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Abstract : 

The ion swarm transport coefficients such as reduced mobility, diffusion coefficients and 
reaction rates of the following systems Ar+/Cl2, Ar+/N2, N2

+/Cl2 and N2
+/Ar have been 

determined from a Monte Carlo simulation using calculated elastic and experimentally 
estimated inelastic collision cross sections. The elastic momentum transfer cross sections 
have been determined from a semi-classical JWKB approximation based on a rigid core 
interaction potential model. The inelastic cross sections have been fitted using the measured 
reaction coefficients as for instance ion conversion reaction coefficients. Then, the cross 
sections sets are fitted using either the measured reduced mobility when available in the 
literature or the zero-field mobility calculated from the Satoh’s relation. From the sets of 
elastic and inelastic collision cross sections thus obtained in Ar+/Cl2, Ar+/N2, N2

+/Cl2 and 
N2

+/Ar systems, the ion transport and reaction coefficients  are then calculated in pure gases 
and also in binary and ternary mixtures involving Cl2, Ar and N2 over a wide range of 
reduced electric field. These ion data are very useful for modelling and simulation of non 
equilibrium low pressure electrical discharges used more particularly for etching of the III-V 
compounds in the case of crystal photonic applications. 
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1. Introduction: 
 
In the frame work of photonic crystal applications, inductively coupled plasmas (ICP) in 
chlorine gas mixtures (Cl2/Ar, Cl2/N2, Cl2/H2, etc.) are very promising candidates for etching 
the III-V compounds. The presence of Cl2 in the mixture favours the volatility of chloride 
species formed during plasma etching while the presence of N2 increases the anisotropy of the 
etching and removes the roughness of the hole surfaces (see for instance Refs [1] up [4] and 
the references given therein).   
Furthermore, ICP sources are able to generate high ion fluxes with an ion energy controlled 
thanks to the bias potential of the substrate holder thus leading to operating parameters very 
favourable to a high etching velocity. In order to better understand the plasma formation and 
its stability in presence of negative chlorine ion and also to optimise the positive ion flux 
arriving to the etched surface, the experimental investigations have to be completed by 
discharge modelling. The electrodynamics and kinetics discharge modelling needs more 
particularly a good knowledge of ion collision cross sections and also transport and reaction 
coefficients in the chlorine mixtures used in photonic crystal applications. In the literature 
there are some compilations on ion data as for instance those of Ellis et al (refs [5]) or 
Viehland [6] or more recently Petrovic et al [7] on negative ion for nanotechnology 
applications, Nelson et al [8] for ion in air and flue gases and Yousfi et al [9] on ions in gas 
mixtures for PECVD thin film deposition. However, in the gas mixtures of our interest 
involving chlorine, ion data are very sparse more particularly in the case of ions interacting 
with their non parent gases. In fact, ion collision cross sections are available in the literature 
only in the case of ion interacting with their parent species as for instance in the case Ar+/Ar 
[10] or N2

+/N2 [11].  
For binary or ternary mixture involving Cl2, Ar and N2, several ions can be formed in the low 
pressure discharges of our interest as for example Ar+, N2

+, N+, Cl-, Cl2
+ and Cl+ (see e.g. 

[12]). Obviously, the transport and the interactions of such ions with the neutral gas mixture 
directly affect the electro-dynamics and the reactivity of the ICP discharge and therefore its 
etching efficiency. So, the aim of our first work in these chlorine mixtures is to give the 
collision cross sections of Ar+ and N2

+ interacting either with Cl2, or Ar or N2. These concern 
more particularly the systems Ar+/Cl2, Ar+/N2, N2

+/Cl2 and N2
+/Ar whose the cross sections 

are not available in the literature.  
The calculation method of elastic momentum transfer cross section based on JWKB 
approximation using a rigid core interaction potential model is given in section 2 with the 
choice of inelastic cross sections. An optimized Monte Carlo method [13] is used for the 
fitting of the collision cross sections from comparison with measured mobility data or Satoh’s 
relation [14] in the case of elastic processes and from comparison with measured reaction 
coefficients in the case of inelastic processes. In section 3, from the present fitted sets of 
elastic and inelastic collision cross sections of Ar+ and N2

+ in their non parent gases (Ar, Cl2 

and N2)  and from the literature (refs [10] and [11]) sets in the case of these ions in their 
parent gases (Ar+/Ar and N2

+/N2),  the ion transport and reaction coefficients are calculated 
and analysed over a wide range of reduced electric field E/N in binary and ternary mixtures 
including Cl2, Ar and N2 used as gas mixture filling inside ICP reactor for crystal photonic 
applications.  
 
