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Identification of the discharge kinetics in the perfluoro-nitrile C,F;N
with swarm and breakdown experiments
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, Juriy Pachin(®, Christian M. Franck

Power Systems and High Voltage Laboratories, ETH Zurich, Physikstr. 3, 8092 Zurich, Switzerland
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Abstract. We follow up on our previous publication on C4F7N and investigate the ion kinetics influencing C4F7N discharges with
a pulsed Townsend experiment. The measured current signals at pressures between 6 and 69 kPa, in the range of density-reduced
electric fields E/N from 500 to 1050 Td, show evidence of three anions: one long-lived anion with a detachment rate coefficient in
the order of 1072°m3s~1, a presumably non-detaching anion, and a short-lived anion with a detachment rate coefficient in the order
of 10~1"m3s~1. We obtain the corresponding rate coefficients for ionization, attachment and detachment in C4F7N. Using these
results, we calculate a corrected value of the effective ionization rate coefficient (veg/N)*, taking into account detachment from
negative ions. It results in a corrected value of the density-reduced critical electric field strength (E/N)?;, = 785 £ 15Td, much
lower than the previously obtained value of (E/N)cpit = 975+ 15 Td, which is valid only when electron detachment is negligible, i.e.
for low pressure and small geometric distance. To find which value is most relevant for electrical insulation, we perform breakdown
voltage measurements in homogeneous electric fields in C4F7N at 5 to 65 kPa. We compare the measured density-reduced breakdown
field strength (E/N)pq to that calculated using the streamer criterion with the presently obtained rate coefficients, including electron

detachment. We find excellent agreement between the measured and calculated (E/N)pq.

Introduction

We investigate the electron and ion kinetics driv-
ing electrical discharges in the perfluorinated nitrile
(CF3)2CFC=N, which we refer to in the following
as C4F7N. This compound has been proposed as an
environment-friendly alternative to SFg in high volt-
age gaseous electrical insulation [1, 2], due to its lower
global warming potential compared to SFg.

The AC breakdown voltage of C4F7N in uniform elec-
tric field was the object of a few publications. We dis-
cuss the results in terms of density-reduced breakdown
field strength (E/N)pq.

Owens compared the breakdown strength of C4F7N
and SFg in an arrangement of ”relatively uniform
field”, and claims a superior strength of C4F7N by a
factor of =~ 1.9 [3]. However, his breakdown strength
in SFg corresponds to (E/N)pq ~ 244Td at one bar
and (E/N)pa ~ 122 Td at six bar, and thus is strongly
dependent on pressure and far from the commonly ac-
cepted value of the density-reduced critical electric field
(E/N )it = 360Td [4].

Nechmi et al. extrapolate a breakdown strength in ho-
mogeneous fields of 982 T'd, which fits comparably well
with our findings. Zhang et al. find, for pure C4F7N
in homogeneous fields, a value of ~ 800Td at one bar
pressure, dropping to 620 Td at two bar [5]. They fur-
ther state a field strength in SFg of ~ 330Td at one
bar and ~ 270Td at two bar. Other works focus on
the breakdown voltage of C4F7N mixtures rather than
pure C4F;N [6, 7, 8].

In a previous publication [9], we presented a pre-
liminary analysis of the electron swarm parameters
in C4F7N using a pulsed Townsend experiment, and
found that the critical electric field of C4F7N is 975 +
15Td at low pressures and small geometric distance,
where electron detachment is negligible. Furthermore,
we showed that ion current dynamics, and in partic-
ular electron detachment from negative ions influence
the discharge to a large extent at gas pressures above
100 Pa, and therefore presumably also the electrical in-
sulation performance. The reason for this is that elec-
tron detachment from ions impairs their capability of
removing electrons from an avalanche, and therefore
lowers the electric strength of the compound compared
to the non-detaching case; this is for instance discussed
in detail in [10].

