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The rate constant of bulk electron-ion recombination is calculated for dense gaseous krypton doped with
CH4 and N2. In the calculations, the electron scattering is modeled by experimental, energy-dependent collision
cross sections. The applicability of the assumed cross sections is verified by calculations of the electron
mobility in Kr/CH4 and Kr/N2, which give a reasonable agreement with experiment. For both Kr/CH4 and
Kr/N2, the recombination rate constant is found to increase with increasing concentration of the molecular
species, due to efficient dissipation of electron energy in vibrationally and rotationally inelastic collisions.
The simulation results are compared with experimental data, which also demonstrate an enhancement of the
recombination rate by molecular additives.

I. Introduction

The bulk electron-ion recombination in dense gaseous argon
and krypton has been studied experimentally by the group of
Hatano.1,2 The recombination rate constants in those gases were
found to be much lower than the Debye-Smoluchowski value
kD ) 4πeµ/ε predicted by the standard diffusion theory of ion
recombination.3,4 Here,e is the electron charge,µ is the electron
mobility, and ε is the dielectric constant. The observed in-
applicability of the diffusion theory is related to high electron
mobilities in dense rare gases, and values of the recombination
rate constant lower thankD were also found in other systems,
where the mobility of charges exceeds∼100 cm2 V-1 s-1.5-7

Several theoretical models8-13 were proposed to describe the
electron-ion recombination in a wide class of high-mobility
systems. In many cases, however, those general models were
not able to achieve good accordance with experiment. The
discrepancies are especially large for gaseous argon and
krypton.2 In such a situation, we have concentrated on studying
the recombination processes in rare gases and constructed a
theoretical model14 that reflects the specific nature of those
systems. In rare gases, electrons undergo only elastic collisions
with gas atoms and, due to a very small mass ratiom/M of the
electron to the atom, the dissipation of the electron kinetic
energy is very inefficient. In ref 14 we modeled the recombina-
tion in argon and krypton by simulating individual electron
trajectories, and used experimental, energy-dependent cross
sections for elastic collisions to describe the electron scattering.
Unfortunately, the recombination rate constants calculated using
that approach were found to be lower than the experimental
data, and further studies are still needed in order to achieve a
satisfactory agreement with experiment. Since the model of the

electron scattering assumed in our previous calculations14 seems
to be rather realistic, reasons for the observed discrepancy must
be sought in other effects, such as the ion concentration effect,
the influence of an external electric field applied in the
experimental studies, the assumed recombination criterion, or
a possible role of molecular impurities in measured gas samples.
In this paper, we concentrate on the last of these effects and
calculate the recombination rate constants in dense gaseous
krypton doped with methane and nitrogen. In the presence of
molecular impurities, electrons may effectively interact with the
available vibrational and rotational modes, and dissipate energy
much more efficiently than in pure gases. This may significantly
increase the recombination rate, even at very low impurity
concentrations. Another motivation for this study comes from
the fact that the electron-ion recombination rate constants have
been recently measured15 for argon and krypton doped with
methane and nitrogen. A direct comparison of the theoretical
and experimental data should be helpful in understanding the
mechanism of the electron-ion recombination in dense rare
gases.

In the calculations presented in this paper we basically follow
the methodology developed for modeling the electron-ion
recombination in pure rare gases and described in detail in ref
14. We start with gathering cross section data for all types of
scattering events encountered by electrons in the analyzed
systems. In addition to the cross sections for elastic collisions
with krypton atoms, we need to construct sets of cross sections
describing both the elastic and inelastic electron scattering by
methane and nitrogen. The collected cross sections are used in
modeling individual electron trajectories in Kr/CH4 and Kr/N2

mixtures. Before calculating the recombination rate constants,
we determine for both systems the electric field dependence of
the electron mobility. This dependence is used to verify the
assumed simulation model by comparison with the correspond-
ing experimental data. Finally, we apply the simulation method
developed in ref 14 to calculate the recombination rate constants,
and compare the results with experiment.
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II. Calculations for Kr + CH4

A. Cross Sections.The measurements of the electron-ion
recombination rate constant in gaseous krypton,2 as well as our
previous calculations,14 were carried out for systems of density
∼1021 cm-3. At such high densities, the effects due to the dimer
formation or electron multiple scattering are no longer negli-
gible, and the electron transport processes cannot be precisely
described by low-pressure scattering data. However, since
accurate cross sections for high-density krypton are not avail-
able, we decided to use a low-pressure cross section to describe
the elastic e-Kr collisions. We apply the well-established
momentum transfer cross section of Hunter, Carter, and Chris-
tophorou16 as given in their Table 4. The validity of this
approach to modeling the electron transport processes in dense
gaseous Kr was widely discussed in ref 14. We found that the
use of the low-pressure momentum transfer cross section to
describe electron scatterings in krypton at gas density as high
as n ) 1.2 × 1021 cm-3 may be regarded as a reasonable
approximation.

