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Abstract
Localized heating has been observed in unexpected positions on anodic surfaces in amulti-electrode
device insulated by vacuumgaps. In double polarity experiments, a counter-intuitive behavior of
current-voltage characteristic has also been observed. The phenomena could depend on a cascade
effect of charged particles exchanged between electrodes and on amutual correlation of particle
trajectories between electrode surfaces occurring during the high voltage conditioning phase.
Attractors regions ascribed to regenerative processes of charged particles between cathode and anode
have been identified thanks to numerical simulations The position of the attractors depends only on
electrode shape and the ratios of applied voltages. Thisfinding suggests new perspectives in neutrons
sources applications, where recurrent impacts of focused high energy hydrogen isotopes take place on
solid hydride targets supported bymetallic electrodes insulated by vacuumgaps.

1. Introduction

In the framework of the program for the construction of 1 MeV–16MWnegative-ion based neutral beam
injector (NNBI) for ITER [1], an R&Dactivity on voltage holding in vacuumhas been initiated in 2009. The
activity is aimed at supporting the design, construction, and development of theNNBI accelerator.

The lack of a physical explanation of the vacuumbreakdown phenomena has driven our group to investigate
this topic bymeans of specifically designed experiments [2].

In vacuumor in any gas having a pressure lower than 10−4
–10−5mbar, the freemean paths ofmolecules is

much larger than the distance between the electrodes and thus the Townsend’s dischargemechanism cannot
explain the breakdown. In absence ofmagnetic field, the product between pressure and electrode gap length is so
small that the classic Paschen curve [3] is not applicable. Therefore, under these conditions, the low-pressure gas
between the electrodes cannot be considered the origin of the breakdowns, the electrode geometries, their
material and the status of the surfaces necessarily become the causes that limit themaximumvoltage holding.

A plenty of research activities have been documented concerning high voltage vacuum insulation in short
vacuumgaps, up to fewmillimeters. However, only a limited number of works have been published considering
long vacuumgaps, due to the obvious technical difficulties in the experimental set-up.

The breakdown behavior in the case of short vacuumgaps is well described by the field emission based
theories [3, 4], but this is not valid in the case of long vacuumgaps.

In case of short vacuumgaps, the breakdown is characterized by the existence of amaximumelectric field E .B

Suchfield depends on the electrodematerials and on the status of the cathodic surface. In case of plane parallel
electrode themaximumvoltage holdingVB is proportional to the gap length d, and thusV d E .B B= ·
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The latter equation is not valid in the long gap cases whereV d ,B µ a with 0.3 0.5a = ¸ [5] [6]. Such loss of
direct proportionality between themaximumvoltage and the gap length suggests that an interaction between
opposite electrodes determinesV :B the ‘local’ status of themetal-vacuum interface of only one electrode is no
longer sufficient to properly describe the initiation of the discharge.

In both cases (long and short gaps), it is usually necessary an in situ treatment, called ‘high voltage
conditioning’, to achieve themaximumwithstanding voltage for the configuration under test [3]. The
conditioning in dc is typically done by applying small discrete voltage steps repetitively andwaiting for the
system to achieve a stationary condition before increasing the voltage again, conditioning can also be done by
using pulsed voltages in a similarmanner. The high voltage conditioning is a process associated to and
characterized by intermittentmicrodischarges, usually accompanied by x rays and gas emission, that leads to the
safely quench of further possible source of breakdowns. As a result of this process, bothmicrodischarge and
breakdown thresholds voltages are improved [7].

Several investigations have been carried out to understand the physicalmechanisms governing the
conditioning process. In case of long vacuumgaps, it is still not completely clear which electrode (anode, cathode
or both) is subject to the surfacemodification occurring during the conditioning procedure.

Moreover, the exact role of the background gas pressure, which can improve, within certain limits, the
voltage holding of a system insulated by vacuum [6] is also unclear.

