,07
PEL 0.07
PEL 0.10

The designations are given in order of spacing 
of the windings.

6-46 X PEL 0.25 X 2
7 - 3000 X PEL 0,05
8 - 25 x pa 0.25 X 3

Between the windings 1 — 2, 4—5, 6 — 7, 7 — 8, 
a fluoroplastic insulator was placed.

More accurate upon adjustment.
Two equal resistors in series.
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LIST OF SYMBOLS

(The section defining the quantity or the defining formula is indicated in 
parentheses)

A — Relative adsorption (24. 10).
C — Effective capacitance (§4).
C — Capacitance of edge effect (§14).
Cp — Parasitic capacitance.
Co — Total capacitance of the insulated system.
D — Coefficient of diffusion.
E — Electric field strength.
G — Kernel of the integral equation of an aspiration counter (§3).
I — Current intensity. *
К — Boltzmann constant.
L — Maximum value Л+ Ф/Ы(к0) (§32).
N — Electric flux. *
P — See Greek P.

<2 — Charge. *
R — Resistance.
Rp— Leakage resistance (§26). Rp __
R — Relative effective scale of turbulence (§20). R

Re — Reynold's number (15.1), (21.7), (§34).
5 — Surface area.
T — Absolute temperature.
U — Voltage between the collector and repulsive plate.*

U — Equilibrium voltage of the collector plate (§16).*
V — Volume.

a and b — Constants of the measuring capacitor (16.6), (16.7), (16.8), (16.18).
d — Differential; distance between the plates of a parallel-plate 

measuring capacitor.
e — Elementary charge.
g — Acceleration due to gravity.
h — Mesh width of grid.

— Operator 1 — * % (5.1).

j — Current density.
k — Mobility (1.1).*

*o — Limiting mobility (4. 3). *
k‘ — Characteristic mobility (16.14), (16.21).*

Z — Length of measuring capacitor.
In — Natural logarithm.
1g — Logarithm to the base 10.
m — Mass of air-ion; subscript, taking on integral numbers.
n — Subscript, taking on integral numbers.
q — Charge of air-ion.*
r — Distance from the axis of the capacitor.

ro — Wire radius.
r2and rx — Radii of the outer and the inner plate of a cylindrical capacitor.

s — Relative standard deviation.

" For footnote, seep.160,
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$дис and s,ac — Relative standard deviation, characterizing the stability 
of the voltage supply and the effective capacitance of the 
measuring capacitor, respectively (§28).

and $дд — Standard deviations characterizing the stability of the 
conditional charge density (§30).

t — Time.
<0 — Filling time of the measuring capacitor (13.1), (13.2).
u — Velocity of air flow.

uQ — Velocity of the potential flux at a distance from the surface: 
mean velocity of the turbulent flow.

r — Velocity of air-ion.
x — Distance along the axis from the beginning of the measuring 

capacitor; arbitrary quantity.
у — Distance from the surface of the plate.
Д — Difference, absolute errors.
A — Conditional conductivity (5. 21).
P — Conditional charge density (5.14).
Ф — Flow rate (throughput rate). *

a and ß — Voltage ratios (§29).
8 — 8-Function; relative deviation of some quantity; limiting 

relative error.
e — Turbulent intensity (20.3).
6 — Dimensionless time (19.22), (27.12).
X — Conductivity (§1).

X+ — Polar conductivity (§1).
X(Ai, A3) — Partial conductivity (1.7).*

Ц and H — Constants of the measuring capacitor (§19); (§20).
у — Kinematic viscosity.
q — Charge density. *

— Charge density spectrum (§1).*
£2) — Partial charge density (1,5),* 

a — Standard deviation.
oqk — Standard deviation of the charge, generated the moment the 

switch is opened (§28).
Oue — Mean-square error in measuring the voltage with the aid of 

an electrometer.
dun — Mean-square value of the emf of the insulator (§28).

T — Time constant.
• — Arbitrary parameter of the measuring capacitor C, U, 

or Ф.
о — 1 /Ao. *

In the figures a square with the letter U denotes a voltage source, a 
circle with the letter Z an ammeter, a circle with the letter E an 
electrometer.

• The symbol without a dot denotes the absolute value of the considered quantity: x = |x| (§ 1).
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APPENDIX I

Special Factors in Measurement at High Altitudes

The measurement of the air-ion spectrum at high altitudes differs from 
ground-level measurement primarily in that the former is carried out 
under conditions of low pressure and correspondingly high mobility. The 
mobility of light ions is inversely proportional to the air density /Loeb, 
1960/ over a large range and is calculated via the formula

k = (A.l)
P xn

where k, p, T are respectively the mobility, pressure, and absolute 
temperature, and kn, pn, Tn are respectively the values of the same 
quantities under normal conditions. The first column of the summary 
Table A lists data on the standard model of the atmosphere CIRA 1961 and 
correspondingly calculated mobilities of O2 ions. The initial value for 
the mobility of O2+ ions was taken from the paper /Maushart, 1968/.

