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Abstract: The ability of free electrons to drift long distances at high velocities in pure liquid argon
under an applied electric field has been exploited for the past forty years to implement detectors
with increasingly larger volumes for high energy physics research. In this paper, we summarize the
electron attachment rate constants as a function of the external electric field for common impurities
in LArTPC with data from the literature. We further provide analytical functions to parameterize
the data, which are useful to compare with new measurements as well as to make extrapolations.

Keywords: Liquid Argon; Electron Attachment; Purity; Impurities; Electron Lifetime.

∗Corresponding author: yichen@bnl.gov



Contents

1. Introduction 1

2. Global Fit to existing Data 3
2.1 Data from the literature 3
2.2 Fitting Functions 5

3. Applications 6

4. Conclusions 10

1. Introduction

Liquid argon time projection chambers (LArTPC) and calorimetric detectors [1, 2, 3, 4] are widely
used in neutrino [5, 6, 7, 8, 9, 10, 11] and dark matter experiments [12, 13, 14]. On the neutrino
frontier, the short-baseline neutrino (SBN) [15] program and the Deep Underground Neutrino
Experiment (DUNE) [16] will perform a precision search and measurement of neutrino oscillations
with single-phase multiple LArTPCs, respectively. On the dark matter frontier, DarkSide-20k [17]
will advance the search for direct dark matter detection with a dual-phase LArTPC.

For the detection of the ionization charge in LArTPCs, electron attachment to impurities in
LAr (such as water or oxygen) is a source of signal attenuation, given that the drift velocity of ions
is about five orders of magnitude lower than that of electrons [18]. This means that even transient
or resonant attachment of an electron to form a negative ion with lifetimes longer than a fraction of
the electron drift time will cause loss of signal.

Attachment to form a stable Ar− ion has not been reported. Electron attachment to Ar, in the
gas phase, has been observed to form excited states at 11.10 eV and 11.28 eV, both with lifetimes
of about 10−16𝑠 [19]. Since these energies are so far above the mean electron energy at the drift
fields sustainable in LAr detectors and the lifetimes are so short compared drift times, or even to
electron collision times, direct attachment to argon effectively does not occur. It remains possible
that in pure LAr other processes, such as attachment to clusters, might occur. However, for practical
purposes, the lifetime of free electrons in pure LAr is so long that other factors, such as diffusion,
would limit the ultimate useful drift time. Only attachment to impurities in the LAr needs to be
considered.

An accurate knowledge, and theminimization, of the charge attenuation is critical for LArTPCs,
since the collected charge determines the energy reconstruction, and any attenuation will lead to an
error in energy determination and a degradation in energy resolution due to a loss of signal with
respect to noise. The latter may lead to a reduction in efficiency, especially for short and minimum
ionizing tracks. In a previous publication [20], we constructed a model for describing the dynamics
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of impurity concentrations in LAr detectors and their dependence on materials of construction and
operating conditions. In this paper we present information to quantify the relation between impurity
concentrations and electron drift lifetimes.

In LAr containing an impurity with an electron affinity (often loosely characterized as an
electronegative impurity1), the charge 𝑄 of the electrons in a swarm decreases exponentially with
time as it drifts [22]:

𝑑𝑄

𝑑𝑡
= −𝑘𝐴 · 𝑛 ·𝑄, (1.1)

𝑄(𝜏𝐷) = 𝑄(0) · 𝑒−𝑘𝐴·𝑛·𝜏𝐷 , (1.2)

where 𝑛 is the concentration of the impurity, 𝑄(0) is the initial charge of the electron swarm,
𝑄(𝜏𝐷) is the charge after drifting for a time 𝜏𝐷 , and 𝑘𝐴 is the electron attachment rate constant for
the impurity in LAr. This equation is also the basis of operation for the ICARUS purity monitor
[23, 24]. The mean lifetime of the charge cluster is

𝜏𝐴 =
1

𝑘𝐴 · 𝑛
, (1.3)

which is referred to as the electron lifetime. The attenuation length 𝜆𝐴 is defined as:

𝜆𝐴 = 𝑣𝐷 · 𝜏𝐴 =
𝑣𝐷

𝑘𝐴 · 𝑛
, (1.4)

where 𝑣𝐷 is the electron drift velocity in LAr. The drift velocity as a function of electric field used
here was obtained from a global fit to the the literature as described in Ref. [25].

