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Abstract

Reaction rate constants have been calculated for electronic transitions in Kr+2 ions and for their

decay as induced by collisions with krypton atoms and/or spontaneous radiation processes. The

rate constants have then been used in a series of modelings of electronic relaxation in the ions in cold

krypton plasmas with the main focus on relaxation times and final states. It has been shown that

the collision-induced (non-radiative) relaxation is much faster than the radiative one and completely

dominates with typical relaxation times ranging between nanoseconds and microseconds. The

relaxation always ends up in the Kr+2 electronic ground state, high electronic excitations survive

for longer times than lower excitations due to spin-orbit coupling effects.

PACS numbers: 52.20.-j 52.20.Hv 34.50.-s

∗Electronic address: cyril.vds@gmail.com

1

Page 1 of 55 AUTHOR SUBMITTED MANUSCRIPT - PSST-103283.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



†Electronic address: malika.benhenni@laplace.univ-tlse.fr
‡Electronic address: rene.kalus@vsb.cz

2

Page 2 of 55AUTHOR SUBMITTED MANUSCRIPT - PSST-103283.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



I. INTRODUCTION

Cold rare-gas plasmas have recently received a considerable attention raised by a promis-

ing potential in various applications. Among others, biomedicine [1–3] and spacecraft propul-

sion [4, 5] may serve as the most pronounced examples. In complement to the experimental

research, numerical modeling plays an important role in plasma physics, mainly because they

are able to provide a deep insight into phenomena and processes not usually accessible by

experiments. It is particularly important for rare-gas plasmas since various aspects of their

physics are to be deeply understood in order to control and tailor their properties important

for their efficient applications. For example, the formation of active species (radicals, excited

species, charged particles etc.) and the basic data on their reactivity and transport are of

particular importance in fluid dynamics modelings of cold rare-gas plasmas and tailoring

their characteristics.

Ions of various kinds have a major effect on the magnitude of the space charge electric

field and, in turn, are determinant or even decisive for the formation and the densities of

many other active species in cold plasmas. In rare-gas plasmas, in particular, atomic ions

would primarily be expected to be by far the most abundant ones and, thus, to play the most

important role in influencing plasmas properties. However, it was shown a long time ago [6–

8] that molecular ions of small sizes, namely, dimers and trimers, also play a significant role,

which is a clear consequence of their rather strong binding. Specifically, the krypton dimer

ion, Kr+2 , may serve as a good example with its binding being of almost chemical strength

(D0 ≈ 1.15 eV) [9, 10]. This stands in a clear contrast to the neutral krypton dimer, Kr2,

the binding energy of which is too small (D0 ≈ 0.016 eV [11]) for the Kr2 molecule to survive,

at ambient conditions, at a non-negligible amount [12].

The krypton dimer ion cannot thus arise from a direct ionization of its neutral precursor

and alternative mechanisms were also proposed [6]: a) the three-body recombination,

Rg+ + Rg + Rg→ Rg+
2 + Rg (1)

and b) the associative ionization (the asterisk on the left-hand-side denotes electronic exci-

tation),

Rg∗ + Rg→ Rg+
2 + e−, (2)

the latter being also called the Hornbeck-Molnar process. Since electronically excited

3

Page 3 of 55 AUTHOR SUBMITTED MANUSCRIPT - PSST-103283.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



monomers participate on the reactant side not only in the reaction given by Eq. (2), but also

in the three-body recombination process [13], electronically excited products (dimer ions)

are highly probably to be produced and the initial electronic excitation is only afterwards re-

laxed. However, the processes of such relaxation cannot be easily monitored experimentally

and theoretical modeling is thus strongly needed. The relaxation of electronic excitations

in atomic and molecular ions colliding with atoms has also been studied elsewhere [14–18],

however the context of cold atoms physics is quite different from the cold plasma one, and

mainly charge transfer processes were investigated in these works.

In two preceding papers [19, 20] we have investigated transport properties of the kryp-

ton dimer ion in the electronic ground state [19] and low-lying excited states [20]. Since

the results we obtained are compatible for both ground-state and excited-state dimers with

available experimental data [6], both types of the Kr+2 dimer may be present in experimental

populations. However, the experimental data do not allow to make an (at least rough) quan-

titative estimate of how various electronic excitations are populated in Kr+2 under typical

experimental conditions.

The abundances of particular electronic states are basically influenced by two factors:

a) the way how the Kr+2 ions are formed and b) how the nascent population of electronic

excitations is afterward relaxed. In the present work, we focus on the latter issue and

provide an introductory study of processes responsible for the relaxation of the nascent

electronic excitation in krypton dimer ions. It is noteworthy that both spontaneous radiative

transitions as well as non-radiative, collision-induced processes may in principle play a role

and are, thus, considered.

The results reported in the present paper are mostly based on our preceding dynamical

calculations on the Kr+2 /Kr collisions [19, 20], the outputs of which have been analyzed

in a more detailed way here, however, which has enabled detection of particular electronic

states on the output. This has allowed to assess all the parameters governing the relaxation

of the initial electronic excitation in the Kr+2 ion, namely, effective collision cross-sections

of state-to-state transitions and related rate constants. The calculated rate constants have

then been used, together with rate constants of radiative transitions calculated here us-

ing a semiclassical approach (see Sec. II B 2) and rate constants of collision-induced dimer

ion disappearance reported in preceding studies [19, 20], in kinetic modelings of electronic

relaxation in Kr+2 .
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It should be noted that the considered reaction rate constants may in general depend on

the initial rotational-vibrational excitation of the ionic dimer. Therefore, they have to be

properly averaged over the rotational-vibrational states following, e.g., thermal distributions.

However, such a full calculation considering both the (six) electronic states and (dozens of)

rotational-vibrational states of the ionic dimer is clearly beyond the scope of the present

work. For simplicity and to avoid calculations of impracticable extent, only the rotational-

vibrational ground state, [j = 0, v = 0], has been considered for each Kr+2 electronic state.

Despite this, we believe that the results obtained may still provide qualitatively sound, or

even semi-quantitative estimates of the efficiency of the electronic relaxation in Kr+2 and

the relevance of particular electronic states in Kr+2 populations in cold krypton plasmas.

The present paper is organized as follows. First, methodological approaches and com-

putations are reviewed in Sec. II. Specifically, processes considered in the present model of

the electronic relaxation in Kr+2 are summarized in Subsec. II A, the methods of the calcu-

lation of needed rate constants are discussed in Subsec. II B, and, finally, kinetic equations

governing the electronic relaxation in Kr+2 are introduced and methods for their solution

are described in Subsec. II C. Then, main results are presented and discussed in Sec. III,

with calculated rate constants summarized in Subsec. III A and typical relaxation evolutions

of selected nascent populations of electronic excitations in Kr+2 discussed in Subsec. III B.

Finally, conclusive remarks and outlooks are provided in Sec. IV.

II. METHODS AND COMPUTATIONS

A. Processes

The following low-lying electronic states of the Kr+2 ion and transitions among them

have been considered, the I(1/2)u ground state, excited states asymptotically correlating to

the fine-structure ground state (2P3/2) of the atomic ion, I(3/2)g, I(3/2)u and I(1/2)g (group

I states), and excited states asymptotically correlating to the Kr+ fine-structure excited state

(2P1/2), II(1/2)u and II(1/2)g (group II states). A graphical summary of them is provided

in Fig. 1.

Two kinds of transition processes are considered in the present work, (non-radiative)

collision-induced transitions and spontaneous radiative transitions in free ionic dimers. As
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discussed elsewhere [21], radiative processes do not play an important role during the collision

compared to non-radiative processes and are thus neglected here [22]. Since, in addition,

the probability of non-radiative transitions is very small in free Kr+2 ions (exactly zero if

the spin-orbit coupling is neglected), the non-radiative free-flight transitions are neither

considered here.

Both collision-induced processes and spontaneous radiative processes may result either

in an electronic transition in the dimer ion or in the dimer ion disappearance, the latter

mainly due to dimer dissociation [23] and, consequently, the following processes have to be

considered (small Greek letters represent particular electronic states of the dimer [24]):

collision-induced inter-state transition (cIST),

Kr+2 (α) + Kr→ Kr+2 (β) + Kr, (3)

collision-induced dimer ion disappearance (cDID),

Kr+2 (α) + Kr→ Kr+ + 2Kr/Kr2, (4)

radiative inter-state transition (rIST),

Kr+2 (α)→ Kr+2 (β) + hν, (5)

and radiative dimer dissociation (rDD)

Kr+2 (α)→ Kr+ + Kr + hν. (6)

Note that the two latter processes are used to discriminate between radiative transitions re-

sulting to a stabilized dimer on the output, Eq. (5), and transitions from a bound rotational-

vibrational state to a continuum state leading to dimer dissociation, Eq. (6).

All the processes given by Eqs. (3)–(6) are considered in the present work with related rate

constants denoted as k
(3)
αβ , k

(4)
α , k

(5)
αβ , and k

(6)
α , respectively, where the upper index indicates

the number of the equation describing each particular process.

