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Linear voltage recovery after a breakdown in a pulsed dc system
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Breakdowns (BDs) may occur in high-voltage applications even in ultrahigh vacuum conditions.
Previously, we showed that it is important to pay attention to the post-BD voltage recovery in order to limit
the appearance of secondary BDs associated with the primary ones. This can improve the overall efficiency
of the high-voltage device. In this study, we focus on the optimization of the linear post-BD voltage
recovery, with the principle aim of alleviating the problem of the secondary BDs. We investigate voltage
recovery scenarios with different starting voltages and slopes of linear voltage increase by using a pulsed dc
system. We find that a higher number of pulses during the voltage recovery produces fewer secondary BDs
and a lower overall BD rate. Lowering the number of pulses led to more dramatic voltage recovery resulting
in higher BD rates. A steeper voltage increase rate led to a more localized occurrence of the secondary BDs
near the end of the voltage recovery period. It was also found that the peak BD probability is regularly
observed around 1 s after the end of the ramping period and that its value decreases exponentially with
the amount of energy put into the system during the ramping. The value also decays exponentially with a

half-life of (1.4 + 0.3) ms if the voltage only increased between the voltage recovery steps.
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I. INTRODUCTION

Vacuum arc breakdown (BD) is an event where a
conductive plasma channel forms between two metal
surfaces separated by a vacuum gap [1]. Such events are
common in any application utilizing high-electric fields,
including particle accelerators [2,3], rf power sources [4,5],
and vacuum interrupters [6].

The frequency of BD events affects the efficiency of
these machines and limits their performance. Therefore,
pivotal in minimizing the BD frequency is not only the
understanding of the basic mechanisms driving the system
toward the formation of a BD spot but also the BD
characteristics and their possible correlation with macro-
scopically adjustable parameters. Such understanding
contributes to the development of safe and cost-efficient
high-voltage (HV) applications. Although the BD phe-
nomenon has been studied for more than a hundred years
[7-10], the details of the process and its different stages are
still extensively debated [11-14].
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One of the plausible scenarios of development of a BD
spot was associated with the activation of dislocations in
the presurface region under applied high-electric fields
[13,15—17]. In this approach, the dislocations are proposed
to induce irregularities on the flat surface. These irregu-
larities can be further sharpened by the locally enhanced
electric fields [18], transforming the irregularities into field
emitters. These may produce dark current bursts [19,20]
that could eventually lead to BDs [21,22].

According to the statistical behavior of BD events, the
latter were suggested to be divided into two major groups:
primary (pBD) and secondary (sBD) BD events [23-25].
The pBDs were both spatially and temporally independent
of the preceding events, whereas the sBDs always follow
the pBDs, typically correlating also spatially with the
location of the previous BD spot. This suggests that it is
very likely that there are different mechanisms contributing
to generation of a BD spot of each type.

We showed recently [25] that the post-BD voltage
recovery must be performed slowly by a gradual increase
in the voltage from some initial value (V) to the target one
(V,), which was crucial for the mitigation of sBD. A sBD
was almost guaranteed to appeared if the surface was
exposed to the target electric field immediately after the
BD. We also showed that it was essentially equally optimal
to recover from a BD by the voltage increase (voltage ramp)
either linearly or in twenty voltage increment steps.
Although both scenarios were found to be the best out
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of the tested ones, they still showed a significant number of
sBDs and it is desirable to explore the ways of further
improvement of the post-BD voltage recovery.

A prominent feature in the step-wise recovery was seen
to be an increased BD probability at the beginning of each
ramping step. We have previously identified two main
factors responsible for this increase [25]: the 20 s idle time
between the voltage steps and the increase in voltage before
the next ramping step. The former was attributed to the
redeposition of vacuum residual gases on the surface during
the idle time, since the reactivity of the surface increases
due to the surface cleaning during conditioning. In our
previous experiments, it was not possible to avoid pauses
during the voltage recovery procedures as it was required
for adjusting to new values.

In this work, we developed our setup to exclude the
necessity of pauses and focus on linear voltage ramp
scenarios only, since these ramping scenarios were the
most promising due to time-efficiency and technical acces-
sibility. Moreover, this new approach allows the separation
of the effect of the vacuum residual gases from the surface
effects, as it allows studying of BD generation at different
voltage increase rates while keeping the vacuum level
constant. This allows us to focus on the processes which are
triggered by the increased applied electric field. In this
study, we focus on the short-term conditioning of the
electrode surfaces, which is necessary for reducing the
amount of sBDs.