In the present work, we complement the pulsed
Townsend measurements from our previous work with
additional measurements in pure C4F7N at pressures
up to 69kPa. We propose a kinetic model including
three negative ion species to describe the discharges in
pure C4F7N, and use this model to re-evaluate our pre-
vious measurements together with the new measure-
ments. We obtain the rate coefficients of attachment
and detachment for all dominant anions as well as the
ionization rate coefficient. This allows us to calculate
the corrected values of the effective ionization rate co-
efficient (veg/N)* and density-reduced critical electric
field strength (E/N )%
In addition, we perform AC breakdown voltage mea-
surements in uniform electric field in C4F7N. In or-
der to compare both results, we simulate the avalanche
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in a uniform field configuration and apply an adapted
”streamer criterion”, analogous to the criterion in non-
detaching gases. This then yields an estimate for the
density-reduced breakdown field strength (E/N)pq of
Cy4F7N.

This work is structured as follows. The experimental
setting of the pulsed Townsend experiment and the
breakdown experiment is described briefly. We
review the optimization procedure for fitting the
current waveforms measured with the pulsed Townsend
experiment with the chosen kinetic model, and discuss
the choice of the model. We then present these results:
ion mobilities, ionization, attachment and detachment
rate coefficients, effective ionization coefficient and
critical electric field. Finally we show the results of
the breakdown experiment, compared to calculations
made with an adapted streamer criterion using the rate
coefficients from the pulsed Townsend experiment.

1. Experimental methods

1.1. Pulsed Townsend experiment

For details about the experimental setup and mea-
surement conditions we refer to our previous publica-
tion [9]. We evaluate multiple measurements in pure
C4F7N; including the measurements presented there.
Our measurements cover a pressure range from 60 Pa
up to 6900 Pa. The measurements below 2000 Pa were
measured in an (E/N) range of 700 — 1050 Td. For the
measurements above 2000 Pa, we are able to extend the
(E/N) range down to 500 Td, but are limited to 950 Td
due to impending breakdown. This already gives
an indication that the critical electric field strength
(E/N)eit of 975Td from [9], obtained by consider-
ing ionization and attachment alone, overestimates the
electric strength. Most measurements were recorded
on the Pulsed Townsend experiment described in [11].
The measurements with pressures above 2000 Pa were
recorded on the older experiment [12].

1.2. Breakdown experiment

The breakdown experiments were performed using the
setup described in [13]. An homogeneous field (50 Hz
AC) is applied between two Rogowski-shaped stainless
steel (EN 1.4460) electrodes of 80 mm diameter and flat
area of 40 mm. For the results of this publication the
electrode spacing was kept at 15 mm. The parallelity
of the electrodes is ensured to be better than few 10 ym
with adjustment screws. Taking into account thermal
expansion of the materials and mechanical accuracy,
the electrode spacing accuracy is estimated as 100 ym.
Two kinds of electrode surfaces were used: one polished

3

with a roughness of R, = 0.04 ym and Ry = 1.3 pum;
and one sandblasted with a roughness of R, =
2 —4pum and Ry = 13pum. The electrodes were
frequently cleaned after few hundred breakdowns, due
to substantial soot deposition.

The voltage increase rate is 2kV/s till 90% of
the presumed breakdown strength is reached, and
then 0.1 — 0.2kV/s. We try also 0.01 — 0.02kV/s.
The voltage measurement uncertainty is 2%, and
temperature is determined to + 1°C. The accuracy of
the calibrated pressure gauge is 0.25%. Before filling,
the vessel is evacuated to below 10Pa. To avoid
contamination, separate glass-fiber reinforced epoxy
vessel are used for different gases.

For each breakdown measurement series 40 to 125
individual breakdowns are performed. Dependant
on the breakdown voltage and the voltage increasing
rate three to ten minutes were kept in between the
individual breakdowns. We append measurements of
the well-known gases SFg and Ny (the latter from [13])
as reference for this setup.

2. Fitting procedure

The fitting method is described in detail in [14], where
we developed it and applied it to synthetic air. A finite-
volume simulation is used to simulate the transport of
electrons and ions in a homogeneous electric field, for
arbitrary linear models. Then, starting with a random
guess of rates, an optimization procedure is used to
find an overlap between the measured and simulated
currents. Since this process requires thousands of
simulations, we use GPUs to provide the necessary
computational resources.