Afirst analysis of the phenomena initiating the breakdown in vacuumwould suggest the existence of a
threshold in the electric field or in the triple product (electric field on anode surface and cathode surface and
applied voltage) [8] are the causes initiating the breakdown respectively for short and long vacuumgaps. In both
cases the observations reported in the present paper highlight the importance of a global approach; the latter
would require also analyzing the areas candidates to concentrate the flux charged particle exchanged between
electrodes. Such phenomenon could induce power dissipation in unexpected positions on the electrode surfaces
until limiting the voltage holding performances.

This issue could imply a severe degradation of the electrode surfaces when the high voltage (>100 kV) power
supplies can deliver also high currents (>1 A) and the electrode surfaces are not actively cooled, e.g. the
electrostatic accelerator or the beam source vessel of the ITERNBI injector could be damaged during the
conditioning phase if the phenomenon is notmonitored and the high voltage is raised quickly.

The present paper deals with the findings observed during the high voltage conditioning tests carried out at
theHighVoltage Padova Test Facility (HVPTF). HVPTF is a laboratory designed to carry out high voltage tests
in vacuum in dc up to 800 kV. It has been built in collaboration between theConsorzio RFX, the Padova
University and the INFN laboratories it has been equipped by several diagnostic systems tomonitor the
characteristic of discharges and radiation occurring during high voltage tests in vacuum [9, 10].

2. Experimental setup description andmeasured quantities

The system consists of a cylindrical vacuumvessel (1.2 m in diameter and 2.4 m long), connected to a pair of
power supplies. The vessel is pumped by a turbo-molecular vacuumpumphaving a pumping speed of 1000l/s in
N2. Infigure 1, a scheme representing the setup and themeasured quantities is shown.

Each electrode is polarized respectively by a negative and by a positive high voltage Cockcroft-Walton (CW)
power supply. Both units are rated for 400kVdc 1 mA; the two units are in series in order to obtain a total voltage
of 800 kVbetween the electrodes under test. A 15MΩ resistor is connected between each electrode and theCW
multiplier to limit the breakdown currents.

Each high voltage power supply canmeasure the voltage, (V+ andV−), and the currents, drained by the
electrodes (I+ and I−). The signals have a bandwidth of about 1 kHz.

The difference between I+ and I− is the current directed towards the vacuumchamber, which sometimes
acts as a third electrode. This happens although the distance between the electrodes under test and vacuum
chamberwall is 600 mmand no electric field concentrations are present. The signals from the power supplies (V
+, V−, I+, I−) and the pressure signal p of a BayardAlpert hot cathode gauge (Oerlikon ITR90) are sampled
synchronously at 100 Hz during the tests.

An InficonTranspector TSP-TH100Residual Gas Analyzer (RGA) is adopted tomeasure the composition of
the gas desorbed from the electrode surfaces during the experimental sessions. The RGA is connected directly to
the vacuumchamber; no differential pumping systems have been used.

The EquivalentDose Rate [μSv/h] (EDR) of the x-ray produced during the experiments ismeasured by a
BertholdDose Rate Probe LB 1236 located outside the vacuumchamber, 1meter from the chamberwall.

An Infra-RedCamera (IRC) FLIRA655sc 25° is dedicated tomonitoring the electrode temperatures during
the tests. The spatial resolution of the camera is 1.5×1.5mm2; each frame is recorded at 50 Hz.

2

J. Phys. Commun. 2 (2018) 115002 NPilan et al



An acquisition systemhas been implemented and calibrated to detect the energy spectrumof the x-ray
emitted during the experimental sessions. The system consists of two scintillators: aNaI(Tl) inorganic
scintillator, 3 inches in diameter and 2 inches thick, and a EJ-228 organic scintillatormade by Polyvinyltoluene
(PVT), 2 inches in diameter and 2 inches thick. Each scintillator is coupledwith its own photomultiplier, they are
positioned in air, outside the vacuum chamber, 1meter far from a glass windowDN100, 5 mm thick. Both units
are connected to aCAENDT5720Bmultichannel digitizer, energies and times of each single photon detected is
recorded up to amaximum rate of 350 kHz.

The objects exposed to vacuum are the two electrodes under test, the inner chamberwall (made of stainless
steel), the surface of insulators, covered by glass, and the exposed surface of the vacuum sealingwhich can be
made of copper or rubber elastomer (VitonTM). No baking systems are present. The electrodes under test are
sustained by cantilever brackets; the latter are composed by a cylindrical stainless steel tube connected to an
alumina feedthrough.

