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Abstract Studies of cathode strip chamber longevity, comparing Ar+CO2 gas mixtures with fractions of 5%, 2%, and 0% CF4, were
performed using several small cathode strip prototype chambers. In each trial, a localized source of radiation was used to irradiate
up to an accumulated charge of about 300 mC/cm. Additionally, longevity of a uniformly irradiated prototype operating with 2%
CF4 was studied at the CERN Gamma Irradiation Facility GIF++. Post-hoc analysis of the chamber electrodes using spectroscopy
techniques was also done.

1 Introduction and motivation

1.1 The cathode strip chamber system of the compact muon solenoid

The CMS detector features a powerful system for muon detection. The base component of this system in forward “endcap” regions
(0.9< |η|<2.4) comprises 540 cathode strip chambers (CSCs), which are multiwire proportional chambers [1]. The CSCs are used
for muon identification, triggering, and track measurements [2]. The chambers are arranged in 4 muon stations located between steel
disks of each CMS endcap. CSCs have trapezoidal shape and are grouped in rings. A muon station consists of 2 or 3 rings located
at different radial distances from the LHC beam pipe. Rings of CSCs are labeled as MES/R, where S indicates the station position
in |z| and R gives the ring number. All chamber types, except for the most forward ME1/1 [3], differ only in the size of the active
area and are constructed of the same material using the same assembly technology. The CSC system was installed before the startup
of the LHC, except for ME4/2 chambers, which were produced and installed during the LHC long shutdown in 2013–2014. The
CSCs have operated successfully since the beginning of CMS operations, and continue to do so. A future upgrade of the accelerator
complex to high-luminosity LHC (HL-LHC) will increase luminosity to reach (5–7.5)×1034 cm−2s−1. After the readout electronics
upgrade performed during the LHC long shutdown 2018–2021, the CSC system is intended to continue efficient operation through
the HL-LHC era.

Each CSC consists of six detecting layers with two cathode planes made of copper-cladded FR4 [4]. One of the cathode planes
has the copper coating milled into strips of several millimeters width (Fig. 1, left), so the charge induced on the cathode is shared
among several readout channels (Fig. 1, right) in order to provide a good track spatial resolution in azimuthal plane. Radial track
coordinates are measured using anode signals. Gold-plated tungsten anode wires have 50 μm diameter and are perpendicular to the
cathode strips for the non-ME1/1 CSC types.

The CSC gas mixture contains 40% Ar, 50% CO2, and 10% CF4 and provides stable chamber operation in the proportional mode
with the average gas gain around 6 × 104.

The relative fraction of Ar in the mixture controls the charge amplification of the initial energy deposit (gas gain) and consequently
the minimum voltage required to operate the chamber with a reasonable gas gain. CO2 is primarily used for its quenching effect that
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Fig. 1 The construction of a full-sized CSC, with part of the top layer cut away to show part of the wire plane (in gold) with the cathode strips below (left)
and the depiction of signal induction on the cathode strips created by an ionizing particle traversing the chamber volume (right)

allows the detection volume to recover after the passage of an ionizing particle by absorbing photons produced in the avalanche.
This shortens the “dead-time” after the initial signal has passed and protects the chamber from damage due to sparking, caused by
a positive feedback loop of secondary and tertiary reactions.

Adding 10% CF4 to the Ar/CO2 mixture extends the chamber lifetime preventing anode wire aging [5]. Though CF4 also increases
the drift velocity of the electrons in a gas mixture, this effects depends on the electrical field configuration and for the CSC geometry
is negligible if the CF4 fraction in the gas mixture is below 20% [6]. Thus, at the nominal CSC operation voltages the main purpose
of CF4 is extension of the chamber longevity.

1.2 Chamber aging

In a CSC the avalanche charge amplification of several ten thousand times occurs in vicinity of a thin anode wire. The avalanche can
be considered as short plasma discharge of microscopic size where ions and free radicals of the gas atoms and molecules are produced,
with some radicals having sufficient lifetime to reach CSC electrodes. Plasma chemical reactions may cause modification of the
chamber electrode surfaces either due to direct reactions of the plasma products with the electrode material, or due to formation of
deposits on the electrodes. This may lead to degradation of the chamber muon detection performance and so may limit its long-term
operation.

