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ABSTRACT 

Electrical parameters that surely influence the attachment of radio

active aerosol particles to cloud droplets are examined. These include 

the expected ambient ionization) the distribution and lifetimes of particle 

charge, the distribution of charge on the collecting droplets, and the 

magnitude of electric fieldB that might be present. The order of magnitude 

estimates obtained are used to amplify the upper bounds obtained earlier by 

Williams for the high electric field limit, Areas needing further study 

are exposed. 
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-A Preliminary Survey-

C. E. Rosenkllde 
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INTRODUCTION 

The radioactivity of debris particles frcm a free airburst can com

pletely alter the electrical complexion within a natural cloud. There is 

sufficient beta and gamma activity to generate Ion pairs in the atmosphere 

at rates which are many orders of magnitude greater than those produced 

by natural terrestrial sources and cosmic rays. This production, when 

counterbalanced by recombination and attachment, yields steady-state ion 

concentrations which are several orders of magnitude greater than those 

present in fair weather. Such concentrations of charge, when coupled with 

the dominant strength of electrical forces in many situations, suggest 

that electrical interactions should be included in investigations of the 

scavenging of nuclear debris. Nevertheless, this possibility has often 

been ignored (perhaps because of its complexity) or dismissed as unimportant 

Tinal report on Subcontract No. 7465605 between the Regents of the 
University of California and Kansas State University for period 
January, 1975, to January W , 1976. 
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The effectiveness of a particular scavenging process generally depends 

strongly upon the particle size, Secent investigations of rainout (in-cloud 
1 2 scavenging) ' have concentrated primarily upon two particular processes 

which are believed to be dominant over two entirely different size ranges. 

Inertial capture of particles by direct impaction with raindrops appears 

to be the dominant removal process for particles larger than 1 im with an 

effectiveness that Increases with increasing particle Bize. Particles 

smaller than 0.01 urn appear to be scavenged effectively by diffusion 

processes (both Brownian and turbulent) whose effectiveness increases 
3 with decreasing particle size. Representative removal rates for these 

two types of processes are displayed in Fig. 1 as a function of particle 

radius. The central region, which exhibits comparatively slow removal 
4 rates, is known as the Greenfield gap. 

The present report focuses upon the conditions under which electrical 

forces nay serve to fill the Greenfield gap. Probable constituents and 

interactions are enumerated together with representative magnitudes needed 

to estimate an ambient ionization. Estimates are obtained for the effective 

charge on the radioactive debris particles (as well as any background 

aerosols of comparable size) within such a bipolarly ionized atmosphere. 

The magnitudes of charge expected on cloud droplets and raindrops under 

these conditions are compared with observed charges in natural clouds and 

storms. The sources and strengths of possible electric fields are also 

examined. These factors are then combined to access the importance of 

electrical Interactions on the lifetime of a nuclear debris particle against 

rainout. 

2 



CONSTITUENTS AND PROCESSES 

The physical system of interest consists of e hierarchy of species 

Interacting within a given cloud volume. On the very largest scale are 
-3 -3 

the infrequent (10 cm ) and large (1 mm) hydrometeors (raindrops) which 

hurtle (6.5 m s~ ) through this volume sweeping up within their path the 

more numerous (100-300 cm ) and smaller scale (5-30 iim) cloud droplets 
-1 19 -3 

which settle much more slowly (1 cm s ) through the multitude (2><10 en ) 

of background air molecules. (Representative values for atmospheric 

parameters of interest and their variation with tropospheric altitude are 

tabulated in Appendix A.) 

Now contemplate the additional presence here of small particulates 
3 5 - 3 with a scale (0.01-1 um) and concentration (10 -10 cm ) comparable with 

chose of aerosols found over an Industrial city. Allow for the possibility 
chat the particulates may have sufficient beta and gamma activity to produce 

9 -3 -1 small ions in the atmosphere at rates (exceeding 10 cm s ) which are 

considerably greater than the generation rate due to naturally occurring 
-3 -1 radioactivity in the troposphere (less than 10 cm s ). Tropospheric 

molecular mean free paths(0.06-0.2 um) are comparable with the particle 
sizes which span the Greenfield-gap region and are typically five times 

greater than the mean free paths of the small atmospheric ions. The 

appropriate Knudsen number (Kn = 1) resides in the gas-dynamic transition 
5 

regime between the slip-flow (Kn + 0) and free-molecular (Kn + «) regimes. 

Representative magnitudes of interest are listed in Table 1. 

The simultaneous presence of gas molecules, ions, possibly electrons, 

and both neutral and charged droplets and particles Introduces the possibi

lity of many kinds of interactions. A partial list of possible interactions 

can be generated by following a typical sequence of events after the decay 
3 
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Table 1. Constituents of interest and their 

representative sizes and concentrations. 

Species Radius 
[will 

Concentration 
[cm- 3] 

Raindrops 

Cloud Droplets 

Particulate 

2 3 10-10 

5 -30 

(1.01-1.0 

10" 3 

100-300 

10 3-10 5 

Small Ions 

Air Molecules 

JO .01 -
TO.f.p. ̂ t 

10.06 -

0.04 

0.20 
10 2-10 7 

i o 1 9 

4 
il 
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of a representative particle. Consider first, the events following beta 

decay, which leaves the particle with a positive charge and introduces into 

the surrounding medium a primary electron with an energy In the range 

0.5-1 HeV. This electron collides with the surrounding gas molecules, 

occasionally ejecting an electron vhlch leaves behind another positive ion 

and costs an average of 33,7 eV p^r pair, until it loses all its energy 

some 2-5 m from its source. This electron, and essentially all the 

secondary electrons, very rapidly (̂ 20 ns) become attached to neutral Q 
a 

molecules forming negative ions. (A more detailed examination of the 

fate of free electrons is given in Appendix B.) At this point the ions 

become available for ion recombination, hydrated cluster formation, 

attachment to charged or neutral particles or droplets, as well as electron 

transfer and chemical reactions with trace contaminants. The reaction 

rates for the various processes serve to dynamically balance the ion 

production rates. The resulting steady-state concentrations may exceed 7 -3 10 cm which is much greater than typical tropospheric ion concentrations 
(10 2-10 3 cm" 3) in fair weather.9 

Primary gamma decay, on the other hand, does not leave the particle 

charged, but does contribute to the Ionization over a larger region than 

obtalnf in primary bets decay, A typical 1 MeV gamtta loses ¥t% of its 

ensrgy in its first inelastic encounter some 350 m from its source (and 

all of its energy after several sucb encounters within an estimated range 

of 800 m) by producing a preferentially forward-scattered Coopton electron 

which leaves an ion behind and which produces secondary ionization that ia 

indistinguishable from that produced by a primary beta-ray. This preferen

tial alignment of ion-Compton electron pairs, combined with the anisotropic 

nature of the primary gantna flux near the boundaries of an extended source, 



may produce a surface double-layer containing an appreciable electric 

field. 

Electric fields may also be generated by charge separation processes 

similar to some of those which are believed to occur in natural clouds. 

However, such processes must adjust to the greatly increased ion concen

tration which causes a proportionate increase In the electrical conductivity 

within the cloud and thus may serve to limit the growth of electric fields. 

Finally, some of the attachment processes, which influence the magnitude 

of the ion concentration, depend upon the strength of the ambient electric 

field. Thus, the magnitudes, the ion concentrations, the particle and 

droplet charges, and r.he electric field are all intimately coupled and 

ultimately must all be determined simultaneously. 

Several important questions are apparent: (1) What is the ambient 

ion concentration in the presence of particles and cloud dropletul (2) 

What is the magnitude of the effective charge on a decaying particle within 

such a highly ionize! (dilute plasma) atmosphere? (3) What are the 

magnitudes of charge that may be expected on cloud droplets and raindrops 

in the same atmosphere? (4) What are the magnitudes of possible atmospheric 

electric fields under theBe conditions? (5) Finally, given these charges 

and fields, what is the lifetime of a nuclear debris particle against rain-

out? Each of these questions will be examined in the following sections. 