3. Kinetic model

3.1. BEvidence for two long-lived anions My and My

Figure la shows the current waveforms measured at
different (E//N) from 500 to 800 Td, for gas pressures
of 2 —3kPa. At these relatively low (E/N) values and
at the considered pressure, all the released electrons
from the photocathode are immediately (i.e. within
few ns, not observable with our setup and omitted
in the figure) attached to negative ions, which drift
towards the anode. All ions of one anion species with a
specific drift velocity will arrive almost simultaneously,
resulting in a steep decrease in the measured current,
marking their transit time. Positive ions are created
in small number close to the photocathode with
correspondingly short arrival times (traveling ”back”
to the cathode), and are not observable.

The arrival of two negative ion species of different
mobilities is observed. The relative abundance of
these two species is apparently dependent on (E/N):
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(a) Ion current signal after 24 us, for gas pressures of 2
to 3kPa, at different (E/N). The various waveforms are
plotted with offsets, the y-axis zero being indicated by
dashed lines. The arrival time of two different negative
ions is visible.
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(b) Ratio of the attachment rates v,1/(v,1 +v,2) of the long-
lived anions M; and M, , matching the observed increase
in the slower anion M; with increasing (E//N) of figure 1la.
Obtained from measurements at pressures of 2 — 7kPa.

Figure 1

at 800Td, the signal amplitude suggests a roughly
equal number of both species, while at 550 Td the
slower ion species is barely visible. This is plausible
if the slower ion is formed in a dissociative attachment
process, requiring a certain electron energy which is
more abundantly available at higher (E/N). The fact
that the arrival of both anions results in sharp drops
of the current implies that their lifetime with respect
to electron detachment is at least greater than several
ten us at 3kPa.

3.2. Evidence for a third, short-lived anion Mg

In measurements above 900 Td and below a few
hundred Pa there is evidence for a third negative ion
species, which detaches comparably quickly. Figure 2a
shows an example, where the current waveform
features a ”kink” in the current shape within the first
few ps. Although this feature appears to be weak,
it is present in all waveforms, and corresponds to a
physically consistent increase of the detachment rate
coefficient with increasing (E/N). The observation
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of this third ionic species, which we denote M, is
indirect: the drift of this ion does not contribute
significantly to the current because it is very short-
lived, but it results in a significant current from
detached electrons.

3.8. Evidence for slow electron detachment from M

Above 900 Td and at high pressures above few kPa,
the measured current shapes, as for instance shown in
figure 2b, suggest an additional electron detachment
process occurring on a longer timescale. From
comparing the drift velocities it becomes apparent that
this is the detachment signal of the slowest anion M .
The obtained detachment rate coefficient vgqi /N of
anion M; is roughly three orders of magnitude lower
than the one obtained for anion M, vqs /N.

3.4. The positive son M+

Electron impact ionization of C4F7N creates at least
one positive ion M ™. Distinguishing between different
ionization channels and positive ions is not possible
within the accuracy of our data. It is likely that the
most abundant positive ion, denoted here as M ™, is
C4F7NT since the parent ion is usually the dominating
cation in discharges at mean electron energies of a few
electronvolts. This might, however, not be the case for
C4F7N since the considered (E/N) values and electron
energies are high.

3.5. Electron and ion mobilities

The mobilities of M; and M, could be obtained from
the arrival times as depicted in figure la, and increase

with increasing electrical field strength. Table 1
gives fits to the observed mobilities. Mobilities are
given in units m~!'V~!s™! such that w = upN -

(E/N), where N is the gas number density at
room temperature and w is the drift velocity of
the respective species. The positive ion MT has
a mobility of uN = (7+£1)-10*m~'V~1s~! which
could be obtained only above 1000Td, and with
large uncertainty. Since Mj; features fast electron
detachment its mobility could not be determined, since
the anion itself does not visibly influence the current
shape.

For electrons, we use our previously derived mobility
and longitudinal diffusion [9] in the fitting process.

