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ABSTRACT

In this paper, we present the results for voltage–current (V–i) characteristics of dc low-pressure low to moderate current discharges in
vapors of alcohols: methanol, ethanol, isopropanol, and n-butanol vapors. These electrical measurements are supported by optical record-
ings of axial emission profiles from low-current to high-current regimes. The voltage–current characteristics and the corresponding distribu-
tion of emission intensities were typically recorded for two pd values, in the left-hand branch of the Paschen curve (0.15 Torr cm) and in
the minimum of the Paschen curves (ranging from 0.30 to 0.40 Torr cm for different alcohols selected here). In the recorded V–i characteris-
tics, the different discharge regimes of discharge operation are easily distinguished. Axial profiles of emitted light from the low-current to
high-current regimes reveal that heavy particles make up a significant contribution to excitation part in alcohol vapor discharges. In the
region of transition from normal to abnormal glow in the methanol vapor discharge, sudden changes of the regime of operation were
observed and several diagnostic techniques have been applied to them.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0044419

I. INTRODUCTION

Plasmas that operate in liquids and close to the gas–liquid
interface have received a lot of attention in the past ten years.1 First,
they have a wide range of applications for nanoparticle synthesis,
organic compound decomposition, sterilization, water treatment,
etc., all the way to biomedical applications even including medical
procedures. In addition to discharges associated with liquid water
and its vapor, for several years, there has been an increasing interest
in non-equilibrium discharges in alcohols and their vapors. Fast
development of technology and industry imposes the need for such
studies both from the fundamental point of view (elementary data,
understanding of the main processes and phenomenology, the ability
to represent transport in the presence of polar molecules, etc.) and
also having in mind targeted applications where the most important
examples are production of environmentally responsible fuels and
production of pure carbon-based nanostructures.2−7

It is widely believed that in the future, hydrogen will have a
major role as an energy carrier, much more than it is today.

Alcohols have proven to be particularly attractive and suitable for
hydrogen production using low-temperature non-equilibrium
plasmas,2,8,9 and they are used, for example, in the development of
direct alcohol fuel cells (Proton Exchange Membrane Fuel Cells -
PEMFC).10−12 This sequence of technologies makes it possible to
have production of fuel from the plants and, thus, achieve the most
eco-friendly sustainable energy production and eventually consump-
tion. Besides that, plasmas in alcohols are a good source of carbon
and can be used for nanographene and nanotubes production.3−7 A
significant number of applications of these non-equilibrium dis-
charges use sources of complicated electrode geometry. Those
sources operate either in high-current discharge regimes or in a
pulsed or a high-frequency glow regime. Therefore, unraveling all
processes taking place in the discharge is an exacting task.

A long-term interest for elementary collision and transport
data in alcohol vapors originated from the development of elemen-
tary particle detectors.13−17 The development of new applications
demands the availability of a sufficient range and depth of data and
of understanding of the phenomenology that are well tested by
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quantitative comparisons with experiments. These data can be
obtained from studies of non-equilibrium discharges either directly
motivated by a very specific application or in quite generic experi-
ments with a simple electrode geometry. Therefore, our measure-
ments of voltage-current characteristics in addition to the Paschen
curves and emission profiles in non-equilibrium parallel-plate dc
discharges in different alcohol vapors18 aim at providing a compre-
hensive reference set of data that can be used in interpreting and
modeling more complex discharges.16,19−24 Our investigation
follows similar steps as our previous studies of discharges in water
vapor and in argon.25,26

It has been shown previously27−29 that Paschen curves provide
only a limited understanding of the breakdown itself or, in particu-
lar, of the secondary electron yields.27,29−32 As it was predicted by
phenomenological and physical theories as well as by simulations, a
three-dimensional breakdown mapping consisting of Vb, pd, and
jd2 (where Vb is the breakdown voltage, p is the pressure, d is the
gap in parallel-plate geometry, and j is the current density) is
required for a complete description of the low-current dis-
charge.26,33 Here, in Fig. 1, we show one example (for methanol) of
such 3D mapping of Vb, pd, and i characteristics. Note that the
characteristics are presented as a function of the discharge current
i, instead of jd2, which is the proper scaling. The main point in
Fig. 1 is that voltage–current characteristics are equally important
in the analysis of the secondary electron yields as the Paschen
curve.

Voltage–current characteristics (on their own or with support
of other diagnostic techniques such as time-resolved fast intensified

charge-coupled device (ICCD) recording of the variation in the dis-
charge profile, observations of the presence of oscillations, and
others) have been shown to be a valuable source of information on
the energy (i.e., E/N) dependence of the secondary electron
yields26,29,31,34 in the presence of different modes of oscillations31,35

and in the transitions between different modes of operation of low
and moderate current discharges. In particular, modeling of the
low-current diffuse Townsend regime may be used to determine a
wide range of atomic and molecular collision data and understand
relative contributions of different processes. Thus, we extend our
initial work in establishing breakdown voltages (i.e., Paschen
curves)18 by determining voltage–current characteristics to discern
which dominant species partake in the breakdown and in initializa-
tion of the non-equilibrium plasma under those circumstances.36

Preliminary results for ethanol vapor, along such line of research,
have been published in Ref. 37. In this paper, we extend our inves-
tigations to a wider range of conditions and to vapors of alcohols
of different complexities.

The next step would be to apply all the theoretical/simulation
tools in a similar fashion to what has been done for water vapor.
Such modeling of well-defined experimental data may provide us
with information on the most important processes and on the
basic physical foundation of low-temperature plasmas in water and
alcohol vapors.

While there have been several published studies of either
breakdown voltage Vb vs pd (Paschen curves) or voltage–current
characteristics of gas discharges, especially in the glow and dark
Townsend regimes, we are not aware of any of such studies for
alcohol vapors. With an improved theoretical understanding and a
broader range of the available data, this study is also well motivated
by the need to produce a basis for a more comprehensive data set
for pertinent processes and by the need to address possible applica-
tions (as listed here) by detailed modeling.

This paper is an attempt to extend the existing studies in
alcohol vapors (see Refs. 24 and 38−43) with a careful and well-
defined procedure to measure the observables from the discharges
in order to obtain some data on primary and secondary processes
in a subsequent analysis.

II. EXPERIMENTAL SETUP

The schematic of the experimental setup (as described in pre-
vious papers25,36,37,44) is shown in Fig. 2. The discharge chamber
consists of parallel plane electrodes placed inside a tightly fitting
quartz tube. Each of the electrodes is 5.4 cm in diameter (2r). The
cathode (C) is made of copper, and the anode (A) is made of
quartz covered by a thin, transparent, conductive platinum film.
This arrangement allows us to observe the radial profile of the dis-
charge, constrictions, and diffuse regimes. The distance (d) between
electrodes can be adjusted by fixed electrode supports, and for this
experiment, it was set to 1.1 cm.

To obtain reproducible results, it is necessary to perform prep-
arations before every measurement. Initially, the system is pumped
down to an initial pressure of the order of 10−6 Torr. Before the
measurements, the cathode surface is conditioned in a hydrogen
discharge with a current around 30 μA (for approximately 40 min)
until the operating voltage is stabilized. Hydrogen is chosen

FIG. 1. Vb, pd, and i characteristics in the methanol vapor discharge for an
electrode gap of 1.1 cm. The Paschen curve for the discharge in methanol
vapor has been presented in our earlier paper,18 while V–i characteristics for
pd = 0.15 and 0.40 Torr cm are shown in the present paper in Fig. 3. The results
presented here have been obtained by the experimental setup that will be
described later in the present paper, and has been described elsewhere as
well.25,36
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because it is lightweight; therefore, no cathode material is dis-
persed, and yet, it has the potential to remove oxide layers and
react with organic vapors. At the same time, this treatment effec-
tively removes chemical oxides and adsorbed layers of impurities
from the cathode surface and, thus, produces the same surface
conditions for each measurement. After cleaning of the cathode,
the discharge chamber is again vacuumed to the pressure of
around 10–6 Torr before the flow of gas is introduced. Both treat-
ment with hydrogen discharge and measurements in alcohol
vapors are done in a slow flow regime to ensure that possible
impurities formed in the discharge chamber are continuously
removed and kept at low abundance. Most importantly, our setup
allows us to operate in a pulsed regime whereby current is main-
tained in a short period of time, sufficient to make measurement
but too short so that damage to the cathode (due to sputtering) is
avoided.26,45,46

We have performed measurements for four alcohols: metha-
nol, ethanol, isopropanol (2-propanol), and n-butanol. The vapors
are obtained from 99.5% purity methanol, isopropanol, and
n-butanol and 95% purity ethanol (see our earlier papers18,37). For
all the used alcohols in our measurements, water represents the
most abundant declared impurity (max. 0.2%), while other volatile
impurities such as acetone, aldehydes, and formic acid (max.
0.002%) are present in smaller quantities. Also, only in traces, there
is iron (0.0005%) and some non-volatile substances (<0.001%).
Therefore, a small percentage of water vapor may be present in the
discharge. The presence of inherent gas impurities can be critical in
two cases: the existence of significant vibrational energy losses
introduced by molecular impurities in rare gases (this can strongly
affect the breakdown data in atomic gases as molecular impurities
introduce significant energy losses below the threshold for elec-
tronic excitations) and in the occurrence of the attachment to
impurities. However, neither of the two is expected to strongly
affect the results for gas discharges where ionization is the key
process and is dominated by the most abundant gas. Therefore,
water will not affect the results strongly through either of the two
mentioned mechanisms and the same is true for all other listed
components.

