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ABSTRACT

A simple relationship, 1/n=1/ngp+1/ny, exists between 7, a general expression for
volume recombination or combination coefficients, and its particular expressions,
7igg- in the diffusion-mobility approach (as by Bricarp and FucHs), and 55, when the
central forces acting between the particles to be combined are taken into account (as
by GUNN). The reciprocal combination coefficient 1/ may be regarded as a combina-
tion or encountering time §. For the concentrations [¢]=[k]=1 em~3, the reciprocal
recombination or combination coefficient for two species of particles (¢ and k) is 1/n =
dt| —d[i] =dt| — d[k]. For d[¢] =d[k} = — 1 cm~3, 1/5 =0 is the recombination or combina.-
tion time for two particles to be combined at unit concentrations. § =0, +0a, where
0, is the time for the diffusion-mobility stage, and A is the time for the stage in the
closest spacing between the particles, where the undisturbed diffusion-mobility treat-
ment is not more valid. Using these time periods, it can be shown that

7 =1/0=1/(6;+64) =1/(1ngp + 1/ng).

Almost all the previously known expressions
for the volume recombination or combination
coefficients of air ions and other aerosol par-
ticles at atmospheric pressure can be derived as
particular cases of a general formula, the steps
in the derivation of which have been demon-
strated by Siksna, 1963, 1964a, 1964b. For
pressures below and above that of the atmos-
phere, the problem is more complicated, as has
been indicated by SixsNa, 18645, and this case

aR'Pvy exp { —[¥(R + A)]/kT}

will not be treated here. The volume recombina-
tion or combination appears when the con-
centration of the particles under consideration
is statistically homogeneous in the whole volume.

At atmospheric pressure the general formula
for the volume recombination or combination
coefficients (in a form similar that used by
NAaTansoN, 1959, and BRIcArD, 1962) is as
follows:

N

4D R+a P

where 7 is the recombination or combination
coefficient; R =R, + R,, where R, and R, are
the radii of the particles; <(v> =V(v,>’ + v,
where <v,> and (y,> are the mean thermal
velocities of the particles; D =D, + D,, where
D, and D, are the diffusion coefficients; A is
the correction term of a boundary for the
validity of the diffusion-mobility differential
equation; ¥ is the electrical potential or
potential energy when electrical forces are
acting between the particles; P is the factor
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characterizing the enhancement of the capturing
cross-section due to the central attraction forces
acting between the charged particles and curv-
ing the linear trajectories near the target
particle; k is the Boltzmann constant; and 7' is
the absolute temperature.

As may be seen, formula (1) is applicable
when considering the recombination or combi-
nation process as & two-body problem for two
species of particles (7 and k).

However, the same expression can be used in
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considering the recombination or combination
as a three-body process (as for example, NATAN-
sowN, 1959, and Fuchs, 1963, 1964, have done),
replacing R by d =ac?/(kT), where d is the
radius of Thomson’s sphere of active attraction,
¢ 18 the elementary electric charge, and a is a
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numerical factor with the different values (1/3,
2/3, 5/12, 1/4) used by different authors.

Formula (1) can be transformed into a more
convenient expression, in which the particular
terms are more distinctly separated:
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Formula (2) is similar in form, but not exactly
equivalent in content to an expression used by
FucHus, 1963, 1964, for the coefficient of combi-
nation of ions with other aerosol particles.

Very simple relationships may be obtained
by introducing into (1) or (2) expressions for
some particular combination coefficients:

S 4nD(R+A)/f {WR A)/x]} 2, (3)

which is a generalized expression of some for-
mulas already used by Bricarp, 1949, and by
Fucas, 1955, and in the generalized form (3)
shown by SiksNa, 1963.

ne =aRPyexp{ ~[V(R + A)/kT}  (4)

is a somewhat generalized formula given by
GunN, 1954. By applying these expressions in
(1) or (2) we obtain:

1 1 1
=t — (5)
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or n=1/(1/ngr +1/nc). (5a)

The reciprocal combination coefficient 1/ may
be regarded as a combination or encountering
time, i.e. a time interval 8 =1/ in seconds, after
the passing of which it may be expected that an
i-particle will be encountered or combined with
a k-particle, when the concentration of particles
of both species is 1 per cem.

More detailed insight into this matter can be
obtained by considering the definition of the
combination coefficient given for two species of
particles by the following equation of the rate
of combination:

i) _ dik] _

gt a o iR, (6)

where [¢] and [k] are the concentrations of the
corresponding particles. From (6) the combina-
tion coefficient is

—d{i] 1 -dk] 1 om? sec-1]. (7)
= SS c—l .
U@ k) dt k)

In most cases the interpretation of this rela-
tionship is not considered and the expression
is used formally, as, for example, by McDaNIEL,
1964, whose definition is as follows: ‘“The re-
combination of two oppositely charged carriers
is usually described in terms of their recombina-
tion coefficient «, which is defined as R, the
number of recombination events per unit volume
and unit time, divided by n+n-, the product of
the number densities of the charge carriers.
Thus R =an*n—, where a is a positive quantity
with cgs units of em?/sec.”

A somewhat similar formal interpretation is
given by ISRAEL, 1957, in considering the dimen-
sion of the recombination coefficient of small
ions: ‘“The dimension (of the recombination
coefficient) is em?® sec—?; this magnitude gives
the number of occurrences (of recombination)
(without dimension) per concentration (number
per cm?®) and per time (sec): (1/cm-3)-sec-?! =
cm? sec~1.”

