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Electrical insulation properties of the perfluoronitrile C,F;N
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Abstract.

The electrical insulation properties of pure C4F7N and of C4F7N/N2 and C4F7N/CO2 mixtures are investigated in a

pulsed Townsend setup. The electron rate and transport coefficients and the density-reduced critical electric field of these mixtures
are obtained, and a synergy effect is observed in C4F7N /N2 and C4F7N/CO2 mixtures. The total electron attachment cross section
of C4F7N is estimated based on the attachment rate to C4F7N in diluted C4F7N /N2, C4F7N/CO2 and C4F7N/O2/CO2 mixtures.
Measurements in pure C4F7N at pressures of a few hundred pascal show that ion kinetics play a major role in C4F7N discharges
and that further modelling is required to assess the electric strength of C4F7N at high pressures.

Introduction

The perfluorinated nitrile (CF5)2CFC=N, which we
refer to in the following as C4F7N, has been proposed
as an environment-friendly alternative to SFg in high
voltage gaseous electrical insulation [1, 2].  The
first pilot installations using this gas are a 420kV
gas insulated line in Sellinge, UK [3] and a 145kV
gas insulated substation in Etzel, Switzerland. The
manufacturer reports a low toxicity and recommends
an occupational exposure limit of 65 ppm for
C4F7N [4]. Different estimations place the GWP of
C4F7N on a 100 year time horizon between 1490 and
3646, with an atmospheric lifetime between 22 and
47 years [4, 5, 6]. The main removal mechanism of
C4F7N from the atmosphere is reactions with hydroxyl
radicals [4, 5, 6]. Due to the limited vapor pressure
of C4F7N, mixtures of 4 to 10% C4F7N in COy (in
some cases, up to 10% COy is replaced by Oj) are
used in electrical insulation with minimum operating
temperatures of down to -25°C [7]. The GWP of these
mixtures range from 230 to 1240, which is a significant
reduction compared to the GWP of SF¢ of 23500 [8].

In this work, we investigate both C4F;N/CO4 and
C4F7N/N3 mixtures in a pulsed Townsend setup. We
start with the description of the experimental setup,
the experimental conditions and the measurement
analysis. In the second part of this work, we present
measurement results in diluted mixtures of C4F7N in
No, in CO2 and in a 95%02/5%C0Os mixture, and
use these to estimate the electron attachment cross
section of C4F7N. In pure C4F;N at pressures of
several hundred pascal, we show that the measured
current is largely influenced by ion kinetic processes.
Therefore, we restrict ourselves to low pressures and
present the rate coefficients of ionization, attachment,
and effective ionization, as well as the electron
drift velocity and the longitudinal electron diffusion

coefficient. Furthermore, we measure the properties
of C4F7N/CO4 and C4F;N/Ny mixtures with C4F;N
percentages up to 40%, in order to investigate the
synergism of the density-reduced critical electric field.
We compare these results to those in C4F7N/COq
mixtures recently obtained by Nechmi et al. using a
steady-state Townsend experiment [9]. We make all
our data available on the database ETHZ [10] from
the LXcat project.

1. Methods

1.1. Swarm experiment

The experiment consists in measuring the electric
displacement current of electrons and ions in different
gas mixtures, for different ratios of the electric field to
the gas density F/N. The gas, or gas mixture under
test is filled into a stainless steel vessel containing two
Rogowski electrodes with adjustable spacing d, across
which a voltage U is applied. A photocathode, i.e. a
quartz covered with a double-layer of 15 nm magnesium
and 5nm palladium, is mounted at the center of the
cathode. A UV-laser pulse with a wavelength of
266 nm and a pulse duration of 1.5ns FWHM releases
105 to 107 electrons from the photocathode. Due to
the applied electric field, the released electrons drift
towards the anode and initiate an electron avalanche.
Electrons colliding with gas molecules may ionize them,
forming positive ions and releasing new electrons, or
may be captured, forming negative ions. lons drift as
well, contributing, relative to their drift velocity, to
the measured displacement current. For the present
measurements, the laser power was regulated down in
order to keep a total charge below 5 x 10712 C.