The most dangerous type of aging is modification of the anode surface. Any deposit on the anode wire may increase its diameter
causing non-uniform reduction of the gas gain and, in case of the cathode strip chambers, a degradation of the spatial resolution.
Upon significant decrease of the gas gain, the induced signal may become too low to provide efficient muon detection with the
nominal readout electronics. Sharp needle-like deposits cause increase of the single layer noise rate and, in the worst cases, may
result in appearance of sparks or even electrical breakdowns.

Thin insulating deposits on cathode surface may cause increase of secondary electron emission resulting in high noise rate or
even in rather strong persistent currents (so-called Malter effect [7, 8]). If cathode deposits are conductive and cover gaps between
CSC strips, they may affect the spatial resolution.

At the same time, the plasma conditions may be used to protect the chamber against degradation, as it is done using a small
quantity of CF4 in the working gas mixture of the CMS CSCs. Fluorine radicals created in the plasma discharges react with silicon or
carbon-based molecules, which may be present in various quantities in chamber material or gas impurities, and are proven to provoke
aging [9, 10]. Fluorine radicals prevent polymerization of organic molecules and also bond silicon into volatile SiF4 molecules,
which are removed from the chamber with the gas flow.
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1.3 Motivation for reducing or eliminating CF4

CF4 is an expensive gas and its release into the atmosphere is detrimental to the environment. It belongs to a class of fluorocarbon
gases that have a negative impact on atmospheric chemistry, leading to greenhouse warming effects on the Earth’s surface. To be
specific, CF4 has a global warming potential (GWP) of 6630 over 100 years [11].

CF4 is subject to the European Union F-gas regulation (Regulation (EU) No 517/2014, [12]) which aims to the reduction of the
F-gas emission by two-thirds by 2030 compared with 2014 levels. Moreover, recently the European market started to experience
periodic issues in supply chains that makes CF4 more difficult and expensive to obtain regularly. So, either lowering the fraction of
CF4 or excluding it entirely from the CSC gas mixture is well-motivated.

One of the approach for reducing the CF4 exhaust is recirculating and recuperating the gas. Recirculation was implemented from
the beginning of the CSC operation using the closed-loop gas system with 10% replenishment rate. Additionally, a CF4 recuperation
system was developed during last decade by the CERN EP-DT group and brought to operation with about 60% efficiency by the
beginning of Run3.

In addition to that, studies of the possible reduction of the CF4 content in the CSC gas mixture were started.

2 Previous studies of CSC gases

In the early stages of design and testing of the CSCs, before their initial installation in CMS, the longevity of chambers was studied [5]
by operating test chambers while being radiated by a strong 90Sr source. These chambers were constructed from mostly the same
materials as those intended for the production chambers. A notable exception was the use of silicon-based RTV sealant first applied
before the chamber was closed, allowing a possible leak of RTV inside the chamber, creating a source of silicon in the gas volume.

For two gas mixtures containing CF4, Ar/CO2/CF4 40%/50%/10% and 30%/50%/20%, the irradiation was continued up to a
local accumulation of about 13 C/cm on the anode wire. Even with this large accumulated charge, no appreciable decrease was
observed in the gas gain. Some increase of the dark current was observed, which indicated aging effects on the cathodes, but the
overall chamber performance was not degraded significantly.

For a 70%/30% Ar/CO2 mixture without CF4, however, a gas gain drop of a factor of two was observed for each 0.25 C/cm
accumulated. In a post-mortem examination of the test chambers, a thick coating was found on the anode wires. An elemental
analysis of this coating revealed a major component of silicon. The source of the silicon was likely the RTV, and the probable
conclusion was that the CF4 was effective in preventing the build-up of silicon-based polymers on the anode wires.

In the years 2000 and 2001, two full-size chambers were studied for aging [13] using the 740 GBq radioactive 137Cs source
(0.662 MeV gammas) at the Gamma Irradiation Facility (GIF) at CERN. The gas mixture used was Ar/CO2/CF4 40%/50%/10%,
with an open-loop gas system in 2000 and a closed loop system in 2001. The accumulated charges were 0.3−0.4 C/cm. In both
cases, no appreciable decrease in gain was observed.

In anticipation of the HL-LHC, a new campaign of aging studies was launched [14] with full-sized spare CSCs operated with
the nominal gas mixture Ar/CO2/CF4 40%/50%/10%. The irradiation was performed at the upgraded Gamma Irradiation Facility
(GIF++) with 14 TBq 137Cs source [15].

