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Abstract—Within the framework of the quasiclassical trajectory method and using semiempirical diabatic
potential energy surfaces, we have studied statistical dynamics of two reactions of direct three-body recombi-
nation, Cs+ + X– + Kr → CsX + Kr (X– = F–, I–), with non-central encounters of the ions. The collision
energies range between 1 and 10 eV, while the so-called delay parameter, which characterizes the delay in the
arrival of the krypton atom with respect to the time instant when the distance between the recombining
cesium and halide ions attains its minimum, is equal to 0 or 0.2. We have found the excitation functions of
recombination, the opacity functions, the vibrational energy distributions of the CsX product (which turn out
to be strongly non-equilibrium), and the CsX rotational energy distributions (which are almost equilibrium).
A comparison with the calculation results for the reactions Cs+ + X– + Ar and Cs+ + X– + Xe published ear-
lier shows that, on the whole, for both the recombining ion pairs Cs+ + F– and Cs+ + I–, the heavier the third
body, the more effective it is as an acceptor of excess energy of the ion pair.
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1. INTRODUCTION
Recombination reactions of atoms, ions, or radi-

cals and reverse reactions of collision induced dissoci-
ation (CID) constitute two classes of processes that are
key for describing very many high-temperature gas
and plasma media, of both natural and artificial ori-
gin. For instance, of the 196 reactions identified as
important in combustion chemistry in the work [1],
about half are recombination or CID reactions [2, 3].
Recent studies of the effects of recombination pro-
cesses on the combustion rate and on the f lame struc-
ture are exemplified by the papers [4, 5]. The recom-
bination and CID reactions are largely responsible for
the concentration of ions in plasma media, especially
in the plasma of electronegative gases (whose particles
are able to capture free electrons and turn into stable
negative ions) [6, 7], whereas the processes of three-
body recombination of active centers lead to a qua-
dratic termination of chain transformations [8–10]
(recent studies in this area are discussed in, e.g., the
review [11]). Recombination of ions in low-tempera-
ture plasma (LTP) plays a significant role in solving
various practically important tasks, for instance, in
technologies for obtaining new materials or in treating

the surfaces of solids in order to impart the necessary
properties to them [12]. Reactions of atom-atom and
ion-ion recombination in the atmosphere of Earth and
of other planets were considered in, e.g., the recent
papers [13–15]. Three-body ion-ion recombination is
one of the most important processes in the kinetics of
the active media of rare gas monohalide excimer lasers
[16–18].

Since the mid 2000s, in the Laboratory for
Dynamics of Elementary Processes of the Tal’rose
Institute for Energy Problems of Chemical Physics of
the Russian Academy of Sciences (since 2019, one of
the subdivisions of the Semënov Federal Research
Center for Chemical Physics of the Russian Academy
of Sciences), there have been carried out systematic
studies of the dynamics of direct three-body recombi-
nation of singly charged heavy ions

(1)
where X– is the halide ion F–, Br–, or I– and R is the
rare gas atom Ar, Kr, Xe or mercury atom Hg which
takes away excess energy of the recombining ion pair
Cs+ + X– [19–34]. There are currently no methods for
experimentally determining the dynamical character-

+ −+ + → +Cs X R CsX R,
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1058 AZRIEL’ et al.
istics of direct three-body recombination, mainly
because it is extremely difficult to achieve experimen-
tally the intersection of three sufficiently intensive
beams or of two beams and a dense gas target. In addi-
tion, it is not clear how to distinguish the products of
three-body collisions from those of pairwise scattering
of the particles, in particular (when it comes to recom-
bination (1)), from the products of bimolecular
recombination

(2)
which has also been explored in the Laboratory for
Dynamics of Elementary Processes [32, 35]. Finally,
what is also a very difficult task is to identify excited
pair complexes and excited products of three-body
recombination, as well as to take into account a signif-
icant number of side reactions occurring in discharges,
especially in electronegative gases [6]. Therefore, the
only way to examine the dynamics of direct three-
body recombination reactions is quantum mechani-
cal, semiclassical, or quasiclassical simulation (as well
as, in some cases, using hard sphere models).