2. Method of calculation and analysis of collision cross sections 

2.1 Method of calculation 

The ion transport and reaction coefficients are calculated from an optimized Monte Carlo 
method well adapted to both symmetric and asymmetric ion/gas system [13]. This needs as 
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input data both elastic and inelastic collision cross sections. The elastic momentum transfer 
cross section has been calculated using a semi classical formalism based on JWKB 
approximation for the phase shift using a rigid core potential model describing the 
ion/molecule interaction [15]: 
















−
−

−















−
−

−
=

4

3
12

123 ar

ar

ar

ar

nn

n
)r(V m

n
mmε

 (1) 

r is the intermolecular distance, εm the minimum energy of the potential, rm the position of the 
minimum, n is the power of the repulsive part of the potential and a is the shift between the 
mass and the charge centres. 
In the framework of JWKB approximation, the phase shift δl using depends on impact 
parameter b and interaction potential V(r) as following:  
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with b=
k

l 2/1+  where l is the angular momentum quantum number, b the impact parameter, 

and k the wave number of the relative motion proportional to the ion/neutral relative energy εr  
 

The elastic momentum transfer cross section Qm(εr) is calculated from : 
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Then , the inelastic cross sections have been either taken from literature or fitted using the 
available data on reaction coefficients.  

The set of calculated elastic cross sections Qm and estimated inelastic cross sections in  
Ar+/Cl2, Ar+/N2, N2

+/Cl2, and N2
+/Ar are shown in figures 1 to 4 from thermal energy up to 

100 eV. In the following, the literature information available in the studied systems Ar+/Cl2, 
Ar+/N2, N2

+/Cl2, and N2
+/Ar are given.  

 
2.2 Ar+ and N2

+ ions in pure Ar, Cl2, and N2 
 

In the case of Ar+/Cl2, according to the literature, the most probable collision processes in 
the energy range of our interest are: 
 

2 2Ar Cl Ar Cl+ ++ → +      (1) 

2 2Ar Cl Cl Ar 4.28 eV+ ++ → + +     (2) 

2Ar Cl Cl Cl Ar 0.20 eV+ ++ → + + +    (3) 

 
Reaction (1) corresponds to the classic elastic collision with momentum transfer cross section 
Qm (see figure 1) while reaction (2) is a non resonant charge transfer. This exothermic 
reaction is observed by Murrel [16] and Spanel et al [17]. Reaction (3) is a dissociative charge 
transfer producing Cl+. According to Spanel et al., the ion production of 2

2 gCl ( )+ +Σ  or 
2

2 uCl ( )+ Π   is the largest reaction (75%). This total inelastic cross section Q(Cl2
+,Cl+), 

corresponding to  reactions (2) and (3) and shown in figure 1, is validated from the good 
agreement obtained between the measurement (kin=1.49 ± 0.5 x 10-10 cm3s-1 Ikezoe and al. 
[18]) and the Monte Carlo calculations of the total non-resonant charge transfer rate kin. 
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In the case of Ar+/N2 system, the most probable collision processes in the energy range 

our interest are: 
 

2 2Ar N Ar N+ ++ → +      (4) 

2 2Ar N N Ar -0.07 eV+ ++ → +     (5) 

2Ar N N N Ar -8.53 eV+ ++ → + +    (6) 

2Ar N ArN +N -8.20 eV+ ++ →     (7) 

 
Reaction (4) corresponds to the elastic momentum transfer cross section Qm. Reaction (5) is a 
non-resonant charge transfer. The threshold and the collision cross section corresponding to 
reaction (5) are given in the literature (Viggiano and al. [19], Smith and Adams [20], Liao et 
al. [21], Liao et al [22], Flesch and Ng [23]). The total non-resonant transfer charge cross 
section Q(N2

