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The effective ionization coefficients and electron drift velocities in gas
mixtures of CF3I with N2 and CO2 obtained from Boltzmann

equation analysis∗
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The electron swarm parameters including the density-normalized effective ionization coefficients (α−η)/N and the
electron drift velocities Ve are calculated for a gas mixture of CF3I with N2 and CO2 by solving the Boltzmann equation
in the condition of a steady-state Townsend (SST) experiment. The overall density-reduced electric field strength is from
100 Td to 1000 Td (1 Td = 10−17 V·cm2), while the CF3I content k in the gas mixture can be varied over the range from
0% to 100%. From the variation of (α−η)/N with the CF3I mixture ratio k, the limiting field strength (E/N)lim for each
CF3I concentration is derived. It is found that for the mixtures with 70% CF3I, the values of (E/N)lim are essentially the
same as that for pure SF6. Additionally, the global warming potential (GWP) and the liquefaction temperature of the gas
mixtures are also taken into account to evaluate the possibility of application in the gas insulation of power equipment.
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1. Introduction
Because of its high dielectric strength and outstanding

interruption performance, sulfur hexafluoride (SF6) has been
widely used as a gaseous insulating medium and an arc
quenching medium in the field of high voltage engineering
and electrical power applications. However, apprehension has
been arising about the fact that SF6 was identified as a princi-
pal greenhouse gas in the Kyoto Protocol. In the short term,
gas mixtures of SF6 with environmentally friendly gases can
reduce the adverse impact on the environment, but the lifetime
of SF6 is estimated to be as long as 3200 years because of its
chemical inertness and thermal stability, which means that all
of the SF6 that has ever been or will be produced will eventu-
ally end up in the atmosphere.[1] The long-term solution to the
SF6 greenhouse problem is to replace SF6 with an acceptable
non-greenhouse gas as the insulating medium.

Recently, trifluoroiodomethane (CF3I) has been found to
be a potential high voltage insulator, both on its own and
mixed with N2 and CO2.[2,3] Generally, CF3I is colorless
and nonflammable.[4] From an environmental point of view,
CF3I presents a weak global warming potential (GWP) of 1–
5 against approximately 23900 for SF6.[5] Due to the weak
chemical bond C–I, the overall atmospheric lifetime of CF3I is
very short (at most a few days), which greatly limits its trans-
port to the stratosphere when released at the surface.[4] It has
been reported in Ref. [6] that the steady-state ozone deple-
tion potential (ODP) of CF3I for surface releases is less than
0.0001. Thus, CF3I is considered as a low environmental im-

pact gas and is attracting widespread attention for comprehen-
sive study. However, CF3I has a high boiling point −22.5 ◦C,
as reported in Ref. [7]. The application of CF3I for insulation
inevitably needs it to be mixed with with ordinary gases, such
as N2, CO2, and air, the buffer gas composing the greater por-
tion can efficiently decrease the boiling point of the mixture.

With this aim, swarm parameters in the gas mixture of
CF3I with N2 have been recently measured by de Urquijo et
al.[8] with a pulse Townsend (PT) technique. For CF3I/N2

mixture with 70% CF3I, the limiting field strength (E/N)lim

was found to be essentially the same as that for pure SF6,
which means that the CF3I mixture with N2 would be a viable
gaseous dielectric as an alterative for SF6. Furthermore, Kata-
giri et al.[9] investigated the breakdown voltage characteristics
of CF3I gas and its mixture with CO2 using a standard light-
ning impulse voltage. The results indicated that the insulation
performance of CF3I is 1.2 times better than that of pure SF6.
On the other hand, 30%–70% CF3I/CO2 can achieve a dielec-
tric strength equaling about 0.75–0.80 times of that of SF6.
Recent studies by Cressault et al.[5] discussed the transport
properties of CF3I thermal plasmas mixed with CO2, air, or
N2 from the thermodynamic point of view. However, there are
few studies on deriving the electron swarm parameters from
Boltzmann equation analysis or Monte–Carlo simulation for
CF3I gas mixtures. Due to the potential importance of CF3I
and its binary mixtures as replacements of SF6, more theoret-
ical studies are needed.

