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Ionic recombination in a dense plasma is studied by the application of molecular dynam-
ics and Monte Carlo simulations and through the development of transport theory. For
charge densities exceeding 10'* cm 3, the modification of the effective interaction between
positive and negative ions leads to a significant reduction in the recombination rate at pres-
sures below 1 atm. At higher pressures the rate is less sensitive to the ion density. The
presence of an external field also inhibits the recombination rate. This latter effect may be
especially important in rare-gas —halide discharge laser plasmas.

I. INTRODUCTION

There has been a resurgence of interest recently in
ion-ion recombination due to the development of
excimer lasers. In rare-gas—halide and metal-
vapor —halide lasers, recombination of rare gas or
metal positive ions and halogen negative ions is the
formation mechanism for the upper laser state.!
Although experimental measurements of ionic
recombination rate coefficients have been per-
formed for some molecular ions (see the review by
Mahan?), for most ionic species one must rely upon
theoretical calculations. The theory of ionic recom-
bination has a long history, which is discussed in
the excellent review of the subject by Flannery.’ In
brief, Thomson* gave an early theoretical model for
ionic recombination at low pressure, while Lang-
evin®’ predicted mobility limited recombination at
high pressures. More recently, theories by Natan-
son® and by Bates and Flannery’ have bridged the
region between low and high pressure. The simpli-
city of the theory has permitted the development of
simple scaling laws and universal curves®® for ter-
molecular recombination.

The theoretical work just described has assumed
a low ion density where possible collective effects
can be ignored. In lasers, however, ion densities
may easily exceed 10'* cm~3 and sometimes even
10"® cm™3. In such plasmas, screening of the
Coulomb potential between ions by other ions,
which should have the effect of slowing down the
recombination rate, may be significant. In order to
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assess the importance of plasma screening upon ion-
ic recombination, Morgan, Whitten, and Bardsley'°
have performed Monte Carlo calculations of the
ionic recombination rate using a Debye-Huckel
(DH) screened potential and a simulation procedure
developed by Bardsley and Wadehra.!! However, it
is assumed in the derivation of the Debye-Huckel
potential that there is an equilibrium distribution of
charged particles. This is not correct when recom-
bination is occurring, since the flow of oppositely
charged particles toward one another modifies the
pair-correlation function.!? The effective potential
should instead be obtained from a self-consistent
solution of Poisson’s equation and the transport
equations.!> Furthermore, the use of a screening
potential neglects the discretization of the charge in
the plasma and so introduces some error due to
self-screening.

Bates has pointed out another effect that becomes
important at such high ion densities. The ions are
created at finite separations and one cannot consid-
er recombination as the culmination of the ap-
proach of a pair of ions initially at infinite separa-
tion. Instead one should introduce a volume source
of ions. Bates'? suggests that at high neutral densi-
ty the resulting recombination rate must be close to
the Langevin-Harper value of 47Ke, where K is the
sum of the mobilities of the positive and negative
ions.

In this paper we will present an improved trans-
port theory, appropriate at high neutral densities, in
which ion-ion recombination is treated in terms of
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pair-correlation functions and an effective interionic
potential, and will review the Monte Carlo simula-
tions.!” In both of these approaches the important
three-body correlations are treated approximately.
The major aim of the paper is to present the results
of molecular-dynamics (MD) simulations in which
we follow the motion of many interacting ions and
so avoid most of the approximations inherent in the
other two methods. As in the previous work,® the
specific reaction studied is

Krt+F +Ar—KrF* +Ar.

Finally, we will discuss the effect of an external
electric field upon the recombination rate.

II. THEORY OF ION-ION
RECOMBINATION IN DENSE GASES

In this section we will discuss the theory of
recombination in gases in which the neutral density
is sufficiently high that diffusion theory can be ap-
plied. We will relate the recombination rate to the
ionic pair-correlation function and try to avoid the
explicit introduction of three-body correlations. Al-
though we will calculate an effective interionic po-
tential, we will take account of the production and
recombination of ions and so will not obtain the
standard Debye-Huckel form for this potential.