During the experimental campaign described in this paper, twoAISI 304L electrodes have been tested, both
electrodes have beenmanufactured by lathemachining.

The electrode used as a cathode is a sphere 40 mm in diameter, while a planar electrode 108 mm in diameter
is the anode. Theminimumvacuumgap length between the electrodes is 30 mmalong the axis of the system, as
shown infigure 3.

A surface roughness Ra better than 0.8 μmhas been obtained on both electrodes by using abrasive papers.
The papers are a polyester filmwith a deposition of abrasive grains of aluminumoxide. No lapping pastes have
been adopted to treat the electrode surfaces. After finishing, both electrodes have been cleaned in awater
solution by an alkaline detergent by using an ultrasonic bath; the electrodes have than beenwiped by clean cloths
and acetone.

A picture of both electrodes during the high voltage test is shown infigure 2.
Afinite element analysis has been carried out to calculate the electrostatic fieldmap of the configuration

under test. For the calculation, the Laplace equation has been solved using the commercial codeComsol®.
Infigure 3, the result of the electrostatic 2D axial symmetric analysis is shown. The electric fieldmap in

vacuum is visualized in terms of equipotential lines and electric field strength. In the simulation the applied
voltages are−100 kV at the sphere and+100 kV at the plane electrodes.

3. Experimental procedure

At theHVPTF laboratory, the conditioning procedure can be carried out applying voltagemanually in both
units or automatically. The voltage can be gradually raised step by stepmanually at the best vacuum level

Figure 1. Setup scheme andmeasured quantities. V+, I+ andV−, I− are themeasured voltage and currents respectively for the
negative and the positive power supply. ResidualGas Analyzer (RGA) is themass spectrometer. p is the pressure gauge. EDR represents
the x- (and gamma) ray dosimeter tomeasure the EquivalentDose Rate. The EJ-228 andNaI(TI) represent the scintillator probes.
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reachable by the system (p<3.×10−7 mbar). This technique is one of themost consolidatedmethods for
improving the voltage holding of a device insulated by vacuum [3].

Alternatively, a fully automatic procedure can be adopted to apply theDC voltage to the electrodes under
test: voltage is raised symmetrically in both power supplies.

The automatic procedure was adopted in this case, in order to obtainmore reproducible experimental
results.

The automatic conditioning procedure is schematically represented infigure 4. The voltageV is applied at
constant speeds: KFAST, K1 andK2within specified voltage rangeswhich are respectively: 0<V<V1,
V1<V<V2 andV>V2. A breakdown is characterized by a quick collapse of the voltage to ground in few
microseconds. A breakdown can involve one of the power supplies or in both; when a breakdown happens, the
reference voltage is forced to zero in both units. Finally, a time delayΔt is applied before restarting the automatic
rise of the voltage.

At the occurrence of the ith breakdown, the corresponding voltageVBDi is recorded and the parameters V1

andV2 are updated as follow: V2 i+1=VBD i andV1 i+1=0.9*VBD i+1,
In the preset experimental campaign the following parameters have been adopted for both power supplies:

KFAST=25 kVmin−1, K1=0.5 kVmin−1 andK2=0.25 kVmin−1.Δt=2 minV BD 1=80 kV.

Figure 2.Picture of the axial-symmetric electrodes during amicrodischarge, spherical cathode (left) and planar anode (right). The
white spots are the effects of the x-rays on the pixels of the visible camera adopted.

Figure 3.Electrode geometry, vacuumgap length 30 mm, electrostatic field distribution at 200 kV (V−=−100kV andV+=
+100 kV) applied between electrodes.
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Themaximum currents Imax+and Imax− can be set in each power supply in the range 0–1 mA.When
I=Imax, in one of the power supplies, the ‘current control’mode is triggered,,, the automatic conditioning
procedure is suspended and the control is driven by the single unit where I=Imax. During this occurrence both
reference voltages are kept constant, the reference voltages can be different from themeasured voltages V+ and
V−. The current controlmode usually occurs at high voltage if the electrodes are not cleaned properly, and is
characterized by a progressive increase ofmicrodischarge frequency up to a continuous release of charges and
material from the electrode surfaces.