In the present paper, the effective ionization coefficients
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and the electron drift velocities in mixtures of CF3I with N2

and CO2 are investigated through solving the Boltzmann equa-
tion for a steady-state Townsend (SST) discharge. The range
covered is 100–1000 Td, while the CF3I content in the gas
mixtures is varied over the range 0–100%. Values of (E/N)lim

with which the ionization exactly balances the electron attach-
ment are deduced from the curves of (α − η)/N and com-
pared with those of SF6/N2 gas mixtures. The calculated re-
sults show that gas mixtures of CF3I with N2 and CO2 have
reasonably good insulation strengths under an uniform equi-
librium condition, and the insulation characteristics are even
superior to that of SF6 when the CF3I content is larger than
70%. Moreover, we will discuss the liquefaction temperatures
of the gas mixtures and analyze the possibility of application
in the gas insulation of power equipment.

2. Boltzmann equation method

The numerical method used for solving the Boltzmann
equation has been described in detail by the present authors in
Ref. [10]. A brief introduction is given below.

In the SST experiment under an equilibrium condition,
the Boltzmann equation can be given as

(α−η)vcosθ f+a
(

cosθ
∂ f
∂v
− sinθ

v
∂ f
∂θ

)
=C
[

f (r,v, t)
]
, (1)

where f is the electron velocity distribution function, v is the
electron velocity, θ is the angle between the velocity and the
inverse field direction, α and η are the ionization and the
attachment coefficients, respectively, a = eE/m is the accel-
eration in the electric field, r is the electron position, and
C[ f (r,v, t)] is the general collision operator including elastic
and inelastic collisions.

The two-term expansion of the velocity distribution func-
tion f in spherical harmonics of cosθ , because of the ax-
ial symmetry of the problem, becomes an expansion in the
zero-order Legendre polynomials P j(cosθ). Thus f takes the
form[11]

f (v,θ) = f0(v)+ f1(v)cosθ , (2)

where f0 and f1 represent the isotropic and the anisotropic
parts of f , respectively. Substituting Eq. (3) into Eq. (2), we
can get[12]
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The f0(v) is normalized as∫
∞

0
4πv2 f0(v)dv = 1. (5)

Here, e/m represents the electron charge mass ratio, M is the
molecular mass, N is the gas density, and ∆ is a parameter
specifying the share of energy between the primary and the
secondary electrons after the ionizing collision. The Qm, Qe ,
Qi , and Qa denote the electron cross sections of momentum
transfer, excitation, ionization, and attachment, respectively.
The excitation cross section Qe contains not only the elec-
tronic but also the vibrational excitation cross sections. Espe-
cially, if there is a dissociation process to produce neutral frag-
ments, the dissociation cross section should also be included
into the excitation cross section set. The numerical method,
called backward prolongation and relaxation with energy bal-
ance check, is used to solve Eqs. (3) and (4) after we trans-
form the variable from velocity v to energy ε by the relation
ε = mv2/2.

(i) An initial value of (α −η) is assumed and submitted
to Eqs. (3) and (4), then f0 and f1 are obtained.

(ii) The ionization coefficient α and the attachment coef-
ficient η are calculated by

α = 3N
∫

∞

0
Qi(ε)ε f0(ε)dε

[∫
∞

0
ε f1(ε)dε

]−1

, (6)

η = 3N
∫

∞

0
Qa(ε)ε f0(ε)dε

[∫
∞

0
ε f1(ε)dε

]−1

. (7)

(iii) The (α − η) value is submitted into the equations
again, and f0 and f1 are modified.