The vapor is introduced into the chamber at low pressure
from a container with a liquid sample through a pressure regulatory
valve at a low flow rate. Immediately after opening the valve,
alcohol begins to boil due to the pressure difference above the
surface and partial pressure of gases dissolved in the sample.
Throughout this process, alcohol becomes devoid of dissolved vola-
tile constituents, and after a few seconds, the sample surface
becomes still. After that, the vapor is maintained at a moderate
pressure (lower than the vapor pressure) in the chamber for
periods of 1–2 h to saturate the electrodes and the chamber walls.
The vapor pressures of methanol, ethanol, isopropanol, and
n-butanol at room temperature (25 °C) are around 127, 45, 44, and
7 Torr, respectively;47 therefore, during the measurements, operat-
ing pressures are kept well below these values to avoid formation of
liquid droplets.

Our electrical circuit allows a current pulse of desired length
and amplitude to be superimposed onto a dc discharge running at
a very low current (typically around 1 μA) to avoid breakdown
delays.26,44 Pulse duration is long enough so that a steady-state dis-
charge is developed and also sufficient to make reliable recordings.
In this way, by minimizing gas heating and cathode heating and
conditioning,44,48 results of measurements of voltage–current char-
acteristics (V–i) are stable and reproducible. Construction of the
chamber allows recording of axial discharge profiles using a sensi-
tive ICCD (Andor IStar DH720-18U-03). For spectrally resolved
measurements of a spatial distribution of emission intensity, we
used a bandpass optical filter in front of the lens, which enabled
recordings of emission profiles for a CH band at 431.2 nm.

III. RESULTS AND DISCUSSION

A. Voltage–current characteristics

In Fig. 3, we show voltage–current characteristics of low to
moderate current discharges in four alcohol vapors: methanol,
ethanol, isopropanol, and n-butanol recorded at electrode distances
of 1.1 cm for two pd values. The results obtained for different com-
binations of resistors Rs and Rm are represented by different
symbols. The voltage is represented at the y axis by ΔV as the dif-
ference between the discharge voltage V and the breakdown voltage
Vb. This way of the result presentation eliminates small differences
in breakdown voltages in different sets of measured data, which
does not affect the “dynamic” voltage–current characteristics.48,49

At the same time, presenting the difference in voltage before and
after the breakdown makes it possible to show small changes in the
voltage that would be otherwise too small to observe on top of a
large breakdown voltage.

The recorded voltage–current characteristics clearly show the
areas of different operating modes through which the discharge
passes with an increase of the current: Townsend discharge (low-
current discharge), normal glow discharge, and abnormal glow dis-
charge [in Fig. 3, the operating regimes are marked in graphs with
letters (a)–(c), respectively].36 The break in the voltage–current
characteristics matches the area of free running, undamped oscilla-
tions. This area expands with an increase in the gas pressure. It can
be seen that the abnormal discharge regime has a higher slope at
higher pressures for all alcohol vapors presented here. This is in

FIG. 2. Schematic of the experimental setup and the electrical circuit used in
measurements.25,36
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FIG. 3. Voltage–current characteristics
for low-pressure dc discharges in alcohol
vapors recorded at d = 1.1 cm at different
pd values: in the left-hand branch of
Paschen curve—pd = 0.15 Torr cm and at
the minimum of the Paschen curves—
pd = 0.40 and 0.30 Torr cm. V is the dis-
charge voltage, while Vb denotes the
breakdown voltage. Inserted graphs
show negative differential resistance RD
that is obtained in our experiment for the
steady-state Townsend regime.
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contrast with the water vapor where higher slopes have been
recorded at lower pressures.25

The negative differential resistance RD at the lowest currents
is determined for the steady-state (or dark) Townsend regime,
and it has been determined by fitting the low-current portion of
the measured voltage–current characteristics (the fits and the
results are presented in the inserted graphs of Fig. 3). In other
words, the negative slope of the Townsend discharge area [in
Fig. 3 marked with the letter (a) on the graphs] corresponds to
negative differential resistance. Negative differential resistance is a
consequence of the spatial charge effects that occur due to the
increase of the discharge current,31,45 as well as the dependence of
the secondary electron emission on the current and discharge
voltage. A positive spatial charge effectively increases the electric
field in front of the cathode, thereby exponentially increasing the
ionization coefficient and the secondary electron yield, allowing
the stable operation of the discharge at a lower voltage. Thus, an
increase in the concentration of the spatial charge leads to inho-
mogeneity of the field, which in turn causes a decrease in the dis-
charge voltage.

Simultaneously with measurements of voltage and current,
i.e., V–i characteristics, we recorded corresponding spatial distribu-
tions of light emission from discharge, which were used to obtain
axial profiles of emission (Fig. 4). At this point, we try to illustrate
different regimes. A more thorough representation of spatial pro-
files will be presented when we develop a complete modeling set
that would provide contributions of different high energy particles
to emission and consequently their role in the breakdown. These
recordings include spatial profiles of the total emission in a visual
spectral range and a spatial distribution of emission in a narrow
wavelength interval around the most intense lines in the visible
part of the spectrum (for the CH band at 431.2 nm).

In Fig. 4, we show examples of spatial emission profiles at two
pd values (0.15 and 0.40 Torr cm) in the methanol vapor discharge
that indicate how emission profiles may be used for the identifica-
tion of the discharge operation regime, and from additional infor-
mation and modeling, one may identify the pertinent physical
agents that contribute to the discharge under those conditions.

From the axial emission profiles obtained for
pd = 0.15 Torr cm [Fig. 4(I)] in the methanol vapor discharge in all

FIG. 4. Axial profiles of emission for discharges in methanol vapor for (I) pd = 0.15 Torr cm and (II) 0.40 Torr cm, obtained along with the recording of voltage–current char-
acteristics at d = 1.1 cm, that correspond to different regimes marked with letters (a)–(c) in Fig. 3. The CH profile of Townsend emission at pd = 0.40 Torr cm was multiplied
with a factor of 2.3 for easier comparison with a profile of total emission in the visible spectrum.
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regimes, processes induced by heavy particles play a major role in
excitation and ionization of gas/vapor, which is revealed in the exis-
tence of the peak of intensity in front of the cathode.50,51 Also, the
CH profile (dashed line) follows the shape of the total profile (solid
line). With increasing current, the contribution of electron pro-
cesses increases in discharge—the noticeable higher peak of inten-
sity in front of the anode [Figs. 4(I) (b) and 4(I) (c)]. In all
regimes, the CH profile (dashed line) has a maximum peak in front
of the cathode.

At higher pressure, at pd that corresponds to the minimum of
the Paschen curve for the methanol vapor discharge
[pd = 0.40 Torr cm, Fig. 4(II)], the processes induced by heavy par-
ticles and electrons have almost equal contributions in excitation—
maximum intensities of emission in front electrodes are approxi-
mately equal (solid line) [Fig. 4(II) (a)].

Electrons are accelerated toward the anode and they multi-
ply followed by an exponentially rising emission profile as the
equilibration of electrons is rather fast. The ions produced in ion-
izations move toward the cathode gaining energy. The growth of
the ion density and the related emission profile are not exponen-
tial, but the density peaks by the cathode. It has been assumed in
the past that these ions produce excitation in collisions with gas
molecules, but due to the shape of their cross sections, ions begin
to contribute only at very high energies.51−55 At energy charac-
teristics of the ions in standard Townsend discharges, the excita-
tion peaking toward the cathode was shown to be due to fast
neutrals produced from the fast ions in charge exchange colli-
sions. Such collisions leave ions standing still, while neutrals
leave the collision with close to the full energy of the projectile
ion. Fast neutrals may also reflect from the cathode and move

toward the anode, thus giving two distinct wings to the emission
line profiles.

Presented axial emission profiles, for both pd values, show
that with the increase of current, the intensity of emission also
increases and reaches its maximum in an abnormal glow regime.
Furthermore, the peak of emission in front of the anode [Figs. 4(I)
(c) and 4(II) (c)] shifts toward the cathode with increasing current,
which is a consequence of the formation and development of the
cathode fall. Specifically, the position of the peak of the emission
intensity in front of the anode corresponds to the maximum of
negative glow, that matches with the edge of the cathode fall.44 As
the length of the cathode fall almost coincides with the distance
between the electrodes at low pressures, these changes are not very
pronounced [Figs. 4(I) (b) and 4(I) (c)].

FIG. 5. Voltage–current characteristics for the methanol vapor discharge at
pd = 0.40 Torr cm and d = 1.1 cm. Voltage ΔV represents the difference between
the discharge voltage (V) and the breakdown voltage (Vb = 455 V). The dis-
charge mode shift is denoted by arrows and symbols (circles) that correspond
to values from Fig. 6.

