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Abstract: Motivated by the possibility of guiding daughter ions from double beta decay events to 
single-ion sensors for barium tagging, the NEXT collaboration is developing a program of R&D to 
test radio frequency (RF) carpets for ion transport in high pressure xenon gas. This would require 
carpet functionality in regimes at higher pressures than have been previously reported, implying 
correspondingly larger electrode voltages than in existing systems. This mode of operation appears 
plausible for contemporary RF-carpet geometries due to the higher predicted breakdown strength 
of high pressure xenon relative to low pressure helium, the working medium in most existing RF 
carpet devices. In this paper we present the frst measurements of the high voltage dielectric strength 
of xenon gas at high pressure and at the relevant RF frequencies for ion transport (in the 10 MHz 
range), as well as new DC and RF measurements of the dielectric strengths of high pressure argon 
and helium gases at small gap sizes. We fnd breakdown voltages that are compatible with stable 
RF carpet operation given the gas, pressure, voltage, materials and geometry of interest. 

Keywords: Gaseous detectors, Noble element TPCs, Breakdown voltages, Noble gases, Bu˙er 
gases, Xenon 
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1 Introduction 

Radio frequency (RF) charged particle manipulation techniques have been successfully used for 
several decades to trap and control ions [1]. As these techniques are becoming more eÿcient, they 
are being applied to a wider range of applications and environments. For example, RF carpets [2] 
have been shown to eÿciently transport ions in a helium bu˙er gas for substantial distances in 
pressures up to 300 mbar [3–5]. Based on our still preliminary simulations, it appears that they 
could also be operated eÿciently in a xenon bu˙er gas at pressures as high as 10 bar. In order 
to achieve stable motion, the higher pressure can be compensated for with higher RF voltages and 
smaller electrode spacing [6]. 

The RF voltage and electrode spacing in most devices using RF carpets are limited by dielectric 
breakdown of the bu˙er gas. The breakdown voltage is commonly described in terms of a Paschen 
curve [7], a supposedly universal function of the pressure times the gap distance for each gas. We 
expect the breakdown voltage in xenon to be signifcantly higher than achievable in helium, and 
with a benefcial scaling with pressure. There is also evidence that Paschen’s law is frequency 
dependent with higher RF frequencies corresponding to lower breakdown voltages [8–11]. The RF 
voltage breakdown strength in high pressure xenon gas at sub-millimeter distances has not been 
previously experimentally measured. 

Our study of RF voltages in noble gases is motivated by the search for neutrinoless double 
beta decay in 136Xe. Observation of neutrinoless double beta decay (0νββ) would prove that 
neutrinos are Majorana fermions and that lepton number is not conserved, and it could explain 
the matter-antimatter imbalance in the universe through leptogenesis [12]. If 0νββ does exist, the 
expected rate would be very small, and detection will require ton-scale detectors with unprecedented 
low background rates. Since known background processes induce nuclear Z+2 transitions at an 
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insignifcant rate [13], a background free measurement of double beta decay events could be achieved 
with the identifcation of the daughter nucleus. 136Xe is a common nuclide in neutrinoless double 
beta decay searches, and there are currently several ongoing e˙orts to identify the single barium 
ions that result from their decay [14–26]. 

For any of these barium tagging proposals to be successful, new technology will need to be 
developed to identify the barium ion within, or extracted from, the active volume of the xenon 
detector. In the case of high pressure gaseous xenon (HPGXe) time projection chambers (TPCs), 
used by the NEXT collaboration [27], the barium ions are expected to be highly ionized initially, 
but will then undergo partial neutralization until they reach the doubly ionized state (Ba++). The ion 
is slowly transported in various solvation states to the cathode via the drift electric feld [28, 29]. 
Transport along the cathode to a small scanning region could be achieved using RF carpet ion 
manipulation techniques. Concepts based on RF have been previously explored in the context of 
double beta decay by the nEXO collaboration, most notably in [18]. There, an RF funnel was used 
to concentrate ions from a fast gas fow into an orifce for extraction to a vacuum ion trap. The 
RF carpet concept favored by the NEXT collaboration does not involve gas fow, but rather ion 
transport lateral to the cathode surface, leading the ion to an internal sensor operating in the high 
pressure gas. 