For methane and for the electron energy range from zero to
several eV, the collision processes that should be taken into
account are the elastic collisions and two vibrationally inelastic
processes.17,18The rotational excitation of the highly symmetric
methane molecule is expected to be small. For both elastic and
vibrationally inelastice-CH4 collisions, we use the cross sections
of Hayashi taken from Figure 1 in ref 18. Those cross sections,
together with the momentum transfer cross section for krypton,
are plotted in Figure 1. The deep minima in the momentum
transfer cross sections for both krypton and methane are due to
the Ramsauer-Townsend effect.

The two vibrational cross sections shown in Figure 1,σCH4,v1

andσCH4,v2, describe collisional transitions from the ground state
to the first excited states in the two effective vibrational modes
of CH4 (usually denoted byV24 andV13, respectively17). Although
methane has four distinguishable vibrational modes, they can
be practically reduced to two because of closely lying threshold
energies. Following ref 18 we assume the threshold energies
for the two effective modes asECH4,v1 ) 0.162 eV andECH4,v2

) 0.361 eV. At the temperature chosen in this study,T ) 291
K, it is reasonable to assume that populations of vibrationally
excited states higher than the first excited state in each mode
are negligible.

In addition to elastic collisions and inelastic excitations of
the vibrational modes of CH4, we also need to include in our
simulations collisional deexcitations of the excited vibrational
states. The cross sections for these “superelastic” processes can
be obtained from the corresponding excitation cross sections
using the principle of microscopic reversibility.17 In general,
this principle relates the cross section for a transition from state
j to i, σji, with the corresponding cross section for a transition
from i to j, σij, by

Here,E is the electron energy,Eij is the transition energy from
i to j, andgi andgj are the degeneracies of the statesi and j,
respectively. We use eq 1 to calculate deexcitation cross sections
for all inelastic processes considered in this study.

B. Electron Mobility. In the calculations of the mobility,
we simulate individual electron trajectories in an applied electric
field. We start an electron from the origin and select the time
to a collision, ts. Then, we calculate the classical electron
trajectory in the constant electric field up tots. At that time, we
decide the type of collision to take place, and calculate a change
of the electron velocity resulting from this collision. Now, we
select the next value forts, and repeat the procedure many times
until a predefined, very long timetf elapses. By dividing the
final electron displacement in the direction of the field bytf we
obtain the electron drift velocity and, hence, the mobility. We
carry out the calculations for a number of independently
generated electrons, which allows us also to obtain an estimate
for the statistical error of the simulation.

For an electron in a Kr/CH4 mixture we consider the
following types of collisions: elastic collisions with krypton
atoms (σKr) and methane molecules (σCH4), collisional excitations
of the two effective vibrational modes of methane (σCH4,v1 and
σCH4,v2), and collisional deexcitations of the excited vibrational
modes (σCH4,s1 andσCH4,s2). The symbols in parentheses denote
the corresponding collision cross sections. To effectively model
the electron scattering in a system where the collision cross
sections depend on velocity, we use the null-collision method.19-21

In this method, in addition to real electron collisions, we
introduce fictitious null collisions, in which the electron velocity,
ν, remains unaffected. The cross sectionσn(ν) for the null
collisions is chosen in such a way that the total collision rate
Kmax is independent of velocity

Here,nKr andnCH4 denote the relative concentrations of krypton
and methane (nKr + nCH4 ) 1), nv,0 is the population of the
vibrational ground state of CH4, nv,1 andnv,2 are the populations
of the first excited states in the two vibrational modes of CH4,
respectively. We assumenv,0 + nv,1 + nv,2 ) 1. Using the null-
collision method, the times between the collisions can be
generated from the exponential distribution with the mean value

wheren is the density. The value ofKmax is chosen dynamically
so that it is bigger thanνσtot(ν) on the whole electron trajectory