3.6. Complete model and associated equations

These measurements motivate the following model
with three negative ion species of different velocities
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(b) Measured and simulated current at 3020 Pa pressure, 948 Td and gap distance of 15mm. The initial ”electron-
dominated” current is in this case too fast (a few nanoseconds) to be observable. The contributions of M; , My and Mt
to the simulated current are plotted. M, is not observable at this elevated pressures due to its very short lifetime, and
is therefore omitted in the plot.

Figure 2
Ion | a-10'" | b-10'7 | ¢:10%° | conf. range w, represented in figure 3. The partial differential
M+ 0 0 7 | 1000 — 1050 equations for the electron and ion densities p(z, t) read:
M —-2.5 6.3 5.0 650 — 920
My —7.2 13.0 3.7 500 — 850
pe(x, 1) w* p°(x,t)
Table 1: Ion mobilities at room temperature (unscaled) pMJr (z,t) wM” pM+ (z,t)
according to uN = (a-2*> +b -2 +c)m 'V 's™! with 9 pMi (x,t) | 4+ | wMr 9 pM(z,t) | =
x = (FE/N) expressed in Td. The (E/N) range from which ot My ( ’t) My oz My ( ’t)
the values were deduced is indicated in the last column. pM, s wM, pM, T
The confidence is generally very low for the positive ion, ps (2,1) ws ps (1)

and the mobility of the fast detaching ion M; could not be
established.
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Figure 3: Model of electron and ion kinetics in C4F7N
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signifies the low detachment rate v41 from M, .
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4. Results

4.1. Ionization rate coefficient

The ionization rate coefficient, figure 4a, can be
obtained best above 950Td, and at low pressures.
Taking detachment of ions into account yields values at
(55+10)% of the value of our previous publication [9].
We will denote this scaling factor by x = 0.55 in the
following. Outside this range, no solutions are found
that would reproduce the shape of the electron and ion
current simultaneously.
At lower (E/N) or higher pressures the spread is
strongly increased, and the optimization solution is
seemingly no longer unique. We therefore must make
an assumption on the shape of the ionization rate
coefficients. Comparing to simulations in the well-
known gas SFg (MAGBOLTZ [15]), and our previous
results, we may assume that v;/N is approximated
by an exponential function aexp(b - (E/N)). We
assume further that the steepness of our previous
results in this log-plot is a good approximation, which
then yields the black dashed (x = 0.55) and dotted
lines (k = {0.45,0.65}). We evaluate all other rate
coefficients for fixed ionization rate coefficient with
= {0.45, 0.55, 0.65} (”optimistic”, "most likely”,
" pessimistic”) and discuss the results in section 5.

4.2. Attachment rate coefficients to M1 and M2

In figure 4b, the three independently fitted attachment
rate coefficients are added up. When fixing the values
of /N in the way described above, a very low spread
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(a) The fitted ionization rate coefficient for small pressures
< b510Pa and above 900Td, compared to our recent
results [9] and SFg [15]. The dashed line indicates the
extrapolated ionization rate coefficient.
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(b) The sum of attachment rate coefficients (v,1 + v,2 +
V,3)/N in C4F7N, compared to our recent results. The
values were obtained from measurements up to 1kPa.

Figure 4
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Figure 5

in this sum of attachment rate coefficients is obtained.
If v; /N is fitted, the spread is strongly increased. The
resulting attachment rate coefficient shows an overall
decreasing trend in (E/N), in contrast to the constant
value obtained in our earlier publication [9], and is
smaller in magnitude. Slightly higher or lower choices
of vi/N, i.e. k = 0.45 and 0.65, shift the sum of
attachment rate coefficients accordingly.

In figure 1b the ratio of attachment to ion M; and
M5 was established (without making assumptions on
v;/N), up to 850 Td, above which the spread increases
strongly. Combining these results, we estimate v,1 /N
and v,2 /N as shown in figure 4b in a high pressure limit
(Va3 /N = 0, see figure 6a). The dotted lines indicate
hereby the lack of confidence in the extrapolation of
the figure 1b above 850 Td.