The electron attachment rate constant is an integral over energy of the product of the drifting
election energy distribution function and the cross section for the attachment of the electron to an
impurity molecule, both of which are functions of the drifting electron energy. Therefore, 𝑘𝐴 is a
function of the external electric field. For electric fields below about 100 V/cm, the electrons are
in thermal equilibrium with the liquid2 and in this region the electron energy distribution function
(EEDF) is independent of electric field. Therefore the attachment rate is independent of the electric
field at low fields. Also, in the low field limit the drift velocity is proportional to the electric field
(i.e. the mobility is constant), so 𝜆𝐴 is simply proportional to the field.

In this paper, we summarize measured electron attachment rate constants reported in the
literature for six impurities in LArTPC as a function of the external electric field. We further
provide analytical functions that parameterize this data, which can be used to interpolate between
measured points to compare with new measurements. Such interpolation can be particularly useful
for converting lifetimes measured with a purity monitor operating at low field (in order to extend
their dynamic range to longer lifetimes) to the lifetime at the operating field of the TPC.

1Electronegativity measures the relative attraction of a given atom for the shared electrons when forming a molecule
in a chemical bond (see [21]). Therefore molecules cannot be assigned electronegativities. Electron affinity is the binding
energy of the electron in a negative ion of an atom or molecule, each in its ground state.

2The electron energy is proportional to the transverse diffusion, which is constant at low electric fields. See [25].
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2. Global Fit to existing Data

2.1 Data from the literature

We searched the literature to find measurements of electron attachment to impurities in LAr. The
sources of data sets for different impurity species found are summarized in Table. 1

The data presented and discussed here were extracted from the bitmap images of the appropriate
graphs in the PDF files obtained from the journal websites for each of the papers listed in Table. 1.
Each bitmap image was imported into a drawing program (CorelDraw). On this imported image,
a hand drawn line was then superimposed connecting each point in the data set. By enlarging the
image, it was straightforward tomake an accurate estimate the centroid of the pixels comprising each
data point symbol. When the data displayed error bars, second broken line was drawn connecting
the upper and the lower ends of the bars for each point. The axes were drawn as an additional line,
one segment for each side of the frame around the graph. These lines were saved as AutoCAD DXF
files, which were then read by Mathematica and parsed to extract the coordinates of the vertices of
the lines segments representing the data, error bars, and axes and to scale these coordinates into the
domain and range in the original axes.

The attachment rate constants 𝑘𝐴 are given explicitly only by Bakale, et al. [22] and by Adams,
et al. [26]. For the remainder of the literature the attachment rate constants are derived from the
data provided. In Bettini, et al.[23] and Hofmann, et al. [27] electron lifetimes 𝜏𝐴 and attenuation
lengths 𝜆𝐴, respectively, are plotted as a function of electric field 𝐸 . These can be converted to
attachment rates using an inversion of Eq. 1.3. Biller et al.[28] gives plots of inverse attenuation
lengths 𝜆−1

𝐴
as a function of added oxygen concentration. Each of these data sets was fitted with a

straight line to extract the slope 𝑑𝜆𝐴
−1/𝑑𝑛, from Eq. 1.4, which gives the attachment rate constant

divided by the drift velocity.
Concentrations of the impurity were determined by various methods in these measurements, as

indicated in column 4 of Table 1. The designation "volumetric" means that a known volume of the
impurity gas was introduced into the cryostat containing a known volume of LAr. The assumption
was made that all of the impurity entered the liquid. In equilibrium, an impurity will distribute
between the gas and liquid in the ratio

𝐻𝑥𝑥 =
𝑛𝐺𝑎𝑠

𝑛𝐿𝑖𝑞
, (2.1)

which is known as Henry’s coefficient. We express all concentrations as mole fractions (moles
of impurity per mole of LAr), since concentrations expressed in these units are independent of
the thermodynamic state (pressure, temperature, solid, liquid, gas) of the solution. Attachment
rate constants then have the units of s−1 and Henry’s coefficient is dimensionless. For a detailed
discussion on the role of Henry’s coefficient in the distribution of impurities in LAr see [20].