Let g, (r) be the pair-correlation function (also
called the radial-distribution function) for ions of
the same charge and g_(r) be that for oppositely
charged ions. Defining the average ion density to
be n;, we write

ny(r)=n;g.(r). (1)

Then, for example, n_ (r) gives the density of posi-
tive ions at a distance r from the position of a given
positive ion, and the density of negative ions at the
same distance from a known negative ion. Let us
further define the associated particle currents to be
J .(r). Thus, at a distance R from a known positive
ion, the outward flow of positive ions is given by
J ,(#), and that of negative ions is J _(r). We as-
sume that the neutral density is sufficiently high
that these ionic currents can be calculated by dif-
fusion theory,

T .(N=—DVn,(r)5Ken (r\Ve(r) . 2)

In this equation, D denotes the sum of the diffusion
coefficients for the two ion species, K is the sum of
the mobilities, and ¢(r) is the average electric poten-
tial at a distance » from a positive ion.

Note that the use of Eq. (1) involves several ap-

proximations. The use of a single pair of coeffi-
cients, D and K, is correct for the relative motion of
oppositely charged ions, but represents an average
of the two different values that should be used for
the motion of ions of the same charge. This simpli-
fication seems worthwhile since we are mainly con-
cerned with the flow of oppositely charged parti-
cles, and this approximation avoids the need for the
introduction of three correlation coefficients. The
use of a single electric potential ¢(r) implies that
the average potential experienced by a test charge at
a distance » from a given positive (or negative) ion
is independent of the sign of the test charge. This is
a consequence of our neglect of three-body correla-
tions.

We will assume that recombination can occur
only if ions of opposite charge approach to within a
separation 7, and that w is the probability that any
pair of ions whose separation becomes less than 7,
actually do recombine. We will assume that r is
sufficiently small that when r < rg the effective ion-
ic interaction is Coulombic, so that the recombina-
tion probability w can be computed using a two-
particle Monte Carlo simulation with an unscreened
potential.!! On the other hand, r, should be large
enough that for » > r the electric fields are not so
strong that diffusion theory becomes invalid. The
recombination rate @ can then be computed from
the net inflow of oppositely. charged particles at
separation 7:

2
a=—2T"7 (ry). 3)

n;

Using diffusion theory, the inward flow can be
written approximately, in terms of the ion density
n_(rg) and the average relative speed 7. We find

J_(r0)=—n_(ro)%w . 4)

The electric potential ¢(r) is obtained from the
Gauss solution to Poisson’s equation. We write

pir=e [~ %dr' , (5)

where the screened charge q(r) is given by

a=1+47 [ [0, () —n_("))"%dr . (©)
To ensure total charge neutrality we require

fom [n (F)—n_(r)]r'%dr'=—1, (7)
so that

q(r)=—4r frw [ny(r)=n_(r")]r'%dr' . (8
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The particle current 7t(r) must satisfy the con-
tinuity equation

VT .(nN=S(r), 9)

where S(7) is a volume source term, which is equal
to the difference between the rate of creation of ion
pairs at a separation r and the rate of disappearance
of ion pairs due to recombination of either ion with
a third charged particle. We will assume that ion
creation occurs homogeneously at a rate sufficient
to balance the recombination events. The rate of
third-body recombination is proportional to the pro-
bability of finding two ions of opposite charge at
the same distance 7 from a reference charge. Thus
we write

S=an,~2—an+(r)n_(r) . (10)
Note that

S(r)—>0 as r—ow , (1m)
provided that

ny(r)—n; as r—o . (12)

This is required if the net production rate is to
remain finite when integrated over all space.

Returning to Eq. (2), let us assume that coeffi-
cients of mobility and diffusion are connected
through the Einstein relation. The outward flow of
particles is then given by

d _e* qr)
—_p|%-e 9" , 13
J(r) KT 2 ny(r) (13)

and the continuity equation becomes

—D d
r2 dr

d_ e’ g
dr kT r2

2

n,.(r)

=a[nf—n (Mn_(r], (14)

where g(r) is given, in terms of n_ (r) and n_(r), by
Eq. (6). Hence we have a pair of coupled integro-
differential equations, which form a fourth-order
nonlinear system.