4.83. Electron detachment from M1-

The electron detachment rate coefficient vq1 /N of M,
figure 5, is increasing with increasing (E/N), and is
seemingly independent of pressure. The rate is best de-
rived from high pressure measurements at 2 — 6.9 kPa,
where the number of detachment events is sufficiently
high to be well observable. Not keeping /N fixed
does not influence the results for pressures above 2 kPa
much, yet increases the spread for results at lower pres-
sures. We obtain, with respect to (E/N) < 900 Td, op-
timistic (dashed) and pessimistic (dotted) fits as shown
in the figure.
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(a) The attachment rate coefficient to M; , color and
marker coded for different pressures.
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(b) The detachment rate coefficient of anion My,
determined from measurements below 1000 Pa.

Figure 6

4.4. Short-lived anion

The attachment rate coefficient to My is plotted in
figure 6a. The signature of detaching M;, allowing the
estimation of its attachment rate, can only be observed
at small pressures below 1kPa. The obtained values
of v,3/N seemingly depend on the gas pressure, with
smaller pressures corresponding to a higher value of
V.3 /N, and decrease for increasing (E/N). Whether
or not we fix v;/N does influence the spread of the
results, but not the observed pressure dependency.

The rate vg4s/N of electron detachment from Mj,
shown in figure 6b, is increasing with increasing
(E/N), which is an important consistency check for
detachment rates (at the onset of detachment). It
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Figure 7

is found to be slightly higher for higher pressures.
The pressure dependencies of the attachment and
detachment rate coefficients hint at a model deficiency,
which we will discuss in section 5.

4.5. Density-reduced critical electric field (E/N)crit

Evaluating a ”critical field strength” (E/N)? ;. in gases
that show electron detachment from negative ions is
a matter of definition. Commonly, it is defined as
the (E/N) at which the ionization rate equals the
attachment rate. In order to take detachment of
electrons into account, we proposed [17] to redefine v/}
as the largest eigenvalue of the system matrix of eq.(1):
With 7i(z,t) being the number of species integrated
over the gap,

d
i(t) = /0 A, t)dz )

a direct solution without boundary effects (infinite
electrode spacing) is given as

A(t) = eMi(0) (3)

where M is the system matrix of eq.(1). If at least
one eigenvalue of M is positive, the exponential grows
and describes a growing number of species n(t). We
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therefore set v}y as the largest eigenvalue of M. This
definition recovers veg = 1; — v, for zero detachment.
Since the v,3 /N is seemingly decreasing with increasing
pressure, we may neglect M5 as a high pressure limit.
Then there exists a closed form [10] for this model for
the effective ionization rate which can be stated as

* 1
Vig = 5 (Vi — Va2 — Va1 — Vg1 )+

%\/(l/i — Vpz — Vpt — Vq1)2 + 41 — Va2 )ug

(4)

Figure 7a shows v; /N, calculated according to eq. 4,
for measurements above 620Pa and compares to
our previous results [9]. Those were defined as
ionization minus attachment, and become negative
below 975 Td. The present values of v;/N, on the
other hand, are positive, i.e. overcritical, far below
975Td. It is interesting to see that the effective
ionization rate coefficients obtained with these two
different definitions are in good agreement above
975Td. Apart from a slightly higher scatter, v}z/N
remains unchanged whether we fix v;/N or not.

Inter- and extrapolating v;/N, v, /N, v,2/N and
vqi/N for £ = 0.55 and calculating veg /N yields the
solid black line. Due to assuming v,3 /N = 0 in a high-
pressure limit, the calculated veg/N deviates slightly
from the measured data. Taking a lower ionization
rate coefficient, i.e. kK = 0.45 and a more ”optimistic”
fit of vq1/N (dashed line of figure 5) yields slightly
lower v} /N, and accordingly x = 0.65 a slightly higher
Vs /N, both shown as dotted lines in figure 7a.

The calculated vlz/N becomes negative at 770 —
800 Td, which is the theoretical (E/N)*

crit*

4.6. Streamer criterion

A reduced electric field strength above (E/N)?;, is a
necessary, but not sufficient criterion for electric break-
down in homogeneous fields. A common way to predict
the breakdown strength (E/N)pq > (E/N)%;, of a gas
is to apply the streamer criterion [18, 19]. In its sim-
plest form, it states that (E/N)pq is reached when an
avalanche grows strongly enough to reach a number of
electrons N, for instance N, = 10%. Then the dis-
charge is assumed to be self-enhancing due to increase
of the electric field by space charge effects (and poten-
tially other mechanisms). This criterion was convinc-
ingly applied for instance in Ny (appendix figure 5.6,
from [13]).