For the four cases labeled "volumetric" in the table, the assumption that Henry’s coefficient is
zero leads to a very small error since the volume and density of the gas were always much smaller
than those of the liquid and Henry’s coefficient for all these gases is probably not much larger than 1.
In the measurements of Hofmann, et al. the concentration in the gas is directly measured, and this
value is converted to that in the liquid by dividing by Henry’s coefficient for O2, which is 0.91[20].
From the description of the procedure in the paper, it seems reasonable that the sampled gas and
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Table 1. Data for the global fit of attachment rate
Data Set Impurities Data Type n from Ref
Biller,et al. O2 and N2 𝜆−1

𝐴
vs. 𝑛 for 𝐸 volumetric [28]

Bakale, et al. O2, N2O, and SF6 𝑘𝐴 vs. 𝐸 for 𝑛 volumetric [22]
Bettini, et al. O2 and CO2 𝜏𝐴 vs. 𝐸 for 𝑛 volumetric [23]
Hofmann, et al. O2 and N2 𝜆𝐴 vs. 𝐸 for 𝑛 gas / H𝑥𝑥 [27]
Adams, et al. O2 𝑘𝐴 vs. 𝑇 for 𝐸 volumetric [26]
Carls, et al. H2O 𝜏𝐴 and 𝑛 at 𝐸 liquid [29]

the liquid are in equilibrium. In the measurement of Carls, et al. the concentration in the liquid
was determined by converting the liquid to gas in a tube terminating in the liquid and measuring
the concentration in the resulting gas.

As an example, data from Biller et al. [28] for O2 can be converted to

E (kV/cm) 𝑘𝐴±1𝜎(𝑠−1)
0.50 (2.79±0.20) ×1012
1.00 (2.22±0.13) ×1012
1.50 (1.85±0.08) ×1012
2.00 (1.56±0.05) ×1012
3.00 (1.04±0.06) ×1012

The rest of the data extracted from the literature can be found in the Appendix. All the data are
shown in Fig. 1 as colored points with error bars, if available.

We found two papers that provide lifetime and concentration measurements for water in LAr.
The first of these, (Andrews, et al. [30]), reports measured water concentration in the gas. for
these measurements, the conditions of the sampled gas appear to be far from equilibrium with the
liquid, and it is difficult to relate, with confidence, the measured gas concentrations to those in the
liquid, so we did not use this data. However, in the second paper (Carls, et al. [29]), which gives
water and oxygen concentration data taken after the initial filling of the MicroBooNE cryostat, the
LAr is sampled with a tube dipping into the liquid. The liquid is converted to gas as it travels up
the tube, and the concentration of water in this gas is measured as described in the paper. If the
evaporation is done in the “sudden" (thermodynamically adiabatic3) limit, then the the measured
gas concentration is that of the liquid. Figure 2 in the paper displays the concentrations of oxygen
and water in the LAr during a period of 18 days following the start of re-circulation of the LAr
through a purifier. Figure 6 is a plot of the charge attenuation over the drift distance of an ICARUS
purity monitor (20 cm). This graph also marks the charge attenuation ratios corresponding to 3 ms,
6 ms, and 9 ms. We have used these three points to establish a logarithmic scale, as required by Eq.
1.1, to convert the charge ratios to lifetimes. There are 25 points in this lifetime data set, during the
interval between 13 an 18 days, in common with the concentration data set. For the time of each
point in the concentration data set we have obtained the corresponding lifetime, and for each pair of
values we computed the attachment rate constant, using Eq. 1.3. The mean and standard deviation
of these values gives an attachment rate constant for water in LAr of (7.80±1.5) ×1010 s−1 at an

3For the design of an adiabatic liquid sampling system see [31].
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electric field of 32 V/cm. This electric field is not stated in the paper; we have deduced it from the
stated drift time and length using the value of the electron mobility in LAr[25].