1.1.1. Experimental setup The measurements in the
diluted C4F7N/N2, C4F7N/COQ and C4F7N/02/C02
mixtures presented in section 2.1 were performed



in the pulsed Townsend setup that was described
in [11], whereas the subsequent measurements with
higher C4F7N percentages were performed in a newly
available setup [12] which allows for more accurate
electrode spacing (+10pm instead of =100 pm),
leading to a higher accuracy in E/N.

1.1.2. Gas purity The vessel has a base pressure of
1 x 107%Pa. In order to fill a gas or gas mixture, the
content of the inlet pipes is first evacuated through the
vessel. Then, each of the inlet pipes is flushed with
one of the gases under study. Finally, the vessel is
evacuated again and closed. The residual pressure in
the vessel before the gas is filled is below 0.1 Pa. The
gases used in the present work are C4F7N with a purity
of at least 99 mole % (3M), Ny with a purity of 6.0
(Carbagas), and COq with a purity of 4.8 (Carbagas).

1.2. Measurement analysis

The measured current I.yp, is the superposition of the
electron and ion currents. These two components
are separated using an iterative procedure [13] and
analyzed as follows.

1.2.1. Electron current analysis The electron current
analysis was described in detail in a previous
publication [13]. Assuming that the one-dimensional
electron density along the avalanche propagation axis
is Gaussian, the electron current I, is expressed
analytically for ¢ > 0 as [11, 13]

I(t) = %ekath (1 —erf (%)) , (1)

= N0n 2)

where Iy is the electron current at time t = 0, keg
is the effective ionization rate coefficient, NV is the
number density of the gas, T is the electron drift time,
which relates to the bulk electron drift velocity w, via
T. = d/we, Tp is the characteristic time for longitudinal
electron diffusion, which relates to the longitudinal
diffusion coefficient Dy, via 2Dy, = w27p, No(0) is the
number of electrons released from the photocathode
and g is the elementary charge.

1.2.2.  Ionization and attachment rates Using the
integral of the measured current Iloy, as described
n [14], the ionization and attachment rate coefficients
k; and k, are obtained as

Nﬁnal _ NC(O)
ki = ko —ar8es \
T N(Te) — Ne(0) (3)

final _N (T)
ka = ki — ket = ke charges elle) A
T UN(T) - Ne(0) (4)

2

where Nfinal g the final number of electrons at the

charges
instant when they reach the anode, and N, Cﬁhr;ﬂges is the
total number of charges in the avalanche
final L[
Nchr;aiges = q70</0 Iexp<t)dt' (5)

As mentioned in [14], this method relies on the
assumption that no ionization events occur after
the electron drift time 7T,, for instance due to
electron detachment from negative ions, since this
would increase the measured current and result in
overestimating the values of k; and k,. In the limit
of low pressures this assumption is justified because
the ion-neutral collisions become negligible.

1.2.3. Estimating the total electron attachment cross
section The total attachment cross section of C4F7N
is estimated by two methods [15], using the effective
ionization coefficient measured in diluted mixtures
of C4F7N in Ny, in COs and in the mixture of
95% 0O2/5% COs2, under the assumption that the
C4F7N admixture does not disturb the electron energy
distribution function of the carrier gas (i.e. Ny, COq or
95% 03/5% COz). In this case, the relation between
the attachment cross section of C4F7N o, and the
measured values of keg in the C4F7N mixtures is
kérfr:fuxture] (1 . x)k[carrler gas]

o[

where x is the mole fraction of C4F7N in the mixture,
me is the electron mass, o; is the ionization cross
section of C4F7N and flearrier gas] g the electron energy
distribution function in the carrier gas. At the
considered low mole fractions of C4F7N and low E/N
values, the contribution of the ionization cross section
o; of C4F7N is negligible. This was verified using the
calculated ionization cross section of C4F7N by Xiong
et al. [16].