II. EXPERIMENTAL SETUP

The voltage recovery characteristics were explored using
a pulsed dc system intended for BD studies. The system
is described in detail in Refs. [24-26]. It includes a power
supply coupled with a Marx generator which magnifies
the input DC voltage and converts it into short square
voltage pulses. Repetition rate of 2000 Hz and pulse length
of 1 us are used in typical BD experiments. In the system,
two cylindrical Cu electrodes are enclosed in a vacuum
chamber, separated by a gap of d =40 ym. The top
electrode (anode) has a contact area diameter of 40 mm
and is connected to the Marx generator via a HV cable,
while the bottom electrode (cathode) has a contact area
diameter of 60 mm and is grounded. Together, the electro-
des form a parallel plate capacitor with a capacitance of
around 700 pF (including the capacitance of the HV cable).
Voltages of up to V.= 6000 V (E = 150 MV /m, assuming
E =V /d as argued by Ref. [27]) can be used in the system.
The vacuum pressure was around 7 x 10~8 mbar in all of
the measurements.

Different voltage recovery scenarios were studied in
three sets of measurements, all described in Table 1. Each
measurement consists of 1000 BDs produced using a
constant target voltage. The pulsing voltage remained
constant at V,, throughout each measurement set, except
for the voltage recovery after each BD. In case a BD

TABLE I. The voltage recovery scenarios applied in the experi-
ments with the linear voltage ramp (one slope). The first column
shows symbol each measurement is denoted as. The total number
of ramping pulses Ny and the fraction of the starting voltage
Vo to the target voltage V, are shown in the second and third
column. The final two columns contain the corresponding overall
ramping slopes and the ramp rates (voltage increase per pulse),
respectively. The last measurement set included scenarios with
pulsing at a constant voltage before the start of the voltage ramp.
For these runs, Nps in each phase are denoted in the second
column.

No. N pulses Vo/V, Voltage slope Increase per pulse
1 500 20% 15360 V/s 8 V/pulse
2 1000 20% 7680 V/s 4 V/pulse
3 2000 20% 3840 V/s 2 V/pulse
4 4000 20% 1920 V/s 1 V/pulse
5 8000 20% 960 V/s 0.5 V/pulse
I 2000 80% 880 V/s 0.4 V/pulse
I 4000 60% 880 V/s 0.4 V/pulse
11 6000 40% 880 V/s 0.4 V/pulse
v 8000 20% 880 V/s 0.4 V/pulse
\% 10 000 0% 880 V/s 0.4 V/pulse
A 6000+ 4000 60% 920 V/s 0.5 V/pulse
B 4000+ 6000 40% 920 V/s 0.5 V/pulse
C 6000 +4000 40% 1380 V/s 0.7 V/pulse
D 8000 +2000 40% 2760 V/s 1.4 V/pulse

occurred during the voltage recovery, the process was
restarted from V. Before each measurement, a short
reconditioning was performed to ensure that the electrode
surfaces are in an identical state in the beginning of each of
the measurements. Additionally, the second measurement
set was performed in a random order to identify possible
conditioning effects between the measurements. However,
the electrode surface state evolved in between the meas-
urement sets, so the results are only fully comparable
within each measurement set, but not across the sets.

In the first set of measurements (scenarios 1-5), ramping
scenarios with different voltage slopes were studied. In
each measurement, V, was 4800 V (120 MV/m) and the
ramping started from 20% of the target voltage. Voltage
slopes between 1 kV/s and 15 kV/s were used. The
theoretical voltage increase curves are presented in Fig. 1.

In the scenarios, the voltage was set to the low value V,
after a BD. For the linear voltage recovery with 2000
pulses, this means that the voltage increases from V=
960 V (20%) to V, = 4800 V (100%) within one second
(the repetition rate is 2000 Hz). The voltage slope is thus
3840 V/s. This is rather fast rate and the system cannot
adjust to the new value instantaneously, causing delays in
the voltage change due to the RC coupling between the
power supply and the rest of the circuit. At this rate, the
voltage changes from pulse to pulse by AV =2 V.
Although the voltage changes linearly including the time
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FIG. 1. Theoretical voltage increase in each of the ramping
scenario in the first set of measurements as a function of time and
the number of pulses. With the repetition rate of 2000 Hz, one
second equals 2000 pulses. The figure also contains a 20 step
ramping scenario used in Refs. [24,28] for comparison.

within the 1 us pulse, this change is insignificant, and is
only 4 mV. Hence, the change from pulse to pulse is more
drastic, which causes the deflection in the shape of the
voltage ramp from the linear one.