Technical details and data utilized are included in a series of appendices. 
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^ 1 
AMBIENT ELECTRICAL CONDITIONS 

0 
Primary beta and gamma rays from the radioactive particles lose 

j energy through Interactions with the neutral atmospheric gas molecules. | j 
' S 'i 

'<a "''I 
These interactions produce positive ions and secondary electrons, but the •] < 

•>•' electrons rapidly become attached to neutral molecules to form negative fj 
1 ] 

i ions (cf. Appendix B). Even in the presence of ionization rates exceeding ' 3 
i i 3 1 

9 - 3 -1 3 
10 cm s , the tropospheric free electron concentration reaches a steady j if 3 - 3 il * ! I state value which is less than 10 cm in a characteristic time scale of U s 
20 ns. On this account electron interactions with all other constituents ;; 

If I ': 
i.i (e.g. ions., particles, droplets, etc.) will be suppressed in the subsequent j 
;p discussion. •; 
i • ,-

u 
The steady-state concentration of positive and negative ions depends 

si upon a dynamic balance between the ion production rate per unit volume, q, 
and the various recombination and attachment processes among the ions, i 

U aerosol particles, and cloud droplets. When the positive and negative ion 
!: concentrations are approximately equal, the steady-state concentration, ri,. 
li ': '•: is determined by a quadratic equation of the form an 2 + (BN + yC)a - q « 0, (1) 

where a is the volume recombination coefficient between ions, B is the overall 
attachment coefficient between Ions and particles of concentration N, and y 

is the overall attachment coefficient between ions and cloud droplets of 
concentration C, Both the particles and the droplets may be charged; the 
droplet also may be polarized by an externally applied electric field. 
(Estimates for the various coefficients are discussed in Appendix C), The 
curves displayed in Fig. 2 illustrate two particular situations: (1) a 
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droplet charge, but no electric field, and (2) an electric field, but no 
droplet charge. For this illustration, N = 10 cm , C - 300 c m , and q 

-3 -1 ranges from 10 w s , which Is typical in fair weather, up through 
9 -3 -1 10 cm s , which is representative of nuclear debris. When q is ]arge, 

the steady-state ion concentration is limited primarily by recombination f 
4 I 

and does not appreciably decline until the droplet charge exceeds 10 i 
electrons or the applied electric field exceeds 10 Vm • In the opposite 
extreme when q is small, very modest droplet charges or electric fields 
cause a rapid reduction iti the equilibri™ ion concentration because of 
ion attachment to cloud droplets and background aerosols. In the former 

1/2 
case, n is proportional to q ; in the latter case, n is directly pro
portional to q and inversely proportional to N and C (cf. Appendix C') 

Jan droplet charge and the electric field are both treated here as 
parameters. However, they are not independent of each other nor of the 
Ion concentration itself. Ultimately, all three of these quantities must 
be determined simultaneously by using self consistent relationships that 
include meteorological driving forces of precipitation and convectiofl. 

1 



EFFECTIVE PARTICLE CHARGE 

Electrical interactions between radioactive particles and natural 

cloud constituents would be greatly reduced if the particles remained 

effectively uncharged. Consequently, it is quite Important to establish 

the existence and also the duration of any particle charge. 

Primary interest in the present context centers on radioactive 

particles situated in a bipolarly ionized atmosphere where ion concentra

tions greatly exceed thos* which occur naturally, Although It uas recognized 

that such particles could acquire positive charge through beta decay, 

Greenfield argued that the half-life of this charge within such an 

environment would be less than 1/20 of the time between disintegrations. 

Therefore, he concluded (i) that there was practically no probability 

of these particles becoming more than singly charged, and (11) that although 

they might conceivably possess a small intermittent positive or negative 
12 charge, effectively their net charge was zero. In contrast, Keele, et_al. 

argued that charge will very probably b; distributed on particles in a 

bipolar atmosphere according to a Boltzmann distribution lav which depends 

upon the ratio of the partial*'a potential energy (which "axiea inversely 

with particle radius) to the mean ionic thermal energy (cf. Appendix F.) 

They predicted that 70S! of all particles with a radius if 0.1 um would be 

charged with 2015 of the total being doubly charge - irrespective of any 

radioactivity. The average absolute particle charge should be close to 

the unit electron charge. These viewpoints are nor necessarily incompatible) 

but some clarification is useful. 

Electrical properties of natural atmospheric aerosols have been widely 

9 



13 discussed (cf. Junge ) and the efficl—lies of various charging mechanisms 

have been tabulated (cf. Whitby and Liu .) The particle charge distribution 

can be obtained by solving a set of rate equations (cf. Appendix E) which 

involve the particle decay rate, A , the positive and negative equilibrium 

ion concentrations, p and n, and the various attachment coefficients be

tween positive or negative ions and chavged or neutral particle84 These 

attachment coefficients have been calculated theoretically with varying 

degrees of refinement. The approximate attachment coefficients, which 

have been tabulated in Appendix E, take into account the difference in 

ionic mobility (y > u , cf. Appendix D) in the diffusion limit (where 

the particle radius exceeds the ionic mean free path), but do not include 

the effect of the Image force 4 There/ore, charge distributions obtained 

by using these particular coefficients are expected to be useful estimates 

only for particle radii exceeding 0.05 ym. 

The particle charge distributions depend upon the particle activity. 

The particle activity enters the theory through the parameter, 6, which 

represents the ratio of A to the positive, steady-state ion concentration, 

p. (For most cases of interest, p - n.) If the ion concentration is 

determined principally by recombination (cf. Appendix C), then S = (10 cm 
-1 1/2 s)(A /N) , where A is in [Bq] and the monodisperse particle concentration P P 
N, is in (cm ]. It is more appropriate in the present context to vary the 

specific activity of the material, A, together with the particle radius, a, 

while holding the ion concentration, n, and the particle mass density, p , 
-1 3 constant. Then, & = 4irp (3n) Aa . (The subsequent tables have been com-m 

-3 7 -3 puted with p = 3 Mg ra and n = 2.5x10 cm .) m 
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Table 2, Percentage charge distributions on 0.1 iim radius particles for 

several specific activities A [Bq pg ] together with the positive, 

negative, absolute, and algebraic mean charges [e] per particle. 

& 0 10 
1 

10 io 3 io4 

i + + + + + 

0 30.1 30.1 30.1 29.6 15.5 

l 20.7 24.6 20.7 24.6 20.9 24.4 22.7 22.2 23.0 6.77 

2 7.95 11.3 B.Ol 11.3 &.21 11.1 10.2 9.5d 23.0 1.86 

3 1.73 2.90 1.74 2.89 1.81 2.83 2.69 2.33 16.2 0.31 

4 0.21 0.42 0.21 0.42 0.23 0.41 0.43 0.32 8.45 0.03 

5 0.01 0.03 0.01 0.03 0.02 0.03 0.04 0.03 3.39 

6 1.09 

7 0.29 

8 0.07 

9 0.01 

Q 0.428 0.428 0.438 0,530 1.78 
> 
% -0.577 -0.576 -0.568 -0.497 -0.12 

Tol 1.00 1.00 1.01 1.03 1.89 

Q -0.149 -0.147 -0.131 0.033 
1 . 

1.66 



Table 3. Mean absolute and algebraic charge [el per particle at 2 ktn r.n an ion concentration 
of 2.5xl07 cm" 3. 

Particle Specific Activity [Bq -1 . PS ] 

Radius 0 lO 1 0 2 1 0 3 1 0 4 1 0 5 

Turn] abs. alg. abs. alg. abs. alg. abs. alg. abs. alg. abs. alg. 

0.01 0.248 -0.021 0.248 -0.021 0.248 -0.021 0.248 -0.021 0.243 -0.020 0.258 -0.003 

0.02 0.402 -0.036 0.402 -0.036 0.4O2 -0.036 0.402 -0.035 0.407 -0.022 0.463 0.1O8 

O.05 0.690 -0.078 0.690 -0.078 0.690 -0.0 76 0.694 -0.056 0.748 0.149 Z.225 2.164 

0.10 1.005 -0.149 1.005 -0.147 1.006 -0.131 1.027 0.033 1.893 1.662 17.5 17.5 

0.20 1.448 -0.290 1.448 -0.276 1.450 -0.144 1.848 1.166 14 14 140 140 

0.50 2.348 -0.715 2.326 -0.487 2.744 1.564 21.7 21.7 217 217 2170 2170 

1.00 3.426 -1.423 3.333 0.403 16.7 16.7 167 167 1670 1670 16700 16700 

,i;-r-^'.- Jx 1 Ji = 



Table 2 shows how the particle charge distribution on 
i 

0.1 urn radiu3 particles is shifted toward more positive values j 

as the specific activity Is increased. The mean absolute charge 

equals or exceeds the unit electron charge in each casa. j 
i 

The mean algebraic charge starts out slightly negative, passes through zero, 
and then approaches the mean absolute charge as the activity is increased. In 

this extreme the mean absolute and algebraic charges differ by very little 

because the particle's beta activity now competes very effectively with ionic 

diffusion. In the opposite limit (A ~ 0), diffusion is the only process i 
I 

which is charging inert particles. In this limit the mean algebraic charge [ 
i 

is negative because negative small atmospheric ions have a slightly higher t 
I 

mobility than positive ions. The dependence of S on the cube of the particle j 

radius accentuates these features £or particles with other radii listed in Table 3.; 

No violation of the overall atmospheric charge neutrality is being 

implied here. As long as the ion concentration greatly exceeds the 

pai'ticle concentration, the ratio pn will remain very close to unity 

even when JQ | >> Q . However, when n and N are of comparable magnitude, 

both the ion and particle concentrations must be more carefully determined 

simultaneously in a self-consistent manner. 

Each charge state has a definite mean lifetime even in the absence cf 

any radioactivity. The mean lifetime associated with charge state j is 

characterized by the reciprocal of the destruction rate, X [cf. Eq. (E10)]. 

Table 4 lists the mean lifetimes associated with those charge states that 

correspond Co the mean absolute charges shown in Table 3. The importance 

of these time scales for particle attachment to droplets will be explored in j 

a later section. 



Table 4, Mean lifetimes [ma] associated with those charge states that 

correspond to the mean absolute charges listed in Table 3. 

Radius Specific Activity [Bq -1, PS 1 
[urn] 10 io2 103 io4 io5 

0.01 14 14 14 14 14 
0.02 13 13 13 13 11 
0.05 7.7 7.7 7.6 6.9 3.1 
0.10 4.2 4.2 4.0 2.6 0.4 
0.20 2.2 2,1 1.7 0.5 0.05 

0.50 0.9 0.8 0.3 0.03 0.003 

1.00 0.4 0,3 0.04 0.004 0.0004 
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CLOUD DROPLET CHARGE 

All cloud constituents situated in an ionized atmosphere are potential 

carriers (and Binks) of charge. Large droplet charges can increase the rate 

of ion collection by the droplets and thus reduce the steady-state ion con

centration (cf. Appendix C.) The collection of charged particles by cloud 

droplets can also be enhanced by the presence of a net droplet charge. 