The first method to obtain the attachment cross
section of C4F7N is a linear inversion method, which
makes no assumption on the shape of the cross section
and requires no initial guess of the solution. We denote
by agi) the cross section obtained by this method. The
second method is a Gaussian expansion, i.e. the shape
of the cross section is approximated by the sum of
several Gaussian functions. Likewise, we denote by
agge) the cross section obtained by this method. We
find in section 2.2 that in the present case, the cross
section is well fitted with two terms, i.e.

(89 (¢ Zce (e==0)?/(287) (7)

where ¢;, €; and s; are the amplitude, position and
width of the Gaussian peaks, determined by the fit.

—0a 6f[carricr gas] d€, (6)



Table 1. Overview of the measurements in the diluted
C4F7N/Ng and C4F7N/CO2 mixtures.

buffer C4F7N (E/N)-range pressures

gas mol% (Td) (kPa)
N2 0 5- 180 2,10
0.010 2-120 10

0.050 15 - 145 8, 10

0.125 50 - 160 8, 10

CO2 0 5 - 140 2,10
0.010 6- 95 2,10

0.022 10 - 100 10

0.044 25 - 103 8, 10

95% O2- | 0 1- 100 1
5% CO2 | 0.090 1-100 1

Both methods require the knowledge of the
electron energy distribution function (EEDF) in the
carrier gases. In the present work the EEDF in
N3, CO2 and in the mixture of 95% O2/5% COg is
obtained using the solver Bolsig+ [17], with Biagi’s
cross section sets for Ny and Og [18] and Phelps’
cross section set for COq [19]. The effective ionization
rate coefficient, electron drift velocity and diffusion
coefficients calculated in pure Nj, in pure CO5 and
in the mixture of 95% O3/5% COy are shown in
figures 1, 2 and 3 respectively.

In order to verify the assumption of an undis-
turbed EEDF, additional Bolsig+ simulations were
carried out in the C4F7N mixtures under study. The
above-mentioned cross section sets were used for the
carrier gases, and for C4F7N only the attachment cross
section Uége) obtained in the present work was consid-
ered. In the investigated E/N range, no significant dif-
ference was observed between the EEDF's of the C4F7N
mixtures under study and the EEDF's of the pure car-
rier gases.

2. Results

2.1. Diluted CyF7N/Ny and CyF7N/COs mixtures

An overview of the measurements in diluted mixtures
of C4F7N with Ny and COs is given in table 1. The
obtained effective ionization rate coefficient, electron
drift velocity and diffusion coefficient are shown in
figure 1 for No mixtures and figure 2 for CO5 mixtures.
The effective ionization coefficient in diluted C4F,N
mixtures is decreasing with increasing C4F7N content
due to electron attachment to C4F7N.

2.2. Electron attachment cross section

Using the values of keg obtained in the diluted
C4F7N/Ny and C4F;N/COs mixtures, the total
attachment cross section of C4F7N is estimated with
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Figure 1. (a) Effective ionization rate coefficient, (b) electron

drift velocity and (c) electron diffusion coefficient as functions
of E/N in C4F7N/N2 mixtures. The gas mixtures are color-
coded, the C4F7N percentages are indicated in figure (a). The
gas pressures are indicated with different marker shapes (O02kPa,
¢ 8kPa, 0 10kPa). The lines correspond to:

—— kefr, we and N Dy, in Na, calculated using Bolsig+

- - - kogg in C4F7N/No mixtures, calculated using O’Sl)

ke in C4F7N/Ng mixtures, calculated using aége)
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Figure 2. (a) Effective ionization rate coefficient, (b) drift

velocity and (c) diffusion coefficient as functions of E/N in
C4F7N/CO2 mixtures. The gas mixtures are color-coded, the
C4F7N percentages are indicated in figure (a). The gas pressures
are indicated with different marker shapes (O 2kPa, ¢ 8kPa,
0 10kPa). The lines correspond to:

—— ket, we and N Dy, in COa2, calculated using Bolsig+

- - - kogg in C4F7N/COg2 mixtures, calculated using agl)

ke in C4F7N/CO2 mixtures, calculated using U;&ge)
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Figure 3. (a) Effective ionization rate coefficient, (b) drift

velocity and (c) diffusion coefficient as functions of E/N in

the mixture of 5.16% COs in O3 and in the mixture of 0.090%

C4F7N and 5.14% CO2 in O2, at a total pressure of 1kPa. The

gas mixtures are color-coded as indicated in figure (a). The lines

correspond to:

—— keff, we and N Dy, in the O2/CO2 mixture, Bolsig+

- - - kogg in the C4F7N/O2/CO2 mixture, calculated using créh)
ke in the C4F7N/O2/CO2 mixture, calculated using Ui(lge)
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Figure 4. Total attachment cross section of SFg and estimated
total electron attachment cross section of C4F7N.

the linear inversion and the Gaussian expansion
methods as described in section 1.2.3. The resulting
cross sections agli) and aége) are shown in figure 4,
along with the electron attachment cross section of SFg
measured by Braun et al. [20]. Below 0.1eV o™ and
aége) are in good agreement and have about the same
magnitude as the cross section of SFg. Above 0.1eV,
o™ and o8 are larger than the attachment cross
section of SFg, and sustained up to 1eV. The effective
ionization rate coefficient in the diluted C4F7N/Nj

and C4F7N/COy mixtures, was calculated using the

cross sections aa@ and aége) to check the quality of the
estimations. The calculated values of keg, shown in
figures 1(a) and 2(a), fit perfectly with the measured
values and each other over the whole E/N range. It
can be seen that despite the differences between agi)
and agge), both are resolved to a maximal extent based
on the present measurements. For the same reason, it
is not reasonable to add a third term to the Gaussian
expansion O’ége), as the two term expansion already fits

perfectly the measurements.

2.8. Results in pure C4F7 N

Example measurements carried out in pure C4F7N at
pressures up to 1kPa are shown in figure 5. The
measured current at 1kPa features a maximum at ¢ ~
10ps, i.e. on the ionic timescale, which suggests that
ion kinetics play a major role in high pressure C4F7N
discharges. Furthermore, when using equations (3)
and (4) with measurements in C4F7N at 260 to
1000 Pa, the obtained values for k; and k. increase
with increasing gas pressure. These inconsistent values
for k; and k., suggest that ionization events occur

%’1\\\\\\\\\\\\\\\\\\\\
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0.3

0.2

I(a.u.)

0.1

Current versus time in pure C4F7N, at different
pressures, for an electrode spacing of 25 mm, and for a reduced
electric field E/N of 966 Td, (a) on the electronic timescale and
(b) on the ionic timescale. The measurements are rescaled to
have a similar amplitude at ¢ = 0, the original amplitudes ranged
from 5.5 pA at 100 Pa to 0.4 nA at 1000 Pa.

Figure 5.

after the electron drift time T,, for instance due to
electron detachment from negative ions. When the
kinetic model is known, it is possible to obtain the
rate coefficients for both electron and ion processes
by fitting the measured current, as this was done
first for humid air [21], and more recently for No-
O2 mixtures [22, 23]. However, no information is
yet available as to which negative ions are formed
in C4F7N, and which of those might be prone to
electron detachment. Therefore, the analysis of high
pressure measurements in Cy4F7N will require first
an extensive modelling of the ion kinetics. In the
meantime, we restrict ourselves to low pressures where
the ion kinetics are negligible. We report electron rate
and transport coefficients in pure C4F7N for pressures
ranging from 60 to 100 Pa. Example measurements in
C4F7N at 100 Pa are shown in figures 6 and 7.
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of 100 Pa, for an electrode spacing of 25 mm, and for a reduced
electric field E/N of 916 Td (a) on the electronic timescale and
(b) on the ionic timescale.

