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Solvation suppression of ion recombination in gas discharge afterglow
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An effect which suppresses recombination in ion plasmas is considered both theoretically and experimentally.
Experimental results are presented for the ion recombination rate in fluorine plasma, which are obtained from
data for the gas discharge afterglow. To interpret them, a suppression factor is considered: ion solvation in weakly
ionized plasma. It is shown that the recombination process has a two-stage character with the formation of
intermediate metastable ion pairs. The pairs consist of negative and positive ion-molecular clusters. A theoretical
explanation is given for the slowing down of the ion recombination with the increase of the Coulomb coupling
compared to the ion recombination rate calculated in the ideal plasma approximation. The approximate similarity
of the recombination rate of the ion temperature and concentration and reasons for the slight deviation from the

similarity are elucidated.
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I. INTRODUCTION

Ion plasmas are formed in dense electronegative media at
pulse discharges for a nanoseconds’ time as a result of the
electrons’ attachment to atoms and molecules. The lifetime
of the plasma formed is about tens of microseconds or more.
Ton recombination processes are essential for systems of direct
nuclear energy conversion [1-3], at initiation of chain and
nonchain chemical lasers [4-6], at the breakdown of devel-
opment in electronegative gases [7,8], at the dielectric strength
restoration of transformer oil after electrical breakdown in
high-voltage equipment [9], at discharges in air [10-12], etc.
Ion recombination processes should be taken into account in
the description of plasma composition, hydrodynamics, and
chemical reactions kinetics, in particular, in the case of fast,
strongly nonequilibrium phenomena.

It is well known that the three-body recombination of ions
is valid for moderate gas pressures and low concentrations of
ions. The recombination constant k is satisfactorily described
by the Nathanson model [13], which is a development of the
Thomson model. However, as both the concentration of ions
and gas pressure increase, deviation from the Thomson model
can appear.

It has been pointed out [14,15] that there is no clear
understanding how the increased concentration of ions affects
the recombination rate. The question of recombination of
ions of high concentration in molecular gases, where cluster
ions can be formed [16], also remains open. Stakhanov [17]
conjectured substantial slowing of ion recombination in a
cluster plasma.

Experimental methods for investigating three-body ion-ion
recombination are effective in the case of a low degree of
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ionization [ 15] and ion concentrations of less than 108 cm 3. At
the same time, ion-ion recombination determines plasma decay
with a high concentration of strongly electrically negative
gases such as F,, in which, due to the high rate of electron
attachment to molecules [15], an ion plasma is formed in the
early afterglow. The recombination of fluorine ions is one of
the channels for the formation of atomic fluorine. The rate
of formation of atomic fluorine is an important factor that
determines the efficiency of pulsed chemical HF and DF-CO,
chain reaction lasers.

Recombination processes in ion plasmas have some pecu-
liarities which differ from the recombination in electron-ion
plasmas. The condition is sufficient for the recombination
of two ions when the distance between them becomes small
enough to make possible a tunneling transfer of an electron
from the negative to the positive ion [18], whereas the presence
of a third particle or an environment to capture the excess
energy is necessary for the recombination of an electron and an
ion. The ion number density in ion plasmas is usually several
orders of magnitude less than the neutrals’ number density.
Therefore, the number of ion-neutral collisions is much greater
than the number of collisions between ions [18]. In particular,
this fact, together with the relatively low temperature of ions
and neutrals, creates favorable conditions for complex cluster
ion production [16]. Ion solvation can become a factor which
lowers the recombination rate value with respect to that in ideal
plasmas.

The molecular dynamics (MD) method [19-21] can be
applied to study both ion plasma and cluster ions in it. The
MD method is widely used to calculate properties of diverse
ion and molecular systems: electrolytes, ion systems, cluster
ions, and solvate complexes.

The process of electron-ion relaxation is treated by the
MD method for plasmas of sulfur and fluorine ions [22]. It is
shown that the classical Spitzer formula describes this process
satisfactorily if screening only by electrons (not by ions) is
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taken into account in the calculation of the Coulomb integral.
The same problem is considered as a more general statement
and for a wider parameter set in Ref. [23].