Figure 1. Momentum transfer cross sections for electron collisions
with krypton,σKr, and methane,σCH4, and cross sections for excitation
by electron collisions of the two effective vibrational modes of methane,
σCH4,v1 andσCH4,v2. Data taken from refs 16 and 18.
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between the collisions, whereσtot(ν) denotes the total cross
section for all types of real collisions. When a collision occurs,
it must be decided whether it is a real or a null collision, and,
in the former case, which type of a real collision it is. The
decision is made at random, with the probability of each event
determined by its relative contribution to the total collision rate
Kmax, as described by eq 2.

To model a particular type of a real collision of an electron
with velocity v, the following simulation procedure is applied.
First, we select the velocity of either a krypton atom,vKr, or a
methane molecule,vCH4, depending on which of these particles
participates in the collision, from the Maxwell-Boltzmann
distribution. Then, we calculate the new electron velocity from

wherem is the electron mass,M is either the atomic mass of
Kr or molecular mass of CH4, depending on the type of collision,
andvM is eithervKr or vCH4, respectively.u is the relative electron
velocity before the collision (u ) v - vM), andn is a random
vector of unit length. We assume here that the electron scattering
is isotropic in the center of mass system. The energy change
∆E is zero for elastic collisions. For vibrational collisions,|∆E|
is equal to the threshold energy of a particular vibrational mode
participating in the collision, and∆E is taken negative for
vibrational excitations and positive for vibrational deexcitations.
Further details of the simulation method used in the calculations
of the electron mobility, as well as a discussion of simulation
errors, can be found in ref 14.

The simulation results on the electric field dependence of
the density-normalized electron mobility in dense gaseous Kr/
CH4 mixtures are shown in the lower part of Figure 2. The
calculations were performed for systems of densityn ) 1.2 ×
1021 cm-3 and temperatureT ) 291 K. We assumed the
dielectric constant of 1.04.2 Open circles show the results
obtained for the methane concentrationcCH4 ) 0.05 mol %, and
squares correspond to those obtained forcCH4 ) 0.1 mol %.
Closed circles represent the results for pure krypton calculated
in our previous study.14 The upper part of Figure 2 shows the
experimental results for the electron mobility in Kr/CH4 mixtures
obtained by Takeda et al.15 The three curves show the data
obtained for methane concentrations corresponding to those
assumed in our calculations, and the meaning of the symbols is
the same as in the lower part of the figure. The experiments of
Takeda et al. were carried out forn ) 1.7 × 1021 cm-3 andT
) 290 K. A comparison between the theoretical and experi-
mental results presented in Figure 2 shows that the simulation
method developed in this study is able to reproduce the basic
features of the electric field dependence of electron mobility in
dense gaseous Kr and Kr/CH4 mixtures at the methane
concentrations considered. For pure krypton, the position of the
maximum in the mobility curve, due to the presence of the
Ramsauer-Townsend minimum in the scattering cross section,
almost exactly matches the corresponding experimental value.
The maximum shifts toward higher electric fields with increasing
methane concentration. For bothcCH4 ) 0.05 and 0.1 mol %,
the calculated values of the mobility at maximum relative to
the maximum value in pure Kr are about the same as those
observed in experiment. There is, however, a disagreement in
the absolute values of the mobility, and the theoretical results
are lower by about 25% than the corresponding experimental
data. In addition, the peak widths in the calculated mobility

curves are wider than those observed in experiment, and the
shift of the peak position toward higher fields with increasing
methane concentration is faster in the case of the simulation
results.

The main approximation made in constructing the simulation
model of electron scattering applied in this study is the use of
the low-pressure cross sections to describe electron collisions
in dense gases. The simulation results of the electron mobility
in Kr/CH4 systems are in a reasonable agreement with experi-
ment. Therefore we can consider that at gas densities considered
here the above approximation does not have a significant effect
on the calculations. In view of this, it seems to be justified to
use the proposed simulation model also in the calculations of
the electron-ion recombination rate constant.