Therefore, it is of interest to examine the magnitude of charge that can be 

expected on cloud droplets (and raindrops) in the presence of ionization. 

Takahaski has summarized a number of measurements of the mean 

electric charge on cloud droplets and raindrops (Fig. 3.) Various fits 

have been made to this type of data. The most commonly used charge-radius 

relation has the form 

Q 0 * Kr 2 , (2) 

where Q la in [esu] and r Is in [cm]. Colgate and Romero found 
-2 18 -2 

K - 1.72 esu cm , while Grover and Beard have used K « 2.0 esu cm . 
-2 -2 2 

If K = 1.72 eBu cm , then Q * 35.8 pn ) eR , where e is the unit electron 

charge and R is the drop radius in Ivm]. 

Electric field measurements were not always made along with the drop 

charge observations. However, it is possible to infer some information 

about the ambient field from the descriptions of the observational situations 

and the types of clouds in which the measurements were made. The empirical 
relation 

15 



Q 0 =(0.64 MB - 2* kV~ 1)eER 2, (3) 

where £ Is In [IcW ] and R is In [vm], appears to adequately deacribe 

the electric charge on cloud droplets with radii of 5-10 un. It may be 

used to estimate upper and lover bounds on the magnitude of droplet charges 

to be expected in natural clouds. For example, if £ - 100 Vk" (a fair 
-2 2 -1 

weather field), then Q o =(0.064 um )eR , and if E s 1 Mtfm (a thunderstorm 
-2 2 field), then Q =(640 un )eR . These relations provide the bounds 

(dotted lines) in Fig, 4. The earlier relation, Q » (35.8 utt'"2)eR2, Is 
o 

also shc-.m. 

The foregoing empirical relationships all suggest that a drop's charge 

should be proportional to the square of Its radius, A relationship vith 

this dependence is known to be a consequence of field charging in a unipolar 
14 ionic atmosphere. The collecting drop, which is assumed to be a conductor 

for the sake of simplicity, perturbs the otherwise uniform field in its 

vicinity allowing ions to reach its surface along half of those electric 

lines which connect it with infinity. The basic theory of Pauthenier and 
19 

Moreau-Hanot suggests that the accumulated charge will approach a sat
uration value of 

q - 12HE ER 2 (4) 
S 0 

with a characteristic charging time scale, t • 4e (eun)~ , where e 
2. -1 -1 is the electron charge, u is the ionic mobility (=1 cm v s ) , n is the 

ionic concentration, E is the electric field strength, and e » 8.85 pFnf . 
7 - 3 5 - 3 If r, = 10 cm , then t s 0.2 s; If n = 5x10 en , then t = 4.4 s. This 

8 3 

saturation charge is shown in Fig, 4 for selected values of the electric 
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r; 

1 
I 
I 
I 

-1 3 
field, Notice that saturation at 10 kVm is close to the empirical re- flj 

- 2 i 
lationship given by Eq. (2) with K - 1.72 eau cm . Also notice that the 5 it upper observational bound la slightly lesa than saturation at 1 MVnf while 

n the lower observational bound is close to saturation in a 100 Vnf fair 

C x - 2Coejcp(-bx2) , (5) 

where C is the concentration of neutrals and the nondimensional parameter o 
b - e2(8ite RkT)" 1 * (8.34 tra K) (RT) represents the ratio of the o 
electrostatic potential energy of a uniformly charged spherical conductor 
of radius R to the characteristic ionic thermal energy kT. The appropriate 
asymetrlc generalization of this distribution when the ratio of polar 
conductivities la different from unity is given in Appendix F, 

These equilibrium distributions can be characterized by average 
values of the droplet charge. Several kinds of average values can be 
defined. Two of these, the average absolute charge |Q| and the 
average algebraic (or net) charge (J, are of principal interest here. 
For a symmetrical bipolar Ion distribution, the average algebraic charge 

17 
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weather field, (AU these limits do not exceed the Rayleigh limit for \ 
j 2 3 1/2 \ disruption, Q„ • (3Zir e T R ) , where T is the surface tension.) I K O B B I 

Contrast these observations with thn situation to be expected at 3 
! 

equilibrium in a bipolar ionic environment similar to those predicted J 
f 

earlier. Droplet (and perhaps also particle) charge distributions might 
12 20 •' 

be expected to follow ' from an equilibrium Boltznann law provided that ' 
i the effects of gravitation and of external electric fields are temporarily i 

suppressed. The concentration of oonodisperse spherical objects (droplets i 
or particles) with charge, |ex| , is given by 



'.i fr^J'-wrt"":" 

is zero and the average absolute charge is given by 

1Q[ - e(nb)" 1 / 2 • ( & s o m ) l / 2 - (0.19 p f 1 / 2 K _ 1 / 2 ) e ( R T ) 1 / 2 (6) 

vii:h R in [urn] and T in [ K]. The square root dependence on the radius 

is displayed in Fig. 4. This formula predicts that a 10 w radius drop,'.it 

will possess 10 charges (of either sign, on the average. When the 

difference in ionic mobilities is taken into account (u > u , cf. 
n p 

Appendix D), the values listed in Table 5 obtain, Here, the average 

algebraic charge is always negative with a magnitude which approaches 

that of the average negative charge and also that of the average 

absolute charge as :ne radius is increased. This situation obtains 

because the average positive charge approaches zero vith increasing radius. 

A 10 m radius droplet should possess over 14 negative charges on the 

average. (Again observe that no imbalance in the overall charge 

neutrality of the environment is being implied here provided that the 

ionic concentration greatly exceeds the droplet concentration. Otherwise, 

all the concentrations must be more carefully determined in a self 

consistent manner.) For R 4 30 urn, the average absolute charge is well 

represented by (cf. Appendix F) 

TOT - *« f tRkTe" 1(n 1 / 2- n " l / 2 ) - (0.06 nuf 1lf 1)eRT(r| 1 / 2- n ~ 1 / 2 ) (7) 

where n • o Ja is a ratio of polar conductivities. The linear dependence n p 
on radius is displayed in Fig. 4. It is still two orders of magnitude below 

the observations summarized earlier. 
Polarized droplets (and raindrops) falling through a bipolar ionic 

environment permeated by a vertical electric field may accumulate charge via 
21 22 the Wilson charging mechanism. ' When the ionic drift velocity exceeds 

18 



the terminal speed of the falling spherical collector, those ions having 

the greatest absolute mobility (e.g., negative ions in the present context) 

preferentially accumulate on the collector until the steady-state charge, 

Q x • Qfl (l~n 1 / 2> U + n 1 / 2 ) - -0.02 Q B , (8) 

-1/2 obtains in a time scale, T « e (o o ) - 15 ms. This charge is still 1 o p n ? proportional to ER , but is only two percent of the corresponding saturation 

charge. (It is nonzero only if n differs from unity.) When the terminal 

speed of the collector exceeds the electrical drift velocity of those ions 
which are moving in the same direction, charges of the opposite sign accumulate 

on the collector until the steady-state charge, 

Q 2 = Q a {[(l+2rfV + 1 ] 1 / 2 -1-2T1"1) - -0.2 <^, (9) 

obtains in a time scale, T» - 0.7 T. - 10 ms. This case is applicable only 

to large drops in low fields (a situation that may be dominated instead by 

the effects of charge transfer during collisions with smaller droplets). 

Magnitudes of charge that could be expected on the basis of the Wilson 

charging mechanism are listed in Table 6. 
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Table 5. Average positive charge Q , average negative charge Q , average absolute charge |<j] , and 
algebraic charge Q (in electron units [e]) computed by using a generalized Boltzmann distribution 
lav with unequal ionic mobilities at an altitude of 2 km. 

R [urn] 0.1 O. 5 1.0 5.0 10 50 100 50C 1000 
^P 0.43 0.82 1.00 1.13 0.87 0.07 ^P 0.43 0.82 1.00 1.13 0.87 0.07 
Qn -0.58 -1.54 -2.43 -8.23 -15.1 -71.0 -142 -710 -1420 

foT 1.01 2.3? 3,43 9.36 15.9 71.1 142 710 1420 

10" -0.15 -0.72 -1.43 -7.10 -14.2 -71.0 -142 -710 -1420 

iit-WdSiJ*i»K»i"Jtii.-i 
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Table 6. Number of electronic charges expected on falling, polarized 

droplets and dropB because of the Wilson charging mectianism. 

Radius Electric Field [V m"1] i 
(Mi l l io2 io 3 io4 io 5 io6 

• A 

0.1 4*10~5 -4 4*10 4xl0"3 4xlo"2 0.4 

0.3 -4 4x10 4xl0 - 3 4xl0"2 0.4 4 3 

1.0 4xl0 - 3 4xlo"2 0.4 4 40 1 
3.0 4xl0 - 2 0.4 4 40 400 1 

10.0 0.4 4 40 400 4xl03 
•: 

30.0 30 40 400 4xl0 3 4x10* < 

100.0 400 4xl0 3 4xl03 4x10* 4xl0 5 '; 
300.0 3xl03 3xl04 3xl05 4xl0 5 4xl06 i 

1000.0 4 4xl05 4xl06 4xl0 6 4xl07 

21 
-•wwKwq&K;.' ,-^^raiS 



The foregoing theory is valid for "particle" radii down to approximately 
0.1 pa. Corrections for iaage charge and meaiv free path effects become 
increasingly important for scalier radii. Notice the correspondence between 
the values in table 5 for subsicron radii and the corresponding quantities 
in Tables 2 and 3 when the particle decay is absent (A • 0). 