In the works [19–28, 30–34], the reactions (1) and
(2) were studied within the framework of the quasi-
classical trajectory method on semiempirical diabatic
potential energy surfaces (PESs). The adequacy of
these PESs is confirmed by the fact that they provide,
again within quasiclassical trajectory simulation, a
quantitative reproduction of many dynamical charac-
teristics (obtained in experiments with crossed molec-
ular beams) of the reverse CID reactions

(3)
It follows from the principle of microscopic reversibil-
ity that the recombination reactions (1), (2) and the
CID reactions (3) are governed by the same PESs.
Note that the CID channel CsX + R → RX– + Cs+ was
observed in experiments with crossed molecular
beams for the system CsI + Xe only [36, 37]. In the
papers [29, 35], hard sphere models of the reactions
(1) and (2) were proposed. In the works [19–32, 35],
only the bromide ion Br– was considered in the role of
the halide ion X–. In the recent papers [33, 34], we
explored the dynamics of four reactions (1) with X– =
F–, I– and R = Ar, Xe.

While simulating an elementary process by the
quasiclassical trajectory method, each trajectory is
determined by certain values of the kinematic param-
eters which constitute the collection of initial condi-
tions. As a rule, some of these parameters (e.g., the
collision energies) are set to be fixed within the given
calculation, while the other parameters are chosen
randomly with averaging various quantities computed
at the end of the trajectory integration. Such a Monte
Carlo approach enables one to study statistical dynam-
ics of the process and to find its main dynamical char-
acteristics (the results of averaging) which can be com-
pared with experimental data (provided that such data

+ −+ → +RCs X CsX R

+ − + −+ → + + +CsX R Cs X R,  RCs X .
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are available) and to assess the adequacy of the PES
employed. On the other hand, while one examines
detailed dynamics of the process, averaging over the
trajectories is absent (or minimized) and a step-by-
step analysis of individual trajectories is carried out.
The most effective tool for studying the dynamics of
the system within a single trajectory is visualization of
the trajectory. The results of visualization of trajecto-
ries describing direct three-body recombination (1)
are presented in the works [19, 21–24, 26–28, 34].
Visualization of trajectories describing the CID reac-
tions (3) was carried out in, e.g., the papers [38, 39] (in
the work [39], both the CID channels were consid-
ered).

In the paper [33], we thoroughly explored statisti-
cal dynamics of direct three-body recombination (1)
with X– = F–, I– and R = Ar, Xe in the collision energy
range from 1 to 10 eV (values typical for LTP [6, 7]). In
the present paper, which is an immediate continuation
of the work [33], we study statistical dynamics of direct
three-body recombination (1) with X– = F–, I– and
R = Kr, also in the collision energy range from 1 to
10 eV. As in [33], we determine the recombination
excitation functions, the opacity functions, and the
distributions of the vibrational and rotational energies
of the CsF and CsI molecules. The results obtained
confirm the general patterns noted in [33] of the
dependences of the dynamical characteristics of
recombination (1) on the halide ion and the third
body.

The paper is organized as follows. In Section 2, we
briefly characterize the PESs of the systems Cs+ + F– +
Kr and Cs+ + I– + Kr that we employ and the features
of the choice of the kinematic parameters of the tra-
jectories. The calculation results are presented in Sec-
tions 3 and 4. The remarks of Section 5 conclude the
work.

2. POTENTIAL ENERGY SURFACES 
AND KINEMATIC PARAMETERS

As in all our previous works devoted to trajectory
simulation of the recombination reactions (1), (2) and
the CID reactions (3) (see e.g. [19–28, 30–34, 39]), in
the present paper we used semiempirical diabatic
PESs which were the sum of three pairwise potentials
and a cross term corresponding to the polarization
interaction in the system of the R atom and the Cs+–
X– dipole. In all these PESs, the ionic interaction
potential Cs+–X– was given by the standard truncated
Rittner model [40, 41]:

(4)

(in the atomic units), whereas the interaction poten-
tials Cs+–R and X––R for R = Ar, Kr, Xe were given
by the model [38]:

( ) ( )+ −
− ρ= − − α + α −4 6

Cs X( ) 1 2rU r Ae r r C r
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Table 1. The parameters of the interaction potentials Cs+–
Kr, F––Kr, and I––Kr (in the atomic units)

Pair of the 
particles A ρ C References

Cs+–Kr 796 0.5281 247.1  [36, 42, 44–48]

F––Kr 77.1 0.55 69.6  [43–45, 49]

I––Kr 332.5 0.633 322.4  [43–45]
(5)

In the expressions (4) and (5), r is the internuclear dis-
tance, A and ρ are the repulsive Born–Mayer parame-
ters, C is the dispersion constant of the van der Waals
interaction in the London approximation, and ,

,  are the polarizabilities of the particles. The
expression for the cross term only involves the pair-
wise internuclear distances and the polarizabilities of
the particles. The complete expression for the PESs
employed in the present paper is given in, e.g., the
works [20–26, 28, 30, 33].