During the current controlmode, the high voltage conditioning proceeds althoughV+≠V−.

4. Experimental results

As explained in the previous chapter, themeasured quantities are the currents I+and I−, the EDR, the pressure,
the voltages V+andV− and the x-ray counts. Infigure 5, the time evolution of the recorded quantities is shown
during the application of the automatic conditioning procedure for a typical experimental session. A total
number of 48 breakdowns have been recorded in this case. A saturation value of the breakdown voltage has been
achieved at 320 kVbetween the electrodes.

During thewhole session, a relatively high contribution of I+with respect to I−has been observed. That
suggests a not negligible interaction between the positive power supply and the vacuumvessel.

The composition of the gas released during themicro discharge occurrence is shown infigure 6.Molecular
hydrogen and nitrogen, water and carbon dioxide are themain gas species emitted duringmicrodischarges. The
RGA signals have time evolution compatible with the pressure signal shown infigure 5.

During the high voltage test, the IR camera did not show any appreciable temperature variation on the
electrode surfaces. Nevertheless, a temperature rise in themetallic cantilever structure connected to the positive
power supply has been observed. Figure 7 shows the temperaturemap after amicrodicharge occurrence. The
microdischarges lasted for 20 s, while the power generated by the positive power supply was about
160 kV×0.1 mA=16W.

An increment of+5 °Chas been observed only on the support of the anode as reported infigure 7.No other
points with a similar temperature rise were found.

Other two sessionswere done after the one shown infigure 5: the same automatic procedure was used and
the vacuum systemwasn’t turned off. The voltage holding didn’t improve and the same behavior of the system
was observed.

An additional sessionwas carried out by applying voltage as shown infigure 8. The automatic conditioning
procedure was suspended for t>1330 [s]. The voltage between electrodes was kept constant at 320 kVuntil the
occurrence of a breakdown at t=2380 s. The voltage of both power supplies were raised symmetrically again up
to−160 kV and+160 kV, then theywere kept constant for 2850<t<3270 [s] since themicro-discharge
activities disappeared.

The interesting part of the session occurs at t>3270 s, when only the voltage of the negative power supply
wasmanually decreased. The time evolution of the total voltage between the electrodes is shown in the last plot

Figure 4.Automatic conditioning procedure parameters.
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Figure 5.Currents, EDR, pressure, voltage and x-ray counts of EJ-228 scintillator versus time in session#1801260832, session
controlled by the automatic conditioning procedure. The delay of the EDR record depends on the post processing of the data buffer.
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offigure 8. Themicrodischarge onset occurredwhen the voltage of the negative power supply was decreased
from160 kV to 155 kV. At constant voltage,micro-discharges tended, as usual, to extinguish until a further step-
down voltage was applied.

These series ofmicro-discharges were accompanied by the local heating of the anodic support as observed in
the previous experimental session#1801260832 (see figure 7).

The dynamic response of the x-ray counts detected by the PVT scintillators is in agreement with the other
measured quantities but the interpretation of the energy associated to each count is not straightforward. The
energy recorded ismainly the result of the Compton scattering [11] interaction of the primary photons coming
from the experiment and the scintillatormaterial. The energy of the primary photons is due to the

Figure 6.RGA signals versus time in session#1801260832, session controlled by the automatic conditioning procedure.

Figure 7. IR camera picture of the stainless steel (cantilever) arm connected to the positive power supply and supporting the planar
electrode.
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Bremsstrahlung radiation of electrons decelerated on anode. Their energy distribution can be described by the
Kramer’s law [12]. This diagnostic system and themeasurements interpretationwill be discussed in detail
in [9, 10].

The energy spectra recorded in the timewindowsWi=1,2,3 offigure 9 are shown in figure 10.Note that the
counts C i=1,2,3 are respectively 735, 205 and 162 for the same timewindowof 4 s.