(iv) Repeat the above procedures until a sufficient conver-
gence is achieved for the effective ionization coefficient. The
relaxation is terminated when |(αn−αn−1)/αn|≤10−4, where
αn is the n-th value for (α−η).

(v) After f0 and f1 are finally determined, the electron
swarm parameters including the drift velocity Ve and the mean
energy ε can be calculated by

Ve =−
eE
3N

√
2
m

∫
∞

0

ε

QT
m

d f0(ε)

dε
dε, (8)

ε =
∫

∞

0
ε

3/2 f0(ε)dε, (9)

where QT
m = Qm +∑ j Qe +Qi +Qa denotes the total effective

collision cross section for momentum transfer. For a gas mix-
ture, QT

m = ∑n knQT
m,n, where kn is the admixture ratio of each

component.
The electron collision cross sections for CF3I are taken

from Ref. [13], which have been confirmed to be capable of
predicting the experimental limiting E/N values of CF3I–N2

mixtures accurately. While for the companion gas, we use the
collisional data of N2 determined by Phelps and Pitchford[14]
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and that of CO2 summarized by Itikawa[15] as the initial set.
Figure 1 shows the cross sections for the electron collision
with CF3I used in this paper.
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Fig. 1. Cross sections of CF3I: momentum transfer cross section
Qm, electronic excitation cross section Qex, vibrational excitation
cross section Qev, ionization cross section Q i , attachment cross
section Qa.[13]

3. Calculation results and discussion
In this work, the gas number density is N = 3.29×

1022 m−3 in the pressure of 1 Torr at 20 ◦C. The three-body
collisions are neglected, and the Coulomb interaction between
charged particles is also out of consideration as a result of the
low gas pressure and the low ionization degree.[16] Yousfi et
al.[17] pointed out that the value of attachment is sensitive to
the energy partition ∆ after ionization. A value of 0.5 is em-
ployed for ∆ in the present analysis, which means the newly
released electron shares half of the primary electron’s energy
after the ionization scattering.

3.1. Electron swarm parameters of CF3I

The numerical solution we obtained for normalized effec-
tive ionization coefficient (α −η)/N in pure CF3I is shown
in Fig. 2 and compared with the data of experiments[8,18] and
Monte–Carlo simulation[13] in the E/N range from 100 Td to
1000 Td. The limiting field strength for CF3I, which is de-
fined as the value of E/N at which ionization equals attach-
ment, i.e., (α −η)/N = 0, is approximately equal to 431 Td.
This means that the insulation strength of pure CF3I is 1.19
times that of SF6, where the (E/N)lim of SF6 is established
to be 361 Td.[1] The values of (E/N)lim for CF3I were de-
termined by de Urquijo et al.[8] and Hasegawa et al.[18] from
pulse Townsend (PT) and steady-state Townsend (SST) exper-
iments to be 437 Td and 440 Td, respectively. There are slight
deviations between the calculated and the measured results,
however we believe the deviations are not serious because of
the estimated error limits in the present calculations.[19,20]

Figure 3 shows the electron drift velocity Ve in pure CF3I
calculated with the cross sections estimated in the present
paper as a function of E/N. The electron drift veloci-
ties measured by de Urquijo et al.[8] with the PT technique

and Hasegawa et al.[18] with the arrival-time spectrum (ATS)
method are also displayed for comparisons. It is seen that the
values calculated in the present analysis are smaller than those
determined by the ATS method by 5% for the whole E/N
range, however, they agree fairly well with those obtained
from the PT experiment and the Monte–Carlo simulation.[13]
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Fig. 2. Effective ionization coefficient (α−η)/N of CF3I as a func-
tion of E/N, symbols �, ×, N, and ◦ represent results obtained by
de Urquijo et al. through PT experiment,[8] Hasegawa et al. through
SST experiment,[18] Kimura and Nakamura through Monte–Carlo
simulation,[13] and the present work, respectively.
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Fig. 3. Electron drift velocity in CF3I as a function of E/N,
symbols �, ×, N, and ◦ represent results obtained by de
Urquijo et al. through PT experiment,[8] Hasegawa et al. through
SST experiment,[18] Kimura and Nakamura through Monte–Carlo
simulation,[13] and the present work, respectively.