For homogeneous fields it holds for both detaching
and non-detaching gases that (E/N)pq converges to
(E/N)’; at large pd, i.e. pressure times distance,
since the growth of electrons scales exponentially with
pd. For lower pd, and in particular for detaching gases,
corrections have to be applied in order to compare di-
rectly with breakdown results.

In non-detaching gases the streamer head is locally con-
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centrated, making the electric field distortion partic-
ularly strong. In detaching gases, this is no longer
the case since the attachment rate coefficients are
larger than the ionization rate coefficient at (E/N)%.
Rather, due to being captured and statistically de-
tached, electrons become smeared out over a larger
volume. Therefore, space charge effects are presum-
ably less pronounced. The streamer criterion should
nevertheless give an approximate value of (E/N)pq.

In this context it is important to note that the effec-
tive velocity of electrons in a detaching gas may be
orders of magnitudes smaller than the drift velocity of
free electrons, due to the electrons being constantly at-
tached and detached. Therefore, the relation between
the effective growth per distance, usually denoted as
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(a) The (E/N)ba prediction in C4F7N, ie. streamer
criterion, calculated according to the model presented in
this publication ("B”, black, dotted and solid lines: see
text) is compared to a streamer criterion ”A” calculation
according to the values of our previous publication, and
experimental data from a breakdown experiment (marker:
median voltage; error bars: 84% and 16% quartile;
estimated systematic error of 3.5 — 5% is not shown).

Figure 9

aefr, and the effective ionization rate v} is not trivial.
For the estimation of (E/N)pq in C4F7N we simulate
an avalanche with one start electron and a gap distance
of 15 mm using the obtained rate coefficients. (E/N)uq
is defined as the lowest (E/N) for which N, = 10® elec-
trons appear simultaneously in the gap.

We obtain the black line ("most likely”), and the dot-
ted lines ("best” and "worst” case), denoted as ”Cri-
terion B” in figure 9a, and find a slowly decreasing
breakdown strength with increasing pd.

Choosing a different order of magnitude for the re-
quired electron multiplication than N, = 108 results in
small shifts of (E//N)pq4, and has almost no effect on the
steepness of the curve. We try for instance N, = 10'°,
which increases the values by less than 10 Td above
pd = 1 bar mm.

The ”classical” streamer model using the obtained ef-
fective ionization rate coefficients of our previous pub-
lication as ionization minus attachment, is given by the
red dashed line (”Criterion A”). This line approaches
the critical field strength by classical definition, 975 Td.



4.7. Breakdown results

We compare (E/N)pq to AC voltage rise tests. In
figure 8b, an example of a typical sequence of 125
breakdowns is shown, and figure 8a gives the obtained
breakdown voltage for pd up to 10bar mm, for both
sandblasted and polished electrodes. The median is
given by the marker, while the error bars give the 84%
and 16% percentiles. As a reference for this setup,
results for SFg are shown for which a linear fit (dashed
line) yields 360.8+5 Td (offset of 1.3kV). For C4,F;N a
similar fit gives 933.04+ 12 Td (offset of 2.9kV; without
outliers). However, this ansatz assumes a pressure
independent electric strength, which is presumably not
the case for C4F7N.

Contrary to SFg, in C4F7N soot formation was found
to have significant influence and made measurements
at high pd challenging. After 50 — 200 breakdowns, a
significant drop of the breakdown voltage was observed,
by up to 30% of the initial values (see figure 8b). This
effect is stronger for higher voltage. Therefore, the
electrodes were frequently cleaned.