+) by Ar+(2P3/2) and Ar+(2P1/2) impacts is shown in figure 2. This cross section is 
measured by Liao et al [22] and Flesch and Ng [23]. Reaction (6) leading to the production of 
N+ is observed by Flesch and Ng ([23] and [24]) while reaction (7) corresponding to 
production ArN+ has been detected by Flesch and Ng [23] and also Tosi et al. [25]. 
Concerning the magnitudes of the inelastic cross sections of reactions (5), (6) and (7), it is 
worth noting that reaction (5) is a largely dominant process in comparison to reactions (6) and 
(7). This is why the inelastic cross section of theses two later reactions have been neglected 
and not shown in figure 2. 
 

In the case of N2
+/Cl2 system, in addition to the elastic collision (reaction 8), there is 

the non-resonant charge transfer (reaction 9). 
 
 

2 2 2 2N Cl N Cl+ ++ → +              (8) 

2 2 2 2N Cl Cl N 4.10 eV+ ++ → + +             (9) 

 
Reaction (8) is characterized by its elastic momentum transfer collision cross section Qm 
shown in figure 3 with the inelastic cross section for asymmetric charge transfer reaction (9). 
This interaction is an exothermic process because the energy difference between the 
ionization potentials of N2 (15.58 eV) and Cl2 (11.48 eV) is positive and equal to 4.10 eV. 
This inelastic cross section Q(Cl2

+)  corresponding to reaction (9) is validated from the good 
agreement obtained between the measurement (kin=6.0 x 10-10 cm3s-1 ± 20%  Anicich [26]) 
and the  Monte Carlo calculations of the non-resonant charge transfer rate coefficient. 
 

In the case of N2
+/Ar system, the dominant interactions between N2

+ and Ar occurring 
in our energy range (thermal energy up to about 100 eV) are, respectively, the elastic 
momentum transfer cross section (reaction 10) (Qm in figure 4) and the non resonant charge 
transfer (reaction 11) (Q(Ar+) in figure 4). In fact reaction (reaction 12) producing ArN+ is 
also observed by Tosi et al [27] but has a much more lower magnitude cross section and 
therefore has been neglected.  

2 2N Ar N Ar+ ++ → +      (10) 

2 2N Ar Ar N +0.185 eV+ ++ → +     (11) 

2N Ar ArN N 5.70 eV+ ++ → + −     (12) 
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The inelastic cross section of reaction (11) is measured by Amme and Hayen [28] for energy 
range 50 eV to 103 eV. At low energy, the shape is given by the classical Firsov relation [29] 
also applicable to symmetric system while the magnitude of this cross section is fitted using 
the literature data (Ref [18]). 
 
3. Ion transport and reaction coefficients in pure and gas mixtures 
 

3.1 Ion swarm coefficients of Ar+ and N2
+ in pure Ar, Cl2 and N2 

As previously emphasized, the sets of collision cross sections shown in figures 1 up 4 
for Ar+/Cl2, Ar+/N2, N2

+/Cl2 and N2
+/Ar systems have been fitted in order to lead to the best 

agreement possible between calculated and measured ion mobility data and rate coefficients 
of asymmetric charge transfer. For the considered ion/gas systems, there are experimental ion 
mobility data only in the case of N2

+/Ar system. Therefore, in the other systems (Ar+/Cl2, 
Ar+/N2 and N2

+/Cl2) where there are no experimental data on ion mobility, the momentum 
transfer cross section fitting fulfils to the following conditions: 
- at low E/N (in the E/N region where mobility shows a plate as a function of E/N), the set of 
cross sections is chosen to have a good agreement between Monte Carlo simulation and 
Satoh’s relation which already shows confident results in numerous ion/gas systems where 
there are experimental mobility data at low E/N,  
- at higher E/N (after the mobility plate), the potential parameters (εm, rm  and n ) needed to 
calculate the elastic momentum transfer cross section (relation 3) are chosen to have a 
mobility shape similar to the measurements already available in the literature for ion/gas 
systems having a behaviour close to the studied system in terms of reduced mass and colliding 
target. For instance, the E/N position of the maximum mobility bump shown in figure 5 in the 
case of Ar+/N2 system is chosen close to 180 Td corresponding to the case of a similar ion/gas 
system taken from literature (K+/N2 [5]). 
 