Two processes can cause significant systematic uncertainties in the above evaluation of the
attachment rate. The first arises from the facts that the purity monitor and the sampling point are
at some distance from each other and the that the water concentration is not uniformly distributed
throughout the entire volume. We assign ±20% for this uncertainty. The second is that oxygen
may contribute to the measured lifetime. The oxygen concentration measurement falls below the
detection threshold of 100 ppt from 6.5 days and remains there for the remainder of themeasurement.
We therefore estimate a residual concentration less than 10 ppt of oxygen; removing this would
systematically lower the attachment rate by 10%. The sum in quadrature of these two systematic
uncertainties are represented in the error bar for the data point for attachment to water shown in Fig.
1.

A third systematic uncertainty arises from the possibility that the evaporation occurred under
conditions at or near equilibrium between the liquid and gas (as is the case if the two fluids remain
in good thermal contact and the evaporation rate per contact area is small), in which case the
concentration measured in the gas will be Henry’s coefficient times the concentration in the liquid,
and the above attachment rate coefficient must be multiplied by this factor.

Unfortunately, the value ofHenry’s coefficient forH2O inLAr has not beenmeasured. However,
an estimated value is reported by the NIST program REFPROP v10, using an EOS model fitted to a
large body of data; this value is 4.1×10−3 at 90 K[32]. If this estimate for Henry’s coefficient were
correct, then would we would find an attachment rate of 3.2×108 s−1. This should be considered
as a lower limit on the true value consistent with this data, since it is likely that the sampling was
in fact more nearly adiabatic than equilibrium,and the true value is probably much closer to the
larger value quoted above. To represent this uncertainty, we do not include it in the stated value but
indicate it in Fig.1 as an arrow pointing to the lower limit.

2.2 Fitting Functions

The attachment rate data is fit with a constrained rational polynomial:

𝑘𝐴 = 10𝑝 ·
𝑎1
𝑏1
+ 𝑎1𝐸 + 𝑎2𝐸2 + 𝑎3𝐸3 + 𝑎4𝐸4

1+ 𝑏1𝐸 + 𝑏2𝐸2 + 𝑏3𝐸3 + 𝑏4𝐸4
(2.2)

where 𝐸 is the electric field in units of kV/cm and 𝑘𝐴 is the attachment rate constant in units of
𝑠−1, 𝑝 is a scaling factor introduced to keep the values being fitted close to unity. The term 𝑎1

𝑏1
in

the numerator ensures that lim
𝐸→0

𝑑𝑘𝐴
𝑑𝐸

= 0. This constraint is imposed to force the fit function to be
constant at low field, as attachment rate constants must be.

We have chosen to use rational polynomial functions, rather than simple polynomial functions,
to fit the attachment data, motivated by the unique capabilities of Padé approximants in optimally
representing mathematical functions. In general, compared to simple polynomials, rational poly-
nomials 1) can produce a larger variety of shapes; 2) are less oscillatory, providing more credible
interpolation between data points; 3) can easily be designed to conform to a priori behavior outside
the domain of the data, providing more useful extrapolation; 4) can model complicated behavior
with fewer terms including both the numerator and denominator, allowing more degrees of freedom
for a given data set.
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The potential disadvantage of using rational polynomials to fit data is that the best fit function can
result in a pole (a root in the denominator) between two adjacent data points, making interpolation
in the region between these two points useless. Any poles can be observed easily in a plot of the
fitted function. They can then be eliminated by reducing the degree of the denominator, sometimes
at the expense of increasing the chi-square value for the fit.

The coefficients of the best-fit rational polynomial obtained for each impurity are listed in Table
2. Coefficients of terms set to zero in the table indicate that including these terms either results in
introducing a pole between data points, or does not reduce the value of 𝜒2 per degree of freedom.
There is no fit for the water data, since there is only one point.