The actual droplet charge probably lies somewhere between the unipolar 
and bipolar limits. Its value can only be determined after the various 
dynamical charge transfer and charge transport mechanisms In clouds have 
been specified. Only then can the droplet charge distribution, the ion 
concentrations, and the steady-state electric field be determined eelf-
consistently in accordance with the Maxwell equations. This will require 
a detailed examination of the kinds of droplet (and/or ice-particle) 
interactions coupled with the cloud dynamics and will be deferred to a 
subsequent study. The droplet charge will be regarded as a parameter in 
the remaining portions of this survey. 
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ELECTRIC FIELD INTENSITIES 

The range of naturally occurlng atmospheric electric field intensities 
is generally expected to lie between the Earth-directed fair-weather field 
of 120 Va" and the breakdown potential gradient of 3 HVa" for dry air. 

Typical cumulus and shower clouds have fields of 1-10 kVm* while those 
23 -1 -1 

observed In thunderclouds reach 400 kVm and probably exceed i MVm 

within small pockets. The fields within thunderclouds probably fluctuate 

in both magnitude and direction, However, approximate uniformity over a 

scale of 50 m for 50 us might be inferred from the representative properties 24 of the stepped-ladder during a lightning discharge. 
There is an abrupt, several-fold increase in the field strength 

25 26 
upon flying into an electrified cloud. This has been attributed to 

the formation of a screening layer at the interface between the cloud and 

the clear air surrounding it. Ions, being drawn toward the electrified 

cloud, become attached to cloud droplets, thut greatly restricting the 
27 28 electrical conductivity in the cloud. Theoretical models ' of the 

formation and development of such screening layers give results that agrer. 
29 30 

with field studies and laboratory experiments. 

The magnitude of any electric field within a cloud must be inversely 

proportional to the electrical conductivity of the medium. When the ion 

production rate due to naturally occurring sources (e.g., radioactivity, 
-3 -1 corona discharge, etc.) is low (q ^ 10 cm s as in fair weather), then 

the ateady-statj ion concentration, and hence also the condjetivity, 

will be low. This low conductivity permits the build-up of high field 

intensities (by mechanisms yet to be discussed). When onset fields 
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-1 31 (j 400 kVm ) required for corona discharge from Ice crystals have been 
5 -3 -1 attained, the ion production rate rises to 1-5x10 cm s with a corresponding, 

32 perhaps sudden, increase in the conductivity and a reduction In the field. 

Notice that the ion production rates expected from radioactive debris may 

greatly exceed this limit (cf. Fig. 2). 

These considerations appear to place severe restrictions on the build

up of any electric fields in the presence of such large volume ionization 
33 rates. However, Holzer's observations of 20 M nuclear explosions 

suggest the formation of a downward directed dlpole of moment 1 C km having 

internal fields of ^10 kVm~ which persist for periods up to 10 Din after 
34 detonation. Others have reported lightning flashes associated with 

thermonuclear detonations in the Pacific. These fields have been suggested 

to arise because the Intense fluxes of gamma rays preferentially scatter 

Compton electrons in the forward direction. This process tends to produce 

•a charge separation with the most pronounced electron excess occurring just 

outside the boundary of the extended source. This may create a diffuse 

double-layer on the surface which might contain an appreciable electric 

field. However, quantitative estimates * of this effect have not been 

altogether satisfactory because the ionic conductivity appears to be large 

enough to inhibit the build-up of the field. 

These matters can only be resolved ifter the various charge transfer 

and charge transport mechanisms have been identified and taken into account 

with appropriate modifications for the increased ion concentrations. 
37 38 (Reviews of some of these mechanisms have been given by Vounegut, Stow, 

39 40 Mason, and Moore. ) All the charge distributions, ion concentrations, 

and the steady-state electric field must then be determined self-consistently 

in accordance with the Maxwell equations. Account must also be taken of 

the cloud dynamics. Such a study is beyond the scope of the present survey 

and will he deferred. The electric field will be regarded as a parameter 
in the retraining portions of this survey. 
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ELECTRICAL ASPECTS OF ATTACHMENT OF DEBRIS PARTICLES TO CLOUD 
DROPLETS 

Precipitation scavenging of aerosol particles ultimately requires 

their incorporation into falling raindrops. This can be accomplished by 

direct interaction of particles with raindrops, as must be the case for 

below-cloud washout. Within a cloud, several other less direct, but 

overall possibly more efficient, multi-stage processes are also available. 

The overall removal rate for such a multi-stage process is determined 
41 principally by the slowest single-process rate in the entire sequence. 

Of particular interest here are two-stage removal processes in which 

cuhnlcron particles are first incorporated Into cloud droplets with a rate 

coefficient, A., and then the cloud droplets are accreted by raindrops with 

a rate coefficient, A.. The concentration of particles suspended in the 

cloud decreases with time according to 

N(t) = H Q(A 2-A 1)" 1[A 2exp(-A 1t)-A 1exp(-A 2t)] , (10) 

where N is the initial particle concentration. The accretion rate of 
-3 -4 -1 typical cloud droplet populations is normally in the range A, "> 10 -10 s 

2 with the variation being primarily dependent on the rain rate (cf. Fig. 1). 

Unless A, is also in (or exceeds) this range, the rate of Incorporation of 

aerosol particles Into cloud droplets will determine the overall removal rate 

There are essentially two classes of possible interactions between 

aerosol particles and cloud water, nucleation and attachment. Interest 

centers here on attachment processes, and in particular, those which involve 

direct electrical interactions with cloud droplets. Several other processes 

including inertlal capture, Brownian and turbulent diffusion, diffuso-

and thermo-phoresis, as 
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well as some electrical interaction*,recently have been compared by Williams. 

Of these, the electrical processes appeared to contribute the largest rate 

coefficient for the particular parameters which were chosen. Uncertainties 

in the values of the various parameters have in part prompted the foregoing 

survey of the electrical environment in which rainout may occur. 

Consider the attachment of charged, monodlsperse aerosol particles 

to monodlsperse cloud droplets with charge Q n and concentration C which 

reside in a bipolarly ionized atmosphere permeated by a uniform background 

electric field of intensity E. This idealized model includes the inter

action between a constant particle charge and both a constant charge 

and an induced dipole on the droplet (which is assumed to be a spherical 

conduce of radius R) . In the reference frame centered on the moving 

droplet, the particle flux depends upon electrical drift and thermal 

diffusion, both of which are superimposed on the Stokes flow. When the 

electrical drift dominates diffusion (in the limit of large Peclet' 

number), boundary layer approximations htve been shown to yield the 

same collection efficiencies as when diffusion is neglected. Under these 

conditions, the concentration of particles along a particle streamline is 
44 constant and the resulting collection rate is independent of the 

orientation of the external electric field and the details of the particle 

flow (aa long as the fluid velocity is solenoldal). 
42 Williams examined the attachment rate of particles (charged according 

to the Boltzmann law (cf. Eq. 6)) to droplets in this high field limit where 

the electrical conduction current to the droplet greatly exceeds the diffusion 

current. His result can be extended to entire charge distributions which have 

been distorted by radioactive decay (cf. Table 2), The resulting attachment rate 
is A L = 3,TBCEE2fa) , 

26 



:'«'^/^r??^>:'^^Vto«r<-^V-.|}>rfi-|y"..S;:r-r;|** 

!.i 

where B Is the particle nobility (i.e., velocity per unit force) and the j 
function I 

( 2CTQT - m i < « I 

itt) " < lo[{l+C2)-2Q£ -1 < C < 1 (12) | 
I -2(]o}-^H « < - l | 

depends upon the average absolute charge J Q [ and the average algebraic charge § 

Q associated with the particle charge distribution, and the parameter | 

5 £ yitoMBV 1 - W. ' 1 . < 1 3 > 

which represents the ratio of the droplet charge, Q , to the unipolar 
saturation charge, Q , In a field E (cf. Eq. 4). These expressions 

19 generalize similar expressions obtained by Pauthenier and Moreau-Hanot 
and by Gunn. 

These formulas Bhow that the attachment rate of particles to droplets 
in this limit depends upon the mobility and the average absolute and algebraic 
charges of the particles, on the charge, radius, and concentration of the 
droplets, and on an electric field intensity. Estimates for the particle 
mobility can be obtained by using an empirical formula appropriate for 

46 -i 

glass spheres in air. Some representative values are listed in Table '• 
Average absolute and algebraic charges on radioactive particles in a 
bipolar atmosphere are listed in Table 3. Average properties of the expected 
droplet charge distribution are listed in Tables 5 and 6. (In fact, the 
charge ratio, £, is given directly in terms of the conductivity ratio, n, 47 through Eqs. (8) and (9),) Typical concentrations of 10 w radius droplets _3 lie in the range 100-300 cm . Electric field intensities have been discussed 
briefly in the previous section. 
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Table 7. Estimated*6 mobility [10 Gm a N ] of glass spheres in 
air at tropospheric altitudes. 