 Figure 5 shows the Ar+ mobility data over a wide E/N range (from 1 Td up to 1000 
Td) in the case of pure N2, Ar and Cl2. The available experimental literature data for Ar+/Ar 
systems and the Satoh’s data at low E/N (E/N=1 Td) are also displayed. First, as previously 
emphasized, the different sets of collision cross sections are chosen to fit the Satoh’s value at 
low E/N. Then, we also observe the good agreement in the case of Ar+/Ar system obtained 
from the set of the collision cross section taken from the literature (ref [10]). In the case of 
Ar+/N2 system, as already emphasized, the potential parameters are chosen in order to have a 
mobility shape near the E/N bump region (180 Td) similar to mobility data given in the 
literature in the case of a similar system (K+/N2 [5])).  In the case of Ar+/Cl2 which has an 
asymmetric charge transfer process exothermic (effective even at low or thermal ion energy), 
the chosen potential parameters leads to a small bump near about 300 Td. The magnitude of 
the mobility data shown in figure 5 are directly linked to the inverse of the magnitude to the 
total collision cross sections (or Qtot collision frequency). Indeed, the relation between 
mobility K0(E/N), isotropic part of ion distribution φ0(εr) and total collision frequency 
νtot (

1/ 2
tot r r r tot r( ) N( 2 / M ) Q ( )ν ε ε ε=  ) can be written as: 

 

( )
3/2

0 rr
0 r

tot r r0

( ,E / N )
K E/N d

( )

∂φ εε ε
ν ε ∂ε

∞

∝ ∫   (13) 

This is why the mobility of Ar+ in N2 corresponding to the lowest total collision cross section 
(or collision frequency) is the highest one and the Ar+/Cl2 mobility is the lowest one. 
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Figure 6 shows the N2
+ mobility data over a wide E/N range in the case of the same 

pure gases (N2, Ar and Cl2). The available experimental literature data for N2
+/Ar and N2

+/N2 

systems and the Satoh’s data at low E/N (E/N=1 Td) are also displayed. First, figure 6 
confirms that the different sets of collision cross sections fit the Satoh’s value at low E/N. 
Then, there are a good agreements between the calculated and measured mobility data in the 
case of the fitted N2

+/Ar set and the N2
+/N2 set taken from the literature (ref [11]). In the case 

of N2
+/Cl2 which has also an asymmetric charge transfer process exothermic (effective like 

Ar+/Cl2 even at low or thermal ion energy), the chosen potential parameters leads to a small 
bump near about 400 Td due to an energy  εm of the well depth potential higher than the one 
corresponding to Ar+/Cl2 system. Furthermore as already emphasized, the magnitude of 
mobility data is inversely proportional to the total collision frequency. Therefore the mobility 
of N2

+ in Ar corresponding to the lowest total collision frequency is the highest one and the 
N2

+/Cl2 mobility is the lowest one. 
 Figure 7 displays as a function of mean ion energy a comparison between measured 
(Ref [19]) and calculated reaction rate coefficients of asymmetric charge transfer for Ar+/N2 
system for three gas temperatures. The good agreement between measurement and calculation 
confirms the good choice of the inelastic collision cross section shown in figure 2 for the 
asymmetric charge transfer process. 
 Figure 8 shows the variation over a wide E/N range (1 Td up to 1000 Td) of the 
inelastic reaction coefficients for asymmetric charge transfer for Ar+/N2, Ar+/Cl2, N2

+/Ar and 
N2

+/Cl2. The available experimental data at thermal or gas energy are also displayed at low 
E/N (1 Td). Obviously these inelastic reaction rate coefficients are very useful for the 
modelling of the ion chemistry inside the plasma discharge reactor particularly in the case of 
the crystal photonics applications. 
 The behaviour as a function of E/N of other ion data as for instance the longitudinal 
diffusion coefficients NDL (very useful for a better understanding of the ion transport in 
plasma discharge of our interest) are shown in figures 9 and 10. The shape and the magnitude 
of the diffusion coefficient of each ion/gas systems are obviously completely determined by 
the total collision frequency tot r( )ν ε  behaviour. In fact the isotropic diffusion coefficient D 

which is an average between transversal DT and longitudinal DL diffusion coefficients (D= 
(DL + 2DT)/3) is inversely proportional to tot r( )ν ε : 