Even though the calculated effective ionization coef-
ficient and electron drift velocity in CF3I are consistent
with the experimental data, it is worth emphasizing that the
two-term spherical harmonic expansion of the Boltzmann
equation poorly represents the highly anisotropic electron
distribution.[11] Therefore, the two-term expansion has an in-
sufficiency that it can not give Dv‖ and Dv⊥ separately, where
Dv‖ and Dv⊥ are the diffusion coefficients parallel and per-
pendicular to the field direction, respectively.[21] However, in
the case of low pressure at 1 Torr, the velocity distribution
of the electron is nearly isotropic, and the difference between
Dv‖ and Dv⊥ is sufficiently small.[22] The two-term approxi-
mation of the Boltzmann equation is still valid for calculating
the corresponding rate and transport coefficients with the ad-
vantages of short computing time and considerable accuracy
in discharge modelling.[20]
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3.2. Effective ionization coefficients and electron drift ve-
locities in mixtures of CF3I with N2 and CO2

The isotropic components of the electron energy distribu-
tion functions f0(ε) calculated for pure CF3I, 50% CF3I/N2

gas mixture, and pure N2 at E/N = 300 Td with ∆ = 0.5
are shown in Fig. 4. As the gas composition changes from
pure N2 to a mixture predominately constituted by CF3I, the
CF3I molecules present high reactivity for electron attach-
ment, which produces a depletion of the electrons of extremely
low energies. The addition of CF3I into the mixture increases
the peak of the energy distributions in the low-energy range,
indicating that the number of low energy electrons increases in
the swarm, and thus the mean energy should decrease with the
increasing CF3I content in the mixture, which is demonstrated
in Fig. 5.
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Fig. 5. The electron mean energy in CF3I and N2 mixtures as a
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The density-normalized effective ionization coefficients
(α−η)/N calculated in the present analysis for CF3I and N2

gas mixtures with 1%, 2%, 5%, 10%, 25%, 50%, and 75%
CF3I as a function of the density-reduced electric field are
shown in Fig. 6. The results indicate that (α−η)/N increases
with the increasing E/N, moreover, at a given value, it reduces
with the increasing CF3I content in the mixture. Of particular
interest is the trend of (α − η)/N with respect to the value

of α/N for pure N2, where the effective ionization coefficients
of gas mixtures are still higher than those of pure N2 even
the severe process of attachment occurs with the composing
of CF3I. This phenomenon has been confirmed through exper-
iment measurements and can be ascribed to the fact that the
ionization potential of CF3I (10.23 eV) is lower [13] than that
of N2 (15.58 eV).[8,14] The recommended (α −η)/N values
for SF6 are also shown for comparison.[23]
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Fig. 6. Density-normalized effective ionization coefficients (α −
η)/N of CF3I and N2 mixtures as a function of E/N at different
CF3I gas mixture ratio k. The crosses represent the recommended
(α−η)/N for SF6.[23] The inset shows the results for low k.

Figure 7 gives the electron drift velocities Ve calculated
in this work for pure CF3I and CF3I/N2 mixtures as a func-
tion of E/N. It can be clearly observed that the electron drift
velocity displays a trend to quickly decrease as the CF3I con-
tent increases. The reasons for the changes in Ve are twofold.
First, the effective collision frequencies for momentum trans-
fer in CF3I and N2 are differently weighted in Eq. (8) as the
composition changes. Second, the most significant changes
arise from the modifications on the electron energy distribu-
tion function with the addition of the strongly electronegative
gas CF3I. Again, for the sake of comparison, reliable data of
this parameter for pure SF6, the values from Christophorou
and Olthoff,[23] are shown for order-of-magnitude comparison
with those of CF3I and CF3I/N2 mixtures. Interestingly, the Ve