We used the same values of the polarizabilities
, ,  and the same values of the parameters A,

ρ, C for the interaction potentials Cs+–F– and Cs+–I–

as in the works [33, 34] (these values are presented in
the paper [33]). The polarizability  of the krypton
atom was set to be equal to 16.8 a.u. [36, 42–44]. The
values of the parameters A, ρ, C for the interaction
potentials Cs+–Kr, F––Kr, and I––Kr that we utilized
are collected in Table 1. These values were obtained on
the basis of various sources [36, 42–49]. Some param-
eters are explicitly given in these works while the other
ones were computed to ensure the reproduction of the
spectroscopic data, i.e., of the location  and depth
D of the potential well. Note that a detailed annotated
bibliography of the works (up to 2016) on the interac-
tion potentials in all the two-particle systems M+–X–,
M+–R, X––R, and R–Hg (M+ being an alkali ion, X–

a halide ion, and R a rare gas atom) is presented in the
report [50].

Direct three-body recombination (1) with non-
central encounters of the ions was considered in the
works [22, 26, 27, 29, 30, 33, 34]. Of these works, the
papers [22, 26, 30, 33] were devoted to studying statis-
tical dynamics of recombination (1) within the frame-
work of the quasiclassical trajectory method. The pro-
cedures for choosing the initial conditions of the tra-
jectories and the organization of calculations in those
papers did not differ much from each other. In the
present work, we employed exactly the same proce-
dures for choosing the initial conditions, integrating
the trajectories, and computing the dynamical charac-
teristics of recombination as in the paper [33]. Here we
only note that for simulating direct three-body recom-
bination (1) with non-central encounters of the ions,
eight kinematic parameters are required to set the ini-
tial conditions of the trajectories (see a detailed dis-
cussion in [34]):

the ion encounter energy (the energy of approach
of the ions) , i.e., the initial kinetic energy of the rel-
ative motion of the ions,

the third body energy , i.e., the initial kinetic
energy of the relative motion of the R atom and the ion
pair Cs+–X–,

the impact parameter  of the ion encounter,

( )− ρ= − α −4 6
R( ) 2 .rU r Ae r C r

+αCs

−αX αR

+αCs −αF −αI

αKr

mR

iE

RE

ib
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the impact parameter  of the third body R with
respect to the center of mass of the ion pair,

three orientation angles Θ, Φ, γ (which specify,
together with  and , the initial positions and veloc-
ities of the ions),

the delay parameter  [26, 30, 33, 34]. The
dimensionless quantity  measures the delay
(for ) or the outstripping (for ) in the
arrival of the third body in relation to approach of the
ions (to be more precise, in relation to the time instant
when the distance between the ions attains its mini-
mum). In most calculations, the delay parameter is
assumed to be zero. We always set the initial internuclear
distance  between the ions to be equal to 250 a.u.

The presence of two collision energies  and 
and of two impact parameters  and  is a character-
istic feature of simulating direct three-body recombi-
nation by the quasiclassical trajectory method. The
equality  corresponds to the case of central (or
head-on) encounters of the recombining ions. The
initial configurations of the particles for direct three-
body recombination (1) with non-central encounters
of the ions are shown schematically in the papers [22,
26]. While analyzing statistical dynamics of direct
three-body recombination (1), one fixes certain values
of the delay parameter  and of the collision energies

 and , after which one integrates sufficiently
many (several hundreds of thousands) trajectories
with the parameters , , Θ, Φ, γ to be varied.