FIG. 6. Voltage and current waveforms obtained in the methanol vapor dis-
charge at (a) lower initial current i = 630 μA and (b) higher initial current
i = 840 μA with step-like transitions that occur during one pulse. Voltage ΔV rep-
resents the difference between the discharge voltage (V) and the breakdown
voltage (Vb = 455 V). Voltage and current values before (full symbols) and after
(open symbols) the step transition correspond to values from Fig. 5.
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At higher pressure (0.40 Torr cm) after passing through the
oscillation mode, the discharge enters the normal glow mode in a
visibly constricted mode [Fig. 4(II) (b)]. In the constricted mode,
the radial spatial distribution of the discharge is narrowed and
occupies only a part of the surface on the electrode [Fig. 4(II) (b)].
The very appearance of the constricted discharge mode is condi-
tioned by the existence of an extremely rapid increase in the ioniza-
tion coefficient with the increase of the electric field.36 The
constriction is not very pronounced in the interval of high values
of the reduced electric field E/N, i.e., lower pd = 0.15 Torr cm, due
to a slight increase in the ionization coefficient at the transition
from low-current diffuse to a normal glow discharge and longer
diffusion length at lower pressure.

B. Mode transition

During our investigation of abnormal glow in methanol
vapor, as part of the study of the voltage–current characteristics, we
observed sudden changes in the operating conditions at
pd = 0.40 Torr cm (Fig. 5). These changes in the operation mode
were previously observed in an ethanol vapor discharge as shown
in our previous article.37 Measurements in methanol vapor at
higher currents reveal changes in the steady-state current and
voltage values within a single voltage pulse. The discharge operates
at a lower current and a higher voltage after the transition.

We performed time-resolved measurements at higher currents
in an abnormal regime to better perceive and understand what is
happening in the discharge when this mode transition is occurring.
The time-resolved measurements were done for points that are
marked in Fig. 5 by open circles. At the same graph, full circles rep-
resent the voltage and current values before the discharge mode
transition (before the step) that match the values marked at Fig. 6.

Figure 6 shows examples of step-like transitions in voltage and
current waveforms that occur at two different initial currents: (a)
630 and (b) 840 μA. In the first case that is shown in Fig. 6(a), the
mode transition is happening approximately 0.2 ms after the pulse
ignition. During the transition, the discharge switches to ∼30 V
higher voltage and ∼ 70 μA lower current. The transition is smooth
and lasts around 4 μs. In the case of higher initial current
[Fig. 6(b)], the transition occurs ∼2 ms after the beginning of the
pulse and after the transition (the “step”) discharge operates at
∼70 V higher voltage and ∼200 μA lower current. The transition

lasts approximately ∼10 μs. It is important to emphasize that in
both cases, the transition from one discharge mode to another is
smooth without any observable instabilities or oscillations in
voltage and current signals.

FIG. 8. Axial profiles of emission for methanol vapor obtained from 2D images
(Fig. 7) at moments before (full symbols) and after (open symbols) the step-like
transitions that correspond to the points given in Fig. 6(b). Here, we give a com-
parison of (a) the total emission profiles before (full symbols) and after (open
symbols) and (b) the CH band emission profiles before (full symbols) and after
(open symbols) the mode transition. The CH profile before the step is fitted with
a function that is the sum of two Gaussians (red line) for easier identification of
the maximum intensity in front of the anode. The changes in the initial values of
voltage and current in the steady state after the step transition are δV = 70 V
and δi =−200 μA. The length of cathode fall is denoted by dCF.

FIG. 7. 2D images of discharge, obtained along the chamber longitudinal
axis, that corresponds to moments before and after the step-like transition
[in Fig. 6(b)]: (a) images obtained by integrating the visual spectrum and
(b) images obtained using an optical filter for the CH band at 431.2 nm.
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Together with voltage and current measurements, we recorded
2D images of light emission from the discharge at several moments
before and after the step-like transition within a single pulse
(Fig. 7). These images provide axial profiles of emission of the dis-
charge (Fig. 8) by extracting the intensity vector along the longitu-
dinal axis of the discharge chamber. Thus, we may discern the
changes in the mode of operation. We also used an optical filter for

the CH band at 431.2 nm that enabled comparison with total axial
profiles of emission obtained by integrating the whole visual spec-
trum [2D images in Fig. 7(a)].

Figure 8 shows (a) total and (b) CH axial profiles of emission
before and after the “step” transition. In both cases, profiles before
and after the “step” have a peak close to the cathode, indicating
that excitation by heavy particles26,50 is significant. Also, after the
transition, the overall intensity of emission is higher, even though
the discharge current drops. The ratio of the contribution of heavy
particles and electrons to the emission intensity remains the same.

Moreover, from the radial profiles of emission (Fig. 9)
obtained from the 2D images of the discharge taken before and
after the “step” transition (Fig. 7), it can be seen that both profiles
have the same width and, therefore, the same effective discharge
area.33 This means that the normal glow has reached its maximum
width and is about to make transition to the abnormal glow.

The main difference in the profiles before and after the step is
the position of the emission peak that corresponds to the negative
glow, i.e., coincides with the edge of the cathode fall dCF.

44 The
edge of the cathode fall region shifts closer to the cathode after the
transition, which seems to be in contradiction to the decrease of
discharge current but is consistent with an increase in E/N. In any
case, we may conclude that the transition shown here represents a
direct observation of the transition from a normal to an abnormal
glow discharge mode. The fact that the current decreases in transi-
tion to the abnormal glow means that the space charge is formed,
and with a sufficient increase in the local E/N (higher voltage and
shorter cathode fall), it compensates for the losses in excitation and
ionization due to somewhat decreased current. It is not linear
extrapolation as here, we deal with sheaths of different voltage and
length values.

IV. CONCLUSION

In this paper, we have provided experimental recordings of
the voltage–current (V–i) characteristics of discharges in four dif-
ferent, yet common, alcohols covering Townsends, normal glow,
and abnormal glow regimes (low current diffuse, constricted, and
high-current diffuse in Phelps’ terminology). Such data for alcohols
have not been hitherto available.

The Townsend regime characteristics apart from values of
breakdown voltage provide the negative differential resistance as a
quantitative measure of the space charge effects.51 We may notice a
strong dependence of RD with pd. Spatial emission profiles in this
regime may also be fitted by theoretical/numerical results and used
to obtain data on elementary atomic and molecular collision pro-
cesses such as ionization rates and cross sections and total excita-
tion/dissociation rates induced both by electrons and by heavy
particles, in particular, fast neutrals.50 All these data are lacking for
the alcohols (both as vapors and liquids as the background for dis-
charges, leading to the production of a non-equilibrium plasma).
Present results for spatial emission profiles, if normalized to abso-
lute values, may be the basis to produce quantitative data. Such
normalization is possible as we maintained relative calibration of
the sensitivity. Here, we present results for the overall emission
(that, as expected, has the best statistics) and for the CH band
emission that is the strongest component of the total emission.

FIG. 9. Radial profiles of emission in the methanol vapor discharge: (a) total
radial profiles and (b) CH radial profiles, in moments before (full symbols) and
after (open symbols) the step-like transition that corresponds to points given at
Fig. 6(b).
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Both show significant heavy particle excitation increasing with the
E/N. Nevertheless, we have found an emission band that is not
excited by the heavy particles in the region of mean energies and
operating fields covered here.

Following the progression of the V–i characteristics to the
region of the normal glow (through the unstable domain of the
Townsend to normal glow transition), one can see the correspon-
dence between the spatial profiles of the discharges in different
modes and the V–i characteristics. The difference in the voltage
between the normal glow and the breakdown voltage is an impor-
tant factor as well as the slope of the load line for the stability of
operation of the discharge.

Finally, we have observed a distinct transition between a
normal and an abnormal glow regime occurring within a limited
time and leading to observable rearrangement of the field and
plasma profile, also leading to much more efficient production of
photons (and presumably ionization). The mode transition so far
has been observed for argon56 and for ethanol too.37 In this case,
we have provided the most systematic measurement as a basis for
possible modeling of those data. It may also be used to test and
verify plasma modeling codes in the domain of representing space
charge effects.57,58 The “step” in the voltage indicates the transition
between two regimes of operation that may not be in stable equilib-
rium to begin with. The transition is clearly between the normal
and abnormal glow regimes and may be induced by a number of
processes (heating of the gas, conditioning of the cathode, external
perturbation, gradual slow growth of the space charge, etc.). It may
also be associated with different radial profiles of the discharge.
Such transitions are more easily observed when the discharge oscil-
lates with different regimes of oscillations in the pre- and post-
transition domains. This is not the case here. Interestingly, in the
present case, for both methanol and ethanol, radial profiles in the
two regimes are not observably different. In any case, gases where
such transitions were observed, for a very narrow range of condi-
tions, are very few.