values for 75% CF3I/N2 gas mixture overlap with those of SF6

in the range of from 200 Td to 600 Td.
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Fig. 7. Electron drift velocities Ve of CF3I and N2 mixtures as a
function of E/N at different CF3I gas mixture ratio k. The crosses
represent the recommended electron drift velocities for SF6.[23]
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Figures 8 and 9 respectively show the predicted results
for (α−η)/N and obtained in the CF3I/CO2 gas mixtures. To
the best of our knowledge, the swarm data in CF3I/CO2 mix-
tures are very limited in the literature. The variation trend of
(α −η)/N in the gas mixtures is similar to that of CF3I/N2,
i.e., for a fixed E/N, the present (α − η)/N data display a
fairly uniform trend of decrease as the CF3I content in the mix-
ture increases. This is a consequence of the increasingly elec-
tronegative character of the mixture, regardless of the mixture
composition, over the range studied.
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Fig. 8. Density-normalized effective ionization coefficients (α −
η)/N of CF3I and CO2 mixtures as a function of E/N at different
CF3I gas mixture ratio k. The crosses represent the recommended
(α−η)/N for SF6.[23] The inset shows the results for low k.
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From the variation of the effective ionization coefficient
curves, we can deduce the values of the limiting field strength
(E/N)lim for the gas mixtures of CF3I with N2 and CO2. Fig-
ure 10 presents (E/N)lim as a function of the percentage of
CF3I in the mixture. It is seen that (E/N)lim of CF3I/N2 is
higher than that of CF3I/CO2 especially for small concentra-
tions (< 10%) of CF3I in the mixture. However, the increase
of CF3I percentage leads to the difference between the two
decreases gradually. The main reason for this behavior may
stem from the dominated influence of CF3I on the effective
ionization coefficient in the gas mixture. Because the SF6/N2

mixture has been widely used as an important binary gas mix-
ture for power equipments, the critical field strength values for
SF6/N2 mixtures are also given in Fig. 10 for comparison.[23]

It reveals that for CF3I concentrations in the gas mixtures of
CF3I with N2 and CO2 lower than 60%, the SF6/N2 mixture is
superior, but above this value, the positions are reversed. As
a matter of fact, judged from these swarm properties, the 70%
gas mixtures of CF3I with N2 and CO2 are even superior to
pure SF6.

0 20 40 60 80 100

100

200

300

400

500

(E
/
N

) l
im

/
T

d
k/%

SF6 insulation level

SF6/N2
[23]

CF3I/N2

CF3I/CO2

Fig. 10. The limiting fields (E/N)lim as a function of CF3I or SF6
gas content k.

3.3. Possibility of applying gas mixtures of CF3I with N2
and CO2 in power equipment

The application of CF3I for gas insulation is inevitably
concerned with the liquefaction temperature. The vapor pres-
sure Pv (MPa) of CF3I is dependent on the temperature T (K)
through the following fitting equation:[7]

lg(Pv/Pc) = (A1τ +A2τ
1.25 +A3τ

3 +A4τ
7)Tc/T, (10)

where τ = 1 − T/Tc, A1 = −7.19045, A2 = −1.34829,
A3 = −1.58035, A4 = −5.46680, Tc = 395.05 K, and Pc =

3.8617 MPa. The equation of state for gases (Van der Waals
equation) is given as[24](

P+
a

V 2

)
(V −b) = RT, (11)

where P and V are the pressure and the volume of the gas,
T is the absolute temperature, R denotes the molar gas con-
stant, and a and b are the Van der Waals constants. For CF3I,
a = 1.1967 Pa·(m3/mol)2, b = 1.0626×10−4 m3/mol.