In all the calculations in the work [33] and in the
present paper, the maximal values of the impact
parameters  and  chosen as initial conditions were
set to be equal to  a.u. and  a.u.,
respectively, whereas the delay parameter  was
assumed to be equal to 0 or 0.2. Several test calcula-
tions have shown that for larger impact parameters,
recombination in the systems under study never
occurs for these values of  and for the collision
energies ,  between 1 and 10 eV. The quantities

 and  are chosen uniformly
between 0 and 1. As in the work [33], the maximal val-
ues of the impact parameters  and  for which we
actually observed recombination (in the given system

Rb

iE ib

delT
≥ −del 1T

>del 0T <del 0T

id

iE RE
ib Rb

=i 0b

delT
iE RE

ib Rb

ib Rb
=i,max 40b =R,max 100b

delT

delT
iE RE
2

i i,max( / )b b 2
R R,max( / )b b

ib Rb
l. 16  No. 6  2022



1060 AZRIEL’ et al.

Fig. 1. (a) The excitation function of recombination Cs+ + F– + Kr at . (b) The excitation function of recombination
Cs+ + I– + Kr at . (c) The excitation function of recombination Cs+ + F– + Kr at . (d) The excitation function

of recombination Cs+ + I– + Kr at . The recombination probabilities are presented in units of , i.e., the probability

values are  times smaller than the numbers indicated on the applicate axes.
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at the given fixed parameters , , ) are denoted
in Section 4 below by  and , respectively.
These values can be significantly smaller than the val-
ues  and  (since the latter values were set
“with a margin”).

3. EXCITATION FUNCTIONS

In the present paper, as in the work [33], we will
call the dependence  of the recombination
probability on the collision energies  and  at a
fixed value of the delay parameter  the excitation
function, although the excitation function for bimo-
lecular reactions is defined as the dependence of the
reaction cross section (rather than of the reaction
probability) on the collision energy. Figures 1a, 1b
shows the excitation functions  of the direct
three-body recombination reactions

(6)

delT iE RE
i,limb R,limb

i,maxb R,maxb

i R( , )P E E
iE RE

delT

i R( , )P E E

+ −

+ −

+ + → +
+ + → +

Cs F Kr CsF Kr,

Cs I Kr CsI Kr
RUSSIAN JOURNAL O
at . As in the work [33], for both the reactions,
each of the collision energies was varied from 1 to
10 eV with a step of 1 eV, so the excitation functions are
portrayed as two-dimensional diagrams consisting of
100 elements.

In Table 2 for the six reactions (1) with X– = F–, I–

and R = Ar, Kr, Xe, we present the recombination
probabilities at  averaged in five different ways:

over all the 100 pairs ,
over the 50 pairs  with  eV and

over the 50 pairs  with  eV,
over the 50 pairs  with  eV and

over the 50 pairs  with  eV.
Besides that, in Table 2 for all the six reactions, we

point out the coefficients of correlation between the
recombination probability  and the third
body energy  at low fixed ion encounter energies

, 2, and 3 eV. These correlation coefficients
show how close is the dependence of the recombina-
tion probability on  to its “linear component” [51,
52]. All the data of Table 2 related to the reactions (1)

=del 0T

=del 0T

i R( , )E E

i R( , )E E ≤ ≤i1 5E
i R( , )E E ≤ ≤i6 10E

i R( , )E E ≤ ≤R1 5E
i R( , )E E ≤ ≤R6 10E

i R( , )P E E
RE

=i 1E

RE
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Table 2. The recombination probabilities in the systems (1) with X– = F–, I– and R = Ar, Kr, Xe at  averaged over
the collision energies and presented in units of  (the actual values of the probabilities are  times smaller than the
numbers given in the table)

System Cs+ + F– + R Cs+ + I– + R

Averaging over all the 100 pairs 

R = Ar 2482 1832

R = Kr 2746 3181

R = Xe 3054 3565

Averaging over  eV,  eV and over  eV,  eV

, eV 1–5 6–10 1–5 6–10

R = Ar 4034 930 3411 253

R = Kr 4714 778 5350 1013

R = Xe 5444 665 5910 1221

Averaging over  eV,  eV and over  eV,  eV

, eV 1–5 6–10 1–5 6–10

R = Ar 2912 2051 1808 1856

R = Kr 2910 2581 3583 2779

R = Xe 3056 3052 4336 2795

The coefficients of correlation between the recombination probability and the energy  at , 2, and 3 eV