The second set of measurements (I-V in Table I) focused
on the effect of the starting voltage. The slope of the voltage
increase remained the same, but the starting voltages
ranged from 0% to 80% of V, (4400 V). Note that scenario
IV (Npuises = 8000 and V,/V, = 20%) has identical para-
meters to scenario 5, except for the slightly different V,. In
the last set of measurements (denoted A-D), the voltage
ramp was combined with pulsing at a constant nonzero
voltage prior to the voltage increase. Each measurement
had the same amount of pulses. V, of 4600 V was used in
this set of measurements.

Additionally, the shape of the actual voltage increase was
studied and compared to the theoretical one via bypassing
the Marx generator and measuring directly the output
voltage of the power supply across a high-power capacitor
of similar capacitance compared to that of the electrode
pair. Using a capacitor instead of the Cu electrode pair
ensures that no BDs occur during the measurement.
Bypassing the Marx generator assumes that the shape of
the voltage increase curve is fully determined by the
limitations of the power supply and its RC coupling, as
the generator is only used to magnify the incoming voltage
by a constant factor.

III. RESULTS

The measured voltage recovery curves for each of
the ramping scenarios are shown in Fig. 2. In each
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FIG. 2. Actual measured voltage increase in each of the
ramping scenario as a function of time and the number of pulses.
The measurement was performed by using the power supply to
increase the voltage to 1000 V over a circuit with a capacitance
of 650 pF.

measurement, the target voltage was 1000 V and the
capacitance was 650 pF.

In the figure, we see that the actual voltage ramping
follows the curves that are slightly different from the
theoretical ones of 1 as it was explained in Sec. II. The
steeper the ramping, the more dramatic the delay caused by
the RC coupling is. It also affects the time, when the voltage
reaches V,. For instance, in the scenario with 500 pulses, the
actual voltage in the system is only at 60% of V, at the time
when the ramping should theoretically end (0.25 s). For the
other ramping scenarios of the first set, with 1000, 2000,
4000, and 8000 pulses, these values are 80%, 91%, 97 %, and
99% of V,, respectively. For the step-wise voltage ramping
scenario with 20 steps, the theoretical and measured curves
coincide, since a short pause was used in these experiments
in between the voltage increase and the start of pulsing to
properly adjust the power supply to the new voltage.

To determine the best voltage recovery scenario, we
analyze the BD rate (BDR) measured as the number of
BDs per pulse (BDR), the percentage of sBDs out of all
BDs (Np), the mean number of consecutive BDs between
two pBDs (including the pBD) (up) and ulgp, which is
defined as the fraction Nggp/Nppp, excluding those pBDs
that were followed by no sBDs. The results are shown in
Table II. The uncertainties were estimated by the standard
error of the mean. The sBDs were determined by fitting a
two-term exponential curve to the probability density
function (PDF) of the number of the pulses between two
consecutive BD events (Fig. 3). As introduced in
Refs. [23,25], the cross-point N of the two exponential
curves was used to classify the events so that the BDs that
occurred with the smaller number of pulses in-between
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TABLE I

Key figures for the BD experiments with different ramping scenarios. The first column denotes the measurement id and the

second one shows the order the measurements were performed in. Values of breakdown rate (BDR), two-exponential PDF fit parameters
(o and f), cross-point of the two exponentials (N ), percentage of sBDs (N gp), the average number of BDs between two pBDs
(including the previous pBD) (u.gp), and the fraction of the number of sBDs to pBDs for those series with at least one sBD (uly,) for
each scenario are listed in the table. The two-exponential fit could not be performed for scenario I, so the values denoted with T are not

fully comparable to the other measurements.

No. Order Scenario VO/Vt [%] BDR [bPP] a ﬁ Ncross NSBD [%] HsBD MQBD

1 1 500 pulses 20 6.46 x 1076 9.4 x 1075 0.003 2067  30.2 2.06 +0.10 3.6 £ 0.7
2 2 1000 pulses 20 3.59 x 107 4.2 x 107 0.003 2607  26.0 1.91+£0.10 2.7+£0.7
3 3 2000 pulses 20 419 x 107° 7.4 x 1075 0.002 3686  23.1 1.76+0.10 3.1 £ 1.0
4 4 4000 pulses 20 348 x 107 1.8 x 107 0.003 5588  22.6 1.53+£0.052.2+0.5
5 5 8000 pulses 20 2.02x107% 1.7 x 1075 0.002 10489 214 1.354+0.03 1.8+ 04
I 7 2000 pulses 80 7.34 x 107 77.4% 8.04+0.7" 12 +4%
I 9 4000 pulses 60 3.60 x 10~ 5.5 x 1075 0.002 5378  58.7 43+£04 T74+£3