We shall consider briefly some problems which specifically apply to 
measurements at high altitudes:

1. The uncertainty in the mobility. The mobility is in principle 
determined in a system, the dimensions of which are considerably larger 
than that of the free mean path of the particles. Therefore, particles of 
normal dimensions are not suitable for measuring the mobility of molecular 
ions at altitudes higher than 90 kilometers, where the mean free path is 
of the order of 1 cm or more. Values for the mean free path length l0 at 
different altitudes are listed in Table A.

2. Permissible field strengths, if the energy transferred to the air­
ions by the electric field is of the same order of magnitude as the mean 
energy of thermal motion, then the law describing the proportionality of 
velocity to field strength is no longer valid.

An estimate on the basis of the formula KT a m(kE)2 and experimental 
data /Mitchell, Riedler, 1934; Balog, 1944/ Indicate that under normal 
conditions a field strength exceeding 10kV/cm is inadmissible. Results of 
the calculation of Emaxat different altitudes are shown in Table A.

3. Permissible air velocity. At high altitudes the kinematic viscosity 
of air increases. Quantitative data are given in Table A. It is easier, 
therefore, to maintain a laminar flow. Table A gives the velocity ucr, at 
which Re = ur/v in a tube with diameter dem reaches the value lOOd. At 
an altitude of 50 km uer exceeds the speed of sound. The operation of 
aspiration counters under ultrasonic conditions has not been studied. Using 
conventional instruments and computation methods, a velocity of 200 m/sec 
should not be exceeded (the sound speed at an altitude of 80 km equals 
270 m/sec).

4. Measurement of the air flow rate. No convenient methods are known 
for the direct measurement of the air flow rate through a measuring 
capacitor at high altitudes. In practice, the flow rate is determined by 
calculation from the velocity at which the instrument moves. This imposes 
additional limiting demands on the counter design and introduces an element 
of uncertainty into the measurement results. To increase the accuracy the 
instrument must be calibrated with the aid of a complex device /Oster, 
Dolezalek, 1966/,
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5. Air-ion distribution. In the range of high mobilities the linear 
dispersion dx/dk (x is the settling coordinate of an ion entering the measur­
ing capacitor at the edge of the repulsive plates) of air ions in a measuring 
capacitor is small, which distorts the distribution of air ions over the 
mobilities in the differential measuring capacitor /Dolezalek, 1962b; 
Dolezalek, Oster, 1965, 1965b/.

The dispersion depends on the angle between the air-ion trajectories and 
the flow lines of the air flow. Table A lists values of the field strength Ecr, 
at which the slope of the trajectories of O2+ ions in a flow of velocity uCr or 
200 m/sec (if ucr > 200 m/sec) equals 45°. A comparison of the values listed 
under Emax and Ecr shows that at H250km, E = Emax and u = 200 m/sec the 
slope of the trajectories of the O2+ ions is close to 45°

6. Volta effect. The induced decrease in the working voltage of the 
measuring capacitor increases the relative value of the contact potentials 
between the plates of the measuring capacitor as well as the corresponding 
error in the determination of the limiting mobility. The contact potential 
between the plates of a standard measuring capacitor is of the order of 
0.1 V, which at a height of 80km causes a serious error. The contact 
potential is very unstable, and, consequently, it is difficult to make 
allowance for it, For this it would be necessary to plot the characteristics 
in the mobility range / Bordeau, Whipple, Clark, 1959/. In order to 
suppress the Volta effects the plates of the measuring capacitor are 
covered with a homogeneous, chemically stable substance. From experience 
in the manufacture of oscillating capacitors for electrometers it is known 
that the best results are obtained by gold plating. This is considered in 
the design of special measuring capacitors for operation at low pressures 
/Dolezalek, Oster, 1965, 1966а/.

7. Diffusion of air ions. The limiting resolving power of the spectro­
scopic instrument (Formula (34.21)) depends primarily on the voltage of the 
measuring capacitor. A decrease in the voltage limits the resolving power. 
Table A gives values of the maximum possible resolving power for an ideal 
capacitor geometry (u =1) and the condition U = Ecr 5 cm. The limiting 
resolving power Rd and the dispersion dx/dk are inversely proportional 
to each other. The maximum obtainable resolving power is achieved for 
a compromise of the operating conditions.

8. Electrode effect. An increase in the mobility with altitude causes 
an increase in the electrode effect inside the measuring capacitor. Data 
on the conductivity /Coroniti, Nazarek, Stergis, Kotas, Seymour, Werme, 
1954; Bordeau, Whipple, Clark, 1959/ are given in Table A. An adjacent 
column lists values of the relative error 6, calculated from formula (18.6), 
assuming 1 = 10 cm, u " ucr or 200 m/sec.