The formation of (CsI),,Cs™ clusters is treated in Ref. [24].
The results of both direct experimental investigation of their
structures and density functional theory (DFT) -based mod-
eling results are presented, which turn out to be in good
agreement with each other. The formation and properties of
clusters composed of water molecules and argon atoms are
studied theoretically in Ref. [25], where the classical MD
method is used. A remarkable difference is shown between
the attachment cross sections of the two species to the clusters
formed. Argon clusters are found to be close to spherical
symmetry even for a small number of atoms included, whereas
a remarkable deviation is observed for water clusters. The
same method is used in Ref. [26] to study the formation and
properties of solvate I3~ ion-based clusters. The violation of
the symmetry of these solvate clusters is considered in liquid
media and the gas phase.

Molecular dynamics modeling is used to describe the
formation of ion solvate shells in solutions of complex ruthe-
nium compounds; a significant difference is shown for space
distribution functions which appear in solutions with different
types of haloid anions [27]. I, ion solvation is considered
in the carbon dioxide medium; the influence of the solvate
shell formation on the ion optical properties is studied in
Ref. [28]. The solvation of an astatine ion in an aqueous
solution is studied in Ref. [29]; an interparticle potential is used
which is derived from nonempirical quantum calculations.
Classical trajectory calculations are applied; a threshold law for
ion-neutral-neutral three-body recombination processes has
been derived and numerically confirmed in Ref. [30]. Structure
and properties of ion-molecular clusters are considered in
Ref. [31,32] which are formed in the gaseous phase of water
vapors; thermodynamic parameters are calculated for the ions
H;0%(H,0),, and OH™ (H,0),, for a number of n. Formation
and structure of solvate complex of hydroperoxide anion in the
aqueous medium is studied in Ref. [33].

Despite the numerous works on the MD modeling of
properties of charged particles in various media, the problem
of cluster ion formation and its influence on the processes in
the gaseous phase is not studied sufficiently. We consider the
problem in this paper for the example of ion recombination in
the molecular fluorine medium.

Solvation suppression of the ion recombination is consid-
ered in this paper. Experimental data for the recombination
process in fluorine plasma of the gas discharge afterglow are
presented in Sec. II. They point to the fact that lowering
of the recombination rate value with respect to that in ideal
plasmas takes place even in the weakly nonideal plasmas.
Sections III-V are devoted to the analysis of the influence of
ion solvation and ion-neutral cluster formation on the recombi-
nation in ion plasmas. The MD method is used in Sec. III. It is
shown that the most stable ion-molecule clusters F~(F,), and
F,1(F,)12 with icosahedral close packing are formed quickly
because the F, number density exceeds the ion number density
by several orders of magnitude. The characteristic time 7, of
the spontaneous unimolecular decay of the isolated cluster pair
F~(F2)12F>" (F2)12 in the recombination products is calculated
in Sec. IV. The time 7; of the inverse disintegration of the

cluster pair into cluster ions F~(F,);» and F,1(F,)1» due to
collisions with the environment particles is considered in
Sec. V. An analytical model is suggested in Sec. VI, which
explains experimental results for the fluorine plasmas.

II. EXPERIMENTAL DATA PROCESSING

The recombination constants of ion plasma are determined
by the time dependence of ion concentration in a decaying
plasma from the measurements of conductivity. In the experi-
ment, the conductivity of afterglow plasma produced by a high-
power nanosecond-pulsed discharge in F, at P = 60-250 torr
is measured. A 16.5-cm-long sapphire tube with an inner
diameter of 18 mm is used as a discharge device. The voltage
amplitude of a high-voltage nanosecond discharge detected by
a capacitive divider on the high-voltage electrode is 125 kV,
while the current amplitude, measured with the use of a shunt
resistor placed close to the discharge tube, ranges from 2.8
to 1.0 kA, depending on pressure. The discharge duration is
about 35 ns, with a leading edge of 2 ns and a trailing edge of
10-15 ns. Synchronized measurements of voltage and current
allow one to determine the energy input in the discharge gap
and the characteristic electron density in the discharge and to
estimate the plasma temperature in the late afterglow [34].