ar 10 6000 pulses 40 3.75 x 107° 4.2 x 107 0.002 7284  39.9 25+02 41+£14
IV 6 8000 pulses 20 2.81 x 107 3.7 x 107 0.001 10352  62.3 37£02 47+0.6
\Y% 8 10 000 pulses 0 3.30 x 107 4.8 x 1075 0.001 11943 454 25+0.1 3.4+07
A 11 6000 pulses flat + 4000 pulses ramp 60 5.48 x 107 6.2 x 107 0.001 12755  70.2 7.5+10 13+£7

B 32 4000 pulses flat + 6000 pulses ramp 40 331 x 107 4.1 x 1075 0.001 12228 42.8 2603 5+£2

C 13 6000 pulses flat 4+ 4000 pulses ramp 40 1.39 x 1075 2.8 x 1073 0.001 13404 39.6 1.84+£0.08 2.9+0.6
D 14 8000 pulses flat 4+ 2000 pulses ramp 40 8.84 x 107 1.0 x 10~° 0.001 14739 384 1.96+0.13 2.8 +0.9

(N < N_) were determined as sBDs, while the pBDs
happen with longer waiting time, i.e., more pulses, in
between the two BD events. The exponential coefficients a
and S correspond to the BD rates of pBDs and sBDs,
respectively, and were found from the fit to the PDFs in
Fig. 3 as [23],

PDF = A exp (—aN) + B exp (—fN), (1)

where N is the number of pulses between consecutive BDs.
It must be noted that the results are fully comparable only
within each set of measurements, as the surface state of the
electrodes may have changed in between the measure-
ment sets.

Figure 3 shows the PDFs as functions of the number of
pulses between two consecutive BDs. We see that the
location of the BD peak probability correlates with the
number of the ramping pulses and is typically registered
during the early pulses at the target voltage. We notice not
only a shift in the peak location toward the greater number
of pulses between consecutive BDs but also the change of
the shape of the peak probability. The more gradually the
ramping is performed, the lower the probability of a BD to
happen at the end of the ramping process. Hence, the
concentration of the BD around the end of the ramping
stage is lower. This can be observed in the numbers shown
in legend that are the full width at half maximum values for
the PDF peaks (in pulses). The broader this value, the more
evenly the BDs are distributed over the different numbers of
pulses between the consecutive BDs. This correlation is

particularly obvious in the first set of the measurements
1-5, where the effect of ramping slope was analyzed.

Comparing the results for the scenarios 1-5 presented in
Table II and Fig. 3, we note that the lowest values in BDR,
Ngp and ugpp were obtained for the scenarios with the
most pulses in the voltage recovery. However, the expo-
nential coefficients a and f were relatively similar for all
scenarios. This consistency indicates the same nature of the
processes responsible for the sSBD and the pBD events. The
striking consistency in the values of the f coefficient, (the
rate of sBDs) shows that this process does not depend on
the particular ramping scenario due to the correlation
existing between the subsequent events. Slight gradual
decrease of the a coefficient with increase of the number of
ramping pulses indicates a quieter conditioning process via
the pBDs only. We also note that despite the similarities in
a and f coefficients for all the measurements in this series,
both values are consistently lower for the scenario with
8000 voltage recovery pulses.

The similar a and f values in all the measurements lead
to the consistent shift of about 2000 pulses (1 s) in the N
toward a greater number of pulses after the voltage recovery
is finished. The combination of the smallest @ and f values
in the recovery scenarios with the most pulses (>8000)
resulted also in the largest shift in N, toward the greater
number of pulses between the consecutive BDs. Despite
this, we conclude that in our measurements almost all BDs,
separated by more than an extra ~1 s after the voltage
recovery period, are pBDs.

In Fig. 4, we see that the location of the maximum value
of each PDF correlates strongly with the number of voltage
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FIG. 3.

Probability density function for a BD to occur at a number of pulses after the previous BD event for the different voltage

recovery scenarios. The number in the legend after each scenario shows the full width at half maximum value for the peak (in pulses).

recovery pulses. The maximum BD probability is typically
reached a few hundred pulses after the voltage has reached
its target value.