Table 2. Parameters for the best fit to data of Table 1 using Eq. 2.2
Molecule p a1 a2 a3 a4 b1 b2 b3 b4
SF6 16 37.8289 268.031 45.3633 0 23.3285 355.388 160.07 2.83519
N2O 14 0.0569772 0.781486 −0.0131373 8.24298×10−5 2.89403 0.0970965 0 0
O2 11 39.4 1.20062 0 0 0.925794 1.63816 0 0
CO2 11 2.20137 12.101 0 0 1.26191 0 0 0
N2 10 6.69454×106 −1.1286×106 0 0 2.00731×107 0 0 0

The best fit function for each impurity is shown by the thick black solid lines in Fig.1. The
uncertainty bands for the fits, at the 95% confidence level, are shown as the thin black lines.

3. Applications

It has been demonstrated by ICARUS [33], MicroBooNE [29], and ProtoDUNE [34] that a very
high electron lifetimes (>15-30 ms) can be achieved. Our fits with the parameters shown in
Table. 2 can be used to predict the electron lifetime as a function of electric field for different
oxygen concentrations as shown in Fig. 2. It is clearly demonstrated that a sub-ppb purity level is
required to achieve an electron lifetime of over 1 ms in a LArTPC. This application only considers
a single impurity of O2. In case the concentration of each individual impurity species can be
determined, one can derive the corresponding attachment rate constant for that mixture. For large
attenuation lengths, the charge attenuation as described in Eq. (1.1) is small. The precision of the
charge attenuation determination is then limited by measurement techniques [29]. To improve the
precision of charge attenuation determination, one strategy is to measure the attenuation at a lower
electric field, so that the effect can be significantly increased and thus better measured. But this
requires an accurate extrapolation from the low electric field setting to the nominal electric field
setting. Such an extrapolation requires a knowledge of the amount of the various impurities in the
LAr. The parameterizations of the attachment coefficients are particularly useful in solving the
following problems.

1. If we know the the concentrations of one or more impurities, then we can use the parameteriz-
tion functions to compute the partial lifetime, or attenuation length, for that set of impurities
at any electric field. At low fields, where the attachment rates are constant, Table 3 can be
used instead. For each impurity in column 1 the constant in column 3, when divided by the
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Figure 1. The electron attachment rate constant as a function of the applied electric field for six impurities
in LAr at 90K. The heavy solid lines are the best-fit curves using the parameters in Table 2, and the light
lines indicate the 95% confidence uncertainty bands for the fit. Open circles are used for the N2 Bakale data
to distinguish them from the nearby O2 Bakale data. The numerical value for each data point can be found
in the Appendix.

Table 3. Quantities characterizing attachment at zero field
Molecule k𝐴,0(ms ppb)−1 𝜏𝐴,0 (ms ppb) 𝜆̃𝐴,0 (cm2V−1ppb) 𝑘𝐴,500/𝑘𝐴,0 Emax(V cm−1)
SF6 (1.62±0.28) ×104 (6.2±1.1) ×10−5 (3.3±0.7) ×10−5 0.47±0.09 26
N2O 2.0±0.6 0.51±0.15 0.27±0.09 5.0±1.6 87
O2 4.3±0.9 0.23±0.05 0.126±0.031 0.79±0.19 332
CO2 0.174±0.012 5.7±0.4 3.1±0.4 2.06±0.15 93
H2O 0.093+0.028−0.033 10.7+3.2−4. 5.7+1.9−2.2 1.0+0.4−0.5 n/a
N2 0.0033±0.0006 300.±54. 161.±36. 0.92±0.22 801
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Figure 2. Electron lifetime prediction 𝜏𝐴 as a function of electric field for [𝑂2] of 0.01, 0.1, 1.0, 10.0 ppb.

impurity concentration, gives the lifetime and the constant in column 4, when multiplied by
the field and divided by the concentration, gives the attenuation length. The maximum field
for which these zero field constants are accurate, within the stated uncertainties, are given in
column 6.

2. We can convert measured lifetimes to an "oxygen equivalent" concentration or to any other
"impurity equivalent", or given a set of concentrations (as for example air) we can compute
the "impurity equivalent" concentration for that mixture.