Radius 1 I Altitude [km] 

(urn] 0 2 4 6 8 10 

0.01 240 300 3B0 490 640 850 
0.02 65 80 100 130 160 220 
0.05 13 15 18 23 29 37 

0.10 4.6 5a 5.9 6.9 8.4 10 
0.20 1.9 2.0 2.2 2.5 2.8 3.3 
0.50 0.65 0.69 0.74 0.79 0.86 0.95 

1.00 0.31 0.33 0.34 0.37 0.39 0.42 
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Useful estimates for A. can be obtained in the common case when 

£ « 1. Then 

A = 3ir fof BCER 2 = (151 ns" 1) | Q * [ B*C*E*(R*) 2, (14) 

where |Q*| is in electron units [e], B* is In [10 Gm s H ], C* is in 
-3 -1 

[cm ], E* is in [kVm ], and R* is in [vim], Representative values of 
-3 -1 

A at an altitude of 2 km for C • 300 cm , R ••' 10 ym, and E * 300 kVm 

(chosen for comparison with the calculations of Williams) are listed in 

Table 8 and displayed in Fig. 5 for several values of specific activity. 

Representative values with E reduced to 10 kVm (chosen to correspond 

with the observations of Holzer) are listed In Table 9 and displayed in 

Fig. 6. 

These families of curves exhibit relative minima which need not be 

as deep as the Greenfield gap (cf. Fig. 1). The decrease in A1 with 

increasing radius and little or no particle activity is primarily due to 

the rapid decrease in the particle mobility (cf. Table 7) even though the 

average absolute charge per particle does Increase by an order of magnitude 

over this range. For greater specific activities, the decrease in mobility 

is eventually offset by the rapid increase in the steady-stata charge which 

results front the cubic dependence on the particle radius. (Surface-distributed 

activity would exhibit a somewhat less rapid increase.) Consequently, the 

particle-to-droplet attachment rate due to electrical interactions passes 

through a relative minimum whose position shifts toward smaller particle 

radii and whose depth decreases as the specific activity of the material is 

increased. The underlying base line, which corresponds to the attachment of 

charged, but inert, particles with no activity, may be reduced by lowering 

the magnitude of the superimposed electric field. 
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These results only provide a representative upper linit for high 
43 electric fieldB. Other limiting cases studied by Zebel and more 

43 \ 
recently by Parker should be re-examined in order to display the j 

i 
entire range of possibilities. i 

1 
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Table 8. Logarithm (base 10) of the particle-to-droplet attachment 
J: rate [ s i at an altitude cf 2 tan for a nonodisperse, 10 W \ 
li it - 3 ;< radiua droplet concentration of 300 cm charged by ions in an , 
li electric field of 300 kVn" . The particle concentration has ; 

7 -3. 'i 
been adjusted to hold the ambient ionization at 2.5x10 on 1 

Radius Specific Activity (Bq pg" 1! 
[pra] 0 10 102 103 io4 105 

0.01 -2.00 -2.00 -2.00 -2.00 -2.00 -1.98 
0.02 -2.36 -2.36 -2.36 -2.36 -2.36 -2.29 
0.05 -2.85 -2.85 -2.85 -2.85 -2.81 -2.33 
0.10 -3.16 -3.16 -3.16 -3.15 -2.87 -1.90 
0.20 -3.41 -3.41 -3.41 -3.29 -2.40 -1.40 
0.50 -3.66 -3.66 -3.53 -2.67 -1.67 -0.67 
1.00 -3.82 -3.82 -3.11 -2.11 -1.11 -0.11 
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Table 9. Logarithm (base 10) of the particle-to-droplet attachment rate 

(s ] at an altitude of 2 km fur a munodlsperse, 10 un radius, 
-3 droplet concentration of 300 cm charged by Ions In an electric 

field of 10 kVm . The particle concentration has been adjusted 
7 -3 to hold the ambient Ionization at 2.5x10 cm . 

1 
Radius 
lum] 0 10 io2 103 10* 105 

0,01 -3.47 -3.47 -3.47 -3.47 -3.47 -3.46 

0.02 -3.84 -3.84 -3.84 -3.84 -3.83 -3.77 

0.05 -4.33 -4.33 -4.33 -4.33 -4.29 -3.80 

0.10 -4.64 -4.64 -4.64 -4.62 -4.34 -3.38 

0.20 -4.89 -4.89 -4.88 -4.77 -3.88 -2.88 

0.50 -5.14 -5.14 -5.06 -4.15 -3.15 -2.15 

1.00 -5.30 -5.30 -4.58 -3.58 -2.58 -1.58 



DISCUSSION 

The list of electrical parameters that influence the attachment of 
3. 

radioactive aerosol particles to cloud drops must surely Include the ;j I magnitude of the ambient ionization, the distribution of charge on the jj 
particles and the lifetime of each charge state, the distribution of charge g 
on the collecting drops, and the magnitude and orientation of any steady- "ij 
state electric field in the vicinity. This report contains a preliminary |i 
survey of these parameters, which is intended to establish order of 
magnitude estimates where possible and to expose areas requiring further 1 
study. 

It is useful to briefly summarize some salient aspects here, When 
8 - 3 - 1 the volume ionization rate exceeds 6><10 cm s (for 0.1 urn radius-particle 

decay rates of ^3*10 Bq), the resulting bipolar equilibrium ion concen
tration is determined principally by ion-ion recombination rather than by 

5 -3 ion-droplet attachment and exceeds VixlO cm vhich is comparable with that 
produced in atmospheric corona discharge. Various kinds of average values 
characterize the particle charge distribution. For monodisperae 0.1 um radius 
particles, the average absolute charge appears to be at least one electronic charge 
regardless of any radioactive decay and ma; be several times this value < 
for higher rates of ionimion. The average algebraic (or net) charge is 
* - O.le until the ratio of the particle decay rate to the ambient ion 
concentration becomes comparable with the attachment coefficients .( 
(^10" cm s ) , whereupon it turns positive and asymptotically approaches 
the magnitude of the average absolute charge. This sign change is due to 
the competition between the particle decay rate, which generates a positive • 
bias, and the ionic mobility, which shows a preference for negative ions. ,-i 
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Droplets are expected to be predominately negative (again due to the 

greater mobility of the negative ion) with a quadratic variation on radius. 

Electric field Intensities have been discussed briefly without entering 

upon the very important issue of self-consistency between the charge genera

tion and separation mechanisms in clouds (which are still controversial) 

and the high Ionization which provides a leadage current that oust limit 

the growth of any electric field. Nevertheless, observations by Holzer 

suggest persistent fields of at least 10 kVm . Electrical aspects of rainout 

are addressed briefly within the framework of a two-stage process involving 

first, the attachment of submicron particles to droplets, which then are 

removed through inertial capture by falling raindrops. The largest attachment 

coefficient for the first stage is expected to occur in the high electric 

field limit studied by Williams. For 0.1 W radius particles, this rate 
-4 -1 -1 

exceeds 10 s when E > 50 kVm and may exceed this value in still lower 

fields if the specific activity of the material is increased. The electrical 

attachment rate, regarded as a function of particle radius, passes through 

a relative minimum which need not be as deep as the associated Greenfield gap. 

The dependence of the attachment rate upon the particle charge is 

crucial in all of these considerations. Clearly, the "charge-state" of n 

particle (i.e., 0, tie, +2e, ...,) is not a constant in time, It has a 

definite mean lifetime in a bipolarly ionized environment. If this lifetime 

is lon£ compared with the time it takes for the parti-le to drift through a 

distance of the order of a droplet radius under the action of an applied 

field, then the result obtained by Williams is applicable with the mean 

absolute charge assumed for the particle. The particles reach the droplet 

surface in thiB case by electrical conduction. In the other extreme, for 

which the lifetime of the particle charge state is short compared with the 

characteristic electrical drift time, the result obtained by Williams may 

be applicable, but only if the particle charge is taken to be the 
34 



(smaller) mean algebraic charge. Particles nay reach the droplet surface 

in this case by a kind of electrical diffusion. 

These considerations are illustrated in Fig. 7. The lines of constant 

attachment rate A are derived from Eq. (14) with~JQ| equal to one 

electron charge. This E vs R plane is subdivided into three regions by 

lines of constant V T, where V- • eBE is the electrical drift velocity 

and T la the particle-charge lifetime (taken here to be =5 ros). This 

product represents the distance through which a particle will drift under 

the action of the applied electric field during the lifetime of its charge. 

The area of principal concern falls within a superimposed rectangle. The 

upper field limit represents the breakdown of dry air, (Maximum thundercloud 

fields are somewhat less =400 kVm" ) . The lower field lir - (-10 kVm ) is 
33 estimated from the nuclear test observations made by Holzer, The left and right 

boundaries are compatible with the range covered by natural cloud droplet 

distributions (5-30 urn). The electrical theory of attachment developed by 

Williams is applicable in the upper left corner (the conduction region) 

where VLT % 50 w and is questionable in the lower right corner (the 

diffusion region) where V T i 1 urn. Unfortunately, the bulk of this area 

falls over the transition region within which neither of the previous 

limiting expressions is directly applicable. An investigation in this 

transition region must take into account the stochastic character of the 

particle charge as well as the fluid flow velocities which carry the 

particles past the droplets even in the absence of a particle charge. Such 

an investigation would be of considerable interest. 