The gain and resolution of the chambers were monitored and showed no sign of deterioration up to the accumulated charge of
0.33 C/cm, which corresponds to the charge expected at the HL-LHC conditions with a safety factor of at least 1.5, depending on
the chamber type and its position in the CMS detector.

3 Experimental design and procedure

As detailed in Sect. 1, aging can be defined as a significant chemical change on the surface of electrodes inside the detection volume
of a gaseous proportional chamber. Depending on the type of chemical reactions occurring, operation stability, gas gain, efficiency
or resolution may be affected; these parameters can be monitored through non-destructive techniques. Additionally, if the chambers
can be disassembled after exposure, spectroscopic techniques can be used to study the change of the electrode material itself.

To allow rapid and flexible tests, and to facilitate post-mortem analysis of the wires and cathode surfaces, a set of small CSC
prototypes, or “miniCSCs”, was constructed. The aging tests with the miniCSCs were carried out in three locations: the CERN 904
lab (B904), the GIF++ radiation facility at CERN, and the Petersburg Nuclear Physics Institute (PNPI) in Russia.

3.1 miniCSC chamber design

A miniCSC is a small prototype of the full-size CMS CSC, and an example is shown in Fig. 2. These chambers were built by using
the same materials as used for the construction of the ME4/2 CSCs in 2012–2013, following the same assembly procedures and
quality checks. The dimensions of the miniCSCs are 30 cm×30 cm, and they have two layers instead of six, with a volume of about
0.5 L for a single gas gap. As for the standard CSCs, the cathodes of the miniCSCs are composed of copper-clad FR4 with strings
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Fig. 2 Front view of a miniCSC
chamber

Table 1 Construction parameters
of miniCSC

Gas gap, 2h [mm] 9.53

Wire spacing, s [mm] 3.13

Wire diameter, d [μm] 50

Wire plane-to-plane spacing, [mm] 25.4

Strips per plane (*) ≈10

Strips pitch [mm] (*) ≈10

The parameters marked as (*)
differ from the production
chamber ones

milled into the copper, and the wires are gold-plated tungsten of 50 μm diameter. The geometry of the chamber was inherited from
the original CSC and is specified in Table 1. To provide efficient irradiation and allowing control measurements with a 109Cd X-ray
source, cylindrical holes were drilled into the FR4 of the outer cathode layer, still preserving the integrity of the cathode surface.

3.2 Test stand and measurement procedures

3.2.1 Irradiation

A 90Sr source with a nominal activity of about 34 MBq was used to locally irradiate the top chamber layer. The distance between
this source and the underlying cathode plane inside the gas volume was a few cm. The beamspot is circular with a diameter of 2.3 cm
on the anode and 3.5 cm on strip planes, as estimated from the measured spatial charge distribution.

During the irradiation procedure, the top miniCSC layer (“irradiated layer”) was supplied with the nominal CSC high voltage of
3600 V, while the voltage of the bottom, “reference”, layer was kept off. The current was about 1 μA and the total wire length in the
irradiated spot was estimated as 13.4 cm. The charge was accumulated at the rate of 4.3 mC/cm per day, yielding an “acceleration
factor” of 100, corresponding to a radiation flow 100 time higher than the maximal expected irradiation rate for the ME2/1 CSC
operating under HL-LHC conditions. The rate of the HL-LHC charge accumulation was estimated using the background hit rates
and currents measured for CSC in Run 2 and corrected with FLUKA predictions for the presence of a new calorimeter expected to
be installed by the LH-LHC era. The target accumulated charge for each trial was set at 300 mC/cm, which is about 2.7 times of
that expected for an ME2/1-type chamber at a 10 years-equivalent of HL-LHC operation.

For the gas system, an “open-loop” setup with Polyamide 11 tubing (Rilsan) was used. The flow of gas through the chamber was
directed first through the reference layer and then into the irradiated one at a flow rate of 0.5 L/hour, or one layer volume per hour.
Though the local irradiation conditions are difficult to scale to the uniform irradiation of CSCs at the CMS, the gas refreshment
rate per a single layer was chosen to correspond to the nominal CSC flow rate of one chamber volume per six hours. No additional
scaling factor was introduced to account for the accelerated irradiation.

3.2.2 Control measurements

After each irradiation session, a set of measurements were performed in order to monitor chamber characteristics sensitive to aging
effects as functions of the accumulated charge. Depending on the characteristic type, the measurements performed for the irradiated
zone were compared to the ones taken for a non-irradiated part of the same layer, or for the reference layer.