The elementary processes in alcohol vapors and liquids may
lead to a wealth of products and may initiate further chemical reac-
tion chains that may be used for a number of purposes. Of the
more direct applications, one may benefit from the extended
knowledge of the breakdown in alcohol vapors having in mind
applications such as using alcohols as combustion fuels, nano-
structure growth in discharges through liquids, and in using admix-
tures of different molecules in atmospheric pressure plasmas for
various biotechnical procedures. On a separate plane, one should
mention the development of the elementary particle detectors, the
new generations where optimized design may improve performance
significantly.
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Abstract. This paper presents results for effective ionisation coefficients (αeff/N , N—gas density) obtained
from the breakdown voltage and emission profile measurements in low-pressure dc discharges in vapours
of alcohols: methanol, ethanol, isopropanol, and n-butanol. Our results for αeff/N are determined from
the axial emission profiles in low-current Townsend discharge and lay in the interval of reduced electric
field E/N (E—electric field, N—gas density), from 1 kTd to 8.8 kTd. We also give a comparison of our
experimental results with those from the available literature. Our data cover the high E/N range of the
standard operating conditions and in the region where other data are available we have a good agreement.

1 Introduction

Discharges in liquids and their vapours, primarily in
water and alcohols, have opened a wide field of new
applications for energy sources and fuel industry [1,2],
for polymerization and thin-film synthesis [3], for the
synthesis of nanographene layers and fast growth of car-
bon nanotubes [4–6], for the treatment of materials and
surfaces [7,8], biomedicine [7,9], applications in agricul-
ture [10,11] etc. All those applications and devices oper-
ate either in liquid, liquid-bubbles systems or with a sig-
nificant gas/vapor interface, under different discharge
conditions [12]. Those open new questions connected
to elementary processes, dominant particles atomic and
molecular collisions, surface interactions, and break-
down conditions. The elementary electron molecule col-
lisions are often determined from fitting of the calcu-
lated swarm parameters to the experimental data. Usu-
ally, at low mean energies drift velocity and transverse
diffusion normalized to electron mobility are used to
determine total momentum transfer and some version
of the total cross sections for inelastic processes [13–
16]. Use of pulsed Townsend (PT) experiments [17,18]
facilitated the use of drift velocities and ionization coef-
ficients to obtain/normalize the cross section data at
moderate and higher E/N . In particular, our group
promoted fitting [19] the moderate energy range of the
cross sections 5–30 eV by adjusting the dissociative
excitation while keeping the ionization cross sections
as they are produced in binary collision experiments
[20–24] or theory (e.g., Binary Encounter Bethe—BEB)
[25]. It is important to note that the region where ion-

a e-mail: z.petrovic@ulster.ac.uk (corresponding author)

ization becomes relevant in ionized gas kinetics is the
operating region of most plasmas, ionization is needed
to compensate the losses and maintain self-sustained
discharges. On the other hand, under those conditions
non-conservative effects on the transport coefficients
become apparent [26,27] making the whole procedure
more difficult. In any case ionization coefficients in this
region of E/N are required to set the inelastic losses of
the electron ensemble and to set its mean energy.

It is known that breakdown, under dc fields and
slowly varying ac fields, depends on surface collisions of
ions and atoms, so the breakdown condition is a very
sensitive projection of the atomic and molecular colli-
sions [28–31]. Our research aims at providing some of
the elementary data on dc breakdown and low-pressure
operation regimes in a wide interval of discharge cur-
rents in alcohol vapours, for such data are scarce in
the literature. In our measurements of breakdown and
low-current regimes of dc discharges, we can determine
coefficients for elementary processes of universal impor-
tance in all regimes of operation, such as ionization rate,
secondary electron yield, excitation rates by fast neu-
trals, and eventually the corresponding cross sections.

In our earlier papers [32,33] we have presented mea-
surements of breakdown voltages and spatial profiles of
low-current dc discharges in alcohol vapours: methanol,
ethanol, isopropanol, and n-butanol as well as in water
vapour. In our previous papers on alcohols, spatial emis-
sion profiles have been used to illustrate the transition
between different discharge modes. In this paper we
start from the axial profiles for the low current dif-
fuse (Steady State Townsend—SST) regime recorded,
as described in [32,33] and produce effective ionization
coefficients.

0123456789().: V,-vol 123
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Fig. 1 a Schematics of the experimental setup and the electrical circuit used in measurements. All the recordings were
made with an ICCD camera mounted with an objective lens. The series resistor R0 is used to limit the current [37] while
Rm is the “monitoring” resistor used to measure the discharge current; b photograph of the discharge chamber

2 Experimental set-up

Experimental measurements are done in a parallel-plate
electrode system that is placed inside a tightly fitted
quartz tube [34]. The diameter of electrodes D is 5.4
cm, the cathode (C) is made of copper, while the anode
(A) is made of quartz with a transparent, conductive
platinum thin film deposited on its surface. The dis-
tance between electrodes is adjustable and the present
measurements were performed with d = 1.1 cm and
3.1 cm. Figure 1a shows a simplified schematic of our
set-up [33,34].

Construction of the discharge chamber (Fig. 1b)
allows side-on measurements of emission intensity,
along the longitudinal chamber axis. For recordings of
light emission, we used a sensitive ICCD camera (Andor
IStar DH720-18U-03) equipped with a glass lens that
allows us to acquire axial discharge profiles of spec-
trally integrated emission in the visible range of spec-
trum, defined by the transparency of the lens and the
quantum efficiency of the ICCD photocathode. Adding
the optical filters allows us to measure profiles associ-
ated with some specific lines [32,33]. Further recordings
with optical filters (Hα, CH at 431.2 nm) were done
to provide us with additional information on particu-
lar processes of excitation [32,33] and even the possi-
bility to obtain absolute spatial profiles of excitation
coefficients [35]. Profiles of Hα emission proved to be
valuable as they show only a small contribution of fast
neutrals to excitation [33], which enabled us to extend
the range of measurement of effective ionization coeffi-
cients to somewhat higher E/N . Still, in all cases, we
obtained the same ionization coefficients regardless of
whether filters were used or not. We mostly used mea-
surements of emission integrated in the visible range of
the spectrum, as the statistics was the best in that case,
while filters were used mainly as an internal consistency
check in this paper.

Prior to the measurements, the discharge chamber is
evacuated to the base pressure of ∼ 10−6 Torr, and then
the cathode surface is treated by a relatively high cur-
rent discharge (30μA) in low pressure (around 1 Torr)
hydrogen, approximately for 30 min, until a stable oper-

ating voltage is reached. The treatment of the cathode
surface is likely to remove oxide layers, although stable
oxide layers such as those found on stainless steel, alu-
minium and copper are impossible to remove altogether
but may be made more uniform Beside oxide removal,
such a treatment also removes organic molecules orig-
inating from the pumping oils and other impurities
from the cathode resulting in a stable surface during
long periods of measurements in one day. The proce-
dure can provide reliable and reproducible breakdown
data [30,31]. Both, treatment in hydrogen discharge
and measurements in alcohol vapours are done in a slow
flow regime, to ensure that possible impurities formed
in the discharge chamber are continuously removed.

Measurements were done for four selected alcohols:
methanol, ethanol, isopropanol (2-propanol) and n-
butanol. The vapours were obtained from 99.5% purity
methanol, isopropanol, n-butanol, and 95% purity
ethanol. All used alcohols are pro analysi grade chem-
icals and for all of them water represents the most
abundant declared impurity (max. 0.2%), while other
volatile impurities such as acetone, aldehydes, and
formic acid (max. 0.002%) are present in smaller quan-
tities. The amount of gaseous impurities dissolved in
the liquid were reduced by repeated pumping of the
gas above the liquid sample. Although, present only in
traces, there is iron (0.0005%) and some non-volatile
substances (< 0.001%) as well. However, the presence
of a small amount of water vapour and of other impu-
rities in the discharge does not affect the results [33].
The vapour is obtained from the liquid alcohol sam-
ple placed in a test tube. After opening a regulatory
pressure valve, alcohol begins to boil due to the pres-
sure difference above its surface (10−6 Torr) and the
pressure of dissolved gases in the sample itself. In this
way, alcohol becomes devoid of dissolved volatile con-
stituents. The impurities are thus reduced in the liquid
sample to a minimum through the boiling and evacuat-
ing sequences. When boiling ends, vapour is maintained
at a moderate pressure (lower than the vapour pressure)
in the chamber for 1–2 h to saturate the electrodes and
the chamber walls. The vapour pressures for methanol,
ethanol, isopropanol, and n-butanol at room temper-
ature are around 127, 45, 44 and 7 Torr, respectively
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[36]. The temperature in the laboratory is maintained
by the air-conditioning system at the temperature of
20 degrees Celsius. In all cases we operate at pressures
well below the vapour pressure (that may drastically
change with variation of the temperature), so our pres-
sure and results are not dependent on small variations
of the room temperature. A more detailed description
of the experimental procedure is given in [32,33].

Electric circuit is designed (see our previous papers
[32,34,38]) to provide stable operation of the discharge
near the breakdown conditions [31–33,39]. The series
resistor R0 with a high resistance is used to limit current
keeping it as low as possible for measurements in the
Townsend discharge. The resistor Rm is used to measure
the discharge current. This resistor strongly affects the
oscillations of the current [28,37]. For detection of the
electrical signal, we used a digital oscilloscope (Keysight
Technologies DSO9104A) and two voltage probes (Tek-
tronix P6915 and Agilent 10076A).