After several tests were executed changing the gap length and the electrode geometry, while the power supply
polarity kept unaltered, a couple of annular brown traces have been observed on the vacuumchamber inner
wall, in front of the anodic support (see figure 11).

Figure 8.Currents, EDR, pressure, voltage versus time in session#1802061505. The dotted lines highlights the restart of the
microdischarge activity during the stepdown voltage of V−, V+was kept constant at 160 kV.
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A reduced amount ofmaterial has been also deposited in the insulator indicated in the point P offigure 12
A sample have been cut from the insulator and analyzed by the EnergyDispersive x-ray Analysis (EDX). In

figure 13 the sample and the analyses results are shown.
The brown layer composition is compatible with Iron andChromium, the layer appears very thin

(tk<1 μm). Fe andCr are fully consistent with the composition of the stainless steel which is the solemetal
adopted for the vacuum chamber and for the electrode under test. Themost obvious conclusion is, thus, that the
brown traces are produced bymaterial coming from the stainless steel anodic support.

5.Numerical analyses and discussion

Themost evident aspect, concerning the results so far reported in the previous section, is that a spurious
phenomenon has influenced the high voltage tests. Themicrodischarge activity has involvedmainly the vacuum
vessel and the positive power supply rather than the two electrodes shown infigure 2, although theywere
separated by the shortest gap length and subjected to the largest difference of electric potential.

The unexpected behavior of the systemhas raised two fundamental questions concerning the position of the
local heating shown infigure 7, as well as the explanation of the unexpected phenomenon highlighted infigure 8
characterized by the occurrence ofmicrodischarges during the step down voltage of V−.

A steady interchange of charged particles and photons between cathode and anode is one of the hypothesis
proposed in the past literature [13] to explain breakdown events over long vacuumgaps, because of the
inadequacy of the (sole)field emission theory at high voltages (>50 kV).

Adopting this hypothesis, it is easy to demonstrate that breakdown should occurwhen the following relation
is satisfied

A B C D 1 1+ >· · ( )

being the coefficient A the number of positive ions produced by one electron impact, C the number of photons
produced by one electron deceleration (on the anodic surface), B the number of secondary electrons produced
by one positive ion impact andD the secondary electrons produced by a photon (at the cathodic surface).

Directmeasurements of coefficients A andB carried out by the same authors [13] andmoreover by [14]
would not immediately support the validity of (1). Nevertheless, the same type of analysis should be carried out
also for the coefficients C andD so as to have a complete benchmark of this assumptionwith the reality.

The energy spectra shown figure 10 has beenmeasured using a plastic scintillatormaterial, so photons
interact by single Compton scattering rather than photo-absorption. Thismeans that full energy peaks are not
directly observable.Moreover, it is plausible that the distribution of photons generated by the Bremsstrahlung
radiation ofmono-energetic electrons impinging the anodic surface follows theKramer law. Assuming the

Figure 9.Currents, voltages, x-ray spectrum, pressure, EDR as function of time.
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Compton scattering distribution accordingwith theKlein–Nishina equation [15], it is possible to reconstruct,
bymeans of aMonte Carlo 1D algorithm, the shape of the spectra shown in figure 10,

The numerical results are reported infigure 14. The results of the simulations are consistent with the general
trend of the experimental results, which exhibits an energetic spectrumhaving negative slopes with amaximum
energy accordingwith the accelerating voltage.

The number of the counts of the simulations is proportional to a coefficient which could be obtained by
specific tests accelerating a known electron current toward the anode andmeasuring the rate of the x-ray counts
detected by the scintillator.

The number of counts Ci in the timewindowsWi=1,2,3 offigure 9 decreases without keeping the
proportionality with themeasured current I+, actually inW1<I1+>=0.40 mA,W2<I2+>=0.19 mA and
W3<I3+>=0.15 mAwhile C1=735, C2=205 andC3=162, the respectively ratio are:
C1/<I1+>=1.84e06 [1/A], C2/<I2+>=1.08e06 [1/A], C3/<I3+>=1.08e06 [1/A].