3/ 2
r

0 r r
tot r0

ND( E / N ) ( ,E / N )d
( )

ε φ ε ε
ν ε

∞

∝ ∫    (14) 

For instance in figure 9 showing Ar+ in the different gases (Ar, N2 and Cl2), at relatively low 
E/N the lowest diffusion coefficient corresponds to Ar+/Cl2 system due to the highest total 
collision frequency. The crossing of NDL of Ar+/Cl2 with the one of Ar+/Ar at E/N around 150 
Td is due to the inelastic charge transfer that becomes larger for Ar+/Ar. This obviously leads 
to a lower ion mean energy in presence of such inelastic processes with the same consequence 
on the longitudinal characteristic energy or diffusion coefficient. A quite similar behaviour of 
NDL in the case of N2

+ ion in Ar, N2 and Cl2 can be also observed in figure 10. 
 

3.2 Ion swarm coefficients of Ar+ and N2
+ in binary and ternary mixtures 

involving Ar, Cl2 and N2 
 

From the knowledge of the sets of elastic and inelastic collision cross sections in the 
different pure gases (Ar+/Cl2, Ar+/N2, N2

+/Cl2 and N2
+/Ar), it is therefore possible to calculate 

from Monte Carlo simulations the transport and reaction coefficients of Ar+ and also N2
+ in 

the case of the different binary (Ar-Cl2 or N2-Cl2) and ternary (Ar-Cl2-N2) mixtures. It is 
worth noting that the ion data in the gas mixtures are generally obtained from linearity laws as 
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for instance Blanc’s law giving the ion mobility Kmix  for a gas mixture from the knowledge of 
mobility data Kn of pure gases (xn being the mole fraction of the gas of the species n  and Kn 
the corresponding ion mobility). 

n

mix nn

1 x
=

K K
∑   (15) 

However, the validity of Blanc’s law is normally limited to the cases where there are only 
elastic processes and when the ion energy distribution function is maxwellian. In the 
following the ion mobility data obtained from Monte Carlo simulations are given in different 
binary and ternary mixtures and compared to Blanc’s law. 

Figures 11a and 11b show the inverse of Ar+ mobility in the binary Ar-Cl2 mixtures as a 
function of the proportion of Cl2 at 100 Td (Fig 11a) and 1000 Td (Fig. 11b). At 100 Td, the 
increase of 1/Kmix  as a function Cl2 proportion in the Ar-Cl2 mixture obviously corresponds to 
a case where the total collision frequency is lower for the low Cl2 proportion and then 
becomes higher with the Cl2 proportion rise because the inverse of mobility is directly 
proportional to the total collision frequency (see relation 13). This trend is reversed at 1000 
Td due to the presence of inelastic processes which play a larger role. Furthermore, there is a 
small but visible deviation between Monte Carlo calculation and Blanc’s law at 100 Td (about 
3%). This deviation is paradoxically lower or negligible at 1000 Td because the inelastic 
processes are supposed to play a larger role when E/N increases. In fact the negligible 
deviation from Blanc’s law at 1000 Td is due to the specific shape and magnitude of inelastic 
processes at intermediate energy range (corresponding to the ion energy distribution for 1000 
Td) in both Ar+/Ar (large symmetric charge transfer) and Ar+/Cl2 (lower asymmetric charge 
transfer in the same energy range). 

Figures 12a and 12b show the inverse of N2
+ mobility in the binary Ar-Cl2 mixtures as a 

function of the proportion of Cl2 at 100 Td (Fig 12a) and 1000 Td (Fig. 12b). In this case the 
trend of the variation of the inverse of the mobility is the same as in figures 11: 1/Kmix 
increases with Cl2 proportion at 100 Td and decreases at 1000 Td. However, whatever E/N 
(100 Td or 1000 td) there is a deviation that reaches about 5% between Monte Carlo 
simulation and Blanc’s law. 