Single-layer dark rates as well as the charge and rate of signals induced by an X-ray source were measured with the original CSC
electronics. The dark current was measured using a Keithley 487 picoammeter.
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To monitor the stability of the gas gain, control measurements with a 109Cd source were performed in several points across the
layer. Reproducibility of the source position in different measurement sessions was guaranteed by the small diameter of windows
in the upper chamber panel. The standard CSC electronics allows read out of the matched discriminated signals from the cathode
strips and anode wire groups and, if such a coincidence occurs, the charge induced on the strips. The charge is shared among three
neighbor strips forming a cluster. The measurements were done for irradiated and the control non-irradiated points of the same
layer, and the ratio of those values represents the relative gas gain free of the pressure and temperature fluctuations. The rate of the
signals was measured as a function of the high voltage and provides the additional information on the gas gain stability and also
on the presence of after-pulses or sparks related to the avalanche. The rate measurements were done for the whole layer and were
compared to the rate measured when no source is present, i.e. dark rate.

The dark rates and dark currents were measured for the voltage range of 2.5–3.8 kV. The dark current was measured between
the joined strips and ground. Each measurement was performed for the period 10–15 min, and the average value of the current
after settling was taken as the result. To control the humidity influence, the corresponding current measurements were done for the
non-irradiated layer during the same day.

Cathode aging may appear as a deposition of a thin film which can increase conductivity across adjacent cathode strips causing
degradation of the spatial resolution of the chamber. The strip-to-strip resistance was monitored measuring current between two
adjacent strips when 300 V was applied to one of them and second was grounded.

If cathode deposits are insulating and thin, and the chamber occupancy is relatively high, the effect of Malter currents may appear.
This type of current is caused by emission from the cathode surface when a positive charge on the insulating film is high enough, and
may be persistent even when the irradiation is stopped. During the irradiation, the current was monitored and checked for unstable
behavior and spikes. Additionally, every time the 90Sr source was removed from the chamber, the dark current was monitored for
10–15 min.

3.3 Additional studies

To cross-check the local irradiation test results, an additional miniCSC was irradiated at GIF++ with 2% CF4 gas mixture. GIF++
provides nearly uniform radiation over the whole chamber, which is more representative of the exposure in CMS. The irradiation
acceleration factor of this test was of about 30. The control measurements procedure for this prototype was the same as in the case
of local irradiation.

Additionally, a local irradiation test with a CSC prototype was performed at PNPI for the nominal CSC gas mixture. The
accumulated charged collected during the test was 1.2 C/cm. No change in the prototype detection performance was observed [16].

4 Longevity Results with varying CF4 fractions

The irradiation and measurement procedures described in Sect. 3 were carried out on miniCSCs with three different gas mixtures
of Ar/CO2/CF4: 40%/55%/5%, 40%/58%/2%, and 40%/60%/0%. It should be noted that the 2% CF4 trial was performed after the
5% CF4 one using the same chamber layer. For the 2% CF4 test the irradiation zone was displaced to a distant point of the layer,
and the small size of the irradiated area ensured that the influence of the previous exposure was negligible. The reference layer was
the same in both trials. For the 0% CF4 study a different miniCSC was used. No significant change in the characteristics of the
miniCSC under test was observed in any of the tests. Similar results were obtained in the additional uniform irradiation test with
2% CF4 mixture at GIF++.

4.1 Gas gain

Figure 3 shows changes in the relative gas gain obtained as a ratio of the cluster charge peak position measured for the irradiated
and control areas, for gas mixtures with 5, 2, and 0% CF4. The error bars represent statistical uncertainties. Stable behavior was
observed during the whole irradiation period up to 240 mC/cm.

4.2 Dark rate and Cd rate measurements

Figure 4 shows the dark rate per miniCSC layer as a function of the high voltage measured for different values of the accumulated
charge Q for gas mixtures with 5, 2, and 0% CF4. There is an overall decrease in dark rates in the 2% CF4 trial compared to the
5% trial. This is possibly an effect of the “HV training” of the chamber layer, since this same layer was used in both trials. The
differences in dark rate are insignificant, both as a function of the accumulated irradiation dose and gas mixture type. Thus, we
conclude that the dark rate is stable with respect to exposure for all three gas mixtures.