R = Ar –0.87;    –0.82;    –0.86 –0.95;    –0.47;    0.79

R = Kr –0.96;    –0.94;    –0.45 –0.92;    –0.96;    –0.98

R = Xe –0.92;    –0.14;    0.76 –0.92;    –0.95;    –0.94

=del 0T
−7

10
7

10

i R( , )E E

≤ ≤i1 5E ≤ ≤R1 10E ≤ ≤i6 10E ≤ ≤R1 10E

iE

≤ ≤i1 10E ≤ ≤R1 5E ≤ ≤i1 10E ≤ ≤R6 10E

RE

RE =i 1E
with X– = F–, I– and R = Ar, Xe are given in the work
[33], and we reproduce them in the present paper for
the reader’s convenience. Note the misprint in [33]:

for the reaction Cs+ + I– + Xe, the coefficient of cor-

relation between  and  is equal to 

rather than to  as is pointed out in Table 2 in [33].

Based on Figs. 1a, 1b of the present paper, on Figs. 3
and 4 in the work [33] (those two figures pertain to the

reactions (1) with X– = F–, I– and R = Ar, Xe), and on
the data of Table 2, one can draw the following con-
clusions about the behavior of the excitation functions

 of the six reactions in question of direct
three-body recombination (1) with non-central

encounters of the ions at .

First, the heavier the neutral atom R, the more
effective it is, on the whole, as an acceptor of excess

energy of the recombining ion pair Cs+ + X– with X– =

F–, I–. The same observation takes place for the reac-

tions (1) with X– = Br– [30]. For both the halide ions

F– and I–, the recombination probability averaged

over all the 100 pairs  monotonously increases
as one passes from R = Ar to R = Kr and then to R =
Xe (see Table 2). The same holds for the recombina-

tion probability averaged over the 50 pairs 

with  eV (for both the halide ions), with

 eV (for X– = I–), with  eV (for

R(1 eV, )P E RE −0.92

−0.95

i R( , )P E E

=del 0T

i R( , )E E

i R( , )E E
≤ ≤i1 5E

≤ ≤i6 10E ≤ ≤R1 5E
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
X– = I–), and with  eV (for both the halide
ions). It is interesting that, on the contrary, the recom-

bination probability averaged over the 50 pairs 

with  eV for X– = F– is maximal at R = Ar
and is minimal at R = Xe.

The conjecture may arise that the growth of the
effectiveness of the third body R in the sequence Ar →
Kr → Xe is due not only to the increase in the atom
mass but also to the enhancement of the bond energies

in the systems Cs+–R and X––R. However, there are
several arguments against such a conjecture. The
potential well depth D is equal to 0.1201, 0.2506,

0.4442 eV in the interaction potentials F––Ar, F––Kr,

F––Xe that we used, respectively, and it is equal to
0.0587, 0.0605, 0.0929 eV in the interaction potentials

I––Ar, I––Kr, I––Xe, respectively (see Table 1 and

the paper [33]). Thus, in the systems X––R, the bond
energy does grow monotonously as the mass of the
atom R increases. On the other hand, in the interac-

tion potentials Cs+–Ar, Cs+–Kr, Cs+–Xe, the poten-
tial well depth D is equal to 0.0735, 0.121, 0.1085 eV,

respectively, i.e., the bond energy in the system Cs+–

Kr is greater than that in the system Cs+–Xe (this is
consistent with the data of the works [44, 46, 48]).
Besides that, for any of the three atoms R, the poten-

tial well depth D in the F––R interaction potential is

much larger than that in the I––R interaction poten-

≤ ≤R6 10E

i R( , )E E
≤ ≤i6 10E
l. 16  No. 6  2022
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tial (and the potential well depth D in the interaction

potentials Cs+–F– and Cs+–I– is equal to 5.768 and
4.251 eV, respectively). At the same time, as one passes

from the reaction Cs+ + F– + R to the reaction Cs+ +

I– + R at R = Kr and R = Xe, the recombination prob-

ability averaged over all the 100 pairs 
increases, and it decreases at R = Ar only (see Table 2).
It is worthwhile to note that such a direction of change
in the recombination probability as one passes from

the reaction Cs+ + F– + R to the reaction Cs+ + I– +
R persists if one considers the probabilities averaged

over each of the four sets of 50 pairs  indicated
above. The only exception is that for R = Xe, the
recombination probability averaged over the 50 pairs

 with  eV decreases.