Themeasured currents, I+ and I−, are respectively the sumof electrons and negative ions currents directed
toward the anode and the opposite contribute due the positive ions coming from the anode. A progressive
reduction of the ratio Ci/<Ii+> could be justified considering a progressive reduction of the electron current
being the sole type of charge particle able to generate x-rays. In this view, themicrodicharge activity would lead
toward a progressive reduction of the electron extraction from the cathodic surface, probably due to not
negligible contribute of the extracted ions from the anodic surface.

The peculiar spatial distribution of the emission sites on the electrode surfaces, shown infigure 7, has been
analyzed thanks to the idea proposed in [16]where amutual exchange of charged particles, with opposite sign, is
simulated between electrodes having a generic shape. The numerical simulations reported in [16] reveal the

Figure 10.X-ray spectrums in timewindowsW1,W2 andW3 as shown infigure 12.
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existence of specific points on the electrode surfaces able to concentrate the charged particle exchanged between
electrodes.

A set of numerical simulations considering theHVPTF geometry has been carried out, following the same
approach, to justify the observations described in the previous section.

The trajectories of positive charged particles, uniformly distributed on the anodic surfaces, have been
integrated considering the 2Daxialsimmetric electrostatic fieldmap reported infigure 3. The axial-symmetric
domain assures the conservation of the angularmomentum. The starting positions of the charged particles have
been located on the anode surface on the right hand side. The integration of the equation of themotion starts
assuming an initial null speed: this assumption assures trajectories having a radial path located in a plane at
constant azimuthal coordinate. The trajectory stopswhen a charged particle hit an electrode, than the sign of the
charge is changed and a new trajectory is integrated. The process has been repeated up to a condition
characterized by a stationarymutual-exchange of trajectories. In this geometry, twenty iterations are necessary
to converge toward thefinal configuration. The trajectories have been grouped and exchanged only between two

Figure 11. Inner wall of theHVPTF vacuumvessel: two circumferential stains have been progressively appeared during the execution
of the high voltage tests.

Figure 12.Material deposited on insulator from anode.
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points A andC, respectively on the anode support and the cathodic surface of the vacuumvessel. Such points are
called discharge attractors as referred in [16].

It is possible to demonstrate that the trajectory path of a charged particle in an electrostatic (irrotational)
field, assuming classicmotion and zero initial velocity, depends only on the shape of the domain and the ratio of
the applied voltages (in case ofmulti-electrode system). A concise demonstration of the independence of the
trajectory uponmass, charge and even gap voltage is reported inAppendix.

Under such conditions the attractor locations depend only on the shape of the electrodes and on the ratio
between the applied voltages.

In this simulation the ratioα=V−/V+between the applied voltages is 1 and the ratiom/q can be
arbitrarily chosen. Thefirst three and the last (20th) iterations are shown infigure 15: the trajectories of the

Figure 13. Sample and results of the EDX analysis.

Figure 14.Results of theMonte Carlo calculation: reconstruction of the x-ray spectra recorded by the EJ-228 scintillator due to the
bremsstrahlung radiation of amonoenergetic electron beamof 160 keV impinging the vacuumvessel.
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Figure 15.Cascade of trajectory paths in case ofα=1 (V+=V−), red and black trajectories refers respectively to positive and
negative charged particles, amagnified view of the electrodes shown infigure 3 is reported in the bottompart of the picture.
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positive charged particles are in red, while the ones of the negative charges are in black. The trajectories converge
toward the attractor point A on themetallic support at V+voltage, corresponding to the hot spot area shown in
figure 7, and toward the attractor point C at the cathodic surface on the vacuumvessel wall.

A systematic set of numerical analyses have been done at different voltage ratioα (=V−/V+). The results in
termof trajectory paths are similar to those shown infigure 15, except for thefinal positions of the attractor
points C andAwhich exhibit an average displacement of less than 30 mmreducingα from1 to 0.72.

The z-coordinate zA and zC respectively of the attractor points A andC (see figure 16) have been defined as
the average z-coordinate of the end points of each trajectory, while the spreads of the same z-coordinatesσzA and
σzC have been defined considering the corresponding standard deviation.

Figure 16 shows the relation between the displacementΔz=z- z (α=1) andα, both for the point C and for
the point A; the error bars are equal toσz.