Figure 8 shows the ionization, attachment and
effective ionization rate coefficients, as well as the
electron drift velocity and diffusion coefficient obtained
in pure C4F7N at low pressures. All these quantities
are independent of the gas pressure. In particular,
the fact that the obtained values of the k; and k.,
are independent of the gas pressure in the considered
range of 60 to 100 Pa allows us to verify that electron
detachment is indeed negligible at these pressures. We
obtain a density-reduced critical electric field (E/N )it
of 975 + 15Td for pure C4F7N. Since we consider here
low pressures at which the ion kinetics of C4F7N are
negligible, the effective ionization coefficient is defined
simply as keg = ki — k. and the density-reduced critical
electric field is defined in the classical sense as the E/N

I(pA)
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Figure 7. Current versus time in pure C4F7N, at a pressure
of 100 Pa, for an electrode spacing of 25 mm, and for a reduced
electric field E/N of 1047 Td (a) on the electronic timescale and
(b) on the ionic timescale.

ratio for which k; = k,. However, at higher pressures,
ion kinetics will lead to different values of kg, and self-
sustained discharges will occur at E/N < (E/N)crit.
Therefore, the present values of (E/N)ei; are not
directly usable at high pressures. A complete kinetic
model will need to be developed for C4F7N, and the
reaction rate coefficients of ionic reactions will need
to be determined. Once this is achieved, it will
open the way for calculations to predict the discharge
development in C4F7N at high pressures, as it was done
for humid air [21], N2-Og mixtures [22, 23, 24] and
COg [25].
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2.4. Synergism in C4F7N/Ny and CyF7N/CO,

mixtures

In order to study the synergism in the density-reduced
critical electric field, we measure different C4F;N/Ny
and C4F;N/COy with up to 40% C4F;N. Similarly
to pure C4F7N, measurements at high pressures are
highly influenced by ion kinetics, therefore, we limit
ourselves in the present study to pressures below
100 Pa. An overview of the measurements is given in
table 2.

Figures 10 and 9 show the effective ionization
rate coefficient, the electron drift velocity and the
longitudinal electron diffusion coefficient obtained in
C4F7N/N; and C4F7;N/COs mixtures respectively.
For the C4F7;N/CO; mixtures, only part of the
measurements from table 2 are shown in figure 9, the
rest are available on the LXcat database ETHZ [10].

The density-reduced critical electric field (E/N)crit
of C4F7N/Ny and C4F7;N/COy mixtures obtained in
the present work is shown in figure 11 and com-
pared to that of C4F7N/CO3 mixtures from Nechmi
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Figure 8. (a) Effective ionization rate coefficient, (b) electron
drift velocity, (c) electron diffusion coefficient, (d) ionization
rate coefficient and (e) attachment rate coefficient as functions
of E/N in C4F7N, at different gas pressures ( O 60 Pa, ¢ 80 Pa,
0 100 Pa).
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Table 2. Overview of the measurements in the C4F7N/Ngy and
C4F7N/CO2 mixtures.

buffer C4F7N (E/N)-range  pressures

gas mol% (Td) (Pa)