Second, the recombination probability 

depends on the ion encounter energy  to a much

greater extent than on the third body energy , and it

almost always decreases as  grows (all the few excep-

tions correspond to the energies  eV for which
the relative statistical uncertainties become too signif-
icant). The same observation takes place for the reac-

tions (1) with X– = Br– [26, 30]. In the diagram of Fig.

2b in [22] for the reaction Cs+ + Br– + Xe, an opposite
situation is presented, but this contradiction is seem-
ing and is caused by a misprint, namely, the titles

“ (Xe–CsBr), eV” and “ (Cs+–Br–), eV” of the
diagram axes were swapped. As is seen in Table 2, for
all the six systems in question, the recombination

probability  averaged over the 50 pairs

 with  eV is much larger than the
recombination probability averaged over the 50 pairs

 with  eV. Moreover, in this setting,

for both the halide ions F– and I–, as the ion encounter

energy  grows, the Ar atom exhibits the minimal
drop in effectiveness while the Xe atom exhibits the
maximal drop. For all the six systems, the difference
between the recombination probabilities averaged over

the 50 pairs  with  eV and over the

50 pairs  with  eV is incomparably
less than that in the case of the separation of the dia-

gram elements along the  energy (moreover, for the

reaction Cs+ + I– + Ar, this difference is even nega-
tive).

For the reactions (6), consider more minutely the
dependence of the recombination probability

 on the third body energy  at low fixed ion

encounter energies , 2, and 3 eV where the rel-
ative statistical uncertainties are small (see Figs. 1a, 1b).

The probability  for both the reactions

and the probability  for the reaction

Cs+ + I– + Kr monotonously decrease as  grows.

The same holds for the probability  for

the reaction Cs+ + I– + Kr with the only exception:

i R( , )E E

i R( , )E E

i R( , )E E ≤ ≤R6 10E

i R( , )P E E
iE

RE
iE

≥i 9E

relE iniE

i R( , )P E E
i R( , )E E ≤ ≤i1 5E

i R( , )E E ≤ ≤i6 10E

iE

i R( , )E E ≤ ≤R1 5E
i R( , )E E ≤ ≤R6 10E

iE

i R( , )P E E RE
=i 1E

R(1 eV, )P E

R(2 eV, )P E
RE

R(3 eV, )P E
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. The probabilities

 and  for the reaction Cs+ + F– +

Kr are not monotonously decreasing functions of the

 energy. Moreover, the maximum of 

for this reaction is attained at  eV whereas the

maximum of  is attained at  eV and

 eV (and the coefficient of correlation between

 and  is less than 0.5 in absolute value,

see Table 2).

As one passes from zero delay parameter to

, the recombination probabilities are
reduced sharply and the entire structure of the exci-

tation functions  changes, this change being

different for different reactions (1) with X– = F–, I–

and R = Ar, Kr, Xe, see Figs. 5 and 6 in the work [33]
and Figs. 1c, 1d in the present paper. On the whole,
the transformation of the structure of the excitation
functions of the reactions (6) turns out to be more or
less the same as in the case of the reactions (1) with

R = Xe and X– = F–, I–, respectively, but not as in the

case of the reactions (1) with R = Ar and X– = F–, I–.

In particular, in the diagram of Fig. 1c (R = Kr, X– =

F–), it is the recombination probabilities at  eV
that “absolutely dominate”, while in the diagram of

Fig. 1d (R = Kr, X– = I–), it is the recombination

probability at  eV that “absolutely domi-
nates”. We also observed a strong drop in the recom-

bination probabilities as one passes from  to

positive values of  in the case of the reactions (1)

with X– = Br– [26, 30].