The electrode effect causes a decrease in the current in the measuring 
capacitor. The assumption that under the limiting operating conditions 
Imax= (n+ + n-) e ф/Bragin, 1965, 1966/ is unfounded.

9. Free electrons. From results of direct measurements /Bragin, 
1966/ the negative charge carriers are ions at heights up to 70 km and 
electrons at heights exceeding 80 km. The aspiration method is not suitable 
for the study of free electrons. The presence of free electrons complicates 
the evaluation of the electrode effect.
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10. Possibility of using a magnetic field. The magnetic force — qB (c is 

the light speed, B is the magnetic induction) equals the electric field E when

B = Bcr = |- (A. 2)

If c and к are expressed in egs units, then Bcr is given in G (gauss). The 
values of Bcr are listed in the last column of Table A.

In practice, we can readily achieve a magnetic induction of the order of 
104G. Consequently, starting at an altitude of approximately 50 km 
magnetic forces can be used to deflect air ions.

The above-mentioned factors (1—9) render the measurements difficult. 
Positive factors are only the possibility of increasing the flow rate and the 
high polar charge density in the mesosphere and the ionosphere. This 
enables us to relax the demands on the sensitivity of the electrometer and 
to shorten the time required for the counts.

The simplest instruments are those which are intended to measure only 
the mobility or the polar charge density /Hok, Spencer, Dow, 1953; 
Bordeau, Whipple, Clark, 1959; Pedarsen, 1964; Bragin, 1965/. In these 
instruments supersonic operating conditions are possible. Notwithstanding 
the simplicity of the instrument, the accuracy of measurement results 
requires additional analysis. One must consider the ratio of the mean free 
path length of the ions to the dimensions of the measuring capacitor and the 
ratio of the employed field strength to Emax (Table A). In the ionosphere 
certain phenomena leading to distortions are encountered /Kagan, Perel', 
1956/.

More complicated are the measurements for determining the spectrum. 
To increase the spectral dispersion of the measuring capacitor a new method 
was proposed and developed /Dolezalek, 1962b; Dolezalek, Oster, 1965, 
1966a, b/, which uses an alternating field. The essence of the method of 
Dolezalek is explained in Figure A, taken from the paper /Dolezalek, 
Oster, 1965b/. The lower arrangement corresponds to the new method. 
The ions enter the measuring capacitor via a narrow slit only during a 
defined phase of the alternating voltage; the remaining air is de-ionized. 
The instrument is a differential counter of the second order. To obtain 
an increasing amplitude of the alternating field along the axis the repulsive 
plate is divided. The manufactured measuring capacitors /Dolezalek, 
Oster, 1965, 1966a, b/ are cylindrical.

The method of Dolezalek is also used for integral measurement /Oster, 
Coroniti, 1968/.

Starting at a height of 50km most spectrographic measurements seem to 
be possible /Narcisi, Bailey, 1965/. At the same height the method of 
grid stops is also effective /Bragin, 1962, 1963/.

Above 80 km the aspiration method is no longer applicable for spectrum 
measurements. A review of the results obtained in a study of the ionization 
in the higher atmospheric layers can be found in the paper /Sagalyn, 1965/,
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APPENDIX II

Systems of Units

According to the recommendation of the IAMAP/IAGA the preferred 
system of units for atmospheric electricity is the SI(MKSA) system. In 
the present work the CGSE system is used, whereby not only units but 
also many formulas appear in a different form. In order to convert the 
formulas to the SI system, the following rules are useful:

1. The number 4^, related to the dependence of the charge on the 
electric field, should be replaced by 1/e0-e0= 8.854 pF/m.

2. The expression ln(r2/rj), derived from the formula for the capacitance 

of the coaxial capacitor, must be changed to in 2/4TE0

Examples:

Formula No.

4.3

Formula in SI system
- еоФk Cu

4.4
(CUk/e

G = 1 0
о for к < k0 

for ko < к

33.1 C =2T6ol/ln

Conversion table for units and constants

Quantity SI CGSE Conversion factor

I 1 A = 3-102 ESUj = 6,24-lO^e sec’1

и IV = 3.33- io -3 ESUy

R in = 1,11-10-2 esur

C 1 F = 9- 10ncm = 6.24.1018 eV"1

p, p 1 cm-3 = 3-103 ESUS p = 6.24-1012ecm-3

p(k) 1 kgm-8 sec"1 = 105gcm~5 sec_1 = 6.24-IO8 cVem5 sec

к 1 m2v-‘secal = 3-106 ESUk -104cm2V~I sec"1

X 1 sec m"1 =■ IQ -1m-1 = 9-IO9 ESUX = 10~2n -em!

e -1.602.10"19C = 4,803 .IO"10 ESUq = le

К = 1.38-IO"23 J deg"1 = 1.38 -10-16 erg deg"1 = 8.62- IO"5 eV deg"1
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