These equations have been solved numerically,
using an iterative procedure, based on the Newton-
Raphson algorithm. The outer boundary 7 is as-
sumed to be sufficiently large that the ion densities
are uniform and the field is zero, i.e., we require

q(r0)=O ’ (15)
n_(ry)=n; . (16)

The inner boundary is taken to be ry. Here we also
impose two conditions. First, we assume negligible

screening of each ion for r <ry so that g(ry) is uni-
ty. Second, we assume that the current of opposite-
ly charged particles is given by Eq. (3). If the
recombination rate a is specified, there is then a
unique solution and the correlation functions can be
computed at all distances. By varying ¢ we can
study the effect of the inward flow of oppositely
charged ions upon the pair-correlation function and
screening. This procedure shows that some values
of a are unacceptable because, if a is too large,
n_(r) becomes negative in the region around 7,
and the solution is clearly unphysical. This leads to
an upper limit upon the recombination rate that we
will call the Townsend limit.!* This limit can be
computed by imposing the further condition

n_(rg)=0. (17)

In Eq. (4) we expressed the net inward current of
oppositely charged ions as the product of the num-
ber of incoming ions reaching the separation 7, per
unit time, and the recombination probability. If the
recombination probability w is known, for example
from a Monte Carlo simulation or from a detailed
microscopic theory such as that of Flannery,'® and
the average speed v can be estimated, then this
equation can be used as the final boundary condi-
tion. In the limit of very high neutral density, the
recombination probability can be taken as unity and
the speed v can be assigned its thermal value
(8kT /mu)'"?, in which y is the reduced mass of the
two ions. The recombination rate is then close to
the Townsend limit.

The standard theory of recombination can be
recovered from this theory when the average ionic
separation 7; satisfies

?

— «<kT . (18)

r
In this limit the potential ¢(r) becomes Coulombic
and the source term in the continuity equation
small. The Townsend limit is then given by

4mKe
a= 5 .
1—exp(—e*/rokT)
For high neutral densities one can choose r( so that

(19)

e (20)
’ £
0 << kT
and the recombination rate is then close to the
Langevin-Harper value 47Ke.

In Sec. V we will apply this theory to the recom-
bination of Kr* and F~ in Ar gas, and examine the
dependence of the correlation coefficients g, (#) and
recombination rate upon the average ion density #;.
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III. REVIEW OF THE MONTE CARLO
SIMULATIONS

The principles of the study of ionic recombina-
tion by Monte Carlo techniques are described in
Refs. 10 and 11. The procedure involves two calcu-
lations: (1) the calculation, using a Monte Carlo
simulation, of the recombination probability w for
two ions starting at a distance ry apart, with speeds
selected from a thermal distribution and interacting
through some force law; and (2) the calculation of
the flux of ions crossing the surface of the sphere of
diameter 7o from r > rg.

In the calculaiions reported in Ref. 10, the
Debye-Huckel potential was used in both parts of
the calculation. The ion flux was calculated using
Fick’s law [Eq. (2)] but the source term in Eq. (9)
was neglected. In the Monte Carlo simulation, the
ions describe classical trajectories between collisions
with the neutral atoms. Following the Langevin
model, the frequency of ion-neutral collisions was
taken to independent of velocity and the differential
cross section was assumed to be isotropic. The ions
are followed until either their relative energy be-
comes less than —12kT, in which case recombina-
tion is judged to have occurred, or until their
separation becomes greater than r.

When the separation between two ions is less than
the average distance between neighboring ions 7;,
the Debye-Huckel potential may overestimate the
screening effects because of the contribution from
self-screening. Thus for rq <r; it may be preferable
to ignore the screening effects in step (1) of the
Monte Carlo simulation, and to use a Coulomb in-
teraction in the calculation of w.

Figure 1 shows the calculated rate for the recom-
bination of Kr* and F~ in Ar at 300 K. The con-
tinuous lines show the results obtained previously
with a Coulomb potential, and with the Debye-
Huckel potential appropriate to ion densities of 10'*
and 10'* cm—3. The value of 7, used in this calcu-
lation was 1000a,. For the higher ion density we
also show the recombination rate obtained by the
hybrid technique described above, in which one uses
a Coulomb potential in the calculation of the
recombination probability w, and the Debye-Huckel
potential in the calculation of the flux of ions with
a separation of ry. At an ion density of 10'® these
two methods give almost identical results.