3 Results and discussion

In addition to the prebreakdown measurements [40] one
can also use low-current self-sustained discharges oper-
ating in the low-current limit (no space charge, constant
electric field i.e., a Steady State Townsend SST swarm
experiment) to obtain the ionization coefficients. Initial
stages of breakdown go through the multiplication of
electrons dictated by the external field, and for the low-
current limit of the discharges in the dark Townsend or
the low-current diffuse regime the growing space charge
may be used as a perturbation to the external field dis-
tribution [28,30,41,42]. Recording of the Volt-Ampere
characteristics and of the spatial profiles allow us to find
the conditions where space charge effects are negligible.

Based on experimentally recorded emission profiles
for the low-current limit (no space charge) of the DC
discharges in the Townsend/diffuse regime (breakdown
conditions) [32,33], we were able to determine effective
ionization coefficients. Figure 2 shows an example of an
experimentally recorded emission profile in low-current
Townsend discharge in methanol vapour. Exponential
growth is best observed if plotted in a semi-logarithmic
scale and the slope corresponds to the effective ioniza-
tion coefficient αeff/N (Fig. 2), once equilibrium with
the local field is reached [31,35,43]. The use of emis-
sion profiles recorded at high values of reduced elec-
tron fields to determine the αeff/N is limited due to
emission in front of the cathode, coming from heavy-
particle excitation, that masks the part of profile con-
nected to electron-induced ionization and excitation
[44,45]. Another limitation at the highest E/N is due
to extended equilibration distance (the flat region up
to 1 cm in Fig. 2 that may take up a large part of the
gap.

As ionization coefficient is the gas phase electron
collision coefficient it should be independent of the
preparation of the surfaces and the material used. This
was confirmed throughout our measurements. Since the

Fig. 2 2D image and axial emission profile of low-
current Townsend discharge recorded in methanol vapor for
pd = 0.70 Torr cm, Vb = 460 V and E/N = 2 kTd at
electrode distance of d = 3.1 cm. The plot of the emission
profile in the semi-log scale reflects electron multiplication
between the electrodes, and the profile slope (red line) cor-
responds to the effective ionization coefficient

electrode material (cathode in particular) does influ-
ence the operating point and the stability of the dis-
charge, electrode treatment was done before each set of
measurements. Finally, due to absorption by the elec-
trodes one may have an increase of the mean elec-
tron energy towards the absorbing anode that may
or may not affect the ionization/excitation coefficients
in the region. At the very high E/N one may have
reflection and secondary electron production after elec-
tron impact on the anode, resulting in a small struc-
ture adjacent to the anode. Measurements of ioniza-
tion coefficients should stay clear or be able to elimi-
nate all these possible sources of deviations from the
exponential growth profiles. We made sure that none
of these problems affected our measurements. Uncer-
tainties that enter the determination of the effective
ionization coefficients are only statistical and thus may
be observed in the graphs. The uncertainty of E/N is
determined by the gap, voltage and pressure measure-
ments and is of the order of 3%.

Figure 3 shows dependence of the effective ionization
coefficients αeff/N on reduced electric field E/N for
the discharges in methanol, ethanol, isopropanol, and
n-butanol vapours, obtained in the range of E/N from 1
kTd to 8.8 kTd. For comparison we also show results for
effective ionization coefficients from the literature that
are available only for methanol and ethanol [46,47] and
[48] as compiled in [49]. Additionally, we give numerical
data listed in Table 1 that correspond to the results
shown in Fig. 3.

Hasegawa’s and Date’s results for methanol [46] cover
the region of much lower values of the reduced elec-
tric fields, from 130 Td to 3 kTd. For the overlapping
range of E/N , our effective ionization coefficients in
methanol vapor are slightly lower than those in the
work of Hasegawa and Date (Fig. 3a). The difference
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(a)

(b)

(c)

Fig. 3 The dependence of reduced effective ionization
coefficient (αeff/N) on the reduced electric field (E/N).
Results obtained from our experiment for a) methanol (open
black circles) and b) ethanol (solid black circles) are com-
pared with data for methanol from Hasegawa and Date [46]
(solid black triangles) and Shlumbohm [47] (black X) and
with data for ethanol from Hasegawa and Date [46] (open
black triangles) and von Engel [49] (black X). Additionally,
c) shows the results obtained from our experiment for iso-
propanol and n-butanol presented together with the results
for methanol and ethanol

increases to almost a factor of two above 2 kTd. The
results of Shlumbohm [47] for methanol (Fig. 3a) are
slightly higher than those of Hasegawa and Date for the
range of E/N < 200Td, while we do not have results
at such low reduced electric fields values.

In case of ethanol vapour, our results agree well with
those of Hasegawa’s and Date’s for the E/N range of
1.5–3 kTd. Furthermore, results from Hasegawa [46]
and Raether [48] (as presented by von Engel in [49]), in
the overlapping range of E/N (140–700 Td), differ from
each other (Fig. 3b) by a large factor, even greater than

3, the effective ionization coefficients from Raether [48]
being much smaller. This disagreement may be due to
differences in experiments and measurement techniques
or the purity of the ethanol samples, especially having
in mind that the data from Raether date from 1930s
and were obtained by recording light emission from the
avalanches without control of the space charge effects
(that are in our case provided by the Volt- Ampere
characteristics for a steady discharge).

In Fig. 3c, we present results for αeff/N for electrons
in isopropanol and n-butanol vapours. The results for
effective ionization coefficients for these higher-order
alcohols cover a relatively narrow and yet important
range of reduced electric fields, from 1.8 to 4.3 kTd.
Figure 3c also shows results for all alcohols studied in
this work. In the entire E/N range, effective ionization
coefficients for isopropanol and n-butanol are a little
higher than for the methanol and ethanol.

4 Conclusion

Non-equilibrium discharges and plasmas that operate in
liquid media or an environment that contains vapours
have become a significant subject of research due to the
broad field of possible applications [4,12,50]. Obtaining
new and improvement of existing applications require
accessible data for modeling, good understanding, and
an insight into elementary processes. Accordingly, in
this paper, we present the results for effective ioniza-
tion coefficients obtained from our experimental study
of low-pressure dc breakdown in vapours of alcohols—in
three primary alcohols: methanol, ethanol, n-butanol,
and one secondary alcohol: isopropanol. Effective ion-
ization coefficient is obtained from axial emission pro-
files in low-current Townsend discharges for conditions
with dominant electron excitation of the background
gas (high pressure i.e., lower E/N). Our results lay in
the reduced electric field interval 1–8.8 kTd.

In the available literature, there is not much data on
ionization coefficients for discharges in alcohol vapours.
Based on our knowledge, the effective ionization coef-
ficients for higher-order alcohols (isopropanol, and n-
butanol), are given for the first time in this paper. For
isopropanol and n-butanol, we obtained results that
cover a relatively narrow range of moderate values of
E/N from 1.8 to 4.3 kTd.

On the other hand, for methanol and ethanol we were
able to compare our results with the results from the lit-
erature. Although the E/N ranges covered in our exper-
iment and experimental measurements of Hasegawa
and Date [46] in the most part do not overlap, for
the interval where they do, agreement of results from
both sources is reasonably good. However, we could not
obtain results for αeff/N that correspond to lower val-
ues of E/N (E/N < 1 kTd), due to limitations of the
experiment and the electrical circuit components that
did not allow us to have a stable dc dark Townsend
discharge (i.e., without oscillations) [39]. On the other
hand, our measurements have enabled extending the
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Table 1 Effective ionization coefficients obtained in our experimental measurements of discharges in vapours of alcohols:
methanol, ethanol, isopropanol, and n-butanol. During the measurements, the room temperature was T = 20 ◦C

p(Torr) Vb (V ) E/N(Td) α (pairs/cm) αeff/N × 10−16(cm2) d(cm)

Methanol 0.18 585 8866 2.03 3.38 1.1
0.22 505 6136 2.4 3.21 1.1
0.36 455 3453 3.46 2.89 1.1
0.45 460 2792 4.07 2.72 1.1
0.54 472 2389 4.25 2.36 1.1
0.63 488 2110 5.94 2.83 1.1
0.13 433 3278 1.4 3.28 3.1
0.16 435 2636 1.42 2.67 3.1
0.19 446 2257 1.64 2.57 3.1
0.22 460 1996 1.93 2.59 3.1
0.26 475 1802 2.3 2.7 3.1
0.32 497 1510 2.53 2.38 3.1

Ethanol 0.09 433 4399 1.05 3.29 3.1
0.11 425 3697 1.11 2.98 3.1
0.13 417 3168 1.3 3.07 3.1
0.16 426 2583 1.52 2.85 3.1
0.19 435 2200 1.78 2.79 3.1
0.22 454 1969 1.94 2.6 3.1

Isopropanol 0.09 419 4247 1.45 4.56 3.1
0.11 422 3676 1.57 4.23 3.1
0.13 426 3221 1.88 4.4 3.1
0.16 441 2682 1.95 3.67 3.1
0.19 460 2327 2.57 4.02 3.1
0.22 474 2052 2.64 3.54 3.1
0.25 489 1854 2.92 3.43 3.1

n-butanol 0.09 402 4061 1.51 4.72 3.1
0.12 427 3719 1.74 4.39 3.1
0.11 405 3523 1.64 4.42 3.1
0.13 437 3319 1.87 4.36 3.1
0.12 414 3139 1.83 4.3 3.1
0.16 457 2781 2.26 4.26 3.1
0.15 440 2675 2.15 4.35 3.1
0.19 475 2396 2.69 4.21 3.1

range of ionization coefficient towards higher E/N val-
ues (E/N > 3 kTd). That range of E/N coincides with
the conditions found in discharges for numerous appli-
cations.