Starting from a symmetric distribution of electric potentials (α=1) a displacement of about+0.4 and
+0.8 mmoccurs respectively for ZC andZA passing toα=155/160=0.96, this ratio is the condition
highlighted by the dotted line infigure 8 corresponding to themicro discharge onset obtained decreasing only
V−.

The numerical analyses above described adopt a very simplemodel, based on restrictive hypotheses of a null
initial velocity. Nevertheless, the estimation of the displacementsΔZC andΔZA could help to understand new
aspects concerning the voltage conditioning in high vacuum, i.e. in case of a systempartially conditioned if ZC

andZA are perturbed up to few tenths ofmillimeters the system keep unaltered its state; on the other hand, in
case of larger perturbations, additional conditioning and adaptation of the interface vacuum-metal are
necessary. The analysis of these experimental results does not show sufficient evidences to discriminate if the
micro discharge precursors can be attributed toΔZC rather thanΔZA.Nevertheless, dedicated high voltage tests
(with double polarity) could be designed in order to discern this important aspect. The analyses of experimental

results in the following situation: 0zC =
a

¶ D
¶

( ) and 0zA ¹
a

¶ D
¶

( ) (or vice versa) should be sufficient to understand
the asymmetric behavior of cathode versus anode during the high voltage conditioning in vacuum.

The electrode configuration discussed so far has symmetric domain boundaries r z r z ,= -( ) ( ) except for the
region between the electrodes under test, thus another couple of attractor points exists on the support on the left.
However, as anticipated in the previous section, no detectable temperature rise has been observed on the
structure connected to the negative power supply neither on the vacuumchamber wall. This is confirmed by the
generally small current I- recorded during the experimental sessions. This asymmetric behavior depends on the
different role assumed by anodic and cathodic surfaces in themicro-discharges onset.

In spite ofmany investigations carried out in the past, a consolidatedmodel describing the physical
phenomena occurring during the high voltage conditioning over long vacuumgaps is stillmissing in literature.
Nevertheless the analyses of the present experimental results would suggest that themicro-discharges activity
would depend on an cathode-anode interaction inwhich the local heating of the anode play a fundamental role
in themicro-discharge onset.

Figure 16.Δz±σz versusα for points C andA respectively in black and red color.
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Probably the large anodic surface in front of the support connected to the negative power supply (on the left)
is sufficient to limit the local temperature and the local outgassing. The same does not occur on the cantilever
support connected to the positive power supply. Although themaximum temperature of themap shown in
figure 7 does not exceed 30 °C, it is plausible that the temperature rise is the result of a local and transient heating
not detectable by the IR camera. Actually the RGAplot offigure 6 is compatible with themeasurements reported
in [17]. The same type of emissions could be observed if the gas desorption had been thermally activated,
nevertheless specific tests to confirm this hypothesis have not been done yet in our high voltage test stand.

A sketch representing a possible interpretation of the observed phenomena is shown infigure 17, Both
electrodes are covered by a layer of adsorbed gases having a thickness of between 3 and 20 μm.The electrode
shape could quickly focus the exchanged particles toward the accumulation points. Even though the latter
generally are not located in the highest electric field area, the accumulation points can nevertheless collect the
contribute of a large portion of electrode. The highflux of heat can rise locally the temperature enhancing the
electrode sputtering, the desorption of the gases trapped in the layer on themetal vacuum interface and
eventually promoting themicrodischarge onset.

Themechanism so far described is one of the possible processes which limit the voltage holding of a generic
system insulated by vacuumgaps. In theHVPTF such phenomena usually occurwhenV+exceeds 120–150 kV.
In this case an intensemicrodischarge activity can lead to a non-negligible dissipation of power, and, as amatter
of facts, limits V+MAX below 210–220 kV, depending on the level of cleanness of the vacuumvessel.

6. Conclusions and proposal of a possible application

Experimental evidences concerning the existence of accumulation points during occurrence ofmicro-
discharges have been observed during the high voltage conditioning of an electrostatic device insulated by large
vacuumgaps. Amutual exchange of positive-negative charged