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The rate constant of bulk electreion recombination is calculated for dense gaseous krypton doped with
CH, and N. 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/N,, which give a reasonable agreement with experiment. For both Kr&od

Kr/N,, 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 electron scattering assumed in our previous calculafi@eems
to be rather realistic, reasons for the observed discrepancy must

The bulk electrorrion recombination in dense gaseous argon be sought in other effects, such as the ion concentration effect,
and krypton has been studied experimentally by the group of the influence of an external electric field applied in the
Hatano!? The recombination rate constants in those gases wereexperimental studies, the assumed recombination criterion, or
found to be much lower than the Deby8moluchowski value a possible role of molecular impurities in measured gas samples.
ko = 4meule predicted by the standard diffusion theory of ion In this paper, we concentrate on the last of these effects and
recombinatior?:* Here,eis the electron chargg,is the electron calculate the recombination rate constants in dense gaseous
mobility, and ¢ is the dielectric constant. The observed in- krypton doped with methane and nitrogen. In the presence of
applicability of the diffusion theory is related to high electron molecular impurities, electrons may effectively interact with the
mobilities in dense rare gases, and values of the recombinationavailable vibrational and rotational modes, and dissipate energy
rate constant lower thaks were also found in other systems, much more efficiently than in pure gases. This may significantly
where the mobility of charges exceedd00 cn? V1 571577 increase the recombination rate, even at very low impurity
Several theoretical modéis? were proposed to describe the concentrations. Another motivation for this study comes from
electror-ion recombination in a wide class of high-mobility the fact that the electrerion recombination rate constants have
systems. In many cases, however, those general models werdeen recently measurédfor argon and krypton doped with
not able to achieve good accordance with experiment. The methane and nitrogen. A direct comparison of the theoretical
discrepancies are especially large for gaseous argon andand experimental data should be helpful in understanding the
krypton? In such a situation, we have concentrated on studying mechanism of the electrerion recombination in dense rare
the recombination processes in rare gases and constructed gases.
theoretical modét that reflects the specific nature of those In the calculations presented in this paper we basically follow
systems. In rare gases, electrons undergo only elastic collisionsghe methodology developed for modeling the electrimm
with gas atoms and, due to a very small mass natld of the recombination in pure rare gases and described in detail in ref
electron to the atom, the dissipation of the electron kinetic 14. We start with gathering cross section data for all types of
energy is very inefficient. In ref 14 we modeled the recombina- scattering events encountered by electrons in the analyzed
tion in argon and krypton by simulating individual electron systems. In addition to the cross sections for elastic collisions
trajectories, and used experimental, energy-dependent crossvith krypton atoms, we need to construct sets of cross sections
sections for elastic collisions to describe the electron scattering. describing both the elastic and inelastic electron scattering by
Unfortunately, the recombination rate constants calculated usingmethane and nitrogen. The collected cross sections are used in
that approach were found to be lower than the experimental modeling individual electron trajectories in Kr/Gldnd Kr/N,
data, and further studies are still needed in order to achieve amixtures. Before calculating the recombination rate constants,
satisfactory agreement with experiment. Since the model of thewe determine for both systems the electric field dependence of
the electron mobility. This dependence is used to verify the
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100 In addition to elastic collisions and inelastic excitations of
the vibrational modes of CHwe 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.In general,

this principle relates the cross section for a transition from state

j toi, gji, with the corresponding cross section for a transition
fromi to j, oy, by

g E+E

01 =3 —= " oE+E) (1)

Here,E is the electron energ¥; is the transition energy from
0.01 : i toj, andg andg; are the degeneracies of the statesd]j,
0.01 01 ! 10 respectively. We use eq 1 to calculate deexcitation cross sections
E eV for all inelastic processes considered in this study.