The obtained results for effective ionization coeffi-
cients in vapours of different alcohols, together with the
breakdown, and voltage-current measurements, provide
a basis to produce complete sets of cross sections and
other discharge parameters that can be used in plasma
modeling. In case of ethanol and methanol data for
other transport coefficients exist [46,47,51–54] while for
the other two alcohols some additional information on
cross sections or transport data may be required.
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J. Reid, E. Ceriani, D. Fernandez Rivas, J. Foster,
S. Garrick, Y. Gorbanev, S. Hamaguchi, F. Iza, H.
Jablonowski, E. Klimova, F. Krcma, J. Kolb, P. Lukes,
Z. Machala, I. Marinov, D. Mariotti, S. Mededovic Tha-
gard, D. Minakata, E. Neyts, J. Pawlat, Z.Lj. Petrović,
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Abstract. In this paper we present results for reduced ionization coefficients (α/N, N—gas density)
obtained from the breakdown voltage and emission profile measurements in low-pressure dc discharges
in two freons: 1,1,1,2-tetrafluoroethane (R134a) with the chemical formula CH2F–CF3 and 2,3,3,3-
tetrafluoropropene (HFO1234yf) with the chemical formula CH2=CFCF3. Our results for α/N are deter-
mined from the axial emission profiles in low-current Townsend discharge and lay in the intervals of reduced
electric fields E/N (E—electric field, N—gas density), from 2.7 to 5.9 kTd for R134a and from 5 to 23 kTd
for HFO1234yf. We also provide a comparison of our experimental results with those from the available
literature.

1 Introduction

As technology continues to advance, energy consump-
tion increases, which has a significant impact on envi-
ronment. Numerous modern technologies still rely on
the use of fluorocarbon gases, crucial for plasma etch-
ing processes that manufacture microchips and nano-
materials. Additionally, these gases are used in parti-
cle detection devices (RPC detectors), refrigeration sys-
tems, and gas filled electrical insulation [1, 2]. However,
these gases have harmful effect on the environment,
contributing to global warming and ozone depletion.
In the past period, environmental protection has gained
more attention globally, and scientists are actively seek-
ing solutions to address pressing issues such as the
greenhouse effect. As a result, there is a growing inter-
est in exploring new gases with lower global warm-
ing potential (GWP) and lower ozone depletion poten-
tial (ODP), while also maintaining or enhancing the
performance of gas discharge and cooling applications.
As one of the first environmentally friendly fluorocar-
bons due to its low ozone depletion potential 1,1,1,2-
tetrafluoroethane C2H2F4 (CH2F–CF3) also known as
R134a (or HFC134a), has recently been widely used
in various applications. Due to its, still high global
warming effect, this gas is slowly being phased out and
replaced with newer, more effective alternatives. While
this gas is being phased out there remains considerable
interest in its cross sections as the application of gas

a e-mail: sivosj@ipb.ac.rs (corresponding author)

discharges is one of the best methods to remediate the
deleterious effects of HFC134a.

Hydrofluoroolefin C3H2F4 (CH2=CFCF3) emerged
as a promising alternative to replace 1,1,1,2-
tetrafluoroethane primarily in numerous refrigerant
applications due to its good characteristics and low
GWP. The carbon–carbon double bond in C3H2F4’s
chemical structure makes it more reactive in the
atmosphere, resulting in a lower GWP and shorter
atmospheric lifetime compared to C2H2F4. Addition-
ally, this new type of freons is being viewed as a viable
substitute for SF6 in the latest technology of direct
current underground transmission of medium and
high-electric power using gas-insulated systems (DC
GIS, DC GIL, DC bus systems).

For all applications involving gas discharges, it is nec-
essary to carry out detailed studies on electrical charac-
teristics, breakdown properties, electron transport coef-
ficients, reaction rates, and more. In short, to ensure a
smooth and proper functioning of those applications it
is very important to obtain accurate and reliable data
connected to elementary processes, atomic and molec-
ular collisions of dominant particles, surface interac-
tions, and breakdown conditions. Determining elemen-
tary electron–molecule collisions often involves fitting
the calculated swarm parameters to experimental data
[3–6]. Many applications operate at moderate and high
electrical fields, making it crucial to gather data for
those conditions. Pulsed Townsend experiments (PT)
have simplified the process of obtaining and normal-
izing cross section data for moderate to high reduced

123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjd/s10053-024-00808-8&domain=pdf
http://orcid.org/0000-0001-7872-2220
http://orcid.org/0000-0002-1728-5458
http://orcid.org/0000-0001-6569-9447
mailto:sivosj@ipb.ac.rs


14 Page 2 of 8 Eur. Phys. J. D (2024) 78 :14

electrical fields E/N by utilizing drift velocities and
ionization coefficients [7–10].

The breakdown condition is a highly sensitive projec-
tion of atomic and molecular collisions, as it depends on
surface collisions of ions and atoms (and under some cir-
cumstances even photons and electrons). Our primary
objective is to gather some of the elementary data on dc
breakdown in low ODP and GWP fluorocarbon gases.
We are researching the fundamental mechanisms that
occur in these gases when they are exposed to electric
fields. These mechanisms dictate the characteristics and
behavior of breakdown and gas discharges and can offer
valuable insights for modeling various gas discharge
applications. In our measurements of breakdown and
low-current regimes of dc discharges, we can determine
coefficients for elementary processes of universal impor-
tance, such as ionization rate, secondary electron yield,
and eventually the corresponding cross sections. In this
paper, we will present the reduced ionization coeffi-
cients determined from the axial emission profiles of
the low-current diffuse discharge regime (Steady State
Townsend—SST) in gaseous 1,1,1,2-tetrafluoroethane
(R134a, C2H2F4) and its replacement gas, 2,3,3,3-
tetrafluoropropene (HFO1234yf, C3H2F4).

The spatial emission profiles are not merely a pro-
jection of the spatial profiles of the densities of parti-
cles, but also of their energy allowing them to excite
the background molecules. The exponential growth of
electrons toward the anode is expected, and unless
the pressure is really low, these electrons may have
enough space from their release as free particles to
gain energy, come to equilibrium with the local field,
and produce excitation. Simply speaking electrons gain
energy fast and lose it only in inelastic collisions; while,
elastic collisions are not efficient in distributing their
kinetic energy. On the other hand, and as the basis
for non-equilibrium plasmas, ions lose most of the
kinetic energy in elastic collisions (momentum trans-
fer). Hence, it takes them a longer space/time to reach
the energies required for inelastic processes, i.e., exci-
tation. As a matter of fact, under circumstances of dis-
charges bordering with moderately high E/N , the ions
do not have enough energy to perform excitation, much
less ionization, so the emission profile will not project
their spatial profile. According to Phelps and cowork-
ers [11, 12], most of the heavy-particle excitation at
such E/N s is performed by fast neutrals. Ions are pro-
duced by electrons close to the anode and accelerate
toward the cathode. In their wake fast neutrals are
formed thus keeping the energy of ions relatively low
(and limited). Therefore, the profile of fast neutrals’
excitation (heavy particles) is almost constant after an
increase close to the anode which is the result of both
the growth of the number of ions with a superimposed
equilibration distance. Spatial profiles due to combined
effects of electrons, ions and fast neutrals have been
modeled with high quantitative agreement with experi-
ment [11–13]. One should note that in paper by Marić,
Hartmann et al.[13] only the smallest E/N values cor-
respond to those of this experiment. Still, with the

same phenomenology and initial data excellent quanti-
tative agreement is achieved for higher current glow dis-
charges. Under such circumstances it is possible to iso-
late the electron induced excitation and thus to estab-
lish the ionization coefficient until heavy-particle exci-
tation exceeds electron induced excitation significantly.

The use of ionization coefficient even in a limited
range of E/N helps swarm analysis to fix the mean
energies; while, drift velocities help establish momen-
tum transfer. This may require additional information
from the literature (such as ionization cross sections)
but it may provide us with well-defined complete effec-
tive cross sections. Here ‘effective’ may mean that sev-
eral processes may be coupled together into a single
one, but that overall momentum and energy exchange
together with particle number balance are defined and
well established.