B. Reaction rate constants

1. Rate constants of collision-induced processes

The present calculations related to the collision-induced processes, Eqs. (3) and (4),

heavily rely on the data reported in the preceding studies on the Kr+2 /Kr collisions [19,
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20]. To summarize, let us recall that, in those studies, we calculated bunches of Kr+2 /Kr

(quasiclassical) collision trajectories for the dimer ion being, prior to a collision, either in its

electronic ground state [I(1/2)u] or in one of the five lowest excited states [I(3/2)g, I(3/2)u,

I(1/2)g, II(1/2)u, and II(1/2)g]. For each electronic state, a broad range of (center-of-mass)

collision energies was considered (between Ecoll = 0.01 eV and Ecoll = 100 eV), and, for

each collision energy, a sufficiently large number of impact-parameter values were included

and sampled between b = 0 and b = bmax (bmax = 10−30 Å, depending on the electronic

state and collision energy) with a step of ∆b = 0.1 Å. Altogether 528 trajectories were

integrated numerically for each value of the impact-parameter. They started from a sample of

Kr+2 /Kr initial conditions imitating experimental conditions and covering various (isotropic)

orientations of the dimer ion in space and various phases of its rotational-vibrational motion

[25]. Note also that the forces due to the external electric field are completely negligible

compared to inter-atomic interactions and, consequently, the external electric field has not

been considered in trajectory calculations.

Totally, 50,000 to 150,000 trajectories were evaluated for each collision energy and elec-

tronic state, and subsequently were used to evaluate effective cross-sections of particular

collision channels. Following the conclusions of an immediately preceding study [20], elec-

tronic potentials of Ref. 9 (referred therein as model B) have been used in calculations on

the Kr+2 ion starting from the electronic ground state and the potentials of Ref. 10 (model

A) have been employed for electronically excited dimers.

The rate constants of cDID processes, Eq. (4), were calculated in the two preceding

studies [19, 20] and are used here without any additional modification.

Alike, most of the data needed to calculate the rate constants of the cIST processes,

Eq. (3), were reported in the two preceding studies and, here, they have been re-analyzed in

a more detailed way. More specifically, final electronic states of the dimer [denoted by index

β in Eq. (3)] have been considered explicitly for each collision trajectory and their relative

abundances have been calculated for each particular value of the impact-parameter (and for

each initial electronic state, α, of the dimer ion). If we denote these abundances as xαβ(b),

then the effective cross-sections of processes given by Eq. (3) can be calculated from

σ
(3)
αβ =

∫ bmax

0

xαβ(b) 2πb db. (7)

Corresponding rate constants have then been obtained from these cross-sections (and

7
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momentum-transfer cross-sections of Kr+2 (α)/Kr collisions reported in Refs. 19 and 20) via

a series of Monte Carlo simulations [26] described in detail, e.g., in Sec. 2.3 of Ref. 19.

Briefly, a sufficiently large number of trajectories of the dimer ion (prepared in a specific

electronic state and propagated under the action of a uniform electric field) are generated

with collisions evoked with probabilities given by the pre-calculated effective cross-sections.

Since weakly ionized gas is assumed, only collisions with neutral atoms are considered [27].

The propagation of each ion takes place until the latter disappears (dissociates) and/or time

limits indicating that the cathode has been reached or the prefixed simulation time has

been elapsed are exceeded. The reaction rate constant of a particular cIST process is then

obtained from (see, e.g., Sec. 2.3 of Ref. 19)

k
(3)
αβ =

〈
ν
(3)
αβ

〉
N

, (8)

where N denotes particle density of the gas and
〈
ν
(3)
αβ

〉
is the average frequency of collisions

leading to an α→ β transition in the colliding dimer ion.

2. Rate constants of spontaneous radiative processes

The processes resulting from radiative transitions in the Kr+2 ion basically consist of two

steps. Firstly, an electronic transition takes place (accompanied by the emission of a photon)

and, secondly, the dimer either survives or dissociates depending on whether the transition

yields a bound rotational-vibrational state or a continuum state. Alike for collision-induced

processes, the effect of the external electric field is completely negligible and it need not

be considered for radiative processes. Moreover, since the electronic transition is much

slower than the following dissociation of the dimer (if any), the rate of the overall process

is completely governed by the rate of the former process. The rate constant of a radiative

transition going from state α to state β (Γαβ) is given, for a particular nuclear configuration

(R), from Fermi’s golden rule [28],

Γαβ(R) =
1

3πε0~4c3
[Eα(R)− Eβ(R)]3 |µαβ(R)|2 , (9)

where ε0, ~, and c are the vacuum permittivity, the (reduced) Planck constant, and the vac-

uum light velocity, respectively, Eα and Eβ are (adiabatic) electronic energies before and

after the transition, respectively, and µαβ is the transition dipole moment between states α

8
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and β, both evaluated in nuclear geometry R. For flexible molecules, the values obtained

from Eq. (9) have to be averaged over a representative set of molecular geometries. In

the case of the Kr+2 dimer, it means that averaging over properly sampled inter-atomic dis-

tances has to be done. For example, sampling from (the square of) the nuclear wave function

corresponding to a specific rotational-vibrational state of the dimer ([j = 0, v = 0] in this

work) can be used.

Only specific spontaneous radiative transitions are allowed in the krypton dimer ion if

a first-order (dipole) approximation adopted in Eq. (9) is used:

II(1/2)g → II(1/2)u [α = 6→ β = 5],

II(1/2)g → I(1/2)u [α = 6→ β = 1],

I(3/2)u → I(3/2)g [α = 3→ β = 2],

(10)

I(1/2)g → I(1/2)u [α = 4→ β = 1], (11)

and

II(1/2)u → I(1/2)g [α = 5→ β = 4]. (12)

Since the transitions given by Eq. (10) end up in a bound (though often excited) rotational-

vibrational state on the final electronic potential energy curve, they are hereafter treated

as rIST processes of Eq. (5). The transition given by Eq. (12), on the other hand, ends

always in a continuum state of the I(1/2)g potential and is thus treated as an rDD process

given by Eq. (6). Finally, the process given by Eq. (11) should mostly lead to a bound

electronically ground-state dimer, but in an extremely highly excited rotational-vibrational

state, lying just below the dissociation limit. For this reason, the process of Eq. (11) is

assumed to be an rDD [Eq. (6)]. As a consequence, the rate constants of the spontaneous

emission processes have been set as follows (brackets indicate averaging over Kr+2 inter-

nuclear distances): k
(5)
65 = 〈Γ65〉, k(5)61 = 〈Γ61〉, k(5)32 = 〈Γ32〉, k(6)4 = 〈Γ41〉, and k

(6)
5 = 〈Γ54〉.

The remaining radiative rate constants are equal to zero.

C. Modeling of kinetics of Kr+2 inter-state transitions and decay

Though Eqs. (3)–(6) do not represent a complete description of processes one can an-

ticipate in cold krypton plasma, e.g., reactions leading to the formation of the Kr+2 ion are

9
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not included, they may provide a qualitatively sound picture of how initial electronic exci-

tations are relaxed in a population of Kr+2 ions. Corresponding time evolution is governed

by the following kinetic equations [nα denotes the particle density of the Kr+2 (α) ion]:

dnα
dt

= −Kαnα +
∑
β 6=α

Kβαnβ, (13)

where

Kα =

[∑
β 6=α

k
(3)
αβ + k

(4)
α

]
ng +

∑
β 6=α

k
(5)
αβ + k

(6)
α ,

Kβα = k
(3)
βαng + k

(5)
βα .

(14)

In Eqs. (14), ng denotes the particle density of the carrier gas. This density is considered

constant and is obtained from the gas pressure (P ) and temperature (T ) calculated within

the ideal-gas approximation, ng = P/(kBT ).

Eq. (13) can be rewritten in a compact matrix form,

dn

dt
= A · n, (15)

where n is a six dimensional column vector of Kr+2 (α) concentrations, A is a 6 × 6 matrix

corresponding to the constant coefficients of the right-hand side of Eq. (13), and the dot

denotes matrix multiplication. Using this compact form of the kinetics equations, their

(unique) solution corresponding to an initial condition n(0) = n0 can be expressed as

n(t) = exp (At) · n0. (16)

A symplectic integrator based on a second-order approximation of the matrix exponential,

exp (A∆t) ≈ 1+A∆t+1/2(A∆t)2, has been employed to evaluate this solution numerically.

III. RESULTS AND DISCUSSIONS

A. Reaction rate constants

1. Dimer ion disappearance rate constants

As mentioned above, the collision-induced dimer ion disappearance (cDID) rate constants

were reported for the Kr+2 ion in two immediately preceding studies [19, 20] and the reader is

10
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referred therein for necessary details. For completeness, they are also summarized in a form

appropriate for the present analysis [29] in Fig. 2.

Rate constants of radiative dimer dissociation (rDD) processes [Eqs. (11) and (12)] cal-

culated in this work are also added in Fig. 2 for comparison. However, since the rDD rate

constants are, at ambient conditions (T = 300 K and P = 760 Torr), about 2–4 orders

of magnitudes smaller than respective cDID rate constants (see also Table I), it seems that

the radiative dissociation of the electronically excited Kr+2 ions plays only a negligible role at

room temperature and atmospheric pressure. Interestingly, this holds even if weak external

fields (resulting in low Kr+2 /Kr collision energies) are considered.