Validity of the concept of RF carpet transport in high pressure xenon relies critically on being 
able to apply suÿciently high voltages to drive the ions without signifcant losses. Preliminary 
simulation studies [30] indicate that we can transport Ba++ in a xenon bu˙er gas at 10 bar with 
RF amplitudes as low as a few hundred volts with sub-millimeter electrode spacings. This would 
be signifcantly above what is typically realized in stopper cells, where dielectric breakdown of the 
low pressure helium bu˙er gas is limiting voltages above approximately 100V [31, 32]. 

While there are no existing RF breakdown measurements in the pressure (P) and gap distance 
(d) regions of interest, there have been RF and DC measurements near the P × d region, a universal 
combination under the Paschen formalism. DC breakdown in low pressure argon gas (up to 100 Torr) 
was reported in Refs. [33–36] in the P × d range up to 10 Torr cm with gap distances of several cm. 
Systematic studies of the e˙ect of electrode material and stressed area on DC breakdown in argon 
in the P × d region were carried out in [35]. RF ( f = 13.56 MHz) breakdown in low pressure argon 
(up to 20 Torr) was measured in Refs. [10, 11, 37] up to 30 Torr cm also with gap distances of several 
cm. In low pressure xenon (up to 500 Torr), measurements of the DC breakdown voltage in P × d 
range including 0.3 to 12 Torr cm were reported in Refs. [31, 38, 39], and the voltage breakdown at 
microwave frequencies ( f = 2800 MHz) covering the same P × d range was measured in Ref. [40]. 
In low pressure helium (up to 600 Torr), voltage breakdown was measured covering the same P × d 
range with gap distances as small as 1 mm at RF frequencies ( f = 13.56 MHz) in Refs. [41, 42] 
and with DC in Ref. [43]. 

In this paper, we describe our measurements of the Paschen curve for DC and RF voltages in 
the pressure and electrode gap ranges of interest for operating RF carpets in high pressure gases. 
In addition to xenon, we measured the breakdown voltages in argon and helium (which are more 
commonly used as RF carpet bu˙er gases) in pressures from 100 mbar to 10 bar. We show in argon 
that tripling the electrode gap distance from 0.005 in. (0.13 mm) to 0.015 in. (0.38 mm) has no 
signifcant e˙ect on the breakdown voltage at fxed P × d, so we only include the 0.005 in. gap in 
the helium and xenon measurements. All of the RF measurements are performed at a frequency of 
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13.56 MHz. It has been shown in Ref. [44] that in the low MHz frequency regime, the eÿciency 
of RF carpet transport increases with increasing frequency up to approximately 10 MHz at which 
point the eÿciency stays constant, and so 13.56 MHz is chosen to be a convenient frequency within 
our range of interest. 

In Sec. 2 we describe the experiment, including the gas handling system in Sec. 2.1, the 
electrode confguration in Sec. 2.2, the DC and RF delivery and monitoring systems in Sec. 2.3, 
and the data taking methodology including our estimations of systematic uncertainties in Sec. 2.4. 

2 Experiment 

The experimental setup, shown in Fig. 1, consists of two electrodes connected to (RF or DC) 
high voltage (HV) inside of a pressure vessel capable of holding pressures up to 10 bar. For each 
gas, three breakdown measurements are taken per pressure. When the vessel is at the desired 
gas pressure, the RF or DC high voltage is increased until breakdown is observed. For the RF 
breakdown measurements, the voltage is monitored through an oscilloscope, described in Sec. 2.3. 
When breakdown occurs, the RF circuit goes out of resonance, and the signal on the oscilloscope 
collapses. For the DC breakdown measurements, the voltage is monitored on the DC power supply 
itself. When DC breakdown occurs, the voltage drops and the current increases above the set 
operating current. Any change in the measured DC current from the set value was considered a 
voltage breakdown. For both RF and DC, the highest voltage observed before the breakdown is 
recorded as the breakdown voltage. 

2.1 Gas System 

The electrodes are housed inside a fve-liter pressure vessel connected to a gas handling and 
circulation system. The same gas system was used in previous studies described in Refs. [45, 46], 
where further information can be found. The gases used are ultra-high purity (99.999%) grade 
helium and argon from AirGas, and xenon from Concorde Specialty Gases. Before each gas fll, 
the system is evacuated to better than 10−5 mbar pressure. The xenon is flled through a MonoTorr 
PS-4-MT3 hot getter to the maximum pressure and circulated using a MetroCad PumpWorks PW-
2070 pump with fow rates between one and ten liters per minute until the pressure vessel volume 
has been circulated through the getter ten times. The process is the same for the helium and argon 
gases, except they are flled and circulated through a Saes PureGas MicroTorr HP190-902-FV cold 