2 Experimental set-up

Breakdown measurements are carried out in a discharge
chamber equipped with a plan-parallel electrode sys-
tem [14, 15]. The electrode system is enclosed within a
narrow cylinder made of quartz glass, which acts as a
barrier to the long-path breakdown from electrodes to
the metal components of the chamber (Fig. 1b). At the
same time, it allows recording of side-on images of the
discharge emission in a wide spectral range. The inter-
electrode distance is adjustable and the present mea-
surements were performed at the gap of 1.1 cm. The
copper cathode and aluminum anode have a diameter
of 5.4 cm. Figure 1a depicts a simplified schematic of
the experimental set-up.

Before taking any measurements, the discharge
chamber is evacuated by vacuum pumps until the pres-
sure reaches around 10−6 Torr. Afterward, a high-
current discharge of 30 μA is applied to the cathode
surface in low-pressure hydrogen (around 1 Torr) for
about 30 minutes. This is done until a stable oper-
ating voltage is achieved. The purpose of this treat-
ment is to remove any oxide layers that may exist on
the cathode surface, although it is impossible to com-
pletely remove stable oxide layers such as those found
on materials like stainless steel, aluminum, and copper.
However, this treatment can make them more uniform.
Besides oxide removal, this process also eliminates any
organic molecules and impurities from the cathode that
might originate from pumping oils, resulting in a stable
surface conditions that can be used for long periods of
measurement. This procedure has been proven to pro-
vide reliable and reproducible breakdown data [17, 18].
To remove any impurities formed in the discharge cham-
ber, both the treatment in the hydrogen discharge and
measurements in selected freons are done in a slow flow
regime.

Measurements were done for two freons: 1,1,1,2-
tetrafluoroethane (R134a, C2H2F4) and 2,3,3,3-
tetrafluoropropene (HFO1234yf, C3H2F4). The
temperature in the laboratory was maintained at 21 °C
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Fig. 1 a Schematics of the experimental set-up and the electrical circuit used in measurements. All the emission recordings
were made with an ICCD camera. The series resistor R0 is used to limit the current [16]; while, Rm is the “monitoring”
resistor used to measure the discharge current; b photograph of the discharge chamber

using the air conditioning system. The electric circuit
provided stable operation of the discharge in the
low-current limit (near the breakdown conditions) [14,
18–20]. The critical elements of the external electric
circuit are resistors R0 and Rm (Fig. 1a). R0 has a
high resistance (˜MΩ) that limits the discharge current
and keeps it in the range of the Townsend’s regime.
The resistor Rm is used to measure the discharge
current, and it also strongly affects the oscillations of
the current [16, 21]. A digital oscilloscope (Keysight
Technologies DSO9104A) and two voltage probes
(Tektronix P6915 and Agilent 10076A) are used for
the detection of electrical signals.

The discharge chamber design (Fig. 1b) enables side-
on recordings of emission intensity along the longitudi-
nal chamber axis. To capture light emission, we used
a sensitive ICCD camera (Andor IStar DH720-18U-03)
equipped with a glass lens (Nikkor 50 mm f/1.4D) and
a UV lens (Nikon UV-105, 105 mm f/4.5) that allows
us to acquire axial discharge profiles of spectrally inte-
grated emission in the near UV and visible range of
the spectrum, defined by the transparency of the lenses
and the quantum efficiency of the ICCD photocathode.
However, the total emission profiles of the discharge
(obtained by integrating the emission in the whole visi-
ble range) did not reflect the electron excitation well for
the freons studied in this work. They included signifi-
cant emission from heavy particle induced excitation
processes. We used optical filters to get the emission
profiles that we needed for the determination of the ion-
ization coefficients. By adding band-pass optical filters,
we recorded profiles associated with specific spectral
lines (Hα at 656 nm and CH at 314 nm and 431 nm)
that provided us with additional information on par-
ticular processes of excitation [15, 19]. These emission
profiles show only a small contribution of fast neutrals
and ions to excitation [15], enabling us to extend the
range of measurement of ionization coefficients to some-
what higher E/N .

In addition to ionization coefficients that only require
relative spatial profiles, the presently determined data
allow us to fit the absolutely normalized axial profiles of
emission and thus establish cross sections for the heavy-
particle excitation of these molecules [12, 22]. As such a
study requires a lot of additional data that may not be
available, it is beyond the scope of the present paper.

3 Results and discussion

Self-sustained discharges operating in the low-current
limit (no space charge, constant electric field) can be
used to determine exactly the ionization coefficients.
Such conditions can be accomplished in Steady State
Townsend (SST) experiments that operate close to the
breakdown conditions. Namely, in the initial phase of
breakdown, electron multiplication is determined by
the external electric field only. The expanding space
charge has been utilized as a disturbance to the distri-
bution of the external field to develop an exact model of
low-current discharges [17, 21]. We can now distinguish
conditions where space charge effects are negligible by
recording the Volt-Ampere characteristics and spatial
profiles of the discharge emission [15, 19, 23].

The total emission profiles recorded over the entire
range of reduced electric fields covered by the Paschen
curve recording for both R134a and HFO1234yf are not
suitable to determine α/N (see the example of recorded
total profile (black line) around the Paschen minimum
for R134a in Fig. 2). This is because the emission in
front of the cathode from the heavy-particle excita-
tion masks the part of the profile related to electron-
induced ionization and excitation [11, 13, 24]. The spec-
trally resolved measurements by using band-pass opti-
cal filters enable us to obtain the Hα emission profiles
(at 656 nm) and CH emission profiles (at 314 nm and
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Fig. 2 Example of the experimentally recorded axial emis-
sion profiles in low-current Townsend discharge in R134a gas
at pd = 0.27 Torr cm, V b = 428 V, and E/N = 4.7 kTd at
electrode distance of d = 1.1 cm: (black line)—total emis-
sion profile recorded in whole visual range, (red line)—Hα

emission profile recorded with optical filter at 656 nm. The
profile obtained at 656 nm is normalized to the maximum
emission intensity in front of the anode of the total profile

431 nm) (Fig. 2 and Fig. 5). The emission of CH rad-
icals comes from two systems: the C2Σ+—> X2Π sys-
tem with the band-head at 314 nm and the A2Δ+—>
X2Π system with the band-head at 431 nm [25, 26].
The emission profiles of Hα (red line in Figs. 2 and 5)
and CH at 314 nm (blue line in Fig. 5) show dominant
emission, i.e., exponential growth toward the anode pro-
duced mainly by electron excitation.

Experimentally recorded emission profiles with band-
pass optical filter at 656 nm for the low-current limit
of the dc discharges in the Townsend/diffuse regime in
R134a proved to be sufficiently good to obtain the ion-
ization coefficient for this gas as heavy-particle exci-
tation for this line and this gas was negligible below
the E/N of 5.9 kTd. Figure 3 shows an example
of an experimentally recorded Hα emission profile in
low-current Townsend discharge in R134a. Exponential
growth is best observed if plotted in a semi-logarithmic
scale where the slope corresponds to the ionization coef-
ficient α/N (Fig. 3), once equilibrium with the local
field is reached [18, 23, 27, 28].

Figure 4 also shows the dependence of the effective
ionization coefficients αeff/N on reduced electric field
E/N from the literature [29, 30] and our experiment
for the discharge in R134a. Our results for α/N are
obtained from Hα emission profiles and cover the range
of E/N from 2.7 to 5.9 kTd (red circles in Fig. 4). The
upper limit is determined by the increasing contribution
of the fast neutrals making separation of electron and
fast neutral induced emission profiles impossible. The
lower limit is determined by unstable operation of the
Townsend discharge whereby it is not possible to use
oscillating discharges to determine precise spatial emis-
sion profiles. De Urquijo’s [29] and Basile’s [30] results
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Fig. 3 Hα axial emission profile in low-current Townsend
discharge in R134a gas at pd = 0.27 Torr cm, V b = 428 V,
and E/N = 4.7 kTd at electrode distance of d = 1.1 cm. The
plot of the emission profile in the semi-log scale reflects elec-
tron multiplication between the electrodes, and the profile
slope (black line) corresponds to the ionization coefficient
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Fig. 4 Dependence of reduced effective ionization coeffi-
cient (αeff/N ) on reduced electric field (E/N ) in R134a.
Results obtained from our experiment (red circles) are com-
pared with data for R134a from de Urquijo et al. (gray cir-
cles) [29] and Basile et al.(black X) [30]

for R134a cover the region of much lower values of the
reduced electric fields from 120 Td to 1 kTd, and the
agreement between these two sets of data is very good.