C. Recombination Rate Constant.The simulation method
that we use to calculate the recombination rate constant is based
on the method proposed by Northrup et al.22 We model a system
composed of an electron and a cation, and assume that at
distances from the cation larger thanb the motion of electrons
may be described by the Smoluchowski equation. At distances
shorter thanb, individual trajectories of electrons are simulated
and the probabilityp(b,Ecrit,q) that they recombine rather than
separate to a distanceq, which is larger thanb, is determined.
The recombination is assumed to take place when the total
relative energy of the electron-cation pair falls below a critical
energy Ecrit.10,23 The electron trajectories are calculated as
classical trajectories in the Coulomb field of the cation. Electrons
undergo collisions with either Kr atoms or CH4 molecules, and
both the types of collisions considered and the algorithm used
to model those collisions are the same as in the calculations of
the electron mobility described in section IIB. The recombination

Figure 2. Comparison of the theoretical (lower part) and experimental15

(upper part) results on the electric field dependence of the density
normalized electron mobility in Kr/CH4. Results for pure Kr (closed
circles), and for methane concentrations of 0.05 mol % (open circles)
and 0.1 mol % (squares) are presented. 1 mTd) 10-20 Vcm2
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rate constantk is related to the recombination probability
p(b,Ecrit,q) by14,22

whererc is the Onsager radius defined byrc ) e2/εkBT, andkB

is the Boltzmann constant.
Since the Kr/CH4 systems modeled in this study are composed

mostly of Kr gas, and the mechanism of dissipating the electron
energy in rare gases is very inefficient, the recombination
probability to be determined from the simulation is extremely
low (∼10-6). Such a low recombination probability makes its
evaluation by simulation infeasible. To overcome this problem
we divide the recombination process into two phases, separated
in the energy space by a conveniently chosen levelE1. The
recombination probability is then calculated as a product of two
larger quantities describing the probability of the electron’s
arriving at E1 from a higher energy,p(b,E1,q), and that of
arriving atEcrit from E1, pII(E1,Ecrit,q). The recombination rate
constant can now be expressed as14

and the quantitykI(b,E1,q) may be regarded as a virtual
recombination rate constant obtained from the results of phase
I of the simulation. Further details of the simulation method
used in calculations of the recombination rate constant can be
found in ref 14.

In the calculations we use reduced units. We assumerc as
the unit of length,kBT as the unit of energy, and (kBT/m)1/2 as
the unit of velocity. The unit of time isrc/(kBT/m)1/2.

In phase I of the simulation we start electrons at a distance
b from the cation, and follow their motion until either they reach
the energy levelE1, or separate to a distanceq from the cation
(q > b). The value ofb must be chosen large enough to make
the determined quantitykI independent of that parameter. The
dependence ofkI(b) on b for pure krypton was calculated in ref
14. It was found that the asymptotic region ofkI can be reached
only for b higher than 100rc [cf. Figure 4b in ref 14]. In those
calculations we assumedE1 ) -0.1kBT, and obtainedkI )
0.138, with the standard error estimated as 0.018. The calcula-
tions in phase I of the simulation for Kr/CH4 mixtures were
performed for methane concentrations of 0.1 and 1 mol %. In
both cases we found that in the range ofb between 20rc and
40rc the probabilitiesp(b,E1,q) are identical, within statistical
error, with those obtained for pure krypton in ref 14. Therefore,
we decided to skip time-consuming calculations ofp(b,E1,q)
for larger values ofb, and assumed that the value ofkI

determined for Kr can also be used in the calculations of the
recombination rate constant in the considered Kr/CH4 mixtures.
This assumption can be justified by the fact that the threshold
energies for the vibrational excitations of CH4 are much higher
than the average kinetic energy of electrons in phase I of the
simulation. The probability of inelastic collisions in this phase
should then be very low. In addition, the contribution of elastic
e-CH4 collisions (σCH4 is slightly different fromσKr, cf. Figure
1) to electron scattering should not significantly affect the
recombination probability at methane concentrations up to 1
mol %.

In phase II of the simulation, we calculate the probability
pII(E1,Ecrit,q) that an electron, started with the total energyE1,
will recombine at the critical energyEcrit, rather than escape to
a distanceq from the cation. As input values for the electron
position and velocity we take the values recorded for electrons
arriving atE1 in phase I of the simulation for pure Kr (forb )
100rc). We assumeEcrit ) -10kBT andq ) 40rc. This choice
of parameters has been widely discussed in ref 14. The
probabilitypII multiplied by the valuekI determined from phase
I of the simulation gives the recombination rate constant relative
to kD [cf. eq 6].