Figures 13a and 13b show the inverse of Ar+ mobility in the ternary Ar-N2-Cl2 mixtures as a 
function of the proportion of Cl2 at 100 Td (Fig 13a) and 1000 Td (Fig. 13b). It is worth 
noting that Ar and N2 have the same proportion whatever the Cl2 proportion. In this case the 
trend of the variation of the inverse of the mobility is not the same as in the previous case at 
1000 Td. Indeed, 1/Kmix increases with Cl2 proportion for both E/N values (100 Td and 1000 
Td). This increase of 1/Kmix at E/N=1000 Td from about 1.1 V s cm-2 (1/Kmix value for Ar+ in 
50%N2-50%Ar) up to 1.4 V s cm-2 (value for Ar+ in 100% Cl2) is coherent with the results 
already shown in figure 11b in the case of Ar+ in the binaryAr-Cl2 mixture. This is due to the 
specific shape and magnitude in the intermediate energy range of the elastic and inelastic 
collision cross sections of Ar+ interacting with the different neutral species (Ar, N2 and Cl2). 

Figures 14a and 14b show the inverse of N2
+ mobility in the ternary Ar-N2-Cl2 mixtures as a 

function of the proportion of Cl2 at 100 Td (Fig 13a) and 1000 Td (Fig. 13b). The proportions 
of Ar and N2 are the same in the mixture when the Cl2 proportion varies. In this case, the trend 
of the variation of 1/Kmix is also similar to the trend already observed in figures 11 and 12: 
1/Kmix increases with Cl2 proportion at 100 Td and decreases at 1000 Td. Furthermore, 
whatever the E/N value (100 Td or 1000 td) the deviation between Monte Carlo simulation 
and Blanc’s law is always present and reach a maximum of 10%. 
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4. Conclusion 

The ion swarm transport coefficients (reduced mobility, diffusion coefficients and 
reaction rate coefficients) of Ar+/Cl2, Ar+/N2, N2

+/Cl2 and N2
+/Ar have been determined from 

a Monte Carlo simulation using calculated elastic and experimentally estimated inelastic 
collision cross sections. The calculation of elastic momentum transfer cross sections are 
based on a semi-classical JWKB approximation using on a rigid core interaction potential 
model while the inelastic cross sections have been fitted using the measured ion conversion 
reaction coefficients. Then, the cross sections sets are fitted using at low E/N range the zero-
field mobility calculated from the Satoh’s relation and the measured mobility data available 
in the literature for N2

+/Ar. For the other systems where there are no experimental mobility 
data at higher E/N range, we used the physical properties of each considered ion/gas system.  
The sets of elastic and inelastic collision cross sections are then given for the first time in the 
literature in Ar+/Cl2, Ar+/N2, N2

+/Cl2 and N2
+/Ar systems. Then, the ion transport and 

reaction coefficients are calculated also for the first time in the literature over a wide range of 
E/N for Ar+ and N2

+ in pure gases and also in binary and ternary mixtures involving Cl2, Ar 
and N2. The deviations between the mobility data calculated from Monte Carlo simulations 
and the linear Blanc’s law are also analysed in the case of different gas mixtures ; these 
deviations  do not exceed 10%  in the chosen E/N range. The ion swarm data given in this 
work are needed for the modelling and simulation of non equilibrium low pressure electrical 
discharges used more particularly for etching of the III-V compounds in the field of crystal 
photonic applications. 
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Figure Captions: 

Figure 1 : Set of collision cross sections for elastic momentum transfer Qm and non-resonant 
charge transfer Q(Cl2

+,Cl+) processes in the case of Ar+/Cl2 system 

Figure 2: Set of collision cross sections for elastic momentum transfer Qm and non-resonant 
charge transfer Q(N2

+) processes in the case of Ar+/ N2 system 

Figure 3: Set of collision cross sections for elastic momentum transfer Qm and non-resonant 
charge transfer Q(Cl2

+) processes in the case of N2
+/Cl2 system 

Figure 4: Set of collision cross sections for elastic momentum transfer Qm and non-resonant 
charge transfer Q(Ar+) processes in the case of N2