Figure 1. Photograph of the experimental setup. 
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Figure 2. Diagram of the electrode confguration. 

getter instead of the hot getter. HV breakdown measurements are taken at the highest pressure, then 
at discrete steps down in pressure as the gas is either vented into a separate evacuated vessel (in 
the case of helium and argon) or reclaimed (in the case of xenon). The gas pressure in the vessel 
is monitored with an Omega pressure transducer with 10 mbar precision. The measurements were 
taken at pressures from 0.1 to 10 bar. The maximum breakdown voltage achievable was 500 V, 
discussed in Sec 3, limiting the maximum measurement pressures to 1 bar in xenon and 4 bar in 
argon. The minimum pressures measurable in argon and helium are limited by the discrete (1 watt) 
step sizes of the RF voltage generator, creating a lower pressure measurement limit of 0.2 bar in 
argon and 1 bar in helium. 

2.2 Electrode Confguration 

The electrodes consist of two aluminum bars positioned in a cross, as shown in Fig. 2. The top bar 
is 2.5 in. (64 mm) long by 1.0 in. (25 mm) wide, and the bottom bar is 2.5 in. (64 mm) long by 
0.5 in. (13 mm) wide. The cross confguration is used to reduce the amount of electrically stressed 
area, which has been shown to a˙ect the breakdown voltage [47]. The top bar is connected to the 
HV signal, and the bottom bar is connected to ground. Two pieces of thin, 0.005 in. (0.13 mm) 
Kapton flm, with 0.0005 in. thickness tolerance, placed 0.4 in. (10 mm) apart, are sandwiched 
in between the electrodes to set the gap distance. The voltage breakdown generally happens in the 
open area between the electrodes where no Kapton is placed. The position of the breakdown can 
be determined from traces left on the electrode surface. The total open (stressed) area between the 
electrodes is 0.2 in.2 (130 mm2). The entire apparatus is held in place with nylon screws onto a 
large (3 in. × 4 in. or 75 mm × 100 mm) piece of HDPE. 

2.3 HV Delivery and Monitoring System 

The RF HV is supplied by a 13.56 MHz, 300-watt AG Plasma Series generator and an automatic 
impedance tuner from T&C Power Conversion. The RF voltage is actively monitored through 
a potential divider to an oscilloscope, as shown in Fig. 3. The potential divider consists of a 
10 MΩ resistor (labeled Zr ), the oscilloscope probe (labeled Zp), and the internal impedance 
of the oscilloscope itself (labeled Zs). The impedance of each component at 13.56 MHz is not 
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Figure 4. Example voltage dividermeasurement. The left plot shows the comparison of the voltage amplitude
measured at the electrode and the voltage amplitude measured after the potential divider on an oscilloscope
with the uncertainty on the voltage measurement. The right plot shows the unitless ratio of the two. The error
bars on the points show the uncertainty on the peak voltages measured by the oscilloscope at the electrode
and after the potential divider. The solid line in the right plot shows the average voltage divider factor, and
the dashed lines show the combined (one standard deviation) uncertainty on the true voltage divider factor,
discussed in Sec 2.4.

precisely known, but the voltage division factor can be measured. We found that the exact voltage
division factor varied with different electrode spacings and impedance tuner settings, presumably
due to changing capacitances and inductances within the circuit impacting the impedance at radio
frequencies. Therefore, it was measured directly for each configuration. Fig. 4 shows an example
measurement of the voltage divider factor for one electrode configuration. The left plot shows
the voltage amplitude measured after the potential divider as a function of the voltage amplitude
measured at the HV electrode, and the right plot shows the voltage divider factor with the total
uncertainty on the conversion to true voltage at the HV electrode, discussed in Sec 2.4. The RF
signal is delivered to the electrodes inside a pressure chamber through a CeramTec copper RF power
feedthrough. The DC HV is supplied by a CAEN DT1471HET desktop HV power supply.
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2.4 Estimation of Systematic Uncertainty 

The sources of systematic uncertainty that we took into account are the uncertainty in the gas 
pressure measurement, the uncertainty in the spacing between the electrodes, and the uncertainty in 
the voltage measurement. We also tested the e˙ect on the breakdown voltage due to the electrode 
material and the size of the stressed area. 