Electron concentration in the discharge can be evaluated by
the formula

ne=J/eVa(E/P)So, ey

where Vy; is the electron drift velocity, Sy is the discharge
tube cross-section area, and e is the electron charge. For
a nanosecond discharge current of J ~ 1.0-2.8 kA and
a characteristic reduced electric field voltage of E/P =~
30-130 V/(cm torr), using the known values of the electron
drift velocity in F,, the calculated electron concentration [34]
is 5 x (10'¥=10") cm™3. Similar values are estimated from
the energy input data [34]. When the discharge is turned
off, the electrons are cooled in inelastic collisions within
nanoseconds or even faster and are effectively involved in
attachment reactions. Upon reaching energies of 1.5-2 eV,
electrons efficiently enter into reactions of dissociative attach-
ment ¢ + F, — F~ 4 F with a characteristic value of the rate
constant [15] of 107° m? s~!. At the gas densities considered,
the characteristic time of attachment is a few nanoseconds.

Methods of determining ion plasma conductivity, formed
after the end of a nanosecond discharge, consist in the follow-
ing: Low current probe pulses are applied to the discharge gap;
the duration of these pulses is such that the voltage drop U, in
electrode sheath regions due to the formation of volume charge
is much less than the voltage U on the discharge gap, which
is the parameter to be measured. In this case, the intensity of
the electric field produced in plasma does not not lead to the
negative ions’ destruction.

If we assume that U; < 0.1U, then the condition for a
probe pulse length is determined by the expression # < 1.4 x
1077(L/ju;)"/? s, where L is the discharge gap length in cm,
u; is the ion mobility in cm?/(V s), and j is the current density
in a probe pulse [34] in A/cm?. According to estimates, the
duration of a probe pulse should not exceed 1 us for the range
of parameters considered. For a current flow with a density
j < 10mA/cm?, which is the case in this experiment, and ion
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TABLE 1. Rate constants for ion-ion recombination in fluorine
ion plasmas.

n; (cm™3) r k (cm?/s)
Pressure 60 torr, T = 300 K
4.06 x 102 0.143 7.2 x 1078
8.24 x 10'? 0.181 6.9 x 1078
1.63 x 103 0.227 6.4 x 1078
4.14 x 101 0.310 5.5x 1078
Pressure 100 torr, 7 = 500 K
1.32 x 10" 0.127 2.60 x 1078
2.63 x 103 0.160 2.48 x 1078
5.30 x 103 0.202 233 x 1078
1.04 x 10 0.253 2.13 x 1078
1.29 x 10 0.272 2.05 x 1078

concentration of n; > 103 ¢cm—3, the reduced field strength
E/N, in a plasma column satisfies the inequality E/N, <
j/en; KN, ~ 107'® V cm?, where N, is the concentration of
neutral molecules. For these values of E/N,, the electron
concentration is less than the ion concentration by at least
five orders of magnitude and the contribution of electrons to
the conductivity can be neglected, taking into account their
mobility [35].

The conductivity is measured for the afterglow time of
T =2 x (107%-107°) 5. Since a late afterglow is investigated,
when most of the ions have recombined, the assumption of
the value of the plasma temperature determined from the total
energy input is correct at the plasma decay stages considered
[34]. The effect of a high ion concentration on conductiv-
ity is calculated by taking into account ion-ion collisions
together with collisions with gas molecules and relaxation
correction, which takes into account strong coupling of the
ion plasma [36]. When determining the ion concentration, the
characteristic composition of ions is taken into account. To
obtain ion recombination constants, we use the experimental
data [34,37,38]. The results are presented in Table I, where
the Coulomb coupling parameter T' = (4mrn;/3)!/3(e?/kT).
When determining recombination, the temperature of the
recombining plasma is assumed to be different from room
temperature and is determined by the heat capacity of the
gas and the specific energy input to the nanosecond discharge,
which is strongly dependent on gas pressure [34].