It may be of some interest to transform (7)
by using the expressions for the concentrations:

[¢e]= 7o [k]= v
. 4N, _dN:
d[z]——V ;o dlk] et (8)

where N; and N, are the numbers of the cor-
responding particles in the whole volume V.
Thus

—dN, V

= . 3 1 9
NN, dt[cm sec-1]. (9)

" NN, dt
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By assuming that V =1 cm?, [¢] =[k] =1 cm-3,
N,=N,=1,
_ —dN; -dN,

dt dt

7 [em3 [sec]. (10)

For unit concentrations the combination coef-
ficient can be defined as the number of combina-
tion events dN; =dN, per time period. Let us
take dt =1 sec. For 5n=10"% cm?/sec, dN, =
dN, =10-¢, so that such an interpretation is
also not of reasonable physical significance.

It seems more rational to use the reciprocal
combination coefficient:

1 [_i] [k]. _ [2] [&] . .
77_ dri] dt e (%] dt[secjems]  (11)
l_N,,N,c.dt= N,Nk.dt

or ;——dl ‘ 7 Tl ~k — [sec/cm3]. (11a)

For unit concentrations [¢] =[{k] =1 [em~2?], and
V =1 [em?], N, =N, =1. In this case d[:] =d[k]
= -1 [em~?], and dN;=dN,= —1, so that
the reciprocal 1/5 is the time period (interval)
during which the combination takes place.

This time period or interval we can call the
recombination or combination time for two
particles (one ¢- and one k-particle) in 1 cem at
unit concentrations

1/y= %t = § [sec/cm3]. {12)

For 7 =10-% [em?/sec], 0 =108 [sec/cm?], a rea-
sonable magnitude for characterizing the com-
bination process.

We now have the interpretation of the reci-
procal combination coefficient 1/n =0 as the
combination time for two particles at unit con-
centrations and can introduce this time interval
into (5). As has been shown, this time is split
into two terms, 1/9gp and 1/ng. When examining
these terms in more detail, it can be seen that
the first term describes the diffusion-mobility
stage of the combination process and therefore
it can be denoted as the diffusion-mobility term

1/nge =0p. {13)
On the other hand, the second term describes
the stage of the combination process during
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which the central forces acting between the

particles to be combined are working. This

stage is started at a distance A from the target

particle, so that this term can be written

1/ng =0a. (14)

The total combination time for unit concen-
trations is then

0=0p+8,. (15)
It is evident that relationship (15) has already
been introduced by the derivation of the
general formulas (1) and (2) when we divided
the description of the movement of the par-
ticles to be combined into two stages—the
diffusion-mobility stage and the stage in the
closest spacing between the particles, where the
undisturbed diffusion-mobility treatment is not
more valid. In general formulas (1) and (2) this
fact is not obviously shown, and the advantage
of the present treatment, as in (13), (14) and
(15), is that it shows this explicitly. In terms of
the combination time the combination coef-
ficient may be written as

(16)

Formulas (1), (2), (3) and (4) are generalized
expressions, which must be adjusted for parti-
cular cases by inserting adequate values for the
corresponding magnitudes and this task is not
easy in all cases as shown by SiksNa, 1964a. By
using relationships (5), (13), (14), (15) and (16),
this task may be facilitated.

Moreover, the general formulas used in this
paper have not been canonized and may be
improved or even replaced by other expres-
sions. For this purpose, equations (5), (13), (14),
(15) and (16) may also be useful, because the
period of the combination time may be a simple
sum of the time intervals for the different
chosen stages of the combination process.

In conclusion, it may be asked whether in
some cases the recombination or combination
time would not be of more advantage in charac-
terizing the recombination or combination pro-
cesses than the recombination or combination
coefficients used now.
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BPEMA PEKOMBUHAIIUU (COEAVUHEHUA) B BLIPAKEHUU OJ9 OB BEMHON’
PEHOMBUHAIIUU (COEMUHEHUA) NOHOB BO3/IVXA U IPYIUX A3PO30OJEN

CymecTByeT HpoCTasg CBA3b MeKAY 00beMHBIM
Koo()punMeHTOM peKoMOMHALUN (CoeqUMHEeHHA)
h W ero YacCTHHIMH 8HAYE€HUAMH hg, U h;. 3mech
ucnoasayercs ofumiee BoipaceHue pas h; npmu-
6anmenne puddysuoHHol moaBmmHOCTH Bri-
card n Fuchs paa h; a ansa hg y4uTHBAIOTCA
LIeHTpaJbHLEe CHJIH, [eWCTBYIOHIME MEHAY 4Ya-
CTHLIIAMH TpuU B3amMofeificTBum Kak y Gunn’a.
O6muit xkoadpduuuent 1/hA MomKHO paccmarpu-
BaTh KaK BpeMs COGTUHEHHA HIIH CTONKHOBEHHA
0. Ona wouuentpanuit [¢]=[k]=1 cmM~3 obumit
KoadpduumenT 1/h nia gByX BUAOB YacTul (¢ U k)

pasen l/h=dt/ ~d[¢]=dt] ~d[k]. Hdaa d[i]=
dlk]l=—-1cm3 1/h=0 snABAAeTCA BpeMeHeM
pexkoMOuHauuM (COeqUHEHUA) MABYX 4YaCTHL,
COeUHAINXCA NPU PABHHX KOHIEHTPALMAX.
0=0, +0a rue 8, — Bpema cocroanua guddu-
3HOHHON NMOABMMKHOCTH, a §o — BpeMs, Korma
YacTUIH HAXOXATCA Ha OamkaiimeM paccros-
HHUHM Jpyr OT Apyra ¥ HeBo3MellleHHasa IuPPy-
3HOHHAA TPAKTOBHKA HeBepHa. Mcmonpaya stu
BpeMeHa, MOKHO IIOKa3aTh:

h=1/6=1/(6, +0)=1(1/hgy + 1/hg)
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