3. When the LAr becomes very pure, the purity monitor (PM) cannot accurately measure
lifetimes because the attenuation length of the electron swarm becomes longer than the drift
length of the PM, and then the attenuation of the charge is less than the uncertainties in the
two charge measurements. We can avoid this limitation by operating the purity monitor at a
lower electric field and then converting the observed low field lifetime to the lifetime at the
operating field of the TPC. For the typical operating field of 500 V/cm, the conversion factors
given in column 5 can be used. Again, these factors are only applicable if the reduced field
is lower than the maximum field stated in column 6.

4. When we have observed an attenuation length that is longer than the length of the PM, then we
can compute the field to use for the purity monitor to obtain the most accurate measurement
on the lifetime (attenuation length). It is straightforward to show that if the PM operation is
described simply by Eq. 1.1, and if the uncertainty in the value of the initial (cathode) and final
(anode) charge are equal, then the minimum uncertainty in the determination of the lifetime
occurs when the lifetime is slightly less than one half of the drift time. Reducing the field
to achieve this condition is limited by the fact that when the field is too low the longitudinal
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Figure 3. Electron lifetime in ms times concentration in ppb (red) and attenuation length in cm times
concentration in ppb (blue) prediction as a function of electric field for [O2] (solid), CO2 (dotted), and N2
(dashed). Note that the curves for CO2 and N2

have been scaled to make allow a direct comparison of the field dependencies.

diffusion time of the swarm will exceed the shaping time of the charge amplifier. This will
result in a systematic reduction in the measured charge at the cathode and an erroneously
low value of attenuation length. In addition, at very low fields, the increase of the effect of
diffusion on grid transparency will also lead to systematically low values of the attenuation
length. These two systematic effects can be mitigated and corrected for by appropriate design
of the instrumentation and by modeling of the effects. Finally, the reduction in cathode
quantum efficiency at low fields (see Fig. 9 of [25]) will result in an increased uncertainty
in charge measurement and therefore in attenuation length determination. It is beyond the
scope of this paper to attempt to quantify the lowest useful field.

5. Since the various impurities have a somewhat different dependence of attachment rate con-
stants on field, if we measure the lifetime over a range of fields, we can in principle solve the
resulting set of linear equations to determine the concentrations of each of a set of impurities
whose attachment rate constants are known. The field dependencies of three impurities are
compared in Fig.3. Unfortunately the two most common impurities - nitrogen and oxygen -
have a very similar dependence on field below about 300 V/cm. An impurity of interest, but
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not often reported, might be carbon dioxide, since the ICARUS group has observed [35] that
the dominant impurities in typical commercial LAr are oxygen, nitrogen, and carbon dioxide.
Measurements of lifetimes at fields above 1 kV/cm should be able to distinguish these three
impurities.

6. When we know the concentrations of a set of impurities, we can compute the partial lifetime
due to these and compare it to the total lifetime measured by the PM to determine if there
is any evidence for impurities other than those whose concentrations we have measured.
The missing amount of the unknown impurity can be expressed as an oxygen-equivalent
concentration, or simply as an unassigned partial lifetime.

4. Conclusions

In this paper, we summarize the electron attachment rate constants as a function of the external
electric field for common impurities in an LArTPC with data obtained from the literature. We
further provide analytical functions to parameterize existing data, which are useful when comparing
measurements.Examples of applying these parameterizations to make extrapolations are presented.
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Appendix: Extracted data from the literature

Adams et al. data [26] for 𝑂2:

E (kV/cm) 𝑘𝐴±1𝜎(𝑠−1)
2.20 (9.3±0.7) ×1011
2.40 (8.6±0.6) ×1011
4.40 (6.2±0.4) ×1011
4.80 (5.2±0.4) ×1011
6.20 (4.5±0.6) ×1011

Biller et al. data [28] for 𝑁2:

E (kV/cm) 𝑘𝐴±1𝜎(𝑠−1)
0.50 (3.4±0.5) ×109
1.00 (3.22±0.25) ×109
1.50 (2.74±0.18) ×109
2.00 (2.47±0.20) ×109
3.00 (1.77±0.11) ×109

Bakale et al. data[22] for N2O (no error provided
in the original figure):