In Figure 3 we present the absolute values of the rate constant
k calculated for Kr/CH4 mixtures at methane concentrations
ranging from 0 to 1 mol%. We assumekD ) 1.67× 10-4 cm3/s
calculated using the value of the zero field electron mobility in
krypton µ ) 95.93 cm2 V-1 s-1 determined in ref 14. From
Figure 2 we know that the zero field electron mobility is not
affected by the presence of a small concentration of methane.
Figure 3 shows that the electron-ion recombination rate
constant increases with the concentration of methane added to
the gaseous krypton. The rate constant at 0.05 and 0.1 mol %
CH4 is by 65% and 92%, respectively, higher than its value for
pure Kr. At cCH4 ) 1 mol % the increase of more than 5 times
is observed. The reasons for such a behavior ofk will be
discussed in section IV.

III. Calculations for Kr + N2

A. Cross Sections.In the presence of molecular nitrogen,
the electron scattering processes that should be included in the
simulation are the elastic collisions with N2 molecules, and both
vibrationally and rotationally inelastice-N2 processes. A critical
survey of the available cross sections for electron-nitrogen
collisions was made by Itikawa et al.24 We construct the
momentum transfer cross section fore-N2 collisions,σN2, from
the data presented in Figure 10.1 of ref 24, supplemented with
the momentum transfer cross section data provided by Phelps25

for energies lower than 0.01 eV.
The vibrational (0f 1) excitation of the nitrogen molecule

has the threshold energyEN2,v ) 0.289 eV.24 The cross section
that we use to model this process,σN2,v, is taken from Figures
6.1 and 10.1 of ref 24. We also take into account the collisional
(1 f 0) deexcitation of the vibrational mode of N2, with the
cross section,σN2,s, calculated fromσN2,v using eq 1.

Figure 3. Dependence of the electron-ion recombination rate constant
in dense gaseous Kr/CH4 mixtures on the concentration of methane.
The error bars show the standard error of the simulation results.
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The energies of the rotational levels of N2 are given byEJ )
BJ(J + 1), and the rotational constant isB ) 2.467× 10-4

eV.24 In the simulation, we include collisional processes
involving rotational states up toJmax ) 30. Since N2 molecule
has no dipole moment, only quadrupole rotational transitions
(J f J ( 2i) are allowed. To construct the cross section for the
rotational 0f 2 excitation,σ02, for E g 0.03 eV we use the
cross section calculated by Onda26 and shown in Figure 10.1
of ref 24, and forE < 0.03 eV the cross section obtained from
the Gerjuoy-Stein formula27 is used.

Here,Q is the quadrupole moment of N2 expressed inea0
2 units,

anda0 is the Bohr radius. Following ref 24 we takeQ ) 1.13.
The cross sections for excitations of higher rotational states of
N2 are calculated fromσ02 using

and the cross sections for rotational deexcitations,σJ+2,J, are
obtained from the correspondingσJ,J+2 using eq 1. We neglect
rotational transitions with|∆J| > 2, although some authors24

claim that such transitions may have significant cross sections
in the resonance region. The momentum transfer cross section,
σN2, and the cross sections for vibrational,σN2,v, and rotational,
σ02, excitations used in our calculations are plotted in Figure 4.

B. Electron Mobility. The simulation method for calculating
the electron mobility in a gaseous mixture of krypton and a
molecular species has been already described in Sec. IIB. In
the calculations for the Kr/N2 system, we take into account the
following electron scattering processes: elastic collisions with
krypton atoms and nitrogen molecules, collisional excitation and
deexcitation of the vibrational mode of N2, and nonelastic
collisions involving rotational excitation and deexcitation of N2.
We use the null collision method, and the expression for the
total collision rate in Kr/N2 is written as

wherenKr and nN2 are the relative concentrations of krypton
and nitrogen (nKr + nN2 ) 1); nv,0 andnv,1 are the populations
of the vibrational ground state and the first excited state of N2,
respectively (nv,0 + nv,1 ) 1); andnJ are the populations of the
rotational states of N2 (∑J)0

JmaxnJ ) 1). When a collision occurs,
the decision regarding the type of collision to take place is made
at random, with the probability of each event determined by its
relative contribution to the total collision rateKmax. The
simulation procedure for modeling a particular type of collision
is the same as that described in section IIB. For rotationalJ f
J + 2 excitations, the energy change is calculated as∆E )
-(4J + 6)B, and for rotationalJ f J - 2 deexcitations,∆E )
(4J - 2)B.