The uncertainty in the gas pressure measurement is 10 mbar and is due to the precision of 
the transducer. The uncertainty on the gap distance is due to the compression of the Kapton flm 
between the electrodes and the fatness of the electrodes. Based on the large elastic modulus of 
Kapton and absence of any observable electrode curvature when compared to a granite surface 
plate, the uncertainty in the gap distance is estimated to be less than 10%. 

The uncertainty in the RF breakdown voltage is due to the measurement of the voltage at 
the electrode and to irreducible error from the randomness in the breakdown process itself. The 
uncertainty in the RF measurement is estimated from the variance in the voltage division factor, 
described in Sec. 2.3, and in the change in the voltage measured at the HV electrode using di˙erent, 
compensated, oscilloscope probes, which is found to be 5%. To account for the irreducible error 
in both the RF and DC breakdown voltages, three measurements were taken consecutively at each 
pressure, and the standard deviation of the measured breakdown voltages was added in quadrature to 
the uncertainty on the voltage measurement. The gas was not recirculated between the consecutive 
measurements at each pressure, but no trend was observed between the breakdown voltage and the 
order of the measurements. 

3 Results and Discussion 

Fig. 5 shows the measured RF and DC breakdown voltages in helium, argon, and xenon with a 
0.005 in. gap distance. In the case of both xenon and argon gases, breakdown through the Kapton 
spacer ultimately became limiting at a feld strength of 40 kV/cm. Before breakdown through the 
Kapton became prevalent, inspection of traces on the electrode surfaces showed breakdown was 
across the gas gap, rather than along the insulating surface. All gases show the expected Paschen-
like increase of HV strengh with increasing pressure under both RF and DC. The RF breakdown 
voltages are found to be systematically lower than the DC ones, an e˙ect which is most signifcant 
in the xenon gas measurements, and represents an approximately 30% e˙ect. The dependence of 
the Paschen curve on both P × d and f × d, where f is frequency, was frst shown in Refs. [8, 9] and 
can be quantifed if the electron ionization rate and mobility is well known for the given gas and 
pressure [10, 11, 48]. The dependence on frequency decreases with large P × d [11]. This would 
explain the larger e˙ect seen in the xenon measurements which are near the Paschen minimum. 

When designing this test, we investigated several possible variables that may correlate with 
breakdown strength, with results shown in Fig. 6. To determine whether electrode material is 
signifcantly correlated with breakdown strength, the breakdown voltage in argon was measured 
with copper as well as aluminum electrodes. The work functions of these metals are suÿciently 
di˙erent (4.53–5.10 eV for Cu compared to 4.06–4.26 eV for Al [49]) that any substantial dependence 
through photoelectron emission would likely be revealed. Fig. 6 shows that there is some systematic 
trend, but it is rather small, barely larger than systematic uncertainty. We tested dependence on 
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Figure 5. RF and DC breakdown voltages in xenon, argon, and helium using aluminum electrodes with 
a 0.005 in. (0.13 mm) gap. The RF voltage shown is the maximum amplitude of the RF signal with the 
total estimated uncertainty. The bands cover the DC breakdown data points including the total estimated 
uncertainty. The RF and DC data points were taken at the same pressures. 

stressed area using similar electrodes with a larger Kapton insulator resulting in 1/3 of the original 
electrode surface available for breakdown. The results of these tests are shown in Fig. 6 lower left. 
Again, a small e˙ect is observed, but it appears consistent with the scale of systematic uncertainty. 
We also tested Paschen scaling by changing the gap size. We observed that changing the gap 
distance and pressure had no signifcant e˙ect on either the RF of DC breakdown voltages at fxed 
P × d, validating Paschen-like behaviour in this regime. These comparisons are shown for both RF 
and DC voltages in the right panels of Fig. 6. 

3.1 Comparison with Published Data 

Fig. 7 shows the comparisons of the DC (left) and RF (right) breakdown voltages in high pressure 
argon to a selection of published measurements in low pressure argon in the same P × d range. In 
both DC and RF, the measurements fall in the middle of the spread of published data. The behavior 
of the comparison between the di˙erent electrode materials and stressed areas from Farag et al. in 
Fig. 7 left agree well with the behavior shown in Fig. 6 on the lower left. 