4. OPACITY FUNCTIONS 
AND DISTRIBUTIONS OF THE INTERNAL 

ENERGY OF THE RECOMBINATION 
PRODUCTS

In Table 3, for four combinations of the collision

energies  = , , ,  (in eV), we

present the maximal values  and  of the

impact parameter  of the third body and of the

impact parameter  of the ion encounter for which we
observed the reactions of direct three-body recombi-

nation (6) at . Figure 2 displays the opacity
functions of the recombination reactions (6), i.e., the

dependences of the recombination probability on 

or on , at  for these four combinations of the

collision energies. In the work [33] at  for the
same four combinations of the collision energies, we
presented the opacity functions of the reactions (1)

with X– = F–, I– and R = Ar, Xe. An analysis of all the

figures shows that for each halide ion X– and for each

combination of the collision energies , the
opacity functions corresponding to all the three atoms
R = Ar, Kr, and Xe, are rather similar on the whole,

<(3 eV, 2 eV) (3 eV, 3 eV)P P
R(2 eV, )P E R(3 eV, )P E

RE R(2 eV, )P E
=R 2E

R(3 eV, )P E =R 3E
=R 5E

R(3 eV, )P E RE

=del 0.2T

i R( , )P E E

=i 1E

= =i R 1E E

=del 0T
delT

i R( , )E E (1, 1) (1, 5) (5, 1) (5, 5)

R,limb i,limb
Rb

ib

=del 0T

Rb
ib =del 0T

=del 0T

i R( , )E E
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Fig. 2. The  (lines 1) and  (lines 2) opacity functions of the recombination reaction Cs+ + F– + Kr as well as the  (lines 3)

and  (lines 4) opacity functions of the recombination reaction Cs+ + I– + Kr at: (a)  eV, (b)  eV and  eV,

(c)  eV and  eV, (d)  eV. All the opacity functions pertain to the case . The recombination prob-

abilities are presented in units of , i.e., the probability values are  times smaller than the numbers indicated on the ordinate

axes.
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Table 3. The maximal values ,  (rounded to the
least exceeding integer in a.u.) of the impact parameters ,

 for which we observed the recombination reactions (6) at

The procedure of rounding a positive number to the least exceed-
ing integer (also known as rounding up) consists in the following:
the fraction part is removed and the integer obtained is increased
by one (for instance, 28.137 is rounded to 29).

Collision energies 

, eV

Reaction Cs+ + F– + Kr 60; 34 27; 34 51; 29 59; 29

Reaction Cs+ + I– + Kr 15; 35 13; 35 47; 29 14; 31

R,limb i,limb
Rb

ib
=del 0T

i R( , )E E
(1, 1) (1, 5) (5, 1) (5, 5)
and all the trends in the behavior of the opacity func-
tions noted in the work [33] for R = Ar and Xe persist
also for R = Kr. These trends consist in the following.

First, as a rule, the graphs of the  opacity func-
tions of the reactions (6) are more symmetric with
respect to the maximum position than the graphs of

the  opacity functions, and the maximum of the 

opacity function is higher than that of the  opacity
function and is shifted “to the left”, i.e., toward
smaller values of the impact parameter (see Fig. 2).
The exceptions to this rule are the opacity functions of

the reaction Cs+ + F– + Kr for the collision energies

 =  and  (in eV).

Second, for the reaction Cs+ + F– + Kr, as a rule,

the value of  is considerably larger than the value

of , while for the reaction Cs+ + I– + Kr, the

opposite inequality is typical (see Table 3). Due to the

presence of the Coulomb term , the potential (4)

ib

Rb Rb
ib

i R( , )E E (5, 1) (5, 5)

R,limb

i,limb

−1/r
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
of the interaction between the ions is much longer-

ranged than the potentials (5) of the interactions

between the third body and each of the ions, so the

inequality  may seem paradoxical. How-

ever, as we noted in the work [33], while the impact

>R,lim i,limb b
l. 16  No. 6  2022
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Fig. 3. The distributions of the vibrational (the black columns) and rotational (the grey columns) energies of: (a) the product CsF

of recombination Cs+ + F– + Kr, (b) the product CsI of recombination Cs+ + I– + Kr at  eV and . The solid
lines show the Boltzmann rotational distributions at temperatures of: (a) 5885 K, (b) 5115 K. The potential well depths D of the

ionic interaction potentials in the salt molecules CsF and CsI are also indicated.
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= =i R 1E E =del 0T
parameter  of the ion encounter is related to the dis-

tance between the ions, the impact parameter  of the
third body is related to the distance between the neu-
tral atom R and the center of mass of the ion pair
rather than to the distances between the R atom and
the ions themselves. The internuclear distance
between the R atom and one of the ions can be much
smaller than the distance between the R atom and the
center of mass of the ion pair. This phenomenon is
more pronounced in the case where the center of mass
of the ion pair is shifted to one of the ions (i.e., the
masses of the ions are noticeably different) and the R
atom approaches the ion pair from the side of the
lighter ion from which the center of mass of the ion

pair is far away. That is why the inequality 

is typical for the reactions (1) with X– = F– and R =

Ar, Kr, Xe but not for the reactions (1) with X– = I–.