In figure 9a the breakdown voltages are given in
units of (E/N), using different markers and colors
for different experimental conditions. The agreement
between (E/N)pq and the measured values is good for
polished electrodes over the entire measured pd range.
Above 8 bar mm, the median voltages for sandblasted
electrodes diverge and we obtain lower values than
predicted. Values of Nechmi et al. [16] measured the
breakdown strength for pd up to ~ 0.4bar mm. At
these pd, the correction from the streamer mechanism
is dominating, and their values in units of Td are much
higher than ours. An extrapolation to higher pd yields
982Td, which matches well with our criterion ”A”.
Zhang et al. [5] obtain values in between 800Td at
4bar mm and 620Td at 8 bar mm.

5. Discussion

5.1. Kinetic model

Discharges in gases that exhibit electron detachment
are difficult to model. For the case of C4F7N we at-
tempt to set up an appropriate ion kinetic model ab ini-
tio, based on measurements at different electric fields
and pressures. Having observed different mobilities of
two negative ions and the characteristic current shapes
of a further, fast detaching anion, we distinguish three
anions in C4F7N. The measured current shapes are
then fitted with respect to the underlying rate equa-
tions. The presented model reproduces all measured
currents at different pressures from 60 — 7900 Pa and
(E/N) in between 500 and 1050 Td.

However, it is certainly only an approximation to the
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real physical discharge: Pressure dependencies in the
rate coefficients for ion Mj; hint at processes that
are not described within our model. A plausible sce-
nario could be that the fast-detaching M; undergoes
a form of collisional ion conversion towards a more sta-
ble species M; or M, . When this conversion rate be-
comes faster at higher pressures, more stable ions such
as M| or M, are ”"observed” in our fitting procedure,
and the relative amount of Mj is decreasing. This
would agree with our results, seeing that the sum of
attachment rate coeflicients is almost pressure indepen-
dent. Therefore it is likely that the physical, ”undis-
turbed” rate coefficient v,3 /N lies above our obtained
values. The low pressure limit of our results suggests
values larger than 2 - 107'°m?3s~!, with large uncer-
tainty.

Within the accuracy of our setup, we are unable to in-
vestigate this effect further, but these details are fortu-
nately not important for the estimation of (E/N)? ., at
elevated pressures above 1kPa. Since the detachment
rate coefficient 143 /N is very high, and the attachment
rate coefficient v,3 /N diminishes with increasing pres-
sure, anion M5 may be neglected.

5.2. Identification of the anions

Current measurements at high pressures and low
(E/N) allowed an estimation of the ratio of attachment
to the long-lived ions M, and M , shown in figure 1b.
The ratio is seen to shift strongly towards M; with
increasing (E/N). The formation of the anion M is
therefore presumably a dissociative attachment process
at higher energy than M, . With increasing (E/N),
the average electron energy increases and makes at-
tachment to M, with its higher energy threshold more
likely than attachment to M, . This should allow the
identification of the ion species in comparison to ex-
periments from which attachment cross sections can
directly be derived.

Collisional detachment requires that an anion gains
enough internal energy to overcome the electron de-
tachment threshold. Consequently, the highly different
detachment rates presumably indicate anions of differ-
ent electron affinity. M; and M, should have quite
high affinities, which indicates ions like F~ or CN™.
Various other ions might show the behaviour of My,
like CIF; or the parent anion C4F;N—.

5.8. Correction of ionization and attachment rate
coefficient

The present results suggest a down-correction of the
ionization rate coefficient by ~ 45% with respect
to our previous results [9]. The total attachment



rate coefficient, on the other hand, seems to be only
20 — 40% smaller. The ionization rate coefficient
from our last publication was obtained under the
assumption that the lifetime of negative ions is far
larger than the transit time to the anode, at pressures
below 100Pa. It turns out not to be the case
for the fastest detaching ion Mj; at 100Pa and
above 950 Td, where it has, according to the present
results, a lifetime of about 2pus. It would therefore
almost certainly detach over the drift time of 15 —
30us (at 1 — 2cm gap distance).  Furthermore,
its apparent attachment rate coefficient v,s/N is
increasing with decreasing pressures. Therefore, our
previous evaluation overestimated the values for the
ionization and attachment rates.

5.4. Electric breakdown strength estimation

The example waveform 2b at 3020 Pa and 948 Td gives
a clear indication that (E/N)? . is presumably lower
than 948 Td. Although the ionization rate coefficient
is smaller than the sum of attachment rate coefficients,
the current is visibly growing over time.