+/ Ar system 

Figure 5: Reduced ion mobility as a function of E/N for Ar+ in pure Ar, Cl2 and N2 with 
comparison with Satoh’s relation (▲) at low E/N and comparison with experimental mobility 
data (Basurto et al [30]) in the case of Ar+/Ar 

Figure 6: Reduced ion mobility as a function of E/N for N2
+ in pure Ar, Cl2 and N2 with 

comparisons with Satoh’s relation (▲) at low E/N and comparison with the experimental 
mobility data (Ellis et at compilation [5]) in the cases of N2

+/Ar and N2
+/ N2  

Figure 7: Comparison between measured and calculated reaction rate coefficients of non-
resonant charge transfer process for interactions of Ar+ with N2 (reaction 5). Experimental 
data (Viaggiano et al [19]) are given for different gas temperatures. 

Figure 8:  Inelastic collision rate coefficients as a function of E/N in the cases of Ar+/Cl2, 
Ar+/N2, N2

+/Cl2 and N2+/Ar systems Symbols are taken from the experimental data of Ikezeo 
et al [18] and the compilation of Anicich [26] 

Figure 9:  Longitudinal ion diffusion coefficient as a function of E/N in the case of Ar+ 
interacting with pure Ar, Cl2 and N2 

Figure 10:  Longitudinal ion diffusion coefficient as a function of E/N in the case of N2
+ 

interacting with pure Ar, Cl2 and N2 

Figure 11a: The inverse of Ar+ mobility in the Ar-Cl2 mixtures as a function of the proportion 
of Cl2 at 100 Td. Monte Carlo calculations (Solid line) are compared to Blanc's law (Dashed 
line) 

Figure 11b: The inverse of Ar+ mobility in the Ar-Cl2 mixtures as a function of the proportion 
of Cl2 at 1000 Td. Monte Carlo calculations (Solid line) are compared to Blanc's law 
(symbols) 

Figure 12a: The inverse of N2
+ mobility in the N2-Cl2 mixtures as a function of the proportion 

of Cl2 at 100 Td. Monte Carlo calculations (Solid line) are compared to Blanc's law (Dashed 
line) 

Figure 12b: The inverse of N2
+ mobility in the N2-Cl2 mixtures as a function of the proportion 

of Cl2 at 1000 Td. Monte Carlo calculations (Solid line) are compared to Blanc's law (Dashed 
line) 

Figure 13a: The inverse of Ar+ mobility in the Ar-N2-Cl2 mixtures as a function of the 
proportion of Cl2 at 100 Td. Noting that Ar and N2 have the same proportion whatever the Cl2 
proportion. Monte Carlo calculations (Solid line) are compared to Blanc's law (Dashed line). 

Figure 13b: The inverse of Ar+ mobility in the Ar-N2-Cl2 mixtures as a function of the 
proportion of Cl2 at 1000 Td. Noting that Ar and N2 have the same proportion whatever the 
Cl2 proportion. Monte Carlo calculations (Solid line) are compared to Blanc's law (Symbols) 
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Figure 14a: The inverse of N2
+ mobility in the Ar-N2-Cl2 mixtures as a function of the 

proportion of Cl2 at 100 Td. Noting that Ar and N2 have the same proportion whatever the Cl2 
proportion. Monte Carlo calculations (Solid line) are compared to Blanc's law (Dashed line). 

Figure 14b: The inverse of N2
+ mobility in the Ar-N2-Cl2 mixtures as a function of the 

proportion of Cl2 at 100 Td. Noting that Ar and N2 have the same proportion whatever the Cl2 
proportion. Monte Carlo calculations (Solid line) are compared to Blanc's law (Dashed line). 
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Figure 1 : Set of collision cross sections for elastic momentum transfer Qm and non-resonant 
charge transfer Q(Cl2

+,Cl+) processes in the case of Ar+/Cl2 system 
 

Relative energy (eV)

10-2 10-1 100 101 102

C
ol

lis
io

n 
cr

os
s 

se
ct

io
ns

 (
10

-1
6  

cm
2 )

10-1

100

101

102

103

Qm

Q(N2
+)