Since the results of scenarios 1-5 clearly indicate that the
slope of the voltage ramp affects the BD activity during
the short-term conditioning, we now turn to the analysis
of the results obtained in the measurements performed with
the purpose of reducing the total ramping time while
keeping the lowest slope. In the next measurement set
(scenarios [-V), we start the voltage recovery from different
fractions of V, while keeping the slope of the voltage
increase unchanged.

15000
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FIG. 4. Location of the maximum value of each PDF in 3 as a
function of the number of pulses in the voltage recovery scenario.

The results in Table II show that the shortest ramping
time in this set of the measurements (see scenario I,
Vo/V, = 80%) resulted in by far the worst performance
as more than 50% of the BDs occurred on the first pulse
after the previous BD. This made it impossible to fit the
two-exponential curve or to estimate the FWHM for the
PDF of scenario I. The scenarios with other starting
voltages resulted in the BD behaviors with the similarly
low number of sBDs, although the scenario with V,/V, =
60% resulted in the highest BD rate and the longest sBD
series. It is clear that pulsing at the voltage below V/V, =
40% was not contributing to the improvement of the
conditioning procedure.

The experiments [-V were not performed in the logical
order to identify possible conditioning effects. However,
the results show no correlation with the measurement order,
only with the measurement parameters.

We next aim to verify the effect of the number of pulses
during the voltage recovery stage. For this, we performed
one more set of experiments (scenarios A—D), where we fix
the total number of pulses and use two different combi-
nations: fixed ramping slope and a varied initial voltage
value or fixed initial value and a varied ramping slope. In
these, the voltage ramping did not start immediately with
the pulsing, but with a delay, i.e., after pulsing at a flat value
of Vy/V,=60% and V/V, = 40% for3sand at V/V, =
40% for 2 s and 4 s. The results of these measurements
clearly show that long pulsing at V,,/V, = 60% resulted in
the worst performance in this series of experiments. We see
that the long pulsing at a relatively HV value, although with
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no ramping, increased the unstable conditioning perfor-
mance of the PDF. Namely, we see that the distribution has
the longest left-hand tail before the peak, which means that
the BDs start before the voltage is ramped to the target
value and continue long after V, is reached.

Long pulsing at V,,/V, = 40%, however, with different
combinations of the delay time and the ramping slope
resulted in very similar performance, however, clearly better
than the performance of the scenario III, where the recovery
scenario was similar, but with no delay in applying the
ramping. Even more surprisingly, increasing the delay
time (hence increasing the voltage ramp at the end of the
voltage recovery procedure) did not result in worsening of
the conditioning performance, but on contrary, reduced the
BD rate, while keeping the percentage of the sBDs the same
low, and shortened the length of the sBD series.

It is a surprising result, which is rather counterintuitive,
taking into account our previous observation of dependence
of the conditioning process on the voltage slope. In Fig. 2,
we clearly see that the scenario D had the steepest voltage
increase slope, although it resulted in BDs occurring after
the largest number of pulses within the ramping period and
practically in no BD before the voltage reached its target
value. It also had the narrowest PDF peak (the appearance
of BDs is more localized around its peak value) and a fast
decay toward the higher number of the pulses between
subsequent BDs.

Based on these results, we conclude that the surface is
self-cleaning during the pulsing at relatively low voltage
values. This means that even the steep rise of the voltage
during the voltage recovery stage results in mainly pBDs,
only rarely followed by a cascade of sBDs.

Figure 5 shows the peak BD probabilities from Fig. 3 vs
the total energy E that is entered into the system via pulsing
during the voltage recovery. The energy was calculated by
summing the energy E; of each voltage pulse i
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FIG.5. Peak BD probability during linear voltage recovery as a

function of the ramping energy. Also a fit describing an
exponential decay is shown.
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E=Y -CV3, 2
2 7Y (2)

where C = 650 pF is the capacitance of the system and V;
is the voltage of each ramping pulse. Scenario I is excluded
from the figure since its peak BD probability is several
orders of magnitude higher compared to the other mea-
surements. It is interesting to observe that all points
obtained in different measurements follow closely the
exponential dependence fitted as

PDFpeak,slopes =A CXp(BE) (3)

with the fitting coefficients A = (2.540.2) x 10~ and
B =—-0.099 £ 0.011 and the coefficient of determination
R? = 0.98.