Besides that, one sees in Table 3 that the value of 

varies over a far wider range than the value of .

In all our previous works where we considered sta-
tistical dynamics of direct three-body recombination

reactions (1) for various halide ions X– and neutral
atoms R, the vibrational energy distributions of the salt
molecules CsX turned out to be strongly non-equilib-
rium (as a rule, with a high population of vibrational
levels with energies close to the bond energy), while
the rotational energy distributions turned out to be
almost equilibrium [19–22, 26, 27, 30–33]. This holds

for calculations with both central ( ) and non-
central encounters of the ions. The recombination
reactions (6) with non-central encounters of the ions
were no exception. To provide an example, in Fig. 3 we
present the distributions of the vibrational and rota-

ib
Rb

>R,lim i,limb b

R,limb
i,limb

=i 0b
RUSSIAN JOURNAL O
tional energies of the products of the reactions (6) at

 eV and .

At  and  = , , , 

(in eV), the temperatures T corresponding to the
Boltzmann rotational distributions that best approxi-
mate the rotational energy distributions of the prod-
ucts of the reactions (6) are equal to 5885, 5004, 6202,

6579 K, respectively, for the reaction Cs+ + F– + Kr
and are equal to 5115, 4763, 6553, 5777 K, respec-

tively, for the reaction Cs+ + I– + Kr. Thus, for the

reaction Cs+ + F– + Kr, the temperatures T are

arranged in the order , while for

the reaction Cs+ + I– + Kr, they are arranged in the

order  (the same order as for the

reaction Cs+ + F– + Xe [33]).

5. CONCLUSIONS

The results of the present paper show that the reac-
tions of direct three-body recombination (6) exhibit
almost all the main peculiarities of statistical dynamics

of the reactions (1) with X– = F–, I– found out in the
work [33] for the case where the third body R is an
argon or xenon atom. On the other hand, each of the
six reactions (1) explored in the paper [33] and in the
present work possesses its own dynamical characteris-
tics, and many features of the dynamics of the reac-

tions (1) with X– = F–, I– and R = Kr cannot be pre-
dicted when one knows just the dynamics of the reac-

tions (1) with X– = F–, I– and R = Ar, Xe. Such
dynamical properties of the reactions (1) include, for
example, details of the structure of the excitation

= =i R 1E E =del 0T

=del 0T i R( , )E E (1, 1) (1, 5) (5, 1) (5, 5)

> > >5, 5 5, 1 1, 1 1, 5T T T T

> > >5, 1 5, 5 1, 1 1, 5T T T T
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function at , the general shape of the excitation

function at  (at this value of , the struc-
tures of the excitation functions of the four reactions

(1) with X– = F–, I– and R = Ar, Xe are very different
[33]), details of the behavior of the opacity functions
and of the distributions of the vibrational and rota-
tional energies of the CsX products (in particular, the
temperature T of the Boltzmann rotational distribu-
tion that best approximates the rotational energy dis-
tribution of the CsX molecules).

The complicated features of the dynamics of the
direct three-body recombination reactions (1) neces-
sitate studying detailed dynamics of these reactions. In
the recent paper [34], we presented the results of visu-
alization and a minute step-by-step analysis of nine

trajectories which describe recombination (1) with X– =

F–, I– and R = Ar, Xe at ,  eV, and

 or 5 eV. These trajectories exhibit different
mechanisms of energy transfer from the ion pair to the
third body. In particular, energy transfer can occur via

an encounter of the R atom with the Cs+ ion, via an

encounter of the R atom with the X– ion, via succes-
sive encounters of the R atom with both the ions, and
via an “insertion” of the R atom between the ions. At
the same time, to explain the peculiarities of the struc-
ture of the excitation functions and of the opacity
functions of the reactions (1) or those of the distribu-
tions of the vibrational and rotational energies of the
products (and even to explain the fact that the vibra-
tional energy distributions are strongly non-equilib-
rium whereas the rotational energy distributions are
close to equilibrium ones), further research is needed.
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