2. Inter-state transition rate constants

The inter-state transition rate constants, as calculated for rotationally-vibrationally

ground-state Kr+2 dimers, are summarized in Fig. 3. Both collision-induced inter-state tran-

sitions (cIST) as well as radiative transitions (rIST) are considered (for the latter see also

Table I). A couple of important observations are clear from the figure.

Firstly, the radiative (rIST) processes are either significantly less efficient than

the collision-induced (cIST) processes or, at the utmost, comparable to them. But, the lat-

ter holds only when collision-induced transitions themselves are unimportant. It thus seems

that the radiative transitions will play a negligible role for inter-state transitions [30] as well

as for the dimer disappearance.

Secondly, the rate constants of transitions from group I to group II are either zero or

by at least two orders of magnitude smaller than the rate constants of transitions occurring

among states of group I. The group I to group II transitions are thus expected to play only

a marginal role and, as expected [20], the electronic relaxation of group I states is almost

quasiadiabatic, i.e., confined to the group I manifold.

Thirdly, the situation is somewhat more involved for intergroup transitions. While

the transitions starting from the II(1/2)g state dominantly go to the II(1/2)u state, i.e.,

they are confined within group II and are, thus, quasiadiabatic, the lower of the group II

states, II(1/2)u, may undergo collision-induced transitions to both the other state of group

II, II(1/2)g, and the states of group I (mainly the ground state). This particularly holds

if a weak electric field is applied (E/N . 30 Td) where the two kinds of transitions are of
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a more or less equal probability. As a consequence, the II(1/2)u state will eventually relax

to the electronic ground state of the Kr+2 ion and this relaxation, if combined with a quite

efficient transition form II(1/2)g to II(1/2)u, may thus lead to an observable depletion of

the group II states in experimental Kr+2 populations. We will return to this interesting point

once more in the following subsection.

B. Model evolutions of electronic excitations in Kr+2

To analyze the processes leading to the relaxation of initial electronic excitations in

the Kr+2 ion in a more illustrative way, we present, in this subsection, a series of model

time evolutions of occupations of electronic states in Kr+2 starting from specific electronic

states. The evolutions have been calculated using rate constants obtained for T = 300 K and

for the carrier gas density corresponding to P = 760 Torr. The methodology described in

Subsec. II C has been used with both spontaneous radiative and collision-induced processes

considered, though the former, as discussed above, contribute only marginally.

The results of performed calculations are summarized in Figs. 4–6 in which three rep-

resentative values of the reduced electric field are considered, a low one (E/N = 5 Td)

representing the E/N → 0 (thermal) limit and other two (E/N = 300 Td E/N = 1000 Td)

representing stronger electric fields (higher collision energies) where dimer ion disappearance

processes become gradually important.

1. Weak-field region

Selected Kr+2 electronic relaxation evolutions predicted for E/N = 5 Td are depicted in

Fig. 4. As expected from the observations discussed in the preceding subsection, already

a first glance at the recorded time profiles reveals quite distinct features seen for processes

started from group I electronic states and those started from group II states.

For the ground state, I(1/2)u, no visible evolution has been recorded on the time scale

considered. Since the transitions to higher electronic states are completely negligible and

the same holds for the ion disappearance rate, the initially populated ground state does

not change along the whole recorded evolution and also no visible decrease of the dimer

abundance is seen.
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For the other group I states, a different picture is seen since a) the electronically excited

dimer ions may disappear (dissociate) much easily than the ground state due to a consid-

erably reduced binding energy and b) downward collision-induced electronic transitions are

quite efficient even in the E/N → 0 limit (see Fig. 3). A common feature observed for all

the initial electronic excitations belonging to group I is that the Kr+2 ion always relaxes, quite

fast (t ≤ 10−3 µs), to the electronic ground state (with intermediate, lower lying electronic

states always involved).

The evolutions recorded for group II states are mainly governed by the dimer ion disap-

pearance which leads to a quite considerable decrease of the dimer abundance. However,

the conversion of the initial electronic excitation to the electronic ground state is also ob-

served in survived dimers, either directly if the evolution starts from the II(1/2)u state, or

indirectly through the II(1/2)u states if the evolution starts from the II(1/2)g state. Note-

worthy, intermediate group I states are skipped (their normalized abundances are well below

10−4). The non-zero value of the rate constant of the II(1/2)u→I(1/2)u transition is clearly

responsible for the observed group II to group I conversion and, thus, the break of the quasia-

diabaticity of the underlying processes. Since, on the other hand, the value of this rate con-

stant is much smaller than the value of the rate constant of the II(1/2)g→II(1/2)u transition,

the evolution still remains quasiadiabatic at short time-scales (up to about t ≈ 10−3 µs) and

the quasiadiabaticity is thus violated only at times about an order of magnitudes longer

(t ≥ 10−2 µs).

2. Strong-field region

In the case of a strong external electric field, a somewhat different picture is seen (see

Figs. 5 and 6), mainly because the efficiency of the collision-induced dimer ion disappearance

becomes, even for the most bound I(1/2)u and I(3/2)g states, gradually enhanced.

While, for the initial electronic excitations belonging to group I, their subsequent relax-

ation roughly follows the patterns observed at weak electric fields, two major differences are

observed. Firstly, the role of intermediate, lower-lying states is gradually reduced as E/N

increases, and, secondly, the dimer ion disappearance is efficient enough to completely sweep

out the initial population of dimers within a fairly short time. As a consequence, it seems

that, in stronger electric fields, two main processes compete when group I electronic exci-
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tations are relaxed: a) a direct (and fast) conversion of the initial electronic excited state

to the electronic ground state and a subsequent (somewhat slower) decay of the ground-

state dimer, and b) a direct decay of the excited dimer. The latter mechanism seems to be

the more efficient, the higher is the initial excitation.

The situation further simplifies if the initial electronic excitation concerns the group II

states. In this case, the role of intermediate electronic states is heavily suppressed and

the dimer ion disappearance completely dominates. Noteworthy, however, the traces of

the Kr+2 ions that survive up to long times almost exclusively populate the electronic ground

state.

3. Relevance of Kr+2 excited electronic states

To estimate the effect of particular electronic excitations of Kr+2 on the transport and

other macroscopic properties of the dimer ions in krypton gas, we have estimated the number

of collisions the dimer ions undergo with krypton atoms before they change their electronic

state and/or disappear (dissociate). In general, one may suppose that the effect will be

the more pronounced, the larger is the number of such collisions.

In weak electric fields, all the initial electronic excitations are eventually converted in

the Kr+2 ion to the electronic ground state, I(1/2)u, unless the ion disappears (dissociates).

However, while a typical relaxation time is below t ≈ 10−3 µs for the initial Kr+2 electronic

excitations belonging to group I, it increases considerably if group II excitations are involved

(up to t ≈ 10−2 − 10−1 µs). It means that group II excitations may survive quite long in

Kr+2 ions for the excited ions to undergo a significant number of collisions with carrier gas

atoms and to contribute to observed macroscopic features (e.g., transport properties) of

experimental Kr+2 populations.

More specifically, the total mean collision frequency of Kr+2 /Kr collisions is estimated,

at ambient conditions and for E/N = 5 Td, to about νcoll ≈ 105 µs−1. Then, a Kr+2 ion

initially excited to the II(1/2)u state, which is expected to survive for t ≈ 10−2 − 10−1 µs,

should undergo about 103 − 104 collisions with neighboring Kr atoms. A dimer ion created

in the II(1/2)g state, on the other hand, is expected to undergo much less Kr+2 /Kr colli-

sions (dozens, a comparable number one gets for the group I electronic excitations) since

its life time is much shorter (about t ≈ 10−4 − 10−3 µs). However, a non-negligible amount
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of Kr+2 ions occupying the II(1/2)u state results from ions initially excited to the II(1/2)g

state and these II(1/2)u ions participate, afterwards, in thousands of collisions before they

dissociate and/or relax to the electronic ground state. As a consequence, ion dimers elec-

tronically excited to the group II states, the II(1/2)u state in particular, are expected to

play a role in weak electric fields and should be considered in the analysis and interpretation

of experimental data.

In the strong field region, a very fast depletion of the initial population of Kr+2 is observed

for both the electronic ground-state dimer as well as initially electronically excited dimers,

typical disappearance times being about t ≈ 10−3 µs for the ground state and t ≈ 10−4 µs for

excited states. As a consequence, molecular Kr+2 ions are expected to play only a limited role

in cold krypton plasmas if strong electric fields are applied. However, since, e.g., for E/N =

1000 Td, the total mean collision frequency is estimated to νcoll ≈ 106 µs−1, the decaying

dimer ions may still undergo about several dozens (electronically excited) to several hundreds

(ground-state dimer ions) of collisions before they disappear. Since the life time of the ions in

their electronic ground state is estimated to be only about an order of magnitude longer than

those obtained for electronically excited ions, some effect of the latter cannot be excluded,

but will probably not be much important. Naturally, the recombination processes of Eqs.