We assume that T0 is the primary temperature of the gas
mixture, P0 is the primary pressure, Tm is the liquefaction tem-
perature, and Pm is the pressure corresponding to Tm. The state
of the gas mixture meets the following equations:

lg(Pm/Pc) = (A1τ +A2τ
1.25 +A3τ

3 +A4τ
7)Tc/Tm, (12)(

kPm +
a

V 2

)
(V −b) = RTm, (13)(

kP0 +
a

V 2

)
(V −b) = RT0. (14)

Solving the above three equations, we get the liquefaction tem-
perature Tm of the CF3I/N2 gas mixture at different pressure,
which is presented in Fig. 11.
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Fig. 11. Relation of the liquefaction temperature of CF3I/N2 gas
mixture as a function of CF3I content k at different gas pressure.

Typically, 0.5 MPa of SF6 is used in gas insulated
switchgear (GIS). At 0.5 MPa, the boiling point of 70%
CF3I/N2 is as high as 12 ◦C. The result is frustrating for ap-
plying the gas mixture in GIS. However, there is still practi-
cal value in other gas insulated equipment. Most cubicle type
gas insulated switchgears (C-GIS) do not need such a high
pressure as the GIS (0.5 MPa). For example, the Siemens cu-
bicle gas-insulated switchgear 8DA11/8DA12 employs 0.05–
0.1 MPa of SF6 as the insulation medium . If we use 70%
content of CF3I/N2 or CF3I/CO2 gas mixture as the insulation
medium, the boiling point can decrease to −35 ◦C at the pres-
sure of 0.1 MPa. This is acceptable for applying the gas mix-
tures in the high voltage apparatus used in the mid-low latitude
regions.

4. Conclusion
In this study, the effective ionization coefficients, the elec-

tron drift velocities, and the limiting field strengths in binary
CF3I/N2 and CF3I/CO2 gas mixtures are evaluated by employ-
ing a two-term spherical harmonic approximation of the Boltz-
mann transport equation over the range of E/N from 100 Td
to 1000 Td. The calculated results indicate that gas mixtures
with 70% CF3I present a very similar dielectric strength to that
of SF6. Furthermore, the global warming potentials of the gas
mixtures are obviously reduced. From the insulation strength
point of view, the gas mixtures of CF3I with N2 and CO2 can
be potential replacements for SF6 and SF6/N2 in some high

voltage apparatus such as C-GIS with the advantages of com-
parable limiting field strength and lower environmental im-
pact. Admittedly, more research work should be carried out
on the chemical, thermal, and current interrupting characteris-
tics of CF3I, especially for its mixtures, as substitutes for SF6

in high voltage applications.
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D: Appl. Phys. 40 2205
[9] Katagiri H, Kasuya H, Mizoguchi H and Yanabu S 2008 IEEE Trans.

Dielectr. Electr. Insul. 15 1424
[10] Deng Y K and Xiao D M 2012 Eur. Phys. J. Appl. Phys. 57 20801
[11] Pitchford L and Phelps A 1982 Phys. Rev. A 25 540
[12] Yachi S, Kitamura Y, Kitamori K and Tagashira H 1988 J. Phys. D:

Appl. Phys. 21 914
[13] Kimura M and Nakamura Y 2010 J. Phys. D: Appl. Phys. 43 145202
[14] Phelps A and Pitchford L 1985 Phys. Rev. A 31 2932
[15] Itikawa Y 2002 J. Phys. Chem. Ref. Data 31 749
[16] Tagashira H, Sakai Y and Sakamoto S 1977 J. Phys. D: Appl. Phys. 10

1051
[17] Yousfi M, Segur P and Vassiliadis T 1985 J. Phys. D: Appl. Phys. 18

359
[18] Hasegawa H, Shimozuma M and Itoh H 2009 Appl. Phys. Lett. 95

101504
[19] White R, Robson R, Schmidt B and Morrison M 2003 J. Phys. D: Appl.

Phys. 36 3125
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