A theoretical (E/N)},;, of 785+ 15 Td was obtained in
section 4.5. However, the small magnitude of v};/N
in the range below 900 Td of figure 7a let the ques-
tion arise whether this rate coefficient may just be
too small to effectively initiate an avalanche with suffi-
cient electron growth in a gas to lead to a breakdown.
A streamer simulation confirmed this: The difference
between the breakdown strength and the theoretical
(E/N)?,;; can be huge for application-relevant voltages
and pd. At relatively large pd = 50 bar mm, we esti-
mate the breakdown strength at around 900 Td, or over
U= 10°V, far above (E/N)*

crit*

5.5. Breakdown results

We compare (E/N)pq to measured breakdown voltages
for pd up to 10 bar mm, using polished and sandblasted
electrodes in a uniform field configuration. Up to pd
of 10bar mm and polished electrodes, C4F7N has a
higher electric strength than SFg by a factor of 2.6.
The results agree well with the predicted (E/N)pq, and
follow the decreasing trend with increasing pd, which
stems from slow electron detachment in our model.
However, roughness effects would show a very similar
trend, and we cannot fully exclude its influence. We
try to test this by comparing polished and roughened
(Ry = 13um) electrodes: judging from the median
breakdown voltages of figure 8a, there is no significant
difference up to pd = 8bar mm. Nevertheless, the
predicted decrease in (E/N)pq is, for measurable pd
and homogeneous fields, too small to clearly attribute
it to electron detachment alone.
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5.6. Gas miztures with C4FTN

C4F7N is considered for application as electrical
insulation gas mainly in mixtures with CO5 and Os.
Typical mole fractions of C4F7N are 5 — 7%, with
corresponding lower critical field strength of 210 —
260 Td [9]. Since average electron and ion energies at
these fields are lower, the results for pure C4F7N of this
publication can presumably not be transferred directly.
M,” might not be created in large amounts, and would
presumably not show electron detachment. The rather
weak electron detachment signals that we observed
in preliminary measurements in those mixtures might
stem from Mj .

Conclusion

Within this work, we have found evidence for three
negative ions in C4F7N, which may be identified in fu-
ture by comparison with experiments that allow the
direct identification of the ionic species. We obtained
the magnitude of the attachment rates to these an-
ions as a function of (E/N), and proposed a kinetic
model for discharges in C4F7N. Electron detachment
has implications on the electric strength of the gas: we
calculate that the density-reduced critical electric field
strength lies between 785 £ 15 Td and is 175 — 205 Td
lower than values that were proposed previously [16, 9].
Our results demonstrate the need to distinguish be-
tween anions in cases where electron detachment oc-
curs, since, in the limit of high pd detaching anions do
not contribute to the electric strength of a compound.
However, since we are not able to identify the anions,
the understanding of C4F7N remains incomplete until
partial attachment cross sections are measured.

In uniform electric fields, a simple streamer criterion,
using the proposed model, yields a good estimate of
the breakdown strength of the gas. We showed further
that the estimated breakdown strength (E/N)pq con-
verges to (E/N)*,, only very slowly with increasing
pd. Comparing to breakdown measurements, we find
good agreement between theory and experiment.
Considering inhomogeneous electric fields, the elec-
tric strength of C4F7N might drop significantly: at
high electric fields, the anionic composition changes
and shifts towards the ”weaker” anion M; . Further-
more, electron detachment would stronger affect the
discharge. This would explain why Zhang et al. [5] ob-
served a weaker performance of C4F;N:COy mixtures
in non-homogeneous fields than expected. Simulations
including anion detachment should be performed in
various geometries in order to answer these questions
and derive design recommendations.
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SFg breakdown measurements, compared to reference
data (Dakin [20]). Cross section data from [21] and
Bolsig+ [22] was used to calculate the streamer crite-
rion with N, = 108.
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Breakdown measurements in pure Ny, taken from [13],
compared to a streamer criterion calculation using an
electron number of N, = 108. Cross section data
from [21] and Bolsig+ [22] was used to calculate the
streamer criterion.
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