III. ION COMPOSITION

The F, plasma conductivity decay is defined only by the
processes with fluorine ions [34] at the pressures and afterglow
times considered. That is why it is used in Sec. II to find the
recombination rate values. The main positive ion is F, T, its
number density exceeding that of F* considerably [39,40].
The ion F~ is the main negative ion [39-41].

Ton solvation is calculated in two steps. The interaction
potentials of fluorine ions with the fluorine molecule are
found first. Quantum calculations are performed for F~F,
and F,*F, systems in the DFT approximation with the CPMD
package [42]. The basis contains 389 220 plane waves with
E = h*k*/2m up to 90 Ry. Valence electrons are treated in

TABLE II. Energies of clusters formed by ions F~ and F,*.

n F~(F2), B (F),
1 1.65 2.07
2 3.30 4.15
3 4.97 6.24
4 6.64 8.34
5 8.33 10.45
6 10.02 12.56
7 11.64 14.63
8 13.00 16.52
9 14.54 18.54
10 15.43 20.05
11 15.65 21.00
12 16.70 22.56

the Kohn-Sham equations explicitly, two core electrons being
included in the pseudopotential for each atom. The exchange-
correlation functional is taken in the Perdew-Burke-Ernzerhof
generalized gradient form. The computations are carried out
for the isolated cubic box, the edge [ being from 1 to 20 A.The
interactions are averaged over all directions and the resulting
pair potentials U (r) are presented in the spherically symmetric
form approximated by the sum of the Lennard-Jones potential
and polarization long-range r~* attraction

U(r) = 4el(o/r)'? — (a/r)°1 —a/rt, 2)

where e = 1.46 ¢V, o = 2.48 A, and o = 10.29 ¢V A" for F~

and e =19¢eV, 0 =2.5 A, and o = 10.29 eVA" for F,™.
Test computations of the fluorine atom and negative ion are
performed with the same problem definition as for F~F, and
F,1F,. The energy of both atomic fluorine and its negative ion
becomes constant and independent of the box size for > 8 A.
The value of the energy for F~ turns out to be lower by 4.7 eV
than for the F atom. It is even larger than the reference value
of 3.4 eV for the atomic fluorine affinity.

In the second step, the potentials (2) are used to study the
equilibrium structure and stability of the clusters F,*(F,),
and F~(F;), at different temperatures. The method of clas-
sical MD is applied. The Lennard-Jones potential Uy ;(r) =
461:2[(0’]:2/}’)12 — (O'Fz/}")6],With€F2 =0.0097eVandop, =
3.35 A, is used for the interaction between fluorine molecules.

To start simulations, a particle configuration is created with
a random distribution of molecules within a certain radius
around the ion. A gradient descent method is applied to obtain a
configuration which is used as an initial one for a short MD run
to heat the cluster and equilibrate it at 500 K. The temperature
is close to the experimental one. Then the cluster is cooled to
zero temperature. The binding energy obtained is taken as the
cluster energy. The cluster energy values calculated are given
in Table II.

Modeling results show that the successive addition of F,
to both F,*(F,), and F~(F;), up to n = 11 is an exothermal
process with an energy release of about 1 eV. The energy
exceeds the thermal energy of the gas molecules considerably.
Therefore, the clusters formed are stable and further augmen-
tation of F, continues. The only exception is F~(F,);;, where
ten molecules form the inner layer, but the eleventh one is
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displaced to the external layer. The augmentation energy of the
eleventh molecule is only 0.28 eV. However, the augmentation
energy of the twelfth molecule is 1.06 eV and the cluster returns
to the one-layer ball and forms an icosahedral close-packed
structure. The augmentation energies for F," clusters are
slightly larger than for F~ up to n = 12. The augmentation
energies for n > 12 are close to the thermal energy and the
two-layer clusters formed are not stable.

Since the cross section of the clusters is about 26 AZ,
the molecule attachment time does not exceed 5 ns in the
experimental conditions considered. It is much smaller than the
ion recombination time; therefore, the ions are mostly F~ (F;)1»
and F>™(F,);; in fluorine plasma.