Fig. 8 shows the comparisons of the DC and RF breakdowns in xenon (left) and helium (right) 
to a selection of published data. The previous published data were taken with gap distances in the 
range of 6–32 mm for xenon and 0.4–10 mm for helium at sub-atmospheric pressures compared to 
ours, taken at a 0.005 in. (0.13 mm) gap distance. The DC breakdown measurements (shaded area) 
in xenon agree with published data, and the RF breakdown measurements fall between the published 
DC and microwave breakdown measurements. Both the helium RF and DC measurements in Fig. 8 
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Figure 8. Comparison of xenon (left) and helium (right) RF and DC voltage breakdown measurements to a 
selection of published data. The DC measurements in this work are shown as shaded area in both plots, and 
the RF measurements are shown as blue points with error bars for xenon and red points with error bars for 
helium. In the left plot, the DC circles [39] were measured using gold electrodes, the DC triangles [38] were 
measured using nickel electrodes, and the squares [40] represent microwave breakdown measurements at 
2800 MHz. In the right plot, the circles [41] were measured with aluminum electrodes, and the squares [42] 
were measured with several gap distances from 0.4–2.4 mm, and the DC triangles [43] were measured using 
an aluminum electrode. The lines are the parameterized curves in Refs. [34, 50]. 

right fall well above the published RF measurements, also taken at 13.56 MHz, and below the the 
published DC measurements. 

Fig. 9 shows the agreement between our DC and RF breakdown measurements in argon and 
xenon and high pressure, large gap-size DC breakdown measurements performed previously by this 
group described in Ref. [46]. The previous measurements were taken at similar pressures within 
the same gas system, with gap distances of 5 mm. 

3.2 Implications for RF Carpets in High Pressure Xenon 

The pressure ranges where in-gas breakdowns could be studied were 1 to 10 bar in helium, 0.2 
to 4 bar in argon, and 0.1 to 1 bar in xenon. Since RF carpets with small electrode pitches are 
commonly printed on a Kapton substrate, our data strongly suggest that the Kapton will be the 
limiting factor in their operation in xenon at 10 bar, rather than through-gas breakdowns, as are 
limiting in the case of low pressure helium. For a 0.005 in. pitch carpet, the threshold of operation 
may thus be close to 500 V peak-to-peak. It is notable, however, that in such a carpet the copper 
electrode traces are laid on top of the Kapton and not on either side as in the confguration here. 
This implies a smaller electric feld through the Kapton itself, and thus our measurements here may 
be considered as a cautious lower limit. Future voltage breakdown tests of printed copper electrode 
traces on a “fex” Kapton board will determine if this is true. 

Comparing this experimental constraint with our simulations, we observe that signifcant 
parameter space remains open where RF carpet operation is theoretically predicted to be possible 
in xenon gas at 10 bar. Preliminary simulations have shown that Ba++ ion transport in xenon bu˙er 
gas at 10 bar should be achievable with RF voltages as low as 250 V, given existing electrode pitch 
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Figure 9. Xenon and argon RF and DC voltage breakdown measurements from this work with previous high 
pressure xenon and argon DC breakdown measurements with larger gap distance from Ref. [46]. 

geometries with 0.1 mm gap distances [51]. 
The next phase of our research program will be to demonstrate ion transport using a 5 cm scale 

RF carpet in xenon gas. The results of this test will help establish the viability of RF-carpet based 
ion guiding schemes for barium tagging within high pressure xenon gas detectors. 

4 Conclusions 

We have presented the frst RF breakdown strength measurements in xenon gas at pressures above 
100 Torr and at frequencies in the MHz range, as well as new measurements of RF and DC 
breakdown voltages in argon at pressures of 100 mbar–1 bar and helium at pressures of 1 bar–10 bar 
and sub-millimeter gap spacings. 

We fnd that the RF breakdown voltages in high pressure helium, argon, and xenon for sub-
millimeter gap distances agree approximately with existing low pressure data in the same P × d 
range with much larger gap distances. In the cases of argon and helium in the P × d region between 
10 and 100 Torr cm, the RF and DC breakdown voltages agree well with each other. There are 
some deviations between the xenon RF and DC breakdown voltages, but these measurements all 
exist below 10 Torr cm, where we start to observe deviations in argon and helium as well. Based on 
our data, the limiting factor in the application to high pressure RF carpets in xenon is likely to be 
the Kapton substrate that starts to fail at approximately 500 V at 0.005 in. thickness, rather than the 
gas itself. This is distinct to the case of helium-based systems, where through-gas breakdowns are 
limiting. This warrants future tests of breakdown between electrodes printed on a Kapton substrate. 

These results suggest promise for the concept of using RF carpets in high pressure xenon 
gas. Such a device may prove to be a critical ingredient in a workable scheme for barium ion 
identifcation within xenon gas time projection chambers. 
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