The calculations of the electron mobility in Kr/N2 mixtures
were performed for the nitrogen concentrationscN2 ) 0.5 and
2 mol %. The assumed density isn ) 1.2 × 1021 cm-3 and
temperatureT ) 291 K. The simulation results are shown in
the lower part of Figure 5, together with the results obtained
for pure Kr in our previous study.14 The upper part of Figure 5
shows the experimental results for the electron mobility in Kr/
N2 mixtures obtained by Takeda et al.15 In both parts of the
figure, the results for pure Kr are shown by closed circles, those
for cN2 ) 0.5 mol % by open circles, and forcN2 ) 2 mol % by

Figure 4. Electron scattering cross sections (c.s.) in N2: σN2,
momentum transfer c.s.;σN2,v, c.s. for vibrational (0f 1) excitation of
N2; σ02, c.s. for rotational (0f 2) excitation of N2. Data taken from
ref 24.

Figure 5. Comparison of the theoretical (lower part) and experimental15

(upper part) results on the electric field dependence of the density
normalized electron mobility in Kr/N2. Results for pure Kr (closed
circles), and for the nitrogen concentrations of 0.5 mol % (open circles)
and 2 mol % (squares) are presented.
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squares. A comparison between the theoretical and experimental
results for Kr/N2 mixtures leads to conclusions very similar to
those in the case of Kr/CH4. The basic features of the electric
field dependence of the density-normalized mobility are cor-
rectly reproduced. The maximum in the mobility curve shifts
toward higher electric fields with increasing nitrogen concentra-
tion. The peak value of the mobility calculated forcN2 ) 0.5
mol % is by 31% higher than the peak value for pure Kr, while
in experiment an increase of 35% is observed. ForcN2 ) 2 mol
%, the corresponding numbers are 25% and 30%, respectively.
The peak widths in the calculated mobility curves, however,
are wider than those observed in experiment, and shift faster
toward the higher fields with increasing nitrogen concentration.
The absolute values of the calculated mobility are by 25-30%
lower than the corresponding experimental data. In conclusion,
the simulation results are in a reasonable agreement with
experiment, which justifies the use of the constructed simulation
model in the calculations of the recombination rate constant.

C. Recombination Rate Constant.In the calculations of the
electron-ion recombination rate constant in Kr/N2 systems we
use the same methodology as that applied for Kr/CH4 and
described in section IIC. In the presence of nitrogen, however,
we can no longer expect that results of phase I of the simulation
will be identical with those obtained for pure Kr. This is due to
the fact that electrons may participate in rotationally inelastic
e-N2 collisions even at low kinetic energies they have in phase
I of recombination. The significant role of rotationally inelastic
collisions in Kr/N2 is confirmed by the simulation results
presented in Figure 6. The figure shows the dependence of the
rate constantkI defined in eq 6 on the value ofb, as obtained
from the calculations forcN2 ) 2 mol % (open circles) and 5
mol % (squares). Closed circles show the corresponding results
obtained for pure Kr in ref 14. In the calculations, we assumed
E1 ) -0.1kBT andq ) 2b in the regionb e 60rc, outside which
q ) b + 40rc was taken. The purpose of this part of calculations
was to determine the asymptotic value ofkI at b f ∞, as a
function ofcN2. This was done by fitting an equationkI(b) ) a1

+ a2b-a3 to the simulation data, and takingkI(bf∞) ) a1.
The calculated asymptotic values ofkI for cN2 ) 0, 2, and 5
mol % are 0.138, 0.249, and 0.385, respectively, with the
standard error estimated as 0.018, 0.030, and 0.046, respectively.
The dependencekI(cN2) is almost linear in the considered range
of cN2.

In phase II of the simulation for Kr/N2, we determined the
recombination probability,pII(E1,Ecrit,q), for the nitrogen con-
centrations ranging from 0.5 to 5 mol %. We assumedEcrit )
-10kBT and q ) 40rc. In this phase of calculations, as input
values for the electron position and velocity we should use the
values recorded for electrons arriving atE1 in the corresponding
runs of phase I of the simulation. In the calculations forcN2 )
2 and 5 mol %, we read those values from the files obtained
for the corresponding nitrogen concentrations and the maximum
value ofb (b ) 100rc). At cN2 < 2 mol %, we used the files
recorded in phase I of the simulation for pure Kr (forb ) 100rc).
From separate calculations we know that forcN2 up to 2 mol %
the choice of the input file has no significant effect on the results
of phase II of the simulation.