(1) and (2) may influence the final picture. However, in the strong field region, they are

expected to be much less important than in weak electric fields and, consequently, only a

slight effect is presumed from them. Unfortunately, no data are presently available on the

recombination rates to make any quantitative assessment.

IV. SUMMARY AND CONCLUSIONS

Outputs of preceding dynamical calculations on Kr+2 /Kr collisions occurring in cold kryp-

ton plasma [19, 20] have been re-analyzed to get effective cross-sections and rate constants

of collision-induced inter-state transitions in Kr+2 ions. In addition, rate constants of inter-

state transitions resulting from spontaneous radiative processes occurring in electronically

excited Kr+2 ions have also been calculated using a semiclassical approach based on the classi-

cal treatment of nuclei and a full quantum description of electrons. All the relevant low-lying

electronic states of the Kr+2 ion have been taken into account, namely the I(1/2)u ground

state, excited states asymptotically correlating to the fine-structure ground state (2P3/2) of
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the atomic ion, I(3/2)g, I(3/2)u and I(1/2)g (group I states), and excited states asymptoti-

cally correlating to the Kr+ fine-structure excited state (2P1/2), II(1/2)u and II(1/2)g (group

II states). For simplicity and practicability of presented calculations, only rotationally-

vibrationally ground states of the Kr+2 ion have been considered on respective potential

energy curves.

The calculated rate constants have subsequently been used in kinetic modelings of elec-

tronic relaxation processes in Kr+2 ions, initially prepared in a specific electronic state, and

their decay. All the modelings have been performed at ambient conditions (T = 300 K

and P = 760 Torr) and two representative external electric fields, E/N = 5 Td represent-

ing the weak-field (thermal) limit and E/N = 1000 Td representing the strong-field (high

collision energy) limit. It is noteworthy that the radiative processes are much less efficient

under these conditions than the non-radiative, collision-induced ones and that a considerable

dilution of the carrier gas (by 2 to 6 orders of magnitude, in dependence on the particular

transition) would be required to make the radiative processes competitive.

For the weak-field region, it has been found that all the possible initial Kr+2 electronic

excitations eventually relax to the dimer electronic ground state. This relaxation is faster

for group I excitations (t ≈ 10−3 µs) than for group II excitations (t ≈ 10−2 − 10−1 µs). In

particular for the group II excitations, the electronic relaxation seems to be slow enough so

that the excited dimer ions may influence macroscopic properties of cold krypton plasmas

recorded in weak electric fields. It should be also noted, however, that the dimer disappear-

ance (dissociation) becomes increasingly important as the electronic excitation increases.

For example, for the group II excitations, the dimer ions that survive up to t = 1µs rep-

resent only 20 % of their initial population for the II(1/2)u initial state or even only 5 %

for the II(1/2)g initial excitation. Interestingly, the electronic relaxation starting in group

II skips group I intermediate states and is relaxed to the dimer ground state either via a di-

rect, II(1/2)u→I(1/2)u transition for the II(1/2)u initial excitation or via a bit more involved

pathway, II(1/2)g→II(1/2)u→I(1/2)u, if the relaxation starts from II(1/2)g.

In the strong-field region, the processes governing the evolution of electronically excited

Kr+2 are completely dominated by a quite fast decay of the dimers. While the decay of elec-

tronically ground-state dimer ions is somewhat slower (t ≈ 10−3 µs) than the dissociation

of electronically excited ions (t ≈ 10−4 µs), the life times of excited states are almost inde-

pendent on the particular Kr+2 electronic excitation. Like in weak fields, the dimer decay
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processes include, to some small extent, intermediate electronic states if started from a group

I excited state. The group II excitations lead, on the other hand, to a direct dissociation

and no intermediate states are observed at a non-negligible abundance.

Preliminary calculations (not reported in this work) seem to indicate that the efficiency of

inter-group transitions is considerably reduced if the dimer ion is rotationally-vibrationally

excited and, thus, the rotational-vibrational excitations of the dimer will highly probably

enhance the role the electronically excited dimers play in cold krypton plasmas. However,

a more extensive calculations heavily exceeding the scope of the present work would be

needed to provide a reliable assessment of the effect the Kr+2 rotational-vibrational excita-

tions have on experimental data.

Last but not least, since processes leading to the formation of krypton dimer ions (e.g.,

ternary recombination collisions) have not been taken into account in the present work,

a complete description of the formation and quenching of electronic excitations in the Kr+2 ion

in cold krypton plasmas has still not been achieved. Among others, it means that the present

data do not allow, by themselves, to estimate the abundances of Kr+2 electronic states in

cold krypton plasmas and are, thus, not sufficient to resolve the question about the role

of electronically excited dimer ions in these plasmas as raised in a preceding publication

[20]. Presently, additional calculations focused on the formation of the Kr+2 ions are being

prepared in our group. Beyond that, however, the present work on the rate constants of

processes involving different Kr+2 electronic states can be directly used in, for instance, the

electrodynamics modeling of low temperature plasma jets in krypton gas where the plasma

active species are governed by the directed streamer development having both a low field

region (a few Td) in the streamer channel and a strong field region (a few hundreds of Td) in

the streamer head. For this, the rate constants governing the krypton dimer ion populations

have been provided and analyzed for both weak-field and strong-field conditions.
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Figures and Tables

TABLE I: Rate constants (k) and half-times (τ = ln 2/k) of radiative transitions in the rotationally-

vibrationally ground-state Kr+2 ion, [j = 0, v = 0], as given by Eqs. (10)–(12).

transition k [µs−1] τ [µs]

II(1/2)g→ II(1/2)u 0.0009 790

II(1/2)g→ I(1/2)u 0.0949 7.3

I(3/2)u→ I(3/2)g 0.0050 138

I(1/2)g→ I(1/2)u 0.0006 1137

II(1/2)u→ I(1/2)g 0.4347 1.6
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FIG. 1: Potential energy curves of the lowest-lying electronic states of the Kr+2 ion (taken and

adapted from Ref. [20]).
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FIG. 2: Normalized rate constants of collision-induced dimer ion disappearance, ngk
(4)
α , calculated

for rotationally-vibrationally ground-state Kr+2 dimers, [j = 0, v = 0], in respective electronic states

(group I – open symbols, group II – full symbols) and at room temperature (T = 300 K). Note that

the rate constants are multiplied (see Subsec. II C) by the carrier-gas particle density corresponding

to the atmospheric pressure (P = 760 Torr) and room temperature. For comparison, rate constants

of spontaneous radiative dissociation of the Kr+2 ion (not multiplied by the gas density) are also

provided as horizontal lines framed with respective symbols.
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FIG. 3: Normalized rate constants of collision-induced inter-state transitions, ngk
(3)
αβ , calculated

for rotationally-vibrationally ground-state Kr+2 dimers, [j = 0, v = 0], initially created in electronic

states indicated in respective panels and for room temperature (T = 300 K). Like in Fig. 2, the rate

constants are multiplied by the carrier-gas particle density set to the value corresponding to P =

760 Torr and room temperature. Rate constants of inter-state transitions due to spontaneous

radiative processes in Kr+2 (not multiplied by the gas density) are also provided as dashed horizontal

lines framed with respective symbols. If a particular curve is missing in any panel, the corresponding

rate constant is equal to zero for all the values of the reduced electric field considered.
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FIG. 4: Time evolutions of normalized abundances of Kr+2 electronic states [nα(t)/n0, where n0 is

the total Kr+2 density at t = 0] in populations of ionic dimers initially populating a particular

electronic state (indicated on the right of each panel) as calculated for E/N = 5 Td. Note that

the processes leading to the creation of the Kr+2 dimer [Eqs. (1) and (2)] are not considered in

this figure. For this reason, time evolutions of n(t)/n0 [n(t) =
∑

α nα(t)] are also shown (thick

gray lines) to visualize the progress of the dimer ion disappearance. Note also that the rotational-

vibrational ground state is assumed to be unchanged in Kr+2 for all the considered times.
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FIG. 5: The same as in Fig. 4, but calculated for E/N = 300 Td.
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FIG. 6: The same as in Fig. 4, but calculated for E/N = 1000 Td. (Note that a different time

scale is used in this figure.)
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Abstract

Reaction rate constants have been calculated for electronic transitions in Kr+2 ions and for their

decay as induced by collisions with krypton atoms and/or spontaneous radiation processes. The

rate constants have then been used in a series of modelings of electronic relaxation in the ions in cold

krypton plasmas with the main focus on relaxation times and final states. It has been shown that

the collision-induced (non-radiative) relaxation is much faster than the radiative one and completely

dominates with typical relaxation times ranging between nanoseconds and microseconds. The

relaxation always ends up in the Kr+2 electronic ground state, high electronic excitations survive

for longer times than lower excitations due to spin-orbit coupling effects.
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I. INTRODUCTION

Cold rare-gas plasmas have recently received a considerable attention raised by a promis-

ing potential in various applications. Among others, biomedicine [1–3] and spacecraft propul-

sion [4, 5] may serve as the most pronounced examples. In complement to the experimental

research, numerical modeling plays an important role in plasma physics, mainly because they

are able to provide a deep insight into phenomena and processes not usually accessible by

experiments. It is particularly important for rare-gas plasmas since various aspects of their

physics are to be deeply understood in order to control and tailor their properties important

for their efficient applications. For example, the formation of active species (radicals, excited

species, charged particles etc.) and the basic data on their reactivity and transport are of

particular importance in fluid dynamics modelings of cold rare-gas plasmas and tailoring

their characteristics.