These results show that a significant dependence
of the recombination rate on ion density arises be-
cause of the effect of screening on the pair-
correlation function for » > 7. Thus it is important
that we examine the behavior of this correlation
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FIG. 1. Recombination-rate coefficient for Kr* and
F~ in Ar. Solid curves are Monte Carlo calculations
from Ref. 10 for ion densities of: (1) 0; (2) 10"* cm~3; (3)
10" cm—3. Dashed curve at intermediate pressure is a
Monte Carlo calculation for n;=10" using the hybrid
technique described in Sec. III of the text. Points labeled
with O and @ are molecular-dynamics absorbing-sphere
calculations for n;=10"* and 10'* cm~? rate, respectively.
Dashed curve at high pressure is the limit given by Eq.
(19).

function more carefully without recourse to the
Debye-Huckel approximation. We will do this both
by means of a many-body simulation and by apply-
ing the transport theory described in Sec. II.

IV. MANY-BODY SIMULATIONS
BY THE MOLECULAR-DYNAMICS METHOD

A comprehensive review of the method of molec-
ular dynamics (MD) has been written by Kushick
and Berne.!® Briefly, the classical equations of
motion of a number of particles in a unit cell with
periodic boundary conditions are integrated in time.
Nearest images!” of the particles are used in the cal-
culation of interparticle forces. For the integration
of equations of motion for the system of ions we
have used the algorithm of Scofield'®:

r(t +dt)=r(t)+v(t)dt
+[4a(t)—a(t —dt)]dt*/6, (21a)
v(t+dt)=v(t)+[2a(t +dt)+5a(t)
—a(t—dt)]dt/6. (21v)

The ions are assumed to collide with the neutral
atoms with the Langevin constant collision frequen-
cy mentioned previously in Sec. III. Because of this
we need only follow the ions in the simulation and
not the neutral particles. This simulation represents
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a constant (7,V,N) canonical ensemble in that the
neutral atoms function as a thermal reservoir which
maintains a constant temperature. Additionally, as
ions disappear from the volume due to recombina-
tion, new ion pairs are created in the unit cell with
uniform spatial distribution and random thermal
velocities. Hence the ion density is held constant in
time.

During the course of the MD simulation we cal-
culate a variety of quantities. The radial distribu-
tion functions g, (7) and g _ () are obtained directly
by counting the number of ion pairs with separation
close to r. Diffusion coefficients for the positive
and negative ions in the neutral gas can be comput-
ed from the mean-square displacement of the ions
as a function of time.!” If there is an applied elec-
tric field, we also calculate a drift velocity in the
direction of the field.

In our molecular-dynamics simulation of ionic
recombination we have used 100 ions (50 of each
type) in a cubic cell with sides of length 32314q,
and 6962a, corresponding to ion densities of
n;=10" and 10" cm™3, respectively. A typical
time step used in this simulation is

107 < At <5X10°r, ,

where 7p=2.42X10"!7 sec is the atomic unit of
time. The time step used in these calculations is
determined by the ion-neutral collision frequency.
This is, typically, at least several orders of magni-
tude faster than the frequency of recombination.
Because recombination is a relatively infrequent
event, a great number of time steps are required for
any reasonable statistical accuracy, with low ion
density and high pressure representing the most
severe case. In the calculations described below, for
example, the number of time steps used ranges from
6 10* to 2 X 10° for n; =10'3 cm 3.

If two unlike ions approach to within a distance
ro of each other, we allow one of four things to hap-
pen, depending on what we desire to study during
the simulation. The four options are (i) the ions can
rebound as elastic hard spheres, (ii) the ions can
recombine, (iii) we can perform the Monte Carlo
simulation'®!! using the Coulomb force between the
ions to determine whether they recombine or not,
and (iv) two ions are said to recombine when their
relative energy is less than some E ;.. Option (i) al-
lows us to investigate the radial distribution func-
tions and transport coefficients in a plasma in the
absence of recombination. Option (ii) is the
absorbing-sphere model representing the maximum
recombination rate and allowing us to study the ef-
fects of recombination on the g (r) and the diffusion

coefficients. A partially absorbing sphere can also
be used. Options three and four are the most realis-
tic simulations. Option (iii) is most useful in the
intermediate-pressure range where the recombina-
tion rate is large and where a large time step can be
used. Option (iv) can only be used at high pressures
where the collisional mean-free path is small
enough that even close ions do not reach speeds
very much greater than thermal. This constraint is
required by the accuracy of the rather simple in-
tegration algorithm.

V. APPLICATION TO Kr*-F~
RECOMBINATION IN ARGON

Let us first consider the results obtained by the
molecular-dynamics method with option (ii), the
absorbing-sphere model, since this option involves
the smallest statistical uncertainties. The recom-
bination rates computed for ion densities of 10'3
and 10'* cm 3, r,=500a,, are shown in Fig. 1. At
low pressure, the rate is clearly lower at the higher
ion density. At higher pressures, the difference be-
tween the rates at the two densities is much less,
and both results are close to the Langevin rate, as
predicted by Bates.!?