Ar+/N2

 
Figure 2: Set of collision cross sections for elastic momentum transfer Qm and non-resonant 
charge transfer Q(N2

+) processes in the case of Ar+/ N2 system 
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Figure 3: Set of collision cross sections for elastic momentum transfer Qm and non-resonant 
charge transfer Q(Cl2

+) processes in the case of N2
+/Cl2 system 
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Figure 4: Set of collision cross sections for elastic momentum transfer Qm and non-resonant 
charge transfer Q(Ar+) processes in the case of N2

+/ Ar system 
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Figure 5: Reduced ion mobility as a function of E/N for Ar+ in pure Ar, Cl2 and N2 with 
comparison with Satoh’s relation (▲) at low E/N and comparison with experimental mobility 
data (Basurto et al [30]) in the case of Ar+/Ar 
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Figure 6: Reduced ion mobility as a function of E/N for N2

+ in pure Ar, Cl2 and N2 with 
comparisons with Satoh’s relation (▲) at low E/N and comparison with the experimental 
mobility data (Ellis et at compilation [5]) in the cases of N2

+/Ar and N2
+/ N2  
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Figure 7: Comparison between measured and calculated reaction rate coefficients of non-
resonant charge transfer process for interactions of Ar+ with N2 (reaction 5). Experimental 
data (Viaggiano et [19]) are given for different gas temperatures. 
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Figure 8:  Inelastic collision rate coefficients as a function of E/N in the cases of Ar+/Cl2, 
Ar+/N2, N2

+/Cl2 and N2+/Ar systems Symbols are taken from the experimental data of Ikezeo 
et al [18] and the compilation of Anicich [26] 
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Figure 9:  Longitudinal ion diffusion coefficient as a function of E/N in the case of Ar+ 
interacting with pure Ar, Cl2 and N2 
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Figure 10:  Longitudinal ion diffusion coefficient as a function of E/N in the case of N2

+  
interacting with pure Ar, Cl2 and N2 
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Figure 11a: The inverse of Ar+ mobility in the Ar-Cl2 mixtures as a function of the proportion 
of Cl2 at 100 Td. Monte Carlo calculations (Solid line) are compared to Blanc's law (Dashed 
line) 
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Figure 11b: The inverse of Ar+ mobility in the Ar-Cl2 mixtures as a function of the proportion 
of Cl2 at 1000 Td. Monte Carlo calculations (Solid line) are compared to Blanc's law 
(symbols) 
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Figure 12a: The inverse of N2

+ mobility in the N2-Cl2 mixtures as a function of the proportion 
of Cl2 at 100 Td. Monte Carlo calculations (Solid line) are compared to Blanc's law (Dashed 
line) 
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Figure 12b: The inverse of N2

+ mobility in the N2-Cl2 mixtures as a function of the proportion 
of Cl2 at 1000 Td. Monte Carlo calculations (Solid line) are compared to Blanc's law (Dashed 
line) 
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Figure 13a: The inverse of Ar+ mobility in the Ar-N2-Cl2 mixtures as a function of the 
proportion of Cl2 at 100 Td. Noting that Ar and N2 have the same proportion whatever the Cl2 
proportion. Monte Carlo calculations (Solid line) are compared to Blanc's law (Dashed line). 
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Figure 13b: The inverse of Ar+ mobility in the Ar-N2-Cl2 mixtures as a function of the 
proportion of Cl2 at 1000 Td. Noting that Ar and N2 have the same proportion whatever the 
Cl2 proportion. Monte Carlo calculations (Solid line) are compared to Blanc's law (Symbols) 
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Figure 14a: The inverse of N2

+ mobility in the Ar-N2-Cl2 mixtures as a function of the 
proportion of Cl2 at 100 Td. Noting that Ar and N2 have the same proportion whatever the Cl2 
proportion. Monte Carlo calculations (Solid line) are compared to Blanc's law (Dashed line). 
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Figure 14b: The inverse of N2

+ mobility in the Ar-N2-Cl2 mixtures as a function of the 
proportion of Cl2 at 100 Td. Noting that Ar and N2 have the same proportion whatever the Cl2 
proportion. Monte Carlo calculations (Solid line) are compared to Blanc's law (Dashed line). 