Ions of various kinds have a major effect on the magnitude of the space charge electric

field and, in turn, are determinant or even decisive for the formation and the densities of

many other active species in cold plasmas. In rare-gas plasmas, in particular, atomic ions

would primarily be expected to be by far the most abundant ones and, thus, to play the most

important role in influencing plasmas properties. However, it was shown a long time ago [6–

8] that molecular ions of small sizes, namely, dimers and trimers, also play a significant role,

which is a clear consequence of their rather strong binding. Specifically, the krypton dimer

ion, Kr+2 , may serve as a good example with its binding being of almost chemical strength

(D0 ≈ 1.15 eV) [9, 10]. This stands in a clear contrast to the neutral krypton dimer, Kr2,

the binding energy of which is too small (D0 ≈ 0.016 eV [11]) for the Kr2 molecule to survive,

at ambient conditions, at a non-negligible amount [12].

The krypton dimer ion cannot thus arise from a direct ionization of its neutral precursor

and alternative mechanisms were also proposed [6]: a) the three-body recombination,

Rg+ + Rg + Rg→ Rg+
2 + Rg (1)

and b) the associative ionization (the asterisk on the left-hand-side denotes electronic exci-

tation),

Rg∗ + Rg→ Rg+
2 + e−, (2)

the latter being also called the Hornbeck-Molnar process. Since electronically excited
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monomers participate on the reactant side not only in the reaction given by Eq. (2), but

also in the three-body recombination process [13], electronically excited products (dimer

ions) are highly probably to be produced and the initial electronic excitation is only af-

terwards relaxed. However, the processes of such relaxation cannot be easily monitored

experimentally and theoretical modeling is thus strongly needed. The relaxation of elec-

tronic excitations in atomic and molecular ions colliding with atoms has also

been studied elsewhere [14–18], however the context of cold atoms physics is

quite different from the cold plasma one, and mainly charge transfer processes

were investigated in these works.

In two preceding papers [19, 20] we have investigated transport properties of the kryp-

ton dimer ion in the electronic ground state [19] and low-lying excited states [20]. Since

the results we obtained are compatible for both ground-state and excited-state dimers with

available experimental data [6], both types of the Kr+2 dimer may be present in experimental

populations. However, the experimental data do not allow to make an (at least rough) quan-

titative estimate of how various electronic excitations are populated in Kr+2 under typical

experimental conditions.

The abundances of particular electronic states are basically influenced by two factors:

a) the way how the Kr+2 ions are formed and b) how the nascent population of electronic

excitations is afterward relaxed. In the present work, we focus on the latter issue and

provide an introductory study of processes responsible for the relaxation of the nascent

electronic excitation in krypton dimer ions. It is noteworthy that both spontaneous radiative

transitions as well as non-radiative, collision-induced processes may in principle play a role

and are, thus, considered.

The results reported in the present paper are mostly based on our preceding dynamical

calculations on the Kr+2 /Kr collisions [19, 20], the outputs of which have been analyzed

in a more detailed way here, however, which has enabled detection of particular electronic

states on the output. This has allowed to assess all the parameters governing the relaxation

of the initial electronic excitation in the Kr+2 ion, namely, effective collision cross-sections

of state-to-state transitions and related rate constants. The calculated rate constants have

then been used, together with rate constants of radiative transitions calculated here us-

ing a semiclassical approach (see Sec. II B 2) and rate constants of collision-induced dimer

ion disappearance reported in preceding studies [19, 20], in kinetic modelings of electronic

4
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relaxation in Kr+2 .

It should be noted that the considered reaction rate constants may in general depend on

the initial rotational-vibrational excitation of the ionic dimer. Therefore, they have to be

properly averaged over the rotational-vibrational states following, e.g., thermal distributions.

However, such a full calculation considering both the (six) electronic states and (dozens of)

rotational-vibrational states of the ionic dimer is clearly beyond the scope of the present

work. For simplicity and to avoid calculations of impracticable extent, only the rotational-

vibrational ground state, [j = 0, v = 0], has been considered for each Kr+2 electronic state.

Despite this, we believe that the results obtained may still provide qualitatively sound, or

even semi-quantitative estimates of the efficiency of the electronic relaxation in Kr+2 and

the relevance of particular electronic states in Kr+2 populations in cold krypton plasmas.

The present paper is organized as follows. First, methodological approaches and com-

putations are reviewed in Sec. II. Specifically, processes considered in the present model of

the electronic relaxation in Kr+2 are summarized in Subsec. II A, the methods of the calcu-

lation of needed rate constants are discussed in Subsec. II B, and, finally, kinetic equations

governing the electronic relaxation in Kr+2 are introduced and methods for their solution

are described in Subsec. II C. Then, main results are presented and discussed in Sec. III,

with calculated rate constants summarized in Subsec. III A and typical relaxation evolutions

of selected nascent populations of electronic excitations in Kr+2 discussed in Subsec. III B.

Finally, conclusive remarks and outlooks are provided in Sec. IV.

II. METHODS AND COMPUTATIONS

A. Processes

The following low-lying electronic states of the Kr+2 ion and transitions among

them have been considered, the I(1/2)u ground state, excited states asymptot-

ically correlating to the fine-structure ground state (2P3/2) of the atomic ion,

I(3/2)g, I(3/2)u and I(1/2)g (group I states), and excited states asymptotically

correlating to the Kr+ fine-structure excited state (2P1/2), II(1/2)u and II(1/2)g

(group II states). A graphical summary of them is provided in Fig. 1.

Two kinds of transition processes are considered in the present work, (non-radiative)

5
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collision-induced transitions and spontaneous radiative transitions in free ionic dimers. As

discussed elsewhere [21], radiative processes do not play an important role during

the collision compared to non-radiative processes and are thus neglected here

[22]. Since, in addition, the probability of non-radiative transitions is very small

in free Kr+2 ions (exactly zero if the spin-orbit coupling is neglected), the non-

radiative free-flight transitions are neither considered here.

Both collision-induced processes and spontaneous radiative processes may re-

sult either in an electronic transition in the dimer ion or in the dimer ion disappearance,

the latter mainly due to dimer dissociation [23] and, consequently, the following pro-

cesses have to be considered (small Greek letters represent particular electronic states

of the dimer [24]):

collision-induced inter-state transition (cIST),

Kr+2 (α) + Kr→ Kr+2 (β) + Kr, (3)

collision-induced dimer ion disappearance (cDID),

Kr+2 (α) + Kr→ Kr+ + 2Kr/Kr2, (4)

radiative inter-state transition (rIST),

Kr+2 (α)→ Kr+2 (β) + hν, (5)

and radiative dimer dissociation (rDD)

Kr+2 (α)→ Kr+ + Kr + hν. (6)

Note that the two latter processes are used to discriminate between radiative transitions re-

sulting to a stabilized dimer on the output, Eq. (5), and transitions from a bound rotational-

vibrational state to a continuum state leading to dimer dissociation, Eq. (6).

All the processes given by Eqs. (3)–(6) are considered in the present work with related rate

constants denoted as k
(3)
αβ , k

(4)
α , k

(5)
αβ , and k

(6)
α , respectively, where the upper index indicates

the number of the equation describing each particular process.

6
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B. Reaction rate constants

1. Rate constants of collision-induced processes

The present calculations related to the collision-induced processes, Eqs. (3) and (4),

heavily rely on the data reported in the preceding studies on the Kr+2 /Kr collisions [19,

20]. To summarize, let us recall that, in those studies, we calculated bunches of Kr+2 /Kr

(quasiclassical) collision trajectories for the dimer ion being, prior to a collision, either in its

electronic ground state [I(1/2)u] or in one of the five lowest excited states [I(3/2)g, I(3/2)u,

I(1/2)g, II(1/2)u, and II(1/2)g]. For each electronic state, a broad range of (center-of-mass)

collision energies was considered (between Ecoll = 0.01 eV and Ecoll = 100 eV), and, for

each collision energy, a sufficiently large number of impact-parameter values were included

and sampled between b = 0 and b = bmax (bmax = 10−30 Å, depending on the electronic

state and collision energy) with a step of ∆b = 0.1 Å. Altogether 528 trajectories were

integrated numerically for each value of the impact-parameter. They started from a sample of

Kr+2 /Kr initial conditions imitating experimental conditions and covering various (isotropic)

orientations of the dimer ion in space and various phases of its rotational-vibrational motion

[25]. Note also that the forces due to the external electric field are completely

negligible compared to inter-atomic interactions and, consequently, the external

electric field has not been considered in trajectory calculations.

Totally, 50,000 to 150,000 trajectories were evaluated for each collision energy and elec-

tronic state, and subsequently were used to evaluate effective cross-sections of particular

collision channels. Following the conclusions of an immediately preceding study [20], elec-

tronic potentials of Ref. 9 (referred therein as model B) have been used in calculations on

the Kr+2 ion starting from the electronic ground state and the potentials of Ref. 10 (model

A) have been employed for electronically excited dimers.