In Figure 7 we show the calculated recombination rate
constantk in Kr/N2 mixtures, as a function of the nitrogen
concentration. The presented values were obtained by multiply-
ing kI andpII , determined from the corresponding runs of phase
I and phase II of the simulation, respectively, and then by
multiplying the results by the Debye-Smoluchowski valuekD

[cf. eq 6]. The values ofkI for cN2 ) 0.5 and 1 mol % were
obtained by linear interpolation between the simulation results
for pure Kr and forcN2 ) 2 mol %. From Figure 7 we see that
the recombination rate constant increases with the concentration
of nitrogen added to krypton. The calculated values ofk for cN2

) 0.5, 1, 2, and 5 mol % are 1.8, 2.4, 4.0, and 7.5 times higher,
respectively, than its value for pure Kr.

IV. Discussion

The purpose of this work was to calculate the effect of
addition of a molecular species to a rare gas on the rate constant
of bulk electron-ion recombination in that system. We proposed
a theoretical approach, in which the electron transport processes
are modeled by a direct simulation of both the electron
trajectories and electron collisions with atoms and molecules.
In rare gases, electrons undergo only elastic collisions. In the
presence of a molecular additive, inelastic processes also
contribute to electron scattering. We studied both the Kr/CH4

system, where the collisional interaction with vibrational modes
of methane is possible, and the Kr/N2 system, where rotationally
inelastic collisions are also important. To describe all types of
collisions, we used the available cross section data. Although
we used the cross sections determined for low-pressure gases

Figure 6. Dependence of the rate constantkI [defined in eq 6] on the
parameterb calculated in phase I of the simulation for Kr/N2. Results
for pure Kr (closed circles), and for the nitrogen concentrations of 2
mol % (open circles) and 5 mol % (squares) are presented. The error
bars correspond to the standard error of the simulation results. The
solid lines show the regression fits of the results bykI(b) ) a1 + a2b-a3.

Figure 7. Dependence of the electron-ion recombination rate constant
in dense gaseous Kr/N2 mixtures on the concentration of N2. The error
bars show the standard error of the simulation results.
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to model the systems of a rather high density, we achieved a
reasonable agreement with experiment in the calculations of the
electron mobility.

For both Kr/CH4 and Kr/N2 systems we found that the
electron-ion recombination rate constant increases with the
concentration of the added molecular species. Such a behavior
of k has been expected. Electrons in an ionized rare gas, due to
their long mean free path, can be strongly accelerated by the
Coulomb field of cations, and the acquired kinetic energy must
be dissipated before the recombination is completed. In the
presence of molecular additives, the interaction with their
vibrational and rotational modes provides a much more efficient
mechanism of dissipating electron energy compared with elastic
collisions, which is the only available dissipation mechanism
for a pure rare gas. While the rotationally inelastic collisions
may significantly affect all stages of the recombination process,
the collisional vibrational excitations, due to their high threshold
energies, contribute mostly to the “final” stage of recombination,
where electrons are localized in the vicinity of the cation and
their average kinetic energy is high.

A comparison of the theoretical results for the recombination
rate constant in Kr/CH4 and Kr/N2 systems with the experimental
data of Takeda et al.15 is presented in Figures 8 and 9,
respectively.

The figures show the values ofk relative to its value in pure
Kr, as a function of the concentration of the molecular species.
The experimental data were obtained in the presence of an
external electric field, and the three data sets plotted in the upper
parts of Figures 8 and 9 correspond to the field strengths of
450, 600, and 750 V/cm. The simulation results are shown in
the lower parts of the figures. In the case of Kr/N2 (Figure 9),
a comparison of the experimental and the simulation data gives
a reasonable agreement. The rate constant calculated for 2 mol
% N2 is 4 times higher thank(c)0), which is comparable to
the increase of 5.8 and 7 times observed experimentally at the