Further insight into these results can be obtained
from the pair-correlation functions g (r) and
g_(r). Figure 2 shows the results at the relatively
low pressure of 0.04 atm. The dashed curves (C)
and the continuous curves labeled by DH 13 and
DH 15 represent equilibrium distributions appropri-
ate to Coulomb interactions and Debye-Huckel po-
tentials, respectively. The absence of long-range
correlation in DH 15 is evident. The correlation
function for oppositely charged ions g_(r) is
greater than unity, whereas g (r) is between zero
and one. The circles and squares represent MD cal-
culations of g_(r) for elastic spheres. The agree-
ment with the Debye-Huckel theory is good. The
curves labeled MD 13 and MD 15 are the MD re-
sults for ion densities of 10'* and 10", respectively.
The inflow of oppositely charged particles leads to a
considerable reduction in g_(7) in the neighborhood
of r =ry. We still see, however, significant screen-
ing effects.

At low pressures, the probability w that recom-
bination occurs within the sphere r < is much less
than one, and a partially absorbing sphere would be
a more reasonable model. The correlation functions
will then lie between the limits represented by the
DH and MD curves in Fig. 2, and the effect of
screening will be important.
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9 (r)=exp (1/rkT)

qDH(r)=exp(e"/)‘/rkT)

glr)

r (gq)

FIG. 2. Pair-correlation functions g_(r) and g.(r)
(greater than and less than 1, respectively) at P =0.04
atm. Dashed curve (C) is the Coulomb function gc(r)
and the smooth solid curves DH 13 and DH 15 are the
Debye-Huckel functions gpy(r) for n;=10' and 10"
cm ™3, respectively. Points O and [0 are MD calculations
of g_(r) for elastic spheres. Curves labeled MD 13 and
MD 15 are MD calculations of g+(r) for absorbing
spheres with 7p=500a,.

At high pressure, the effect of the recombination
upon the correlation function g_(r) is even more
dramatic. As shown in Fig. 3(a), which corresponds
to a pressure of 16 atm, g_(r) is everywhere below
1, becoming smaller as r—r,. The effect of raising
the ion density from 10" to 10'° is to move g_(7)
towards unity, thus increasing the correlation func-
tion in the neighborhood of 7,. This may lead to an

2.0 ) ®)

alr)

T B—

0 I R 1

o 660 o 300
r(ag) r(agy)

FIG. 3. (a) MD calculations of g_(r) for P =16 atm
and n;=10" cm—3 (0) and 10" cm™3 (O). (b) g_(r)
from transport theory for (1) n;=10" cm™,
@=6.0x10"7 cm®sec™!; (2) n;=10", =6.0x1077; (3)
n;=10" a=8.25%10"7; (4) n;=10", a=1.125X 10"
(5) n;=10", @ =8.25x10"".

increase in the recombination rate. Although the
results, plotted in Fig. 1, are consistent with such an
increase, the statistical uncertainty is too large for
us to be sure of this effect.

These high-pressure results can be compared with
the predictions of the transport theory described in
Sec. II. For each of the two values of the ion densi-
ty we have computed the correlation functions
g_(r) and g (r) for several values of the recom-
bination rate. The Townsend boundary condition
n(ro)=0 leads to recombination rates of
8.25%x 1077 cm?sec™! when n;=10" cm™3 and
1.125%107% cm®sec™! when n;=10" cm~3.
These values are slightly higher than the results ob-
tained in the molecular-dynamics calculation. The
difference between the two Townsend limits can be
understood in terms of the corresponding correla-
tion functions, g _(r), which are shown in Fig. 3(b).
In both calculations g_(r) is zero at 500a, and in-
creases towards unity as » approaches the average
distance between neighboring ions. Since this limit
is reached more rapidly at the higher ion density,
the slope (dg_ /dr) is larger near r =rg and the dif-
fusive flow is enhanced.