In Fig. 4 we also show two fitting curves to our exper-
imental data and the data compiled of de Urquijo et al.
[29] and Basile et al. [30]. Fits are obtained by using the
extended Townsend’s formula, a semi-empirical formula
proposed by Phelps and Petrović [17, 20] and addition-
ally evaluated for several gases in [31]. The extended
Townsend’s formula represents a sum of several terms
identical to the Townsend’s formula for ionization coef-
ficient, but the values of parameters are different. Phys-
ical meaning for using the multi-term formula can be
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Table 1 Coefficients of the Townsend formula fit in the E/N range 120 Td–5.9 kTd for R134a

Formula α
N

=
2∑

i=0

Aiexp
(

−Bi
E
N

)
Range (Td) A0 (V m) B0 A1 (V m) B1 A2 (V m) B2

Our results 2700–5900 7 × 10–21 750 2.4 × 10–20 1000 − 1.996 × 10–23 10

de Urquijo et al. [29] 120–1000 5.2 × 10–21 790 3.1 × 10–20 900 − 1.98 × 10–23 1

Fig. 5 Example of the experimentally recorded 2D images and axial emission profiles in low-current Townsend discharge
in HFO1234yf gas at pd = 0.25 Torr cm, V b = 644 V, and E/N = 7.8 kTd at electrode distance of d = 1.1 cm: (black
line)—total emission profile recorded in whole visual range, (red line)—Hα emission profile recorded with optical filter at
656 nm, (green line)–CH emission profile recorded with optical filter at 431 nm, (blue line)—CH emission profile recorded
with optical filter at 314 nm. The profiles obtained by optical filters are normalized to the maximum emission intensity of
the total profile

found in the existence of several different groups of elec-
trons in the discharge, with the coefficient B i show-
ing the E/N range where the term i is significant and
Ai giving the maximal contribution of the term [31].
Moreover, the dominant term in the multi-term formula
should be similar to the standard Townsend single term
formula fit for the same gas. Coefficients obtained by
fitting the experimental data by the 3-term analytical
formula are given in Table 1. In the table we also pro-
vide the E/N region where the fits are valid. It should
be noted that the negative Ai coefficient in the formula
allows adjustment of the fit to represent decreasing of
α/N with E/N due to a decrease of the ionization cross
section at higher electron energies [31]. Fitting coeffi-
cients obtained for the present experimental results are
valid for our measurement range (2.7–5.9 kTd). They
also agree with de Urquijo and Basile’s data in the lower
E/N range so the range of validity may be extended
down to 120 Td.

In the case of 2,3,3,3-tetrafluoropropene
(HFO1234yf), we were able to determine the ion-
ization coefficients from two different axial emission
profiles in a low-current Townsend discharge recorded
with band-pass optical filters at 314 nm (CH emission

profiles) and 656 nm (Hα emission profiles). Figure 5
shows an example of axial emission profiles recorded
with and without optical filters at 7.8 kTd and the
differences in their shape, due to the contribution of
excitation by heavy particles (fast neutrals, ions) and
electrons. The ionization coefficients resulting from the
CH emission profile (blue line in Fig. 5) and from the
Hα emission profile (red line in Fig. 5) are practically
identical, despite using two different lines. However,
with an increase of reduced electric field (E/N ),
the contribution of heavy particles increases first for
Hα, and it overlaps with the exponential growth of
electrons dominated excitation. Thus, at higher E/N
we begin to obtain very different exponential slopes
toward the anode (Fig. 6). We found that up to around
8 kTd, the ionization rates obtained from Hα and
314 nm CH profiles were in reasonable agreement.
For higher E/N (e.g., 9 kTd and more, as shown
in Figure 6), the spatial profile for Hα (red line in
Fig. 6) is drowned by the fast neutral excitation and
the resulting ionization coefficients begin to deviate
considerably from those obtained from the CH spatial
profile (blue line in Fig. 6). As a result, the Hα spatial
profile does not have an observable separation of fast
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Fig. 7 Dependence of reduced ionization coefficient (α/N )
on the reduced electric field (E/N ) in HFO1234yf discharge
obtained from CH axial emission profiles recorded using
optical filter at 314 nm

neutral and electron excitation. Therefore, we chose
to use the ionization coefficients obtained from the
CH emission profiles at 314 nm above 5 kTd and up
to 23 kTd. Beyond the latter E/N , again, we could
not separate the contributions of electrons and fast
neutrals to the excitation this time of the CH band.
The dependence of the ionization coefficient α/N
for 2,3,3,3-tetrafluoropropene (HFO1234yf) on the
reduced electric field E/N is shown in Figure 7.

The results for reduced ionization coefficient pre-
sented in Fig. 7 cover a relatively high range of reduced
electric fields from 5 to 23 kTd. These α/N values
correspond to excitation emission of CH in collision

with electrons, and evidence of that is the exponen-
tial increase of emission intensity toward the anode pre-
sented by example of CH emission profile (Fig. 5). Addi-
tionally, we give numerical data listed in Table 2 that
correspond to the results shown in Figs. 4 and 7.

4 Conclusion

Non-equilibrium discharges in fluorocarbons, especially
those that belong to the new generation, are important
research topics because of their wide applications. To
achieve new and better applications or to address the
global pollution of the atmosphere, we require data, a
thorough understanding, and insights into elementary
processes. These are all essential for modeling gas plas-
mas, which can offer the best opportunity to reduce pol-
lutant densities. Therefore, we present the results for
ionization coefficients from our experimental study of
low-pressure dc breakdown in 1,1,1,2-tetrafluoroethane
(R134a, C2H2F4) and its lower GWP substitute gas,
2,3,3,3-tetrafluoropropene (HFO1234yf, C3H2F4). We
obtained ionization coefficients from axial emission pro-
files in low-current Townsend discharges under condi-
tions with dominant electron excitation of the back-
ground gas (high pressure i.e., lower E/N ). Our results
cover the reduced electric field ranges: 2.7–5.9 kTd for
R134a and 5–23 kTd for HFO1234yf. There is little or
no data in the literature on ionization coefficients for
discharges in different HFOs.

For R134a, we were able to compare our results with
those from the literature. Our results agree reasonably
well with the experimental measurements of de Urquijo
et al. [29] and Basile et al. [30], although the E/N
ranges do not overlap. We could not get results for
α/N for lower E/N values (E/N < 2.7 kTd) because of
the limitations of the experiment and the electrical cir-
cuit components that prevented us from having a stable
dc dark Townsend discharge (i.e., without oscillations)
[20]. However, our measurements allowed us to extend
the ionization coefficient range to higher E/N values
(E/N > 2 kTd), which are relevant for many applica-
tions. The results for ionization coefficients along with
the breakdown and voltage–current measurements, by
giving a better handle on the mean energy allow devel-
opment of complete sets of cross sections and other dis-
charge parameters in the mean energy region relevant
for plasma modeling.
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Table 2 Ionization
coefficients obtained in our
experimental measurements
of discharges in freons
R134a and HFO1234yf

p (Torr) V b (V) E/N (Td) α/N 10–20 (m2)

R134a
from Hα emission profiles

0.2 432 5913 2.67

0.23 428 5189 2.65

0.25 428 4722 2.64

0.27 429 4342 2.62

0.3 432 3972 2.58

0.33 436 3628 2.47

0.36 440 3339 2.37

0.41 448 3021 2.1

0.45 456 2767 1.94

HFO1234yf
from CH emission profiles

0.09 764 23,285 20.42

0.1 724 19,970 18.84

0.11 704 17,814 17.68

0.12 680 15,761 16.62

0.13 673 14,334 14.99

0.14 662 12,950 14.04

0.16 654 11,600 13.03

0.18 648 9793 11.13

0.2 642 8788 10.15

0.23 642 7783 9.14

0.25 642 7054 8.74

0.35 660 5149 6.71

During the measurements, the room temperature was T = 21 °C and electrode gap was d
= 1.1 cm
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the SASA project F155.

Author contributions

JM performed experimental measurements and calculations,
analyzed the results, and wrote the draft of the manuscript.
DM led the studies and interpretation of the results, par-
ticipated in analysis and discussion of the raw data and the
results, and participated in revising and writing the paper.
ZLP defined the plan of research and design of experiment
and development of the experimental procedure. He super-
vised the studies and analysis of the results, organization,
and finalization of the manuscript.

Data Availability Statement This manuscript has no
associated data, or the data will not be deposited. [Authors’
comment: This manuscript has all its data presented in the
Tables 1 and 2 (in addition to figures)].

References

1. A. Bianchi, S. Delsanto, P. Dupieux, A. Ferretti,
M. Gagliardi, B. Joly, S.P. Manen, M. Marchisone,
L. Micheletti, A. Rosano, E. Vercellin, JINST 14,
P1101414 (2019). https://doi.org/10.1088/1748-0221/
14/11/P11014

2. M. Koch, C.M. Franck, IEEE Trans. Dielectr. Electr.
Insul. 22(6), 3260 (2015). https://doi.org/10.1109/
TDEI.2015.005118

3. A.V. Phelps, Rev. Mod. Phys. 40, 399 (1968). https://
doi.org/10.1103/RevModPhys.40.399

4. R.W. Crompton, Adv. At. Mol. Opt. Phys. 33,
97 (1994). https://doi.org/10.1016/S1049-250X(08)60
034-8

5. R.W. Crompton, Aust. J. Phys. 25(4), 409 (1972).
https://doi.org/10.1071/PH720409

6. L.G.H. Huxley, R.W. Crompton, The Diffusion and
Drift of Electrons in Gases (Wiley, New York, 1974)
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Petrović, J. Phys. D Appl. Phys. 36, 2639 (2003).
https://doi.org/10.1088/0022-3727/36/21/007
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Plasma Sources Sci. Technol. 28, 055011 (2019).
https://doi.org/10.1088/1361-6595/ab0952
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