external field of 600 and 750 V/cm, respectively. For Kr/CH4

(Figure 8), the relative increase ofk with c is slower in the
theoretical results than in the experimental ones, and the
simulation value fork(c)/k(0) atc ) 0.1 mol % is about 2, which
is to be compared with the corresponding experimental values
of 5 and 11, observed at the external field of 450 and 600 V/cm,
respectively. When we compare the absolute values of the rate
constant, the experimental results are significantly higher than
the simulation ones. The simulation for pure Kr yieldsk ) 0.6
× 10-7 cm3/s, while the corresponding values ofk reported by
Takeda et al.15 at the external field of 450, 600, and 750 V/cm
are 3.5, 2.1, and 1.3× 10-5 cm3/s, respectively. The reasons
for this disagreement have been thoroughly discussed in ref 14.
One of the reasons might be the role of the external electric
field applied in the experimental studies. The simulation results
are calculated in the absence of an external field. In the earlier
study by the group of Hatano2 it was found that the recombina-
tion rate constant in Kr increases with the field strength in the
region of low electric fields. The value ofk measured at the
lowest field of about 20 V/cm was 4.6× 10-6 cm3/s (cf. Figure
3 in ref 2), which is much closer to our simulation result than
the values of Takeda et al.15 cited above. By extrapolating the
results of Hatano2 to the zero field, we could reduce the
discrepancy between the experiment and the theory even further.
On the other hand, it is rather difficult to explain the observed
increase ofk with the field strength in the region of low fields.
Since an external field increases the average kinetic energy of
electrons, the recombination rate constant should rather decrease
with increasing field,11 as it is observed experimentally in the
region of high fields. Another question is how the external
electric field affects the recombination rate constant in the
presence of molecular additives in Kr. The experimental data
plotted in the upper parts of Figures 8 and 9 show that the effect
of molecular additives onk becomes stronger as the electric
field increases. This can be attributed to the enhanced dissipation
of the electron energy in the rotational and vibrational collisions.

Figure 8. Dependence of the electron-ion recombination rate constant
in Kr/CH4 relative to its value in pure Kr on the concentration of CH4.
Comparison of the theoretical (lower part) and experimental15 (upper
part) results. The experimental results were determined at an external
electric field of 450 V/cm (open circles), 600 V/cm (squares), and 750
V/cm (triangles).

Figure 9. Dependence of the electron-ion recombination rate constant
in Kr/N2 relative to its value in pure Kr on the concentration of N2.
Comparison of the theoretical (lower part) and experimental15 (upper
part) results. The experimental results were determined at an external
electric field of 450 V/cm (open circles), 600 V/cm (squares), and 750
V/cm (triangles).
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Admittedly, a detailed theoretical analysis of the effect of an
external field on the electron-ion recombination in dense rare
gases is still to be done.

The main question that motivated this study was whether the
effects due to the presence of trace amounts of molecular
impurities in experimental samples can account for the observed
discrepancy between the theoretical and experimental results
for the electron-ion recombination rate constant in dense rare
gases. If this is true, the rate constant determined by simulation
should increase much faster with increasing impurity concentra-
tion than it is observed in experiment. From Figures 8 and 9
we see that such a behavior ofk has not been confirmed by our
calculations. For the Kr/N2 system, the increase of the calculated
rate constant withc is comparable with experiment, and for
Kr/CH4 the increase ofk with c is even slower in the simulation
results. Therefore, we conclude that molecular species, which
might have been present in trace amounts in measured gas
samples, had no significant effect on the recombination rate
constant. We need to find other reasons to explain the discrep-
ancy between the theoretical and experimental results fork.

One possible reason, already discussed in ref 14, is the ion
concentration effect on the recombination rate constant. At rather
high densities of charges generated by X irradiation of gases in
the experiments of the group of Hatano, the effects due to the
superposition of the Coulomb field of neighboring cations may
significantly affect the recombination process and make the
recombination rate time-dependent. Another reason that needs
to be considered is related to clustering of atoms in ionized
rare gases. Rare gas cations are known to react with surrounding
neutral atoms and form rare gas cluster cations. Rare gas cluster
cations are rather large28 and have a number of internal
vibrational modes with rather high frequencies. Therefore, if
an electron collides with a rare gas cluster ion, it will lose its
kinetic energy quite efficiently, which should accelerate recom-
bination. Further studies of those effects are needed in order to
achieve a satisfactory agreement between theory and experiment.
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