IV. SPONTANEOUS UNIMOLECULAR DECAY OF THE
ISOLATED CLUSTER PAIR

The binding energy of the cluster pair F~(F);2Fat ()12
is Eg = 1.3 eV, calculated in the same way as for cluster ion
energies. Despite the positive value of the binding energy, the
cluster pair F~(F,)12F> " (F2)12 is metastable with respect to
the unimolecular decay. The ions F~ and F,™ are able to get
thermally over the potential barrier between them in the cluster
pair and recombine, forming three fast fluorine atoms

F~(Fy)12F2 " (F2)12 — 24F, + 3F.

The process is stochastic in nature and can be calculated
by the classical MD method. The average lifetime of the
isolated cluster pair is found for MD runs with respect to the
spontaneous decay. The procedure can be subdivided into three
steps.

The first one is modeling of a cluster pair. Two cluster ions of
opposite sign are created as described in the preceding section.
Then they are spaced at a certain distance. A configuration is
found by the gradient descent method, which corresponds to
the local minimum of the potential energy. The configuration
obtained is used as an initial one for the MD simulation of the
cluster ion pair, which is the second step.

The MD run starts from heating and equilibration of the
cluster ion pair at a specified temperature. Itis a short trajectory.
The main part is an equilibrium trajectory until the moment of
the recombination. The event is supposed to happen when ions
F~ and F,™ approach each other at a critical distance 7., equal
to the average distance between an ion and a molecule of the
solvate shell in a cluster ion. The event defines the lifetime of
the cluster ion pair for that particular initial state. The lifetime
values do not depend on r, in the interval r.; /o >~ 107 1-1.

The third step is necessary since the decay process has a
stochastic character as the dynamic memory time [21] at the
numerical integration is much less than the lifetime studied.
Therefore, a number of equilibrium MD runs is implemented
for each temperature to learn the kinetics of the decay into
recombination products. The initial equilibrium sets of particle
coordinates and velocities correspond to one and the same tem-
perature but differ from each other microscopically. Therefore,
the lifetime obtained for each MD run is a unique one. Only
the average lifetime 7, has a physical meaning. The results
obtained are presented in Fig. 1. The size of the open circles
corresponds to the error bars of the results. The temperature
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FIG. 1. Dependence of the lifetime of the isolated metastable ion
pair F~(F,)12F," (F,), on the inverse temperature. Open circles are
the results of MD simulations and the solid line is Eq. (3).

dependence is described in Arrhenius form
v\ =k = Bexp(—E,/kgT), 3)

where B = 1.4 x 10" s7!, the activation energy E, = 0.8 eV,
and k, isin s~!.

It follows from Fig. 1 that the straight line fit is valid up to
a temperature of about 700 K. Computations for higher tem-
peratures were not performed because of a technical modeling
problem: Clusters disintegrated during the time period needed

to prepare and equilibrate clusters to study unimolecular decay.

V. REVERSE DISINTEGRATION OF THE METASTABLE
CLUSTER PAIR INTO FREE CLUSTER IONS

A. Collisional disintegration

An isolated cluster pair was considered in the preceding
section. However, collisions of a cluster pair with the ion
plasmas’ environment can result in the inverse disintegration
of the cluster pair into two cluster ions before the spontaneous
recombination of F,™ and F~ ions inside the cluster pair takes
place. To calculate the characteristic time t; of the cluster
pair’s disintegration into free cluster ions, one can equate the
kinetic equilibrium constant with the thermodynamic one for
the reaction

F (F)nF " (Fo)i < F-(F)in + B (F)n.