The rate constants of cDID processes, Eq. (4), were calculated in the two preceding

studies [19, 20] and are used here without any additional modification.

Alike, most of the data needed to calculate the rate constants of the cIST processes,

Eq. (3), were reported in the two preceding studies and, here, they have been re-analyzed in

a more detailed way. More specifically, final electronic states of the dimer [denoted by index

β in Eq. (3)] have been considered explicitly for each collision trajectory and their relative

7
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abundances have been calculated for each particular value of the impact-parameter (and for

each initial electronic state, α, of the dimer ion). If we denote these abundances as xαβ(b),

then the effective cross-sections of processes given by Eq. (3) can be calculated from

σ
(3)
αβ =

∫ bmax

0

xαβ(b) 2πb db. (7)

Corresponding rate constants have then been obtained from these cross-sections (and

momentum-transfer cross-sections of Kr+2 (α)/Kr collisions reported in Refs. 19 and 20) via

a series of Monte Carlo simulations [26] described in detail, e.g., in Sec. 2.3 of Ref. 19.

Briefly, a sufficiently large number of trajectories of the dimer ion (prepared in a specific

electronic state and propagated under the action of a uniform electric field) are generated

with collisions evoked with probabilities given by the pre-calculated effective cross-sections.

Since weakly ionized gas is assumed, only collisions with neutral atoms are considered [27].

The propagation of each ion takes place until the latter disappears (dissociates) and/or time

limits indicating that the cathode has been reached or the prefixed simulation time has

been elapsed are exceeded. The reaction rate constant of a particular cIST process is then

obtained from (see, e.g., Sec. 2.3 of Ref. 19)

k
(3)
αβ =

〈
ν
(3)
αβ

〉
N

, (8)

where N denotes particle density of the gas and
〈
ν
(3)
αβ

〉
is the average frequency of collisions

leading to an α→ β transition in the colliding dimer ion.

2. Rate constants of spontaneous radiative processes

The processes resulting from radiative transitions in the Kr+2 ion basically consist of

two steps. Firstly, an electronic transition takes place (accompanied by the emission of

a photon) and, secondly, the dimer either survives or dissociates depending on whether

the transition yields a bound rotational-vibrational state or a continuum state. Alike for

collision-induced processes, the effect of the external electric field is completely

negligible and it need not be considered for radiative processes. Moreover, since

the electronic transition is much slower than the following dissociation of the dimer (if any),

the rate of the overall process is completely governed by the rate of the former process.

8
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The rate constant of a radiative transition going from state α to state β (Γαβ) is given, for

a particular nuclear configuration (R), from Fermi’s golden rule [28],

Γαβ(R) =
1

3πε0~4c3
[Eα(R)− Eβ(R)]3 |µαβ(R)|2 , (9)

where ε0, ~, and c are the vacuum permittivity, the (reduced) Planck constant, and the vac-

uum light velocity, respectively, Eα and Eβ are (adiabatic) electronic energies before and

after the transition, respectively, and µαβ is the transition dipole moment between states α

and β, both evaluated in nuclear geometry R. For flexible molecules, the values obtained

from Eq. (9) have to be averaged over a representative set of molecular geometries. In

the case of the Kr+2 dimer, it means that averaging over properly sampled inter-atomic dis-

tances has to be done. For example, sampling from (the square of) the nuclear wave function

corresponding to a specific rotational-vibrational state of the dimer ([j = 0, v = 0] in this

work) can be used.

Only specific spontaneous radiative transitions are allowed in the krypton dimer ion if

a first-order (dipole) approximation adopted in Eq. (9) is used:

II(1/2)g → II(1/2)u [α = 6→ β = 5],

II(1/2)g → I(1/2)u [α = 6→ β = 1],

I(3/2)u → I(3/2)g [α = 3→ β = 2],

(10)

I(1/2)g → I(1/2)u [α = 4→ β = 1], (11)

and

II(1/2)u → I(1/2)g [α = 5→ β = 4]. (12)

Since the transitions given by Eq. (10) end up in a bound (though often excited) rotational-

vibrational state on the final electronic potential energy curve, they are hereafter treated

as rIST processes of Eq. (5). The transition given by Eq. (12), on the other hand, ends

always in a continuum state of the I(1/2)g potential and is thus treated as an rDD process

given by Eq. (6). Finally, the process given by Eq. (11) should mostly lead to a bound

electronically ground-state dimer, but in an extremely highly excited rotational-vibrational

state, lying just below the dissociation limit. For this reason, the process of Eq. (11) is

assumed to be an rDD [Eq. (6)]. As a consequence, the rate constants of the spontaneous

emission processes have been set as follows (brackets indicate averaging over Kr+2 inter-

nuclear distances): k
(5)
65 = 〈Γ65〉, k(5)61 = 〈Γ61〉, k(5)32 = 〈Γ32〉, k(6)4 = 〈Γ41〉, and k

(6)
5 = 〈Γ54〉.

The remaining radiative rate constants are equal to zero.

9
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C. Modeling of kinetics of Kr+2 inter-state transitions and decay

Though Eqs. (3)–(6) do not represent a complete description of processes one can an-

ticipate in cold krypton plasma, e.g., reactions leading to the formation of the Kr+2 ion are

not included, they may provide a qualitatively sound picture of how initial electronic exci-

tations are relaxed in a population of Kr+2 ions. Corresponding time evolution is governed

by the following kinetic equations [nα denotes the particle density of the Kr+2 (α) ion]:

dnα
dt

= −Kαnα +
∑
β 6=α

Kβαnβ, (13)

where

Kα =

[∑
β 6=α

k
(3)
αβ + k

(4)
α

]
ng +

∑
β 6=α

k
(5)
αβ + k

(6)
α ,

Kβα = k
(3)
βαng + k

(5)
βα .

(14)

In Eqs. (14), ng denotes the particle density of the carrier gas. This density is considered

constant and is obtained from the gas pressure (P ) and temperature (T ) calculated within

the ideal-gas approximation, ng = P/(kBT ).

Eq. (13) can be rewritten in a compact matrix form,

dn

dt
= A · n, (15)

where n is a six dimensional column vector of Kr+2 (α) concentrations, A is a 6 × 6 matrix

corresponding to the constant coefficients of the right-hand side of Eq. (13), and the dot

denotes matrix multiplication. Using this compact form of the kinetics equations, their

(unique) solution corresponding to an initial condition n(0) = n0 can be expressed as

n(t) = exp (At) · n0. (16)

A symplectic integrator based on a second-order approximation of the matrix exponential,

exp (A∆t) ≈ 1+A∆t+1/2(A∆t)2, has been employed to evaluate this solution numerically.

10
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III. RESULTS AND DISCUSSIONS

A. Reaction rate constants

1. Dimer ion disappearance rate constants

As mentioned above, the collision-induced dimer ion disappearance (cDID) rate constants

were reported for the Kr+2 ion in two immediately preceding studies [19, 20] and the reader is

referred therein for necessary details. For completeness, they are also summarized in a form

appropriate for the present analysis [29] in Fig. 2.

Rate constants of radiative dimer dissociation (rDD) processes [Eqs. (11) and (12)] cal-

culated in this work are also added in Fig. 2 for comparison. However, since the rDD rate

constants are, at ambient conditions (T = 300 K and P = 760 Torr), about 2–4 orders

of magnitudes smaller than respective cDID rate constants (see also Table I), it seems that

the radiative dissociation of the electronically excited Kr+2 ions plays only a negligible role at

room temperature and atmospheric pressure. Interestingly, this holds even if weak external

fields (resulting in low Kr+2 /Kr collision energies) are considered.

2. Inter-state transition rate constants

The inter-state transition rate constants, as calculated for rotationally-vibrationally

ground-state Kr+2 dimers, are summarized in Fig. 3. Both collision-induced inter-state tran-

sitions (cIST) as well as radiative transitions (rIST) are considered (for the latter see also

Table I). A couple of important observations are clear from the figure.

Firstly, the radiative (rIST) processes are either significantly less efficient than

the collision-induced (cIST) processes or, at the utmost, comparable to them. But, the lat-

ter holds only when collision-induced transitions themselves are unimportant. It thus seems

that the radiative transitions will play a negligible role for inter-state transitions [30] as well

as for the dimer disappearance.

Secondly, the rate constants of transitions from group I to group II are either zero or

by at least two orders of magnitude smaller than the rate constants of transitions occurring

among states of group I. The group I to group II transitions are thus expected to play only

a marginal role and, as expected [20], the electronic relaxation of group I states is almost

11
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quasiadiabatic, i.e., confined to the group I manifold.

Thirdly, the situation is somewhat more involved for intergroup transitions. While

the transitions starting from the II(1/2)g state dominantly go to the II(1/2)u state, i.e.,

they are confined within group II and are, thus, quasiadiabatic, the lower of the group II

states, II(1/2)u, may undergo collision-induced transitions to both the other state of group

II, II(1/2)g, and the states of group I (mainly the ground state). This particularly holds

if a weak electric field is applied (E/N . 30 Td) where the two kinds of transitions are of

a more or less equal probability. As a consequence, the II(1/2)u state will eventually relax

to the electronic ground state of the Kr+2 ion and this relaxation, if combined with a quite

efficient transition form II(1/2)g to II(1/2)u, may thus lead to an observable depletion of

the group II states in experimental Kr+2 populations. We will return to this interesting point

once more in the following subsection.