N2 0 5- 180 2000, 10000
2.33 67 - 318 100

3.44 97 - 327 100

5.15 116 - 333 100

7.61 147 - 397 100

11.25 197 - 423 100

16.65 257 - 468 100

24.66 349 - 537 100

39.61 447 - 623 100

39.83 447 - 623 100

CO2 0 5 - 140 2000, 10000
2.15 67 - 251 100

3.07 98 - 277 100

4.44 99 - 281 100

6.35 147 - 313 100

9.07 177 - 338 100

12.97 217 - 367 100

18.53 247 - 417 100

26.39 298 - 472 100

40.33 397 - 592 100

1.97 27 - 273 100

3.96 107 - 298 100

5.79 136 - 298 100

11.66 176 - 358 100

24.35 296 - 477 100

et al. [9] and that of SFg/Ny and SFg/COs2 mix-
tures [26]. We observe a synergism in both C4F7N/Ny
and C4F7N/COy mixtures, although the (E/N)qi of
C4F7N /Ny is higher than that of C4F7N/CO2 mix-
tures. Mixtures of ~ 13.5% C4F~7N in Ny or ~ 18.5%
C4F7N in CO2 would have about the same (E/N )it
as pure SFg, although as mentioned in section 2.3, the
values for (E/N )it presently obtained at low pres-
sures may not apply at high pressure. The (E/N)crit
we obtain for C4F7N/COy mixtures differs by up to
15% from that found by Nechmi et al.

3. Discussion

3.1. Electron attachment to C4F7 N

The effective ionization rate coefficient in C4F7N/Ny
and C4F7N/COs mixtures shown in figures 1(a)
and 2(a) decreases fast with decreasing E /N, which
suggests that electron attachment to CyuF;N is
strongest at thermal electron energies. The present
estimations of the attachment cross section might
not yield the exact shape of the attachment cross
section, due to the uncertainties in the EEDF of the
carrier gases and the limited information content of
the measurements. However, the present estimations
suggest that the attachment cross section of C4F7N
is similar to that of SFg for electron energies below
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Figure 11. Density-reduced critical electric field of C4F7N/Na,

C4F7N/COz, SF¢/N2 and SFg/CO2 mixtures.



0.1eV, and that it is substantially larger than that
of SF¢ in the region between 0.1eV and 1eV. The
attachment around 1eV could be due to dissociative
attachment to CN™ similarly to other perfluorinated
nitriles [27, 28], whereas electron attachment towards
0eV could be parent ion attachment to C4F7N—.

3.2. Ion kinetic processes in CyF7 N

The complexity of the measured current in pure C4F7N
at pressures > 100 Pa on the ionic time scale suggests
that ion kinetics play a major role in C4F7N discharges
at high pressures. From first modelling attempts,
we suspect that at least two negative ion species are
formed, which both exhibit electron detachment. Our
present measurements at low pressures let us obtain the
rate and transport coefficients of electrons. Based on
these results we can attempt to model the ion kinetics
in more detail in a future study.

3.3. Density-reduced critical electric field

The present results obtained at low pressures are
insufficient to assess the performance of C4F;N as an
electrical insulation gas, as the breakdown process at
higher pressures might be affected by ion kinetics. We
suspect this is why we obtain an (E/N )t of about 2.6
times that of SFg, whereas the breakdown voltage of
C4F7N is reported to be only 2 times that of SFg [1, 2].

The discrepancy in the density-reduced critical
field of C4F7N/COq mixtures from the present work
compared to that of Nechmi et al. is likely due to
a large uncertainty in the latter work. The authors
give no uncertainty estimation, but the scatter in the
data from figure 5 of their article suggests that a
large uncertainty must be considered. In addition, the
assumption made by the authors of a linearity in the
logarithm of the measured current against the electrode
spacing is not verified for electron attaching gases, as
pointed out by Harrison and Geballe [29], and this
could significantly affect their results.

Conclusion

We report electron rate and transport coefficients
in pure C4F7N and in mixtures of C4F7N with Ny
and CO,, and find that C4F7N has a large electron
attachment cross section at thermal energies and up
to 1eV. Our measurements in C4F7N at pressures
of a few hundred pascal show that ion kinetics are
important in C4F;N discharges. The present results
at low pressures enable us to obtain the rate and
transport coefficients of electrons, which lays a solid
basis for future modelling work, in which we will aim
to obtain ion rate and transport coefficients in order to
accurately model high pressure C4F7N discharges.
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