Finally, we revisit the step-wise voltage recovery meas-
urement (V, is reached using 2000 pulses in 20 steps),
which is commonly used in metal surface BD conditioning
experiments as reported in Refs. [25,26]. In Fig. 6, we
analyze the data within each step (between two subse-
quent changes in the voltage values) to determine the decay
rate of the BD probability within a ramping step. In the
scenario, the step length is 100 pulses, during which
the voltage stays constant. In the figure, we plot the
PDF produced by a step-wise voltage recovery scenario
as a function of the number of pulses between two
consecutive BDs. We noticed that, during the ramping
process, the PDF shows a saw-tooth behavior, as was
observed in Refs. [24,25]. The behavior shows a strong
increase in the PDF at the first pulses after the voltage
change and a rapid decay until the end of the step. We now

Time [ms]
0 10 20 30 40 50
' ' ' . Da{a points ‘
P —exp(-0.24*x)
= -3
% 8 = 10
Qo =
[<} =
= a6
2 z
© 54
o)
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L ° ° ° e
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Pulses since the beginning of the step

FIG. 6. Decay of BD probability as a function of pulses (or
time) since the beginning of the ramping step. The red line shows
an exponential fit on the data. The inset shows the relationship
between the peak BD probability during a ramping step and the
increase of voltage since the previous step.
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analyze the decay rate of the BD probability P by fitting it
to an exponential function

In(2

n(2) t) 7 ()

712

P(1) = exp <—

where ¢ is the time (or the number of pulses) since the
beginning of the ramping step. The half-life 7, , was found
to be (2.9 +£0.6) pulses, which equals (1.4 +0.3) ms
(coefficient of determination R? = 0.95). This shows a
very sharp decay in the PDF after the change of the voltage,
confirming the strong effect of the idle time during the
voltage change. Furthermore, we analyze the relationship
between the peak BD probability during a ramping step and
the voltage increase after the previous step in the inset of
Fig. 6. This dependence can be fitted to the logarithmic
function of the voltage increase between the ramping steps

PDFpeak,steps = dsteps IOg(AV) + bsteps’ (5)

are dgyeps = (3+£2) x 107 and byeps = (-2 £ 1) x 1072
(coefficient of determination R> = 0.80). The nonideal
fitting could be explained by the fact that in this case,
not only the voltage increase but also the idle time between
the ramping steps affects the BD probability [25].

IV. DISCUSSION

The results shown in Table II confirm that the overall
behavior of most linear ramping scenarios tested in this
work are very similar. Since there were no pauses in these
experiments, neither during nor after the voltage ramp, the
PDF decay slopes seen in Fig. 3 after the peak values are
very similar and did not strongly depend on whether a short
or long ramping time was used. Quantitatively the shape
similarity is confirmed by the similar values of a and f3, i.e.,
the respective pBD and sBD rates for all the scenarios.
However, we noticed that the most quiet and, hence, least
detrimental conditioning process is achieved in the longest
voltage recovery process, i.e., the one with the lowest
ramping slope and the greatest number of recovery pulses.
Hence, we separately analyzed which of the two parameters
is the most important for optimization of the conditioning
process.

Fixing the value of the ramping slope, but aiming to
reduce the time of the voltage recovery stage, we performed
the measurements with different starting voltages (scenar-
ios I-IV). The results emphasize the importance of the
slope, showing very comparable results for almost all the
scenarios except for the shortest one. The scenario with
Vo = 80% performed significantly worse than the others.
This can be explained by the fact that starting the voltage
recovery at such a HV was very close to scenario in which
no recovery was used, which was found detrimental in
Ref. [25]. Surprisingly, we did not observe effect of extra

pulsing when the voltage was ramped up from zero or from
Vo/V, =20%. This inspired us to verify whether the
longer pulsing at relatively high initial voltage value would
affect the result.

In the third set of measurements (scenarios A-D), we
fixed the total number of pulses of the voltage recovery
stage to the largest value of the previous set of experiments
(10000), alternating pulsing at the flat voltage value to the
voltage ramping mode. To our surprise, the scenario D with
the steepest ramping slope resulted in the least number of
sBDs. We believe that in this experiment the combination
of long pulsing at relatively high, but still sufficiently low
value, added the effect of a gentle cleaning of the surface,
which allowed to ramp the voltage even faster than usual
without increasing the number of BDs. On the contrary, the
BD rate and the average number of sBDs between the two
subsequent pBD decreased dramatically (see Table II).
However, the flat value in the voltage during the initial
pulsing plays a role. Similar to scenario I, it was found that
a high V; in scenario A made it perform worse than the
others. We also note that in overall, in Fig. 3, the scenarios
A (long pulsing at Vj/V, = 60%) and B (short pulsing at
Vo/V, = 40%) produced very similar PDF curves, while
the curves of the scenarios C and D (in both, the long
pulsing at Vj = 40%V ;) where slightly more localized.