B. Model evolutions of electronic excitations in Kr+2

To analyze the processes leading to the relaxation of initial electronic excitations in

the Kr+2 ion in a more illustrative way, we present, in this subsection, a series of model

time evolutions of occupations of electronic states in Kr+2 starting from specific electronic

states. The evolutions have been calculated using rate constants obtained for T = 300 K and

for the carrier gas density corresponding to P = 760 Torr. The methodology described in

Subsec. II C has been used with both spontaneous radiative and collision-induced processes

considered, though the former, as discussed above, contribute only marginally.

The results of performed calculations are summarized in Figs. 4–6 in which

three representative values of the reduced electric field are considered, a low

one (E/N = 5 Td) representing the E/N → 0 (thermal) limit and other two

(E/N = 300 Td E/N = 1000 Td) representing stronger electric fields (higher col-

lision energies) where dimer ion disappearance processes become gradually im-

portant.

12
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1. Weak-field region

Selected Kr+2 electronic relaxation evolutions predicted for E/N = 5 Td are depicted in

Fig. 4. As expected from the observations discussed in the preceding subsection, already

a first glance at the recorded time profiles reveals quite distinct features seen for processes

started from group I electronic states and those started from group II states.

For the ground state, I(1/2)u, no visible evolution has been recorded on the time scale

considered. Since the transitions to higher electronic states are completely negligible and

the same holds for the ion disappearance rate, the initially populated ground state does

not change along the whole recorded evolution and also no visible decrease of the dimer

abundance is seen.

For the other group I states, a different picture is seen since a) the electronically excited

dimer ions may disappear (dissociate) much easily than the ground state due to a consid-

erably reduced binding energy and b) downward collision-induced electronic transitions are

quite efficient even in the E/N → 0 limit (see Fig. 3). A common feature observed for all

the initial electronic excitations belonging to group I is that the Kr+2 ion always relaxes, quite

fast (t ≤ 10−3 µs), to the electronic ground state (with intermediate, lower lying electronic

states always involved).

The evolutions recorded for group II states are mainly governed by the dimer ion disap-

pearance which leads to a quite considerable decrease of the dimer abundance. However,

the conversion of the initial electronic excitation to the electronic ground state is also ob-

served in survived dimers, either directly if the evolution starts from the II(1/2)u state, or

indirectly through the II(1/2)u states if the evolution starts from the II(1/2)g state. Note-

worthy, intermediate group I states are skipped (their normalized abundances are well below

10−4). The non-zero value of the rate constant of the II(1/2)u→I(1/2)u transition is clearly

responsible for the observed group II to group I conversion and, thus, the break of the quasia-

diabaticity of the underlying processes. Since, on the other hand, the value of this rate con-

stant is much smaller than the value of the rate constant of the II(1/2)g→II(1/2)u transition,

the evolution still remains quasiadiabatic at short time-scales (up to about t ≈ 10−3 µs) and

the quasiadiabaticity is thus violated only at times about an order of magnitudes longer

(t ≥ 10−2 µs).

13
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2. Strong-field region

In the case of a strong external electric field, a somewhat different picture is seen (see

Figs. 5 and 6), mainly because the efficiency of the collision-induced dimer ion disappear-

ance becomes, even for the most bound I(1/2)u and I(3/2)g states, gradually enhanced.

While, for the initial electronic excitations belonging to group I, their subsequent relax-

ation roughly follows the patterns observed at weak electric fields, two major differences

are observed. Firstly, the role of intermediate, lower-lying states is gradually reduced as

E/N increases, and, secondly, the dimer ion disappearance is efficient enough to completely

sweep out the initial population of dimers within a fairly short time. As a consequence, it

seems that, in stronger electric fields, two main processes compete when group I electronic

excitations are relaxed: a) a direct (and fast) conversion of the initial electronic excited state

to the electronic ground state and a subsequent (somewhat slower) decay of the ground-state

dimer, and b) a direct decay of the excited dimer. The latter mechanism seems to be the more

efficient, the higher is the initial excitation.

The situation further simplifies if the initial electronic excitation concerns the group II

states. In this case, the role of intermediate electronic states is heavily suppressed and

the dimer ion disappearance completely dominates. Noteworthy, however, the traces of

the Kr+2 ions that survive up to long times almost exclusively populate the electronic ground

state.

3. Relevance of Kr+2 excited electronic states

To estimate the effect of particular electronic excitations of Kr+2 on the transport and

other macroscopic properties of the dimer ions in krypton gas, we have estimated the number

of collisions the dimer ions undergo with krypton atoms before they change their electronic

state and/or disappear (dissociate). In general, one may suppose that the effect will be

the more pronounced, the larger is the number of such collisions.

In weak electric fields, all the initial electronic excitations are eventually converted in

the Kr+2 ion to the electronic ground state, I(1/2)u, unless the ion disappears (dissociates).

However, while a typical relaxation time is below t ≈ 10−3 µs for the initial Kr+2 electronic

excitations belonging to group I, it increases considerably if group II excitations are involved

14

Page 41 of 55 AUTHOR SUBMITTED MANUSCRIPT - PSST-103283.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



(up to t ≈ 10−2 − 10−1 µs). It means that group II excitations may survive quite long in

Kr+2 ions for the excited ions to undergo a significant number of collisions with carrier gas

atoms and to contribute to observed macroscopic features (e.g., transport properties) of

experimental Kr+2 populations.

More specifically, the total mean collision frequency of Kr+2 /Kr collisions is estimated,

at ambient conditions and for E/N = 5 Td, to about νcoll ≈ 105 µs−1. Then, a Kr+2 ion

initially excited to the II(1/2)u state, which is expected to survive for t ≈ 10−2 − 10−1 µs,

should undergo about 103 − 104 collisions with neighboring Kr atoms. A dimer ion created

in the II(1/2)g state, on the other hand, is expected to undergo much less Kr+2 /Kr colli-

sions (dozens, a comparable number one gets for the group I electronic excitations) since

its life time is much shorter (about t ≈ 10−4 − 10−3 µs). However, a non-negligible amount

of Kr+2 ions occupying the II(1/2)u state results from ions initially excited to the II(1/2)g

state and these II(1/2)u ions participate, afterwards, in thousands of collisions before they

dissociate and/or relax to the electronic ground state. As a consequence, ion dimers elec-

tronically excited to the group II states, the II(1/2)u state in particular, are expected to

play a role in weak electric fields and should be considered in the analysis and interpretation

of experimental data.

In the strong field region, a very fast depletion of the initial population of Kr+2 is observed

for both the electronic ground-state dimer as well as initially electronically excited dimers,

typical disappearance times being about t ≈ 10−3 µs for the ground state and t ≈ 10−4 µs for

excited states. As a consequence, molecular Kr+2 ions are expected to play only a limited role

in cold krypton plasmas if strong electric fields are applied. However, since, e.g., for E/N =

1000 Td, the total mean collision frequency is estimated to νcoll ≈ 106 µs−1, the decaying

dimer ions may still undergo about several dozens (electronically excited) to several hundreds

(ground-state dimer ions) of collisions before they disappear. Since the life time of the ions in

their electronic ground state is estimated to be only about an order of magnitude longer than

those obtained for electronically excited ions, some effect of the latter cannot be excluded,

but will probably not be much important. Naturally, the recombination processes of

Eqs. (1) and (2) may influence the final picture. However, in the strong field

region, they are expected to be much less important than in weak electric fields

and, consequently, only a slight effect is presumed from them. Unfortunately, no

data are presently available on the recombination rates to make any quantitative
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assessment.

IV. SUMMARY AND CONCLUSIONS

Outputs of preceding dynamical calculations on Kr+2 /Kr collisions occurring in cold kryp-

ton plasma [19, 20] have been re-analyzed to get effective cross-sections and rate constants

of collision-induced inter-state transitions in Kr+2 ions. In addition, rate constants of inter-

state transitions resulting from spontaneous radiative processes occurring in electronically

excited Kr+2 ions have also been calculated using a semiclassical approach based on the classi-

cal treatment of nuclei and a full quantum description of electrons. All the relevant low-lying

electronic states of the Kr+2 ion have been taken into account, namely the I(1/2)u ground

state, excited states asymptotically correlating to the fine-structure ground state (2P3/2) of

the atomic ion, I(3/2)g, I(3/2)u and I(1/2)g (group I states), and excited states asymptoti-

cally correlating to the Kr+ fine-structure excited state (2P1/2), II(1/2)u and II(1/2)g (group

II states). For simplicity and practicability of presented calculations, only rotationally-

vibrationally ground states of the Kr+2 ion have been considered on respective potential

energy curves.