The most glaring weakness in the present survey is the absence of any 

self-consistent determination of the electric field in the presence of 

high ionization. Such a determination is possible only after the various 
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charge transfer and separation mechanls-iB in natural clouds have been 

identified and taken Into account with appropriate modifications for the 

Increased ion concentrations expected. All charge distributions, ion 

concentrations, and fields must then be recomputed simultaneously in 

accordance with the Maxwell equations. It is expected that the high 

ionization will provide leakage currents which must limit the growth of any 

electric field. 

Turbulence is another area of considerable Interest. Williams estimated 

that turbulent diffusion alone could increase the attachment rate of submicron 

particles to droplets by at least an order of magnitude. Thus far, turbulent 

effects have not been included in estimations of the electrical aspects of 

attachment. 

Finally, while comfort may be realized by extending theoretical analyses I 
i 

smoothly from the natural cloud environment without appreciable amounts of • 

radioactivity over to the unusual circumstances being imagined here, r.here •: 

la a need for controlled experimental verification of the expected parameter • 

variations and, independently, also of the overall result in order to sub-
j 1 

1 

stantiate the microphysical mechanisms responsible. 
i 
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FIGURE CAPTIONS 

Fig. 1. Representative attachment rates for particles of various radii 
in cloud air. Curve A represents inertial capture of particles 

9 by raindrops and curve B represents attachment of particles to 
41 raindrops considering Brownian .'iffusion and convection. A 

rain rate of 10 nmh Is assumed for both cases. 

Fig. 2. Equilibrium ion concentration as a function of the ambient 

electric field strength or the number of charges per droplet 

(10 um radius, 300 cm ), for various ionization rates at an 

altitude of 2 km. Ion recombination limitB the concentration 

for low values of field (or charge) while ion-droplet attach

ment predominates for high values. 

Fig. 3. Mean electric charge of slropa summarized by Takahashi, Solid 

circles indicate warn cloud case with negative charge; open 

circles, warm cloud case with positive charge; solid triangles, 

thunderstorm case with negative charge; open triangles, thunder

storm case with positive charge. Letters identify the various 

observers. 

Fig. It. Number of droplet charges versus radius expected in a uni-polaT 

or bipolar ionic environment compared with observational 

evidence (dashed lines). 

Fig. 5. Partlcle-to-cloud drop attachment rates due to electrical Inter

actions. The curves represent attachment to monodisperai; 10 urn 

radius cloud droplets (300 cm ) in an external electric field 

of 300 kVm" . The curves are labeled by the specific activity 
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[Bq pg ] of the particles. 

Particle-to-cloud droplet attachment rates due to 

electrical interactions. The curves represent attachment 
.3 

to monodisperse 10 un radius cloud droplets (300 cm ) 

in an external field of 10 fcYm" . The curves are labeled by 

the specific activity [Bq pg ] of the particles. 

Dependence of attachment rate, A , on droplet radius and 

imposed electric field. The product, V T, represents the 

distance through which a 0.1 um radius particle will drift 

under the action of the applied electric field during the 

lifetime (-5 ms) of its charge (-le). Calculated attachment 
42 rates are strictly valid only in the region dominated by 

conduction and have been extrapolated through the transi

tion and diffusion regions. The rectangle bounds the 

area of principal interest. 
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APPENDIX k 

Atmospheric Parameters 

Principal interest here ceaters on the properties of the lower 

troposphere where the phenomena commonly associated with the weather occur. 

Various parameters such as temperature, concentration, density, pressure, 

molecular mean free path, and viscosity are needed for subsequent estimates. 

Representative values for these quantities and their variation with altitude 

are listed in Table Al, These values are based upon the idealized standard 
al atmosphere. 

al. 1). S. Standard Atmosphere, 1962 (U. S. Government Printing Office, 

Washington, D.C., December, 1962). 

51 
•* W tll=V; tfi.-j. • j u i " ;.•.-, u, v.)j;s;n":.v;,ii;;w;Ti1 



Table al. Standard Atmospheric Data 

Parameter Altitude [km] 
4 6 10 

r,_19 -3, [10 cm J 
Temperature [K] 
Concentration 
Density [kg m - J ] 
Pressure [kPa] 
Saturated Vapor Pressure [Pa] 
Molecular Mean Free Path [mn] 
Viscosity [uPa a] 

288 275 262 249 236 223 
2.55 2.09 1,70 1.37 1.09 0.858 
1.23 1.01 0.819 0.660 0.525 0.413 

101.3 79.5 61.6 47.2 35.6 26.4 
1700 706 265 70.4 18.1 3.9 
66.3 80.7 99.2 123 155 197 

17.9 17.3 16.6 15.9 15.3 14.6 

r. -i , u= jyuifc*Div^Lixiiai 
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APPENDIX 

Fate of Free Electrons 

Estimates of the concentration and the transport coefficients of free 

electrons are obtained here. Primary electrons collide with gas molecules 

to form positive ions aud secondary electrons. Negative ions are formed 

by attachment of these secondary electrons to neutral gas molecules at low 

energy in the presence of ions, particles, and cloud droplets. 

The concentration, n , must satisfy a rate equation of the form 

ne " % ' ( V o + a e n + 6 e N + Y
e

c > n e ' < B 1) 

where q is the electron production rate per unit volume, a n represents 

the attachment rate to neutral molecules, a'n symbolically represents 

the attachment rate to all other ionic species, 8 N represents the attachment 

rate to both neutral and charged particles, and Y C represents the attachment 
e 

rate to cloud droplets. (Summations over Individual charge states have been 

suppressed.) 

Electron attachment to gas molecules at tropospherlc densities occurs 

via three-body processes. The principal reactions enumerated by Phelps 

all generate 0 ", The effective attachment rate at an altitude of 2 km is 

taken to be a n » 5x10 s , which Is the appropriate weighted sura of the 

various three-body contributions. The principal reactions involved in 
hi electron-ion combination have been enumerated by fiiondi. The effective 

combination coefficient (at 2 km) is taken to be a' = 5x10 cm s , which 
is the appropriate weighted sum of the various two- and three-body con-
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trlbutions. Enhancement of this value in humid air has been studied by 

Prasad and Craggs. 

The attachment of electrons to particles and to droplets depends upon 

the electron diffusion coefficient. It is known that the drift velocity, 

v e, the nobility, u g = v gE , and the diffusion coefficient, D , all depend 

upon the strength of any applied electric field, E. Estimates for these 

quantities can be obtained by extrapolation from the data for electrons in 

air which has been summarised by Huxley and Crompton and others, " The 

following empirical expressions are useful for this purpose: 

v e = (1 km s" 1 )[40.2(E/no)+1.34(E/no)2] (B2) 

and 

D u - 1 = (0.165 V ) ( E / n ) 3 / 4 , (B3> 

-1 3 where E/n is expressed in [fVm cm ]. Equation (B3) is applicable for 
-1 3 E/n i f V m cm . Table bl contains some representative values of these 

19 -3 quantities when n - 2x10 cm . 

An estimate for the attachment coefficient between electrons and a 

spherical collector of radius R can be made by using the expression, 

4nRD , provided that the radius exceeds the electron mean free path. For e 
2 - 1 2 _l 

an atmospheric field of 10 Vm , D = 140 cm s , which corresponds 
3 -1 

to a mean free path of approximately 0.4 vm. Thus obtain 6 ~ 0.18 cm s 
3 -1 for a 1 urn particle and y - 1.8 cm s for 10 pra droplets. 

A steady-state electron concentration can now be estimated. As an 

example, suppose that q = 10 cm s ', n - 8x10 cm , N = 10 cm" , 

and C = 300 cm" . Then a'n = 40 s , 6 N = 1.8*10 s" , and y C = 540 s" 1, 

all of which are small compared with the attachment rate to neutral 
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Table bl. Representative values for the drift velocity, v , the nobility, 

v , and the diffusion coefficient, D , of an electron at an altitude of 

approximately 2 km for various electric fields, E, of Interest. 

E [Vnf1] 

102 io3 4 
10 

5 
10 

6 
10 

E/n 
0 

-1 3 
ffVtn cm ] 0.005 0.05 0.5 5 50 

E/p [V nf 1 Pa"lJ 1.25 12.5 K5 1250 12500 

(km s 1 0.45 1.4 4.5 15 73 

r 2 i n - 1 - J , 
[m kV 8 ] 

4500 1400 450 150 73 

D 
e 

lm ks ] 14 25 44 84 100 
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7 -1 molecules, a n s 5x10 s . It follows that an equilibrium concentration 

n e = iJVJ'1 ( B 4 ) 

is attained over a characteristic time-scale, t = n q " . Under the 
e e e 

above conditions, n « 200 en Is attained in 20 ns. 
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APPENDIX C 

Ambient Ion Concentration 

Factors which determine the steady-state ion concentration are enumerated 

here. The concentrations of positive and negative Ions, p and n, depend upon 

a dynamic balance between the positive ion production rate per unit volume, q, 

and the various recombination and attachment processes among the ions, aerosol 

particles, and cloud droplets through rate equations of the form 

p - q - (an + 6N + f O p , (Ci) 

n " aeVe " ( a p + B'N + ,f' c> n . (C2) 

1 - where a is the ion-ion recombination coefficient, BN and B'N symbolically 

| represent the overall attachment of ions to aerosol partlclee, and fC and 

y'C symbolically represent the overall attachment of ions to cloud droplets. 

[ The product, <* » n , represents the negative Ion formation rate per unit 

volume due to electron attachment to neutral molecules. All other electron 
1 interactions have been suppressed here because of the anticipated small 

I concentration of free electrons (cf. Appendix B). 