E (kV/cm) 𝑘𝐴(𝑠−1)
0.07 3.83×1012
0.10 2.09×1012
0.25 4.91×1012
0.51 9.41×1012
0.50 1.10×1013
0.75 1.44×1013
0.76 1.27×1013
1.01 2.16×1013
1.03 2.73×1013
1.25 3.31×1013
1.52 4.00×1013
1.53 4.79×1013
2.63 5.67×1013
4.29 7.25×1013
5.10 8.78×1013
6.26 1.04×1014
7.60 1.61×1014
10.35 2.25×1014
15.26 2.70×1014
25.52 2.33×1014
40.78 2.04×1014
51.25 2.28×1014
71.38 1.86×1014
80.03 1.95×1014
88.69 2.18×1014
104.10 2.38×1014

Bakale et al. data[22] for 𝑂2 (no error provided
in the orginal figure):

E (kV/cm) 𝑘𝐴(𝑠−1)
0.05 5.87×1012
0.10 4.80×1012
0.15 4.49×1012
0.20 4.49×1012
0.39 4.19×1012
0.50 3.79×1012
0.73 2.62×1012
0.97 2.42×1012
1.45 2.26×1012
2.91 1.65×1012
4.92 7.88×1011
7.26 6.73×1011
9.66 6.73×1011

Bakale data [22] for 𝑆𝐹6 (no error provided in the
original figure):

E (kV/cm) 𝑘𝐴(𝑠−1)
0.01 1.55×1016
0.02 1.60×1016
0.03 1.58×1016
0.04 1.29×1016
0.05 1.46×1016
0.07 1.24×1016
0.10 1.16×1016
0.21 9.35×1015
0.31 8.54×1015
0.42 8.84×1015
0.51 7.47×1015
0.73 6.75×1015
1.04 6.10×1015
2.07 5.90×1015
3.19 4.93×1015
4.15 4.12×1015
5.27 4.07×1015
7.18 3.37×1015
10.35 3.25×1015
15.62 2.94×1015
20.54 2.46×1015
31.00 2.05×1015
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Bettini et al. data [23] for 𝑂2:

E (kV/cm) 𝑘𝐴±1𝜎(𝑠−1)
0.10 (3.52±0.25) ×1012
0.20 (3.56±0.26) ×1012
0.30 (3.47±0.25) ×1012
0.50 (3.26±0.24) ×1012
0.60 (3.09±0.23) ×1012
0.70 (2.99±0.24) ×1012
0.80 (2.78±0.21) ×1012

Bettini et al. data [23] for 𝐶𝑂2:

E (kV/cm) 𝑘𝐴±1𝜎(𝑠−1)
0.10 (1.86±0.14) ×1011
0.20 (2.12±0.16) ×1011
0.30 (2.53±0.19) ×1011
0.40 (3.02±0.25) ×1011
0.50 (3.62±0.30) ×1011
0.60 (4.2±0.4) ×1011
0.70 (4.9±0.5) ×1011
0.80 (5.6±0.5) ×1011

Carls, et al. data[29] for H2O

E (kV/cm) 𝑘𝐴±1𝜎(𝑠−1)
0.03 9.3+2.8−3.3×10

10

Hofmann et al. data [27] for 𝑂2:

E (kV/cm) 𝑘𝐴±1𝜎(𝑠−1)
2.01 (1.7±0.4) ×1012
2.51 (1.51±0.27) ×1012
3.01 (1.18±0.13) ×1012
3.01 (8.9±1.0) ×1011
4.03 (6.4±1.4) ×1011
5.55 (5.2±1.0) ×1011
6.56 (4.4±1.1) ×1011
7.49 (3.4±0.9) ×1011
8.98 (3.2±0.9) ×1011
11.72 (2.53±0.21) ×1011
19.95 (2.11±0.06) ×1011
19.98 (1.88±0.09) ×1011
24.94 (1.81±0.09) ×1011
26.20 (1.57±0.07) ×1011

Hofmann et al. data [27] for 𝑁2:

E (kV/cm) 𝑘𝐴±1𝜎(𝑠−1)
2.0 (5.2±2.3) ×108
5.0 (5.8±2.1) ×108
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