Although we are not able to compare the results between
different sets of experiments quantitatively because of the
different state of the used electrodes, we observe a general
trend in the shapes and the peak locations of all PDFs. It is
clear that, in all the experiments, the location of the peak
correlates strongly with the number of pulses used during
the voltage recovery stage. Moreover, we notice that the
shape of the PDFs in the C and D experiments with the
steeper voltage ramping slope is very similar to the shape of
the PDFs obtained in the first experiments 1-5, where the
slopes of the voltage ramp were also the steepest. The less
localized peaks of the I-V and A-B experiments with the
very similar slopes confirm our conclusion that the slope of
the voltage ramp defines how localized the BD probability
is around its maximum value.

Similarity in the PDF shapes of Fig. 3 confirms that the
surface conditions were similar during all the experiments,
since other parameters of the experiments, such as the gap
length and the target voltage V,, remained unchanged.
However, we noticed that the BD probability during the
early pulses after the voltage reached V,, was increased as
the ramping time was shortened. Moreover, these BDs with
the smallest number of pulses between them, form their
own distribution, which can be seen in Fig. 3 as short tails
on the left side of the graph. The shapes and the maxima of
these distributions are different for the different ramping
slopes of the post-BD voltage recovery.

Considering that the right-hand parts of the PDFs in
Fig. 3 can be fitted to a Poisson distribution using a two-
exponential model, we can assume that both the sSBDs and
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pBDs are produced by distinct Poisson processes. This also
implies that each BD event must be independent of the
preceding one, i.e., it must appear with equal probability
either immediately or after any number of pulses since the
previous BD. Existence of the tails in the region of the
smallest numbers of pulses between the consecutive BDs,
with the peak values PDF,, indicates of enhancement of the
BD probability for these values compared to others, i.e., BDs
are more probable to occur right after the end of the ramping
process compared to any other pulse number in the region
where the voltage is constant V = V,. The difference in
PDF,,.,, consistent with the ramping slopes used during the
recovery process, reveals that the surface adjusts differently
to the voltage increase depending on the rate of the ramp.

In Fig. 5, we found out that the PDF,,., as a function of
the energy pumped into the system during the ramping
pulses, follows an exponential dependence. The more
energy is put into the system during the ramping, the
lower the peak BD probability. This suggests that the work
performed by the ramping pulses affects the surface and
broadens the PDF peak, making the BD occurrence more
delocalized in terms of pulses between consecutive BDs.
This is why a more localized probability is seen for the
shorter voltage recovery scenarios in Fig. 3. However,
when the energy is already significant, the further locali-
zation of sBDs during the first pulses slows down.

Furthermore, we also note that the percentage of the
sBDs and the average length of the sBD series yppy are also
monotonically decreasing with a decrease in the ramping
slope. Surprisingly, the average length of the sBD series
(#.pp), Which actually occurred after a pBD, showed much
weaker dependence on the ramping slope, fluctuating
between 2 and 3 sBD after a pBD for the scenarios 1-5.
It is clear that the shortening of upp with the decrease of
the slope is explained by surface conditioning mainly via
less violent and smoother distributed surface pBDs.

As it was mentioned earlier, there is a consistent shift in
the cross-point N, of the two exponential fits of the
PDFs by approximately 2000 pulses (1 s) after the voltage
ramp is finished. However, this shift is stronger for the fast
ramp and reduces with the increase of the ramping time. We
relate this trend to the delays in the voltage ramping due to
RC coupling. As it was shown in Fig. 2, the target voltage is
not reached immediately after the given number of pulses
but with some delay. The delay is greater when the voltage
increase is steeper. This suggests that a vast majority of the
BDs, that occur after the target voltage is reached and
stabilized, are pBDs. The apparent exception of this trend is
found in scenario 5, where we see that N, in this case is
shifted deeper toward the greater number of pulses.
However, we draw the attention to the fact that we obtained
the shortest series of consecutive sBDs using this voltage
recovery scenario, which reduces statistical accuracy of the
obtained results. In overall, we found the smaller sBD rates
and much lower localization of sBDs at the first pulses after
the voltage ramp. However, the Np, is consistently lower

than in any other experiments, which confirms the con-
clusion about overall conditioning performed via pBDs
mainly.