Estimates described in Appendix B indicate that the tropospheric free-L electron concentration is veil approximated by n - q (a n ) , (cf. Eq. B4). 6 6 C 0 

The electron production rate per unit volume, q , is essentially the same 

I- as the positive ion production rate, q. Let A be the specific activity of 

I" the radioactive material and suppose that each disintegration introduces 

0,5 MeV into the medium. At a cost of 33.7 eV per electron pair, this 
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energy will produce 1.48x10 pairs per disintegration. Hence, a concentration 

of N radioactive particles, each with a representative mass s, will contribute 

a total ion production rate per unit volume of 

q = (1.5xl04)AaN (C3) 

= q = c. n n e e o e 

For example, if Am « 6 Bq and N = 10 cm" , then q = 10 S c m ' V 1 . This is 
-3 -1 to be compared with ion production rates of 10 en s due to natural 
c2 radioactivity and cosmic rays in the troposphere. 

The product, an, represents the volume recombination rate of positive 
c3 and negative loss. The commonly accepted value for the recombination 

-6 3 -1 
coefficient of small atmospheric ions Is o • 1,6x10 cm s" . Measured 
values range from 1.4x10" cm s" obtained by Nolanc to 2,4*10" cm s~ 

cS obtained by Sayers. The absolute temperature dependence Is 

a « ( U x K f 6 CB3s**1)(273/T)3y'2 (C4) 

according to the three-body process envisioned by Thomson. Representative 

estimates at an altitude of 2 km "ill be made using a - 1.6*10" cm s" . 

The products, 8N and B'N, represent the overall attachment of small 

atmospheric ions to aerosol particles with a total concentration, N, but 

nany charge states, each with a concentration, N.. Thus, 

W - I 6, ,N. and 8'N - I « .N, , (C5) 
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where ^ . and 8_ 1 . are the coefficients for the attachment of singly-

charged positive and negative ions, respectively, to aerosol particles with 

j electronic charges. Estimates for the value of these summations will be 

made here by talcing 

* 0' S' = B 1 Q = 4*aD , (C6) 

where a is the particle radius and D is the diffusion coefficient for the 

small Ions. (A more detailed discussion of the coefficients, 6 , and 
-iiJ 

the resulting particle charge distribution is given in Appendix D). For 
2 -1 Brownian diffusion of small ions it air, D - 3 mm s (cf. Appendix D). 

So, if a = 0.1 urn and N = 10 cm - 3, then ft! = 0.04 s" 1. 

The products, yC and y'C, represent the overall attachment of small 

atmospheric ions to cloud droplets with a total concentration, C, but many 

charge states, each with a concentration, C.. Thus, 

YC = I Y, ,C. and Y'C - I Y i ,C. , (C7) 

where y. . and Y I A are coefficients for the attachment of singly-charged 

positive and negative ions, respectively, to cloud droplets with j electronic 

charges. For a large droplet charge and no applied electric field, 

V i M - u " ^ o " 1 u > 0 ) ( C 8 ) 

where u la the ionic mobility and e > 8.85 pFn" . (Note that the attachment 

coefficient la independent of the droplet radius in this limit). For a large 

applied electric field, E » |e*|(4« R V 1 , 

60 



saamimtmBt&eZ 

h,ry-i.j"\o ****** ' ( c 9 ) 

where R Is the droplet radius. A droplet, situated In a bipolar atmosphere) 

will collect lona of both signs simultaneously so In such a case the 

overall attachment coefficient will be twice as large aa Eq. (C9). Estimates 

for the magnitudes of the summations, Eqs. (C7), will be made here In two 

extreme cases: (1) all droplets have sane maximum charge, |ei| and E • 0, or 
2 2_ -1 -1 (2) I - 0 and E 1* 0. Take R - 10 um and y *10 irorV s (cf. Appendix D ) , then 

/ 

(2xl0-6 cmV 1)* i»0; E - 0 
(CIO) 

(2xlO - 7 c i . V ^ E 4=0 ; E » 0, 

where E Is in [Vm ]. 

The steady-state ion concentration which follows from Eqs. (CI) and 

(C2) when n = p is 

n * -(BN + rC)(2a) _ 1 + [(fffl + YC) 2(2a)" 2 + q a " 2 ] 1 ' 2 . (Cll) 

For most cases of present interest, the ion production rate is so large thai: 
1/2 -1 

(q/a) greatly exceeds (SN + YC)(2a) . Then ionic recombination dominates 
1/2 over attachment and n = (q/a) . In the opposite limit which is applicable 

to the natural environment, attachment dominates over recombination and so 

n = q(BN + Y C ) ~ . Equation (Cll), together with the above estimates for the 

coefficients, has been used to construct Fig. 2. 
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APPENDIX D 

Ionic Conductivity, Mobilities, and Diffusion 

The electrical conductivity of a medium is directly proportional to 

the ion concentrations. If a and a are the polar conductivities of 
p n 

positive and negative Ions, respectively, then the electrical conductivity, 

o « a + o . The polar conductivities are proportional to the polar 

mobilities, u *ad u , and to the polar concentrations, p &ad n, so that 

o • eu p and a • en n , (Dl) 

where e is the electron charge, 

Mohnen ' has reviewed the formation, nature, and nobility of loos 

of atmospheric laportance, The mobility of natural atmospheric small ions 

forms a spectrum with all values represented lying roughly between 2 0 and 

250 nmV~ s~ . The most frequent value is then reported as the average 

nobility. Unfortunately, more than one peak can exist In the frequency 

distribution depending upon the gaseous composition of the atmosphere, The 

average nobility value for both negative and positive small ions is smaller 

In the (humid) atmosphere than it Is in (pure) laboratory air with artificially 

increased ionization introduced just prior to the mobility analysis, This 

decreased mobility may be due In part to the formation of hydrated clusters. 

Mass spectrometry analysis suggests that clusters with A to 8 water molecules 

are common. The average nobility of negative ions exceeds that of positive 

ions. Various explanations have been proposed for this effect.*33 Some 
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representative average mobility values *re listed in Table dl. 

The Brovnian diffusion coefficient Is related to the mobility by th« 

Einstein relation! 

eD • ukT , (D2) 

where e is the electron charge, k is the Boltzmamt constant, and I is 

the absolute temperature. Sy using the average values for humid air at 
2 -1 STP from Table dl, one obtains D - 2.68 and D = 2.92 In [mm s ] P n 

positive and negative ions, respectively. 

Both u and D vary with altitude. Since u Is proportional to the mean 

free path and inversely proportional to the mean thermal speed, It follows 

that 

p - u o(P o/P)(T/T o) 1 / 2 and D - D o ( P 0 / P ) ( T / T o ) 3 / 2 , (D3) 

where the reference values of the pressure and temperature are P and T . 

Tae values listed in Table d2 have been computed from the standard 

atmospheric data given In Appendix A. The results are somewhat smaller 
d4 than the values UBed by Griffiths, et al. 
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Table dl. Representative average Ionic mobilities of snail atmospheric 

Ions (corrected to SIP).*12 

Environment 
P n 
[nmV" s ] 

n p 

Humid Air 

Pure Air 

114 i 11 124 * 17 

133 ± 5 184 i 9 

109 ± S 

139 i 12 
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Table d2. Average Ionic nobilities and diffusion coefficients as a function 

of altitude in humid air. 

[ 

[mmW 1 ] 

r 2 ~h [mm s 

1 17 1 46 1 84 2 34 3 02 3 95 

1 27 1 59 2 00 2 54 3 28 4 30 

2.90 3.45 4.14 5.01 6.13 7.59 

3.16 3.76 4.51 5.46 6.68 8.27 
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APPENDIX E 

Particle Charge Distribution 

Addioactive aerosol particles situated in a bipolar atmosphere can 

become charged by che attachment of positive or negative ions and also by 

beta decay. The concentration of monodisperse particles ulth j electronic 

charges, N , is governed by a rate equation of the form (for any positive 

or negative integer j)s 

" j " VVrV- 6-i,j n N j + S I , H P V i + 6-i,Mn V r \? V (E1> 

•where A is the beta activity per particle, p and n are the concentrations 

of positive and negative ions, and the 8 +, , are attachment coefficients 

between positive or negative ions (il) and particles in charge state j, 

(Interactions involving electrons have been suppressed). Consideration 

of all integers j in the range [-1,1] for some fixed 4>0 leads to 2«+l 

coupled equations involving 2MO charge states. If J. is sufficiently 

large, it is permissible to neglect the terms: -AA+B.j^ l + 1 n u ^ - ^ tP N^ 

in the equation for which j"t and the terms: A N ,,+B, . ,p N , ,-j , n » 

la the equation for which j*-U The steady-state solution of the resulting 

closed set of equations yields a recursion relation, 

8-l.j+l" Nj+1 " <B l i dP + A^JKJ . <E2) 
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(expressing the principle of detailed balance) which cat) be used together 

with the constraint that the total number of particles, 

i 
N - I N, , (23) 

-1 to determine the ratios N.N as functions of two parameters and the various 
el 

attachment coefficients. The parameters are: the concentration ratio 

p • pn , which is frequently unity, and & » A p~ , which measures the 

Importance of radioactive decay. Explicit formulas are gives in Table el 

for the case H»3. 