Figure 5 shows the source rates as a function of the high voltage, collected for gas mixtures with 5, 2, and 0% CF4, and monitored
as a function of the accumulated charge Q. The contribution from dark rates, measured separately and as shown in Fig. 4, was
subtracted. Then the remaining source rates were corrected for the decrease in the 109Cd source radioactivity. The shape of the
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Fig. 3 Relative gas gain as the peak position of a 109Cd X-ray spectrum measured in the irradiated area and normalized to that of non-irradiated reference
zones for gas mixtures with 5, 2, and 0% CF4 (left, center, right)

Fig. 4 Dark rates for gas mixtures with 5, 2, and 0% CF4 (left, center, right) as a function of high voltage measured for different accumulated charge Q

Fig. 5 Single-layer count rates for gas mixtures with 5, 2, and 0% CF4 (left, center, and right) obtained with a 109Cd X-ray source as functions of the high
voltage for different accumulated charges. The measurements are corrected for the dark rate contribution and for the decrease of 109Cd source intensity over
the period of the three tests

efficiency curve and the value of the plateau are very similar for the three cases. The slight increase in the count for the 0% CF4

measurements can be explained by a smaller thickness of the window for positioning the 109Cd source. No significant change in
the efficiency dependence was observed during irradiation for all three gas mixtures. Figure 6 shows the source count rate at the
operating point of 3.6 kV, as a function of the accumulated charge.
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Fig. 6 Single-layer count rates for gas mixtures with 5, 2, 0% CF4 (left, center, right) obtained with a 109Cd X-ray source for the operating point of 3.6 kV
as functions of the accumulated charge

Fig. 7 Electrical resistance as measured between pairs of adjacent cathode strips on a single chamber layer, shown for gas mixtures with 5, 2, and 0% CF4
(left, center, right). Strips are selected in the irradiated area (red), outside the irradiated area but at the same layer (blue) and at the reference layer (light blue
and green). The systematic difference in the measured resistances for different layers is defined by the CSC construction

4.3 Dark current and strip-to-strip resistance

The dark current was measured using the procedure outlined in Sect. 3. The values at the working point were of order 102 to 103

pA for all trials and mostly defined by the leakage currents. Neither current spikes nor dependence on the accumulated charge was
observed.

Figure 7 shows electrical resistance measured between pairs of adjacent cathode strips, each on a single chamber layer, shown
for gas mixtures with 5, 2, and 0% CF4.

5 Analysis of irradiated electrodes

After irradiation up to about 300 mC/cm, the miniCSCs were disassembled and visually inspected. Then, samples of anode wires
and cathode planes, both from the irradiated and non-irradiated zones, were prepared for optical and spectroscopic analyses, as well
as virgin samples of anode wires and cathode planes. Preliminary analysis was performed at CERN MM-MME department, while
final measurements were done at the Physical Chemistry Faculty of the Belgrade University.

5.1 Optical inspection of the irradiated electrodes

Photos of the exposed cathodes, taken just after opening the irradiated layer of the miniCSC, for the 5, 2, and 0% CF4 trials are
shown in Fig. 8. In all cases, there is a circular spot that corresponds to the primary area of irradiation where the 90Sr was placed
on top of the layer. Also, a circular area around the irradiated spot is showing a radial color-gradient feature. The size of the spot
decreased as the CF4 fraction in the gas mixture decreased. The most important observation was visibly darkened anode wires in
the areas irradiated with 2% CF4 and 0% CF4, while no such effect was noticed for the 5% CF4 irradiation zone.
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Fig. 8 Photos of the irradiated
layer for the miniCSC chambers
used in the 5, 2, and 0% CF4 trials,
with the total accumulated charge
indicated. Effects of irradiation
can be easily seen on the cathode

Fig. 9 Optical microscopy
snapshots for anode wires
irradiated with 5, 2, and 0% CF4
gas mixtures compared to a virgin
sample

Fig. 10 SEM image and the EDS
spectra of different areas of the
2% CF4 anode wire sample

Figure 9 shows snapshots of the optical microscope images comparing anode wires irradiated with 5, 2, and 0% CF4 gas mixtures
and a virgin sample. The darkening is clearly seen for the 0% CF4 sample and for the 2% CF4 locally irradiated sample. Wire
darkening can be noticed also for 2% CF4 uniform irradiation, while no color change is seen for the 5% CF4 sample compared to
the virgin wire.