The calculated rate constants have subsequently been used in kinetic modelings of elec-

tronic relaxation processes in Kr+2 ions, initially prepared in a specific electronic state, and

their decay. All the modelings have been performed at ambient conditions (T = 300 K

and P = 760 Torr) and two representative external electric fields, E/N = 5 Td represent-

ing the weak-field (thermal) limit and E/N = 1000 Td representing the strong-field (high

collision energy) limit. It is noteworthy that the radiative processes are much less efficient

under these conditions than the non-radiative, collision-induced ones and that a considerable

dilution of the carrier gas (by 2 to 6 orders of magnitude, in dependence on the particular

transition) would be required to make the radiative processes competitive.

For the weak-field region, it has been found that all the possible initial Kr+2 electronic

excitations eventually relax to the dimer electronic ground state. This relaxation is faster

for group I excitations (t ≈ 10−3 µs) than for group II excitations (t ≈ 10−2 − 10−1 µs). In

particular for the group II excitations, the electronic relaxation seems to be slow enough so

that the excited dimer ions may influence macroscopic properties of cold krypton plasmas

recorded in weak electric fields. It should be also noted, however, that the dimer disappear-
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ance (dissociation) becomes increasingly important as the electronic excitation increases.

For example, for the group II excitations, the dimer ions that survive up to t = 1µs rep-

resent only 20 % of their initial population for the II(1/2)u initial state or even only 5 %

for the II(1/2)g initial excitation. Interestingly, the electronic relaxation starting in group

II skips group I intermediate states and is relaxed to the dimer ground state either via a di-

rect, II(1/2)u→I(1/2)u transition for the II(1/2)u initial excitation or via a bit more involved

pathway, II(1/2)g→II(1/2)u→I(1/2)u, if the relaxation starts from II(1/2)g.

In the strong-field region, the processes governing the evolution of electronically excited

Kr+2 are completely dominated by a quite fast decay of the dimers. While the decay of elec-

tronically ground-state dimer ions is somewhat slower (t ≈ 10−3 µs) than the dissociation

of electronically excited ions (t ≈ 10−4 µs), the life times of excited states are almost inde-

pendent on the particular Kr+2 electronic excitation. Like in weak fields, the dimer decay

processes include, to some small extent, intermediate electronic states if started from a group

I excited state. The group II excitations lead, on the other hand, to a direct dissociation

and no intermediate states are observed at a non-negligible abundance.

Preliminary calculations (not reported in this work) seem to indicate that the efficiency of

inter-group transitions is considerably reduced if the dimer ion is rotationally-vibrationally

excited and, thus, the rotational-vibrational excitations of the dimer will highly probably

enhance the role the electronically excited dimers play in cold krypton plasmas. However,

a more extensive calculations heavily exceeding the scope of the present work would be

needed to provide a reliable assessment of the effect the Kr+2 rotational-vibrational excita-

tions have on experimental data.

Last but not least, since processes leading to the formation of krypton dimer ions (e.g.,

ternary recombination collisions) have not been taken into account in the present work,

a complete description of the formation and quenching of electronic excitations in the Kr+2 ion

in cold krypton plasmas has still not been achieved. Among others, it means that the present

data do not allow, by themselves, to estimate the abundances of Kr+2 electronic states in

cold krypton plasmas and are, thus, not sufficient to resolve the question about the role

of electronically excited dimer ions in these plasmas as raised in a preceding publication

[20]. Presently, additional calculations focused on the formation of the Kr+2 ions are being

prepared in our group. Beyond that, however, the present work on the rate constants of

processes involving different Kr+2 electronic states can be directly used in, for instance, the
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electrodynamics modeling of low temperature plasma jets in krypton gas where the plasma

active species are governed by the directed streamer development having both a low field

region (a few Td) in the streamer channel and a strong field region (a few hundreds of Td) in

the streamer head. For this, the rate constants governing the krypton dimer ion populations

have been provided and analyzed for both weak-field and strong-field conditions.
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(2003).

[11] A. K. Dham, A. R. Allnatt, W. J. Meath, and R. A. Aziz, Mol. Phys. 67, 1291 (1989).

[12] R. Kalus, Collect. Czech. Chem. Commun. 65, 141 (2000).

[13] H. Helm, J. Phys. B 9, 2931 (1976).

[14] M. Tomza, K. Jachymski, R. Gerritsma, A. Negretti, T. Calarco, Z. Idziaszek, and P. S.

Julienne, Rev. Mod. Phys 91, 035001 (2019).

[15] A. D. Dörfler, P. Eberle, D. Koner, M. Tomza, M. Meuwly, and S. Willitsch, Rev. Mod. Phys

(2019), 1906.12285.

[16] L. Ratschbacher, C. Zipkes, C. Sias, and M. Köhl, Nature Phys 8, 649 (2012).
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to get the required rotational-vibrational energy (zero-point vibration energy in this work).
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constant) parameter. Since related rate constants are multiplied by this constant carrier-

gas density in Eqs. (14), they are presented in this multiplied form throughout this paper.

The radiative rate constants, on the other hand, enter Eqs. (14) as they are and will thus be

presented in the same way (i.e., not multiplied by ng).

[30] Below in the kinetic modeling part of this section (Subsec. III B), the radiative processes have

always been considered. However, no visible changes in calculated time evolutions have been
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observed after the radiative rate constants were set to zero.
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Figures and Tables

TABLE I: Rate constants (k) and half-times (τ = ln 2/k) of radiative transitions in the rotationally-

vibrationally ground-state Kr+2 ion, [j = 0, v = 0], as given by Eqs. (10)–(12).

transition k [µs−1] τ [µs]

II(1/2)g→ II(1/2)u 0.0009 790

II(1/2)g→ I(1/2)u 0.0949 7.3

I(3/2)u→ I(3/2)g 0.0050 138

I(1/2)g→ I(1/2)u 0.0006 1137

II(1/2)u→ I(1/2)g 0.4347 1.6
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FIG. 1: Potential energy curves of the lowest-lying electronic states of the Kr+2 ion (taken and

adapted from Ref. [20]).

2 3 4 5 6
-1,5

-1,0

-0,5

0,0

0,5

1,0

1,5

II(1/2)g

II(1/2)u

I(1/2)g

I(3/2)u
I(3/2)g

 
en

er
gy

  [
eV

]

distance  [A]

I(1/2)u

23

Page 50 of 55AUTHOR SUBMITTED MANUSCRIPT - PSST-103283.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



FIG. 2: Normalized rate constants of collision-induced dimer ion disappearance, ngk
(4)
α , calculated

for rotationally-vibrationally ground-state Kr+2 dimers, [j = 0, v = 0], in respective electronic states

(group I – open symbols, group II – full symbols) and at room temperature (T = 300 K). Note that

the rate constants are multiplied (see Subsec. II C) by the carrier-gas particle density corresponding

to the atmospheric pressure (P = 760 Torr) and room temperature. For comparison, rate constants

of spontaneous radiative dissociation of the Kr+2 ion (not multiplied by the gas density) are also

provided as horizontal lines framed with respective symbols.
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FIG. 3: Normalized rate constants of collision-induced inter-state transitions, ngk
(3)
αβ , calculated

for rotationally-vibrationally ground-state Kr+2 dimers, [j = 0, v = 0], initially created in electronic

states indicated in respective panels and for room temperature (T = 300 K). Like in Fig. 2, the rate

constants are multiplied by the carrier-gas particle density set to the value corresponding to P =

760 Torr and room temperature. Rate constants of inter-state transitions due to spontaneous

radiative processes in Kr+2 (not multiplied by the gas density) are also provided as dashed horizontal

lines framed with respective symbols. If a particular curve is missing in any panel, the corresponding

rate constant is equal to zero for all the values of the reduced electric field considered.
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FIG. 4: Time evolutions of normalized abundances of Kr+2 electronic states [nα(t)/n0, where n0 is

the total Kr+2 density at t = 0] in populations of ionic dimers initially populating a particular

electronic state (indicated on the right of each panel) as calculated for E/N = 5 Td. Note that

the processes leading to the creation of the Kr+2 dimer [Eqs. (1) and (2)] are not considered in

this figure. For this reason, time evolutions of n(t)/n0 [n(t) =
∑

α nα(t)] are also shown (thick

gray lines) to visualize the progress of the dimer ion disappearance. Note also that the rotational-

vibrational ground state is assumed to be unchanged in Kr+2 for all the considered times.
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FIG. 5: The same as in Fig. 4, but calculated for E/N = 300 Td.

0.0

0.2

0.4

0.6

0.8

1.0

I(1/2)u

electronic states: I(1/2) u [ ]   I(3/2)g [ ]  I(3/2)u [ ]  I(1/2)g [ ]  II(1/2) u [ ]  II(1/2) g [ ]

I(3/2)g I(3/2)u

10-5 10-4 10-3 10-2 10-1 100
0.0

0.2

0.4

0.6

0.8

1.0

I(1/2)g

10-5 10-4 10-3 10-2 10-1 100

time  [ s]

no
rm

al
iz

ed
 a

bu
nd

an
ce

II(1/2)u

10-5 10-4 10-3 10-2 10-1 100

II(1/2)g

27

Page 54 of 55AUTHOR SUBMITTED MANUSCRIPT - PSST-103283.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



FIG. 6: The same as in Fig. 4, but calculated for E/N = 1000 Td. (Note that a different time

scale is used in this figure.)
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