In the kinetic approach, the numbers of cluster pairs which
are disintegrated and generated per unit time are equated to
each other

kin, =k'n*n", 4)

where n, and n* = n~ are number densities of cluster pairs
andions, k; = 7, ! is areverse disintegration constant, and & is
a rate constant of the formation of metastable cluster ion pairs
from free cluster ions. The constant can be calculated from the
Nathanson model for ion recombination at I" values not largely
exceeding 0.1.
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In the thermodynamic approach, the relation between num-
ber densities of cluster pairs and ions is given for the weakly
coupled plasma by the equation

K = (yry-/yp)nyin_/ny), )

where K is a thermodynamic equilibrium constant and y., y_,
and y,, are fugacity coefficients for positive and negative ions
and ion pairs, respectively. Since experiments [34,37] deal with
relatively low gas densities at small I', the fugacity coefficient
for cluster pairs y, = 1 and fugacity coefficients for cluster
ions can be estimated in the Debye approximation

ye(D) = y () = y_(I') = exp(—V6I'¥2/2).  (6)

It was pointed out in Ref. [34] that the recombination rate
decrease correlates with the increase of fugacity coefficients y
in weakly coupled ion plasmas.

The determination of t; is reduced to the calculation of the
thermodynamic equilibrium constant K. In this case, we can
determine the value of nin/n, from Eq. (5), substitute it in
Eq. (4), and relate ; to the recombination constant k’.

B. Equilibrium constant

The constant K can be presented in the ideal gas approxi-
mation as

K = QrekTp/h*}¥?z"z"/7,, (7

where 1 is the reduced mass of the positive and negative cluster
ions in the pair, Zij_‘ and Z™ are internal vibrational-rotational
partition functions of positive and negative ions, respectively,
and Z, is an internal partition function of the metastable ion
cluster pair which can be definedas Z, = Z$Z¥ Z,, where Z§
is a partition function of vibrations of two ion clusters which
the pair is composed of and Z; and Z ; are internal vibrational-
rotational partition functions of positive and negative cluster
ions in the pair. If one neglects the difference between Zif', Z™"
and Z},Z, and sets Z' = Z} and Z" =Z,, Eq. (7) is
reduced to

K = QrkTu/h*y?1/Z5. (8)

. C . . . . .
Calculation of Z; is performed in the quasiclassical approxi-

mation for the model interaction of two cluster ions
—e?/Amegr, r > e*/Ey
00, r < 2 /Eo,

Uii(r) = { &)

where g is the dielectric constant and Ey = 1.4 eV as found
in Sec. III. In this case Zg is calculated as

Z6 = (32v2e5h) e p? f
—Ey

— |Eo|>"*1exp(—e/kT)de, (10)

[le| ™/

where AE is a parameter which restricts the contribution of
the pair states with low binding energies. The result depends
on AE rather weakly. The estimate AE ~ 4.6 x 10~(n_)'/?
(where AE is in eV and n_ is in cm ™) is used by analogy
with electron-ion plasmas [43]; other restrictions are given in
Refs. [44,45]. Using Eqs. (8) and (10), one finally obtains

K = 128¢)e (kT Eo)** F~\(I', T, Ey), (11

where
—2T'kT/Ey
F(I,T,Ey) = / (x|~ = 1]exp(—Eox/kT)dx.
-1

12)

The equilibrium constant obtained numerically can be ap-
proximately presented in the temperature range from 300 to
700 K as

K = Koexp(—E/KT), (13)
where E; = 1.4 eV.

C. Reverse disintegration time

The relation (4) between rate constants of reverse disinte-
gration of pairs and recombination is in ideal plasmas

ki =kK (14)
and in nonideal plasmas

ki =1 = KKyy/vsy-. (15)

VI. RECOMBINATION RATE

The metastable cluster pair can either inversely disintegrate
into free cluster ions or recombine according to the unimolec-
ular decay. The effective recombination mechanism passes
through the reversible formation of the intermediate metastable
pairs of cluster ions

F~(F)12 + B2 " (F2)12 < F~(F)12F2 " (F)12 — 24F, + 3F.
The effective recombination rate is described by the equation
k=k/1+7/ql, (16)

where k' is the metastable pair’s formation rate and . and t;
are characteristic times of the unimolecular decay and inverse
disintegration into free ions, respectively. Taking into account
Egs. (3), (11), (15), (16), and (13), one obtains

k=k(,T)=K{1+kKt(T)ys*}™"
= k'{1 4 (kK'Ko/B) expl(E, — E1)/kpT]
x exp(v/6I*/2)} 71, (17)

The appearance of the (E, — E;)/kpT factor breaks the
similarity of k with respect to I'. However, the proximity of
the E, value to E; can reduce the difference between values
of k for different temperatures at one and the same value of I".
Nevertheless, this difference can be resolved experimentally.
Equation (17) is valid in the temperature range from 300 to
about 700 K. It follows from the procedures of evaluation of
E, and E, values.