Attachment coefficients have been calculated with varying degrees of 

refinement ~ including differences in the ionic nobility, the effect of 

the induced image charge, and corrections for curved collisionlesa flow 

near the particle when the Ionic mean free path exceeds the particle radius. 

For illustrative purposes, only the differences In ionic nobility (cf. 

Appendix D) and the direct charge-charge interaction will be retained here. 

In this particular limit, 

B : - fcra D pI<J) and B_j - fcra y H ) , (E4) 

where a is the particle radius, D and D are the diffusion coefficients for 
P n 

positive (p) and negative (n) ions in air, and the function 

I(j) = 2jbtexp(2jb)-l]_1 (ES) 

depends upon the nondimenslonal parameter 

2b - e 2(4re oakT)" 1 = (16.68 urn K)(aT) _ 1 . (E6) 
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Table el. Explicit formulas for determining the particle charge distribution 

when just 3 charge states of either sign are considered. The parameters are 

<5 • A p~ and p • pn . 

\ - >\i + W*-ltf\ N_2 - P " 1 ! ^ ^ + « ) % 

N 3 - p(l l > 2 + SHl_U3)-\ N_ 3 - P" 1^ 1 (_ 2(S 1 >_ 3 + 6 ) ^ 

N N _ 1 - 1 + (N. + N,. + N, + N , + M, + N ,)N _ 1 

O 1 ~1 2 -I 5 -J 0 
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These formulas provide a reasonable approximation when the particle radius 

exceeds 0.1 lira. Some representative values are ll6ted In Tables e2 and e.3 

for the particular esse when p = n. The present theory does not take the 

presence of a strong applied electric field into account. 

Particle charge distributions can be characterized by various kinds 

of mean valueB. The average positive charge and average negative charge 

are 

Q n « d f l ( Z jN.) and (F - - O l ' h Z jB ,) , (E7) 
P j-1 5 ^ j-1 "I 

respectively. Then the average absolute charge Is 

iQl - Q p + lQnl (E8) 

and the average algebraic charge is 

Q • Q p + Q n • (E7) 

Each charge state j has a definite mean lifetime even in the absence 

of any radioactivity. A characteristic destruction rate for charge state j, 

V V + B - i , j n + A

P - p ( 6 i , j + s-i,/ 1 + 4 ) - ( E 1 0 ) 

where p • pn" and 4 • A p" , follows from the structure of Eq. (El). The 

corresponding half-life is 

ij = ttj)"lM2) . (Ell) 
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Table e2. Approximate attachment coefficients [10 cm a' ] between small 

atmospheric ions and aerosol particles of radius 0.1 urn at an 

altitude of 2 to. 

J \ i i • - , J * - l , d J s. 
0 4.34 6.31 0 4.72 -1 5.79 
1 3.15 8.16 -1 3.43 -2 7.49 
2 2.22 10.3 -2 2.42 -3 9.43 
3 1.52 12.6 -3 1.66 -4 11.6 
4 1.02 15.1 -4 1,11 -5 13.8 
5 0.663 17,7 -5 0.722 -6 16.2 
6 0.423 20,4 -6 0.461 -7 18.7 
7 0.266 8 23.2 -7 0.290 -8 21.2 
8 0.164 9 26.0 -8 0.179 -9 23.8 
9 0.100 10 28.8 -9 0.109 -10 26.4 

10 0.0606 11 31.6 -10 0,0660 -11 29.0 

11 0.0363 12 34.5 -11 0.0395 -12 31.6 
12 0.0215 13 37.3 -12 0,0235 -13 34.3 
13 0.0127 14 40.2 -13 0.0138 -14 36,9 
14 0.0075 15 43.1 -14 0.0081 -15 39.5 



Table e3. Approximate attachments coefficients U0~" an 3s~ l] between small 

atmospheric Ions and aerosol particles ol radius 1,0 urn at an 

altitude of 2 km. 

J •l .J J ' *-l,J 3 B-1,J J B1,J 

0 43.4 1 48.7 0 47.2. -1 44.7 
1 42.0 2 50.2 -1 45.8 -2 46.0 
2 40.8 3 51.7 -2 44.4 -3 47.4 
3 39.5 4 53.2 -3 43,1 -4 48.8 
4 3S.3 5 54.8 -4 41.7 -5 50.3 
5 37.1 6 56.4 -5 40.4 -6 51,7 
6 35.9 7 58.0 -6 39.2 -7 53.2 
7 34.8 8 59.7 -7 3'/, 9 -8 54.7 
8 33.7 9 61,3 -8 3(u7 -9 56.3 
9 32.6 10 63.1 -9 35.5 -10 57.9 

10 31.5 11 64.6 -10 34.3 -11 59.4 
11 30.5 12 46.6 -11 33.2 -12 61.1 
U 29.5 13 68,3 -12 32.1 *13 62.7 
13 28.5 14 70.2 -13 31.0 -14 64.4 
14 27,5 15 72.0 - U 30.0 -15 66.1 

?3 



Such characteristic time scales are Indicative of the period during which 

an electric field can urge a particle la that charge state toward a collecting 

droplet. 

If the ion production rate la sufficiently large so that the steady 

state ion concentration is limited principally by recombination (and not by 

attachment, cf. Appendix C), then p = n a (1.5x10 A N/o) ' . In this case, 

a useful parameter is 

siE VP' 1 * x + (h,i+ e - i , / _ 1 • <E12> 

which compares the mean time between beta decays of a particular particle 

to the mean lifetime for charge state j, 
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APPENDIX F 

Equilibrium Boltzmann Distribution 

Keefe, Nolan, and Rich have estimated the charge on droplets (or 

particles) of radius R, which are nixed with bipolar ions, by assuming that 

the equilibrium distribution of charge follows a Boltzmann distribution law. 

The concentration of droplets with x elementary charges (without regard 

for sign) is 

C x - 2Coexp(-bx2) , (Fl) 

where C is the concentration of neutral droplets and the parameter 

b - e2(8ire Rkfl - 1 = (8.34 um K)(RT) _ 1 (F2) 

represents the ratio of the electrostatic potential energy to the characteristic 

thermal energy, kT. This distribution is symmetric with respect to the charge 

sign so the concentration of droplets carrying x charges of one sign is 
0.5 C . x 

f2 f3 This Boltzmann distribution obtains ' as a limiting form of the 

solution of the general rate equations (El)(now being applied to droplets 
instead of to particles) when the decay la absent (A = 0 ) . Under these 

conditions, Eqs. (E2), (E4), and (ES) can be combined (in the diffusion 
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Unit) to yield 

ci - Cj.^fiCi-U/H-j)] . (?3) 

where n • (a fa ) is a ratio of polar conductivities and n p 

1(3) s ijblexpOttbMf1 . (H) 

The recursion relations (F3) can be combined to yield the general 

result f 4 

C - C^atpC-bi^CbJJ^Bjiihttj) (F5) 

for any value of j. If conditions are such that |bj) « 1 and the polar 
conductivity ratio can be replaced by unity, then for any j > 0, C. + C - C 
as supposed by Keefe, et al. 

Various average quantities may be defined. For radii R j 0.1 urn, 

approximate expressions (correct to better than a few percent) can be obtained 
by Integration rather than by discrete summation over the distribution (F5), 
Thus obtain the total droplet concentration 

C dx , (M) 

the total positive and total negative charges, 
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xC dx and Q : e xC dx , (F7) 
X D J A 

the average positive and average negative charge, 

Q p =- q p C - i and \ = Q ^ " 1 , (F8) 

and the average absolute and average algebraic (I.e. net) charge, 

W = <3p + \\\ and Q = Q p + Q n . (F9) 

Evaluation yields the expressions: 

C ^ V 1 
exp(z2)dz - C W b ) 1 / 2 «tp(c2) , (F10) 

Qp - eC(4b)"1exP{b/4)[n"1/2erfc<?) - n l / 2erfc(c+b i / 2)], (Fll) 

Q o - -eC(4b)_1exp(b/4){n1/2[l+erf(5)]- n" 1 / 2[l+erf(?-b 1 / 2)]} , (F12) 

where Zj_ - ? - 0.5b 1 / 2, z 2 - ? + 0.5b 1 / 2, and ? = (0.5*n(n))b"1/2. When 

n • 1 and b « 1, these expressions reduce to the simpler expressions 

C - C Q(7r/b) 1 / 2 and Q - -Q • eC(4b)"1exp(bM)erf(b1,'2)=0.5e(iTb)"1/2, (F13) 

which were obtained by Keefe, et al. When n i* 1 and b « 1, which in this 

case corresponds to large radius, another useful asymptotic limit obtains: 

Q^q n^-e(2b)" 1(n 1 / 2-ti" 1 / 2) . (F14) 
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(Thia expression doea not reduce to the corresponding limit for a symmetrical 

environnent (Eq, F13) because of the nonuniformity of the Halting processes). 

Gunn obtained a slightly different formula 

Q ̂  -e(2b)'hn(i]) , (F15) 

which is equivalent to the expression (''14) when n is close to unity. These 

exp.essions have been used to obtain the values listed in Table 5. 

Tli?. foregoing theory is applicable in the absence of an electric field. 

The enhancement of the dlffusiv.'. ion flux to cloud droplets in the presence 

of a weak (e.g., fair weather) electric field has been investigated by Klett 

who employed the theory of matched inner and outer asymptotic expansions to 

solve the appropriate continuity equations. The corresponding flux and 

resulting droplet charge distribution for very high electric fields has been 
f7 obtained by Gunn. 
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