Figure 1. Momentum transfer cross sections for electron collisions B. Electron Mobility. In the calculations of the mobility,
with krypton, o, and methanegcy,, and cross sections for excitation  \ye simulate individual electron trajectories in an applied electric
by electron collisions of the two effective vibrational modes of methane, field. We start an electron from the origin and select the time
Ocua ANdoci,: Data taken from refs 16 and 18. to a collision, ts Then, we calculate the classical electron
trajectory in the constant electric field upttoAt that time, we
decide the type of collision to take place, and calculate a change

A. Cross SectionsThe measurements of the electrdan of the electron velocity resulting from this collision. Now, we
recombination rate constant in gaseous kryptaswell as our ~ select the next value fdg, and repeat the procedure many times
previous calculation¥! were carried out for systems of density ~until a predefined, very long timeg elapses. By dividing the
~10? cm3. At such high densities, the effects due to the dimer final electron displacement in the direction of the fieldtbywe
formation or electron multiple scattering are no longer negli- obtain the electron drift velocity and, hence, the mobility. We
gible, and the electron transport processes cannot be preciselgarry out the calculations for a number of independently
described by low-pressure scattering data. However, sincegenerated electrons, which allows us also to obtain an estimate
accurate cross sections for high-density krypton are not avail- for the statistical error of the simulation.
able, we decided to use a low-pressure cross section to describe For an electron in a Kr/CiH mixture we consider the
the elastice-Kr collisions. We apply the well-established following types of collisions: elastic collisions with krypton
momentum transfer cross section of Hunter, Carter, and Chris- atoms gk:) and methane moleculesdy,), collisional excitations
tophorod® as given in their Table 4. The validity of this Of the two effective vibrational modes of methame,.. and
approach to modeling the electron transport processes in dens@ch,v2), and collisional deexcitations of the excited vibrational
gaseous Kr was widely discussed in ref 14. We found that the Modes §ch,s1 andocy, ). The symbols in parentheses denote
use of the low-pressure momentum transfer cross section tothe corresponding collision cross sections. To effectively model

describe electron scatterings in krypton at gas density as highthe electron scattering in a system where the collision cross
asn = 1.2 x 10% cm 3 may be regarded as a reasonable Sections depend on velocity, we use the null-collision methGd.

approximation. In this method, in addition to real electron collisions, we

For methane and for the electron energy range from zero to introduce fictitious null collisions, in Which_the electron velocity,
several eV, the collision processes that should be taken into?> fémains unaffected. The cross sectiayfv) for the null
account are the elastic collisions and two vibrationally inelastic Ollisions is chosen in such a way that the total collision rate
processe&’1The rotational excitation of the highly symmetric  Kmax i independent of velocity
methane molecule is expected to be small. For both elastic and
vibrationally inelastice-CH, collisions, we use the cross sections  "krVOkr(¥) T Ney Vo () + Ney, Ny VOt (V) +

Il. Calculations for Kr + CHy4

of Hayashi.taken from Figure 1 in ref 18. Those cross sections, ”CH4nv,oVUCH4,v2(V) + New,Ny1Y0ch, o)+

together with the momentum transfer cross section for krypton,

are plotted in Figure 1. The deep minima in the momentum Nen, Ny 2V0ch,2(v) + vo,(v) = Ko = constant (2)

transfer cross sections for both krypton and methane are due to

the RamsauerTownsend effect. Here,nk, andncy, denote the relative concentrations of krypton
The two vibrational cross sections shown in Figuredy, v1 and methanenk + ncw, = 1), nyo is the population of the

andocy,va, describe collisional transitions from the ground state Vibrational ground state of Ciin,,1 andn,; are the populations

to the first excited states in the two effective vibrational modes Of the first excited states in the two vibrational modes ofsCH
of CH, (usually denoted by.4 andv:3, respectively?). Although respectively. We assummg,o + ny1 + nv2 = 1. Using the null-
methane has four distinguishable vibrational modes, they cancollision method, the times between the collisions can be
be practically reduced to two because of closely lying threshold generated from the exponential distribution with the mean value
energies. Following ref 18 we assume the threshold energies

for the two effective modes &&cp,v1 = 0.162 eV andEcy,v2 = 1 3)