If the inflow of oppositely charged particles is re-
duced, for example, by setting a=6X10""
cm’sec™! in the solution of the transport equations,
then the correlation coefficients revert to the form
that we found at lower pressure, with g_(r) being
greater than 1 and g, (r) being less than 1. Chang-
ing the ion density from 10’ to 10" cm™? then
leads to a reduction in g_(7) and an increase in
g.(r). When a=7.0x10"7 cm’sec™!, g_(r) is
close to 1 for all values of » for both values of the
ion density.

In order to study the pressure dependence of the
recombination rate, we have performed molecular
dynamics calculations for n; =10'* cm~2 using op-
tion (iii), with Monte Carlo simulation of close en-
counters between oppositely charged ions. In Fig. 4
the results are compared with our old Monte Carlo
calculations. At pressures above 1 atm the new re-
sults are slightly lower. We have also performed
calculations at 16 and 60 atm for n; =10" cm 3 us-
ing option (iv). These results confirm that the rate
is not strongly sensitive to ion density at such high
pressures.

VI. RECOMBINATION IN A DISCHARGE

As mentioned in Sec. I we can simulate recom-
bination in a discharge using molecular dynamics.
We performed this calculation for conditions typi-
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FIG. 4. Krt+F~! Ar recombination-rate coefficient.
Soiid line is curve (2) from Fig. 1. Points OJ are MD cal-
culations for n;=10"> cm™3 using MD option (iii) (see
Sec. IV of text). Points OO are MD calcunlations for
n;=10" cm ™3 using MD option (iv).

cal of a krypton-fluoride discharge laser.® The
problem then is recombination of Kr* and F~ in
helium. The pressure-dependent recombination rate
for zero field is shown in Fig. 5. These calculations
were made with the Monte Carlo option (iii). Ow-
ing to the small mass of He, a peaks at higher pres-
sure than it did with an argon buffer. The field-
dependent rate is shown in Fig. 6. Here a is plotted
versus E /N, where N is the total number density.
These calculations were performed using the
molecular-dynamics option (iv) for a pressure of 3
atm and an ion density of n; =10'> cm~3. There is
a significant reduction in the recombination rate
with the application of an electric field.

Bardsley and Wadehra!' have demonstrated for
the field-free case that increases in the gas tempera-
ture lead to significant reductions in the recombina-
tion rate, and Bates® has shown that scaling laws
can be derived for simple collision models such as
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FIG. 5. Rate coefficient for recombination of Kr* and
F~ in He for E/N =0 and n; = 10" cm 3.
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FIG. 6. Kr*4+F~ He recombination-rate coefficient
vs discharge E /N for P =3 atm and n; =10" cm—>.

that used here. The presence of the fieid raises the
kinetic energy of the ions well above that of the
neutrals. For E/N equal to 20 Td, where i
Td=10"7 Vcm? the drift velocities of the F~ and
Kr* ions are approximately 1.4 10° and 1.0X 10°
cmsec™!, respectively, suggesting an effective ion
temperature of ~3000 K. The existence of two
widely differing temperatures leads to difficulties in
the application of such scaling laws, but a signifi-
cant inhibition of recombination is expected.

An alternative way to view this phenomenon is
through the effect of the field on the interionic in-
teraction, which becomes

62

Veff(r)z - T —eﬁ'? .

At a pressure of 3 atm, with E/N equal to 20 Td,
this potential has a saddle point with » =500a, and
Veg=—0.11 eV. Thus recombination is likely only
when a collision of one of the ions with a neutral
gas molecule reduces the relative energy to below
this value, which is approximately —4kT, at a time
when the ionic separation is less than 500a.

VII. SUMMARY

We have studied two modifications of the tradi-
tional theory of ion-ion recombination which may
be necessary in the analysis of the gas discharges in
powerful rare-gas— halide lasers. We have demon-
strated that, for ion densities over 10" cm ™ and
neutral densities below 10'° cm™3, the recombina-
tion rate is reduced due to screening of the interion-
ic interactions, as predicted by the Debye-Huckel
theory. For high neutral densities, at which the rate
is controlled by the ionic mobility, the Debye-
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Huckel theory is inappropriate, as suggested by
Bates. We have also studied the effect of the finite
separation of the ions at the time when ions are
created, by assuming a uniform source of new ions
to replace those that disappear through recombina-
tion.

The molecular-dynamics method has been used to
study the effect of an external electric field upon
the recombination process. The resulting increase
in the average kinetic energy of the ions and the
modification of the effective interionic potential
lead to a significant reduction in the recombination
rate, even at relatively modest field strengths.
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