From Fig. 3, it can be seen that the BDs start occurring
closer to the end of the ramping period when the voltage
ramping slope is smaller. This indicates that the metal
surface can tolerate stronger electric fields if the voltage is
ramped slowly. The result shown in Fig. 5 is also in line
with this argument. Here, we saw that the BD probability is
lower if more energy is put into the system during the early
pulses.

As we saw previously in the experiments with the step-
wise voltage recovery scenarios, the increase in the voltage
value before each following step increased the BD prob-
ability drastically during the first few pulses. We showed in
Fig. 6 that this decay is very fast with a half-time of 1.4 ms.
This suggests that any pulse, also in the linear voltage ramp
scenarios, with a voltage higher than that of the previous,
increases the BD probability for a short time and this
increase depends on the difference AV between the pulses.

The results above can be associated with the existence of
short-lived field emitters on the electrode surface. When the
surface is exposed to an electric pulse with an amplitude
sufficient to initiate the formation of new field-emitting
features, fresh emitters can be born emitting electrons into
vacuum. Each emitter can either exhaust itself or enter into a
runaway process, which can eventually lead to a full BD
event [21]. One of the known factors determining the
outcome of the emitter is the electric field strength, which
has to be sufficiently high to launch the runaway process
[21]. The hypothesis assumes that the amount of new emitters
born is proportional to the change in the electric field
strength. During the voltage change, there is a sudden
increase in the external electric field strength at the surface,
which magnifies the local gradients, driving the atomic
migration on the surface. The relationship between the peak
BD probability and the ramping energy found in Fig. 5 also
supports this assumption. The work performed by the electric
pulses at relatively low voltages can be sufficient to bring out
the field emitters but not enough to start the runaway process.
Thus, when the system enters into pulsing with high-enough
voltages that could cause BDs, many of the possible field
emitters are already exhausted, thus lowering the BD
probability.

However, more studies would be required to confirm the
hypothesis involving the dynamics of the short-living field
emitters.

Moreover, it is apparent that in the case of the longest
ramping, the system had experienced the largest number of
pulses before the voltage reached the target value. Electric
fields exert tensile Maxwell stress on metal surfaces [29],
hence in the pulsing regime, this stress may induce surface
vibrations. These vibrations can contribute, e.g., in cleaning
of the surface by detachment of the loosely bound impurity
atoms, which is another possible way of reducing the BD
probability.
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The counterintuitive results between the first and third
measurement sets can be explained by the fact that, once
the surface is cleaned from the impurity atoms due to the
vibrations during the early ramping pulses, a higher
strain rate (produced by a higher voltage slope) may
actually increase the yield strength of the metal, thus
resulting in fewer field emitters that could cause BDs
[30,31]. However, this means that the voltage during
the early ramping pulses needs to be high enough to
produce any cleaning effect, while at the same time the
voltage cannot be so high that it would cause BDs. It
was found that 40% of V, is a good compromise between
these two.

V. CONCLUSIONS

Different post-BD voltage recovery scenarios with linear
ramping and no pauses were investigated in this study. The
main purpose was to determine the best scenario resulting
in the most efficient mitigation of the secondary BDs and to
understand the relationship between the rate of the voltage
increase and the BD probability.

We observed that the BD rate, the fraction of secondary
BDs, and the average number of secondary BDs per a
primary BD in a series were the lowest for the scenarios
with the most pulses to reach the target voltage. The smaller
the slope of the voltage recovery, the fewer BDs were
produced during the recovery.

In all scenarios, the sBD probability was concentrated at
the end of the ramping period, regardless of the number of
the ramping pulses. The localization of the sBD probability
was found to be dependent on the slope of the voltage
increase. It was also found that the peak BD probability is
dependent on the energy of the ramping pulses: the more
energy is inserted into the system during the ramping, the
lower the peak BD probability.

The lowest BD rate of the fist set (scenarios 1-5) was
achieved with the scenario that contains the most gradual
voltage recovery and the most voltage recovery pulses. For
second set (scenarios [-V), with equal voltage slopes, but
variable starting voltages and number of pulses, the three
scenarios with 6000, 8000, and 10000 pulses and starting at
40%, 20%, and 0% of the target voltage, respectively,
performed almost equally well.

For the last measurement set (scenarios A-D), the lowest
BDR was achieved with a combination voltage recovery
scenario with 8000 pulses of pulsing at a flat voltage, 40%
of the target voltage, followed by a rapid increase to the
target voltage over 2000 pulses.
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