A comparison of the recombination rate constant (17) with
the experimental data obtained is presented in Fig. 2 for
the discharge afterglow ion plasma in fluorine. Molecular
dynamics values for the cluster parameters are used. The
theoretical model agrees with measurements of both absolute
values and the I" dependence. The results for temperatures of
300 and 500 K and pressures of 60 and 100 torr turn out to
be close to each other. Despite this closeness, the calculations
reproduce a slight difference between sets of the experimental
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FIG. 2. Ratio of the ion recombination rate for the discharge
afterglow plasma in fluorine to the ion recombination rate in the limit
of the ideal plasmas. The data from Table I are shown by (O for
P =100 torr and T = 500 K and v/ for P = 60 torr and 7 = 300 K.
The model (17) is represented by a solid line for 7 = 300 K and
P = 60 torr and by a dotted line for 7 = 500 K and P = 100 torr.

points for conditions of 100 torr and 500 K and of 60 torr
and 300 K. The agreement of the difference points to the
reliability of the quantum mechanical calculations performed
for the binding energies.

The model developed uses the Debye approximation es-
sentially for the ion fugacity coefficient estimation. It limits
the model applicability by the value I' ~ 0.5 since the Debye
approximation predicts pressure up to these coupling values
[46].

Effects appear at larger values of I which are connected
with both a change of the ion fugacity coefficient dependence
on I' and the deviation of k" in Eq. (17) from the Nathanson
model. The important effect is a formation of the area of
multiparticle fluctuation near the ionization limit [43,47] which
should be taken into account in the &’ calculation. Its influence
results in the additional I" dependence of the rate constant
k: A break appears at I' = 0.5 (Fig. 3) if the effect is taken
into account in the same form as for the electron-ion plasma
[47-49]. The deviation from Eq. (17) grows with the increase
of I'.

VII. CONCLUSION

Experimental data for the ion-ion recombination rate and
their theoretical explanation were presented in weakly coupled
fluorine ion plasmas of the gas discharge afterglow. Both
the measurements and the theory point to the suppression of
recombination in ion plasmas with respect to the conventional
ideal plasma formulas. The suppression increases with the

0.4

0‘2 T ' T ' T '
0 0.2 04 0.6

FIG. 3. Ratio of the ion recombination rate for the discharge
afterglow plasma in fluorine to the ion recombination rate in the limit
of the ideal plasmas. The data from Table I are shown by (O for
P =100 torr and T = 500 K and v/ for P = 60 torr and 7' = 300 K.
The model (17) is represented by a solid line for 7 = 300 K and
P = 60 torr and by a dotted line for T = 500 K and P = 100 torr.
See the text for the break.

increase of the Coulomb coupling parameter I". The following
issues were highlighted theoretically.

(i) Ion recombination for the discharge afterglow plasma
in fluorine is slowed down by the solvation of ions and passes
through the reversible formation of the intermediate metastable
pairs of cluster ions.

(ii) The I" dependence of the recombination rate at small
values of T" is caused by the dependence of the equilibrium
number density of metastable ion pairs on the ion fugacity,
which is defined only by I' in the Debye approximation.

(iii) The approximate similarity of the recombination rate
of the ion temperature and number density was elucidated.
The slight deviation from the similarity was also defined. It
points to the reliability of the quantum mechanical calculations
performed for the binding energies.

(iv) A formula was suggested which takes ion solvation into
account and describes suppression of the ion recombination
rate.
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