5.2 Elemental analysis of the electrodes

Morphological and micro-elemental analysis of the electrodes was done using scanning electron microscopy (SEM) along with
energy dispersive spectrometry (EDS). Preliminary analysis of the anode wires showed the presence of carbon for 2% and 0% CF4

samples, as can be seen in Fig. 10.
The EDS technique is considered to be semi-quantitative but suitable for comparative studies. To obtain reliable comparisons of

different samples, a multi-point EDS analysis approach was introduced. The final EDS measurements were done in sets of 50 points
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Fig. 11 EDS measurement results for anode wires: relative weight fractions for gold (left) and carbon (middle) along the wire length and the average values
for carbon, silicon, oxygen, fluorine and tungsten as functions of the CF4 fraction in the gas mixture

equally distributed over a sample area of 1200 × 1200 μm2. This allows measurement of the average content of detected elements
on the electrode surface and thus enables comparative studies. This method is used to study the distribution of deposits over the
irradiated area and to compare samples from different longevity trials.

Figure 11 shows the results of such analysis applied to anode wires. The left plot shows the averaged relative weight fraction of
gold measured for different irradiated wires and compared to the average value obtained for the virgin one. The presence of other
elements can be identified as the difference between the gold fractions measured for the virgin and an irradiated wire. The anodes
from 2% and 0% CF4 longevity tests are clearly seen as more strongly affected than the one from the 5% CF4 trial. The carbon
distribution along the wires is shown in the middle plot and has a prominent peak in the irradiation area of the 2 and 0% CF4 samples.
The results for carbon, silicon, oxygen, fluorine, and tungsten were averaged over the wire length and are shown in Fig. 11, right,
as functions of the CF4 content of the gas mixture.

A similar approach was applied to the cathode samples. The area of 1×1 mm2 from the center of irradiation zones were measured
in 50 points, as shown in Fig. 12 (top left, top right, and bottom left). In addition to EDS measurements, X-ray diffraction (XRD)
techniques were used to analyze chemical structure of possible crystalline deposits. Figure 12 (bottom right) shows the resulting
averaged weight fractions for carbon, oxygen, fluorine, and silicon as function of the CF4 together with the XRD results. Hydroxide
and hydrate groups may indicate presence of water molecules in the gas mixture during the irradiation as a consequence of Rilsan
pipes of the gas supply. Carbon concentration is found to be the highest for the 0% CF4 sample, while fluorine presence increases
with CF4 fraction. In the XRD and vibrational (FTIR and Raman) spectroscopy analyses carbon was found in CuCO3*CuO with
small contributions of graphene oxide phases, and fluorine was identified in Cu(OH)F compound.

6 Summary

Aging proprieties of the CMS cathode strip chambers (CSCs) were studied using miniCSCs, small prototypes built by using the
same materials as for the production chambers. The main purpose was to explore the possibilities of reducing the fraction of CF4

in the gas mixture with respect to the nominal 10% CF4. Longevity studies with 5%, 2%, and 0% CF4 were performed up to the
accumulated charge of 300 mC/cm. Additional tests were done with similar prototypes with uniform irradiation and 2% CF4, and
with the nominal gas mixture and local irradiation up to 1.2 C/cm. No noticeable detection performance degradation was seen in
any of those tests.

However, the electron material analysis done after the longevity tests showed a clear difference in the presence of carbon and
fluorine on anode and cathode surfaces for irradiation trials with different CF4 fractions. An increase in carbon concentration on
anode wire surfaces was clearly seen for the samples from 2%, and 0% CF4 tests. Silicon presence on anode wires and carbon
contamination on cathode surfaces was observed for 0% CF4. Fluorine was found on cathode samples in quantities increasing with
the CF4 fraction in the gas.

Although no longevity issues were observed during the irradiation, the material analysis indicates that the gas mixtures containing
less or equal to 2% of CF4 are potentially dangerous for long-term CSC operation due to carbon deposition on anode wires.
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Fig. 12 Relative weight fraction of carbon, oxygen, and fluorine on 1 × 1 mm2 area from the irradiation zone of 0% (top left), 2% (top right), and 5%
(bottom left) cathodes measured in point across samples as shown in the SEM images in the top of each plot. The values measured from the virgin cathode
sample are provided as dashed lines. The resulting averaged values are shown as function of the CF4 fraction in the gas mixture together with the XRD
results (bottom right)
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