= 0.361 eV. At the temperature chosen in this stullys 291 NK ax

K, it is reasonable to assume that populations of vibrationally

excited states higher than the first excited state in each modewheren is the density. The value &fnaxis chosen dynamically
are negligible. so that it is bigger thanoio(v) on the whole electron trajectory
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between the collisions, wher@qy(v) denotes the total cross 0.8 , T .
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 0.6 |- 4
decision is made at random, with the probability of each event _

determined by its relative contribution to the total collision rate ’g‘ ' i

Kmax as described by eq 2. E 04 - 4
To model a particular type of a real collision of an electron %

with velocity v, the following simulation procedure is applied. - i i

First, we select the velocity of either a krypton atorgs, or a = 02 .

methane moleculejcy,, depending on which of these particles
participates in the collision, from the MaxwelBoltzmann
distribution. Then, we calculate the new electron velocity from 0.0 ; | . ]

. mv+ My, M \/2 m-+M
V' = e——y +m+M u—i—Z—mNI AEn (4)

06 |- -

wherem is the electron mas$/ is either the atomic mass of

Kr or molecular mass of Cildepending on the type of collision,
andvy is eithervk, or vcn,, respectivelyu is the relative electron
velocity before the collision( = v — vy), 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
AE is zero for elastic collisions. For vibrational collisionAE|

is equal to the threshold energy of a particular vibrational mode 0.0 ) 1 . L
participating in the collision, and\E is taken negative for 0 50 100
vibrational excitations and positive for vibrational deexcitations. Fin, mTd

Further details of the simulation method used in the calculations Figure 2. Comparison of the theoretical (lower part) and experiméntal

of the electron mobility, as well as a discussion of simulation (upper part) results on the electric field dependence of the density
errors, can be found in ref 14. normalized electron mobility in Kr/CH Results for pure Kr (closed
circles), and for methane concentrations of 0.05 mol % (open circles)
and 0.1 mol % (squares) are presented. 1 mTH02° Vem?

un, 10* (cmvs)y"

The simulation results on the electric field dependence of
the density-normalized electron mobility in dense gaseous Kr/

CH, mixtures are shown in the lower part of Figure 2. The cnes are wider than those observed in experiment, and the
calgulatlf)sns were performed for systems of density 1.2 x shift of the peak position toward higher fields with increasing
10** cm® and temperaturdl = 291 K. We assumed the  methane concentration is faster in the case of the simulation
dielectric constant of 1.04.0pen circles show the results (aqyits.

obtained for the methane concentrati, = 0.05 mol %, and The main approximation made in constructing the simulation

squares correspond to those obtaineddgy, = 0.1 mol %. model of electron scattering applied in this study is the use of
Closed circles represent the results for pure krypton calculatedhg |ow-pressure cross sections to describe electron collisions

in our previous study* The upper part of Figure 2 shows the  j; jense gases. The simulation results of the electron mobility
experimental results for the electron mobility in Kr/@iixtures in Kr/CH, systems are in a reasonable agreement with experi-
obtained by Takeda et &.The three curves show the data ment. Therefore we can consider that at gas densities considered
obtained for methane concentrations corresponding to thosenere the above approximation does not have a significant effect
assumed in our calculations, and the meaning of the symbols ison the calculations. In view of this, it seems to be justified to
the same as in the lower part of the figure. The experiments of se the proposed simulation model also in the calculations of
Takeda et al. were carried out for= 1.7 x 10P* cm™3 andT the electror-ion recombination rate constant.

= 290 K. A comparison between the theoretical and experi- ¢ Recombination Rate ConstantThe simulation method
mental results presented in Figure 2 shows that the simulationthat we use to calculate the recombination rate constant is based
method developed in this study is able to reproduce the basicon the method proposed by Northrup e#alve model a system
features of the electric field dependence of electron mobility in composed of an electron and a cation, and assume that at
dense gaseous Kr and Kr/GHmixtures at the methane gistances from the cation larger thiarthe motion of electrons
concentrations considered. For pure krypton, the position of the may be described by the Smoluchowski equation. At distances
maximum in the mobility curve, due to the presence of the shorter tharb, individual trajectories of electrons are simulated
Ramsauer Townsend minimum in the scattering cross section, and the probability(b,Ecit,q) that they recombine rather than
almost exactly matches the corresponding experimental value.separate to a distancg which is larger tharb, is determined.

The maximum shifts toward higher electric fields with increasing The recombination is assumed to take place when the total
methane concentration. For bathy, = 0.05 and 0.1 mol %,  relative energy of the electron-cation pair falls below a critical
the calculated values of the mobility at maximum relative to energy E4.1%23 The electron trajectories are calculated as
the maximum value in pure Kr are about the same as thoseclassical trajectories in the Coulomb field of the cation. Electrons
observed in experiment. There is, however, a disagreement inundergo collisions with either Kr atoms or Ghholecules, and

the absolute values of the mobility, and the theoretical results both the types of collisions considered and the algorithm used
are lower by about 25% than the corresponding experimental to model those collisions are the same as in the calculations of
data. In addition, the peak widths in the calculated mobility the electron mobility described in section IIB. The recombination
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rate constank is related to the recombination probability
p(blECl'ith) byl4’22

kDp(b'Ecrit'q)

(-5 -edl5)
ex q ex b
wherer, is the Onsager radius defined hy= €?/ekgT, andks
is the Boltzmann constant.

Since the Kr/CH 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 1t
probability to be determined from the simulation is extremely
low (~107%). 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 I&elThe
recombination probability is then calculated as a product of two
larger quantities describing the probability of the electron’s
arriving at E; from a higher energyp(b,E1,q), and that of
arriving atEci; from Ey, pi(E1,Ecrit,g). The recombination rate
constant can now be expressed*as

b,E,,
p( - q) r pII(El’Ecrihq) =
{5

k=

®)

k, 107 em®/s

if{
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Figure 3. Dependence of the electreion recombination rate constant
in dense gaseous Kr/GHnixtures on the concentration of methane.
The error bars show the standard error of the simulation results.

In phase Il of the simulation, we calculate the probability
pi(E1Eeit,g) that an electron, started with the total enekgy
will recombine at the critical enerdgy, 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 atE; in phase | of the simulation for pure Kr (fdr=
100ry). We assumésgii = —10ksT andq = 40r.. This choice
of parameters has been widely discussed in ref 14. The
probability p; multiplied by the valué determined from phase
| of the simulation gives the recombination rate constant relative

k(b,E1,9)p; (E1Eqrin@) (6)

and the quantityk(b,E1,q) may be regarded as a virtual
recombination rate constant obtained from the results of phase
| of the simulation. Further details of the simulation method

used in calculations of the recombination rate constant can bel© ko [Cf. €q 6].
found in ref 14. In Figure 3 we present the absolute values of the rate constant

In the calculations we use reduced units. We asstys k calculated for Kr/CH mixtures at methane concentrations
the unit of lengthkeT as the unit of energy, and(T/m)¥2as  'anging from 0 to 1 mol%. We assurkg = 1.67 x 10~* cm/s
the unit of velocity. The unit of time iso/(ksT/m).2 calculated using the value of the zero field electron mobility in
. . — 11 i i
In phase | of the simulation we start electrons at a distance kr_yptonu = 9593 cni Vs de_termmed in ref 14 F_rom
b from the cation, and follow their motion until either they reach Figure 2 we know that the zero field electron moblllty IS not
the energy leveE,, or separate to a distangdrom the cation affected by the presence of a small concentration of methane.

(q > b). The value ob must be chosen large enough to make Figure 3 shows tha_t the electreion _recombination rate
the determined quantit independent of that parameter. The constant increases with the concentration of methane added to

dependence dt(b) on b for pure krypton was calculated in ref the gaseous krypton. The rate constant at 0.05 and 0.1 mol %

14. It was found that the asymptotic regionkptan be reached
only for b higher than 106 [cf. Figure 4b in ref 14]. In those
calculations we assumefl; = —0.1kgT, and obtainedk; =

CH,is by 65% and 92%, respectively, higher than its value for
pure Kr. Atccr, = 1 mol % the increase of more than 5 times
is observed. The reasons for such a behaviok afill be
discussed in section IV.

0.138, with the standard error estimated as 0.018. The calcula-
tions in phase | of the simulation for Kr/GHnixtures were
performed for methane concentrations of 0.1 and 1 mol %. In
both cases we found that in the rangebabetween 26, and A. Cross Sections.In the presence of molecular nitrogen,
40r. the probabilitiesp(b,E;,q) are identical, within statistical ~ the electron scattering processes that should be included in the
error, with those obtained for pure krypton in ref 14. Therefore, simulation are the elastic collisions with, olecules, and both

we decided to skip time-consuming calculationsp@,E;,q) vibrationally and rotationally inelastieN, processes. A critical

for larger values ofb, and assumed that the value kf survey of the available cross sections for electron-nitrogen
determined for Kr can also be used in the calculations of the collisions was made by ltikawa et #.We construct the
recombination rate constant in the considered Ki/@tiktures. momentum transfer cross section &N collisions,on,, from

This assumption can be justified by the fact that the threshold the data presented in Figure 10.1 of ref 24, supplemented with
energies for the vibrational excitations of ¢are much higher ~ the momentum transfer cross section data provided by PRelps
than the average kinetic energy of electrons in phase | of the for energies lower than 0.01 eV.

simulation. The probability of inelastic collisions in this phase The vibrational (0— 1) excitation of the nitrogen molecule
should then be very low. In addition, the contribution of elastic has the threshold enerdg, = 0.289 eV?* The cross section
e-CH;, collisions pcw, is slightly different fromoy;,, cf. Figure that we use to model this process,, ., is taken from Figures

1) to electron scattering should not significantly affect the 6.1 and 10.1 of ref 24. We also take into account the collisional
recombination probability at methane concentrations up to 1 (1 — 0) deexcitation of the vibrational mode of;Nwith the

mol %. Cross sectiongy,,s, calculated fronoy,, using eq 1.

Ill. Calculations for Kr + N
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The energies of the rotational levels of &re given byE; =
BJJ + 1), and the rotational constant B= 2.467 x 10~*
eV.24 In the simulation, we include collisional processes
involving rotational states up témax = 30. Since N molecule
has no dipole moment, only quadrupole rotational transitions
(J— J £ 2i) are allowed. To construct the cross section for the
rotational 0— 2 excitation,oq,, for E > 0.03 eV we use the
cross section calculated by Oifland shown in Figure 10.1
of ref 24, and folE < 0.03 eV the cross section obtained from
the Gerjuoy-Stein formuld” is used.

[03342B)lgs =
87, » Q+1E+2) [, (&+6)8w
15%% 7 @+ 3) E ] (7)

Here,Q is the quadrupole moment of,dxpressed iea? units,
andao is the Bohr radius. Following ref 24 we takg= 1.13.

The cross sections for excitations of higher rotational states of
Ny are calculated fronwo, using

[03312(B)lGs _
[00B)les G

3 +1)@+2) [E-(4J+6)B
223+ 1)(2+3) E—6B

03342(E) =

1/2

ooE) (8)

and the cross sections for rotational deexcitatieansyj, are
obtained from the correspondimg s+, using eq 1. We neglect
rotational transitions withAJ| > 2, although some authdfs
claim that such transitions may have significant cross sections
in the resonance region. The momentum transfer cross section
ong, and the cross sections for vibrationa,,,, and rotational,

002, €Xcitations 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/Nsystem, 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 ofsNand nonelastic
collisions involving rotational excitation and deexcitation ¢f N
We use the null collision method, and the expression for the
total collision rate in Kr/N is written as

N VO, (V) + Ny vop (v) + Ny Ny, oy, (V)
Jmax—2
My, V0, (V) + z M NV0; 540(V) +

Jmax

Z NN,V 03,3-5(v) + V0, () = Koy = cONstant (9)

wherenk, and ny, are the relative concentrations of krypton
and nitrogentik, + nn, = 1); ny,o andny 1 are the populations
of the vibrational ground state and the first excited state Hf N
respectively iy o + ny1 = 1); andn; are the populations of the
rotational states of N(334n; = 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 ratEma. The
simulation procedure for modeling a particular type of collision
is the same as that described in section IIB. For rotatidnal

J + 2 excitations, the energy change is calculated\&s=
—(4J + 6)B, and for rotational — J — 2 deexcitationsAE =

(4 — 2)B.
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Figure 4. Electron scattering cross sections (C.S.) in: Nony,
momentum transfer c.s,, C.S. for vibrational (G— 1) excitation of
Nz; 0oz, C.S. for rotational (G— 2) excitation of N. Data taken from
ref 24.
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Figure 5. Comparison of the theoretical (lower part) and experiméntal
(upper part) results on the electric field dependence of the density
normalized electron mobility in Kr/N Results for pure Kr (closed
circles), and for the nitrogen concentrations of 0.5 mol % (open circles)
and 2 mol % (squares) are presented.

The calculations of the electron mobility in KriNnixtures
were performed for the nitrogen concentratiang = 0.5 and
2 mol %. The assumed density fis= 1.2 x 10?* cm™3 and
temperaturel = 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. The upper part of Figure 5
shows the experimental results for the electron mobility in Kr/
N, mixtures obtained by Takeda et!alln both parts of the
figure, the results for pure Kr are shown by closed circles, those
for cy, = 0.5 mol % by open circles, and fog, = 2 mol % by
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Figure 6. Dependence of the rate consténfdefined in eq 6] on the 0 1 2 3 4 5
parameteb calculated in phase | of the simulation for KeNResults Cng, Mol%

for pure Kr (closed circles), and for the nitrogen concentrations of 2 piare 7. Dependence of the electreion recombination rate constant
mol % (open circles) and 5 mol % (squares) are presented. The erorjy yenge gaseous Krinixtures on the concentration obNThe error
bars correspond to the standard error of the simulation results. Thep, o show the standard error of the simulation results.

solid lines show the regression fits of the resultkif) = a; + ab 2.

squares. A comparison between the theoretical and experimental In phgselll of the S'.".‘“'a“"” for Kr/p we det_ermmed the

results for Kr/N mixtures leads to conclusions very similar to recombination probabilityp; (E1,Eerit,q), for the nitrogen con-
. . . 1 i 0 =

those in the case of Kr/CHThe basic features of the electric Centrations ranging from 0.5 to 5 mol %. We assurtied

field dependence of the density-normalized mobility are cor- —10ksT andq = 40rc. In th_is_, phase of ca_IcuIations, as input
rectly reproduced. The maximum in the mobility curve shifts values for the electron position and velocity we should use the

toward higher electric fields with increasing nitrogen concentra- values recorded for electrons arrivingtin the corresponding

tion. The peak value of the mobility calculated fay, = 0.5 runs of phase | of the simulation. In the calculationsdey =
mol % is by 31% higher than the peak value for pure Kr, while 2 and 5 mol %, we read those values from the files obtained
in experiment an increase of 35% is observed. dre= 2 mol for the corresponding nitrogen concentrations and the maximum

%, the corresponding numbers are 25% and 30%, respectively.value Ofb_ (b = 100r). At Cn; = 2 mol %, we used the files
The peak widths in the calculated mobility curves, however, recorded in phase | of the simulation for pure Kr [t 100r).

are wider than those observed in experiment, and shift fasterFrom sc_aparate cglculatllons we kn.ow.t.hatcm{up to 2 mol %
toward the higher fields with increasing nitrogen concentration. the choice of the |nput file has no significant effect on the results
The absolute values of the calculated mobility are by 26% of phage Il of the simulation. o

lower than the corresponding experimental data. In conclusion, " Figure 7 we show the calculated recombination rate
the simulation results are in a reasonable agreement with constantk in Kr/Np mixtures, as a function of the nitrogen

experiment, which justifies the use of the constructed simulation concentration. The presented values were obtained by multiply-

model in the calculations of the recombination rate constant. N9 ki andpy, determined from the corresponding runs of phase

C. Recombination Rate Constantln the calculations of the ' a??‘ lp_haseh Il of tlhe bSithIaSOB’ resptlactil\qlely, kgndlthen by
electron-ion recombination rate constant in Kre/Nystems we multiplying the results by the DebyeSmoluchowski valugo

use the same methodology as that applied for Ky/@iHd [cf. €q 6]. Th.e valges ok fo.r Cn, = 0.5 and 1. mol % were
described in section IIC. In the presence of nitrogen, however, obtained by linear interpolation between the simulation results

we can no longer expect that results of phase | of the simula’tionfor pure Kr_ano! forcy, = 2 mol %_ From Flgu_re 7 we see that_
will be identical with those obtained for pure Kr. This is due to the recomblnatlon rate constant increases with the concentration
the fact that electrons may participate in rotationally inelastic ©f nitrogen added to krypton. The calculated valuek fafr cy,

e-N; collisions even at low kinetic energies they have in phase — 0.5, 1 2,and 5 ”_“0' % are 1.8, 2.4, 4.0, and 7.5 times higher,
| of recombination. The significant role of rotationally inelastic  "€SPECtively, than its value for pure Kr.

collisions in Kr/N; is confirmed by the simulation results
presented in Figure 6. The figure shows the dependence of the
rate constank, defined in eq 6 on the value &f as obtained The purpose of this work was to calculate the effect of
from the calculations focy, = 2 mol % (open circles) and 5  addition of a molecular species to a rare gas on the rate constant
mol % (squares). Closed circles show the corresponding resultsof bulk electror-ion recombination in that system. We proposed
obtained for pure Kr in ref 14. In the calculations, we assumed a theoretical approach, in which the electron transport processes
E1 = —0.1ksT andq = 2b in the regionb < 60r., outside which are modeled by a direct simulation of both the electron
g= b+ 40r. was taken. The purpose of this part of calculations trajectories and electron collisions with atoms and molecules.

|V. Discussion

was to determine the asymptotic valuelgfatb — o, as a In rare gases, electrons undergo only elastic collisions. In the
function ofcy,. This was done by fitting an equatidg(b) = a; presence of a molecular additive, inelastic processes also
+ ab™% to the simulation data, and taking(b—w) = aj. contribute to electron scattering. We studied both the Kg/CH

The calculated asymptotic values lkffor cy, = 0, 2, and 5 system, where the collisional interaction with vibrational modes
mol % are 0.138, 0.249, and 0.385, respectively, with the of methane is possible, and the Kg/d)stem, where rotationally
standard error estimated as 0.018, 0.030, and 0.046, respectivelyinelastic collisions are also important. To describe all types of
The dependende(cy,) is almost linear in the considered range collisions, we used the available cross section data. Although
of cn,. we used the cross sections determined for low-pressure gases
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Figure 8. Dependence of the electreion recombination rate constant  Figure 9. Dependence of the electreion recombination rate constant
in Kr/CHy,4 relative to its value in pure Kr on the concentration of CH in Kr/N; relative to its value in pure Kr on the concentration of N
Comparison of the theoretical (lower part) and experiméhtapper Comparison of the theoretical (lower part) and experiméntapper
part) results. The experimental results were determined at an externalpart) results. The experimental results were determined at an external
electric field of 450 V/cm (open circles), 600 V/cm (squares), and 750 electric field of 450 V/cm (open circles), 600 V/cm (squares), and 750
V/cm (triangles). V/cm (triangles).

del th f her hiah densi hieved external field of 600 and 750 V/cm, respectively. For Kr/CH
to model the systems of a rather high density, we achieve a(Figure 8), the relative increase &fwith c is slower in the
reasonable agreement with experiment in the calculations of thetheoretical results than in the experimental ones, and the

electron mobility. simulation value fok(c)/k(0) atc = 0.1 mol % is about 2, which

For both Kr/CH, and Kr/N; systems we found that the s o pe compared with the corresponding experimental values
electror-ion recombination rate constant increases with the 5fg5 gnq 11, observed at the external field of 450 and 600 V/cm,
concentration of the added molecular species. Such a behaviokegpectively. When we compare the absolute values of the rate
of khas been expected. Electrons in an ionized rare gas, due tq:gnstant, the experimental results are significantly higher than
their long mean free path, can be strongly accelerated by theihe simulation ones. The simulation for pure Kr yields 0.6
Coulomb field of cations, and the acquired kinetic energy must . 10-7 cm¥/s, while the corresponding valueslofeported by
be dissipated before the recombination is completed. In the Takeda et at5 at the external field of 450, 600, and 750 V/cm
presence of molecular additives, the interaction with their 506 35 2.1, and 1.3 1075 cmi/s, respectively. The reasons
vibrational and rotational modes provides a much more efficient oy this disagreement have been thoroughly discussed in ref 14.
mechanism of dissipating electron energy compared with elastic one of the reasons might be the role of the external electric
collisions, which is the only available dissipation mechanism fie|q applied in the experimental studies. The simulation results
for a pure rare gas. While the rotationally inelastic collisions  gre calculated in the absence of an external field. In the earlier
may significantly affect all stages of the recombination process, study by the group of HataRdt was found that the recombina-
the collisional vibrational excitations, due to their high threshold o rate constant in Kr increases with the field strength in the
energies, contribute mostly to the “final” stage of recombination, region of low electric fields. The value & measured at the
where electrons are localized in the vicinity of the cation and |gwest field of about 20 V/em was 4.6 10-6 cmi/s (cf. Figure
their average kinetic energy is high. 3 in ref 2), which is much closer to our simulation result than

A comparison of the theoretical results for the recombination the values of Takeda et.H cited above. By extrapolating the
rate constant in Kr/Clrand Kr/N; systems with the experimental  results of Hatanbto the zero field, we could reduce the
data of Takeda et &P is presented in Figures 8 and 9, discrepancy between the experiment and the theory even further.
respectively. On the other hand, it is rather difficult to explain the observed

The figures show the values kfrelative to its value in pure  increase ok with the field strength in the region of low fields.
Kr, as a function of the concentration of the molecular species. Since an external field increases the average kinetic energy of
The experimental data were obtained in the presence of anelectrons, the recombination rate constant should rather decrease
external electric field, and the three data sets plotted in the upperwith increasing field\! as it is observed experimentally in the
parts of Figures 8 and 9 correspond to the field strengths of region of high fields. Another question is how the external
450, 600, and 750 V/cm. The simulation results are shown in electric field affects the recombination rate constant in the
the lower parts of the figures. In the case of Ki/(figure 9), presence of molecular additives in Kr. The experimental data
a comparison of the experimental and the simulation data givesplotted in the upper parts of Figures 8 and 9 show that the effect
a reasonable agreement. The rate constant calculated for 2 mobf molecular additives ok becomes stronger as the electric
% N is 4 times higher thak(c=0), which is comparable to field increases. This can be attributed to the enhanced dissipation
the increase of 5.8 and 7 times observed experimentally at theof the electron energy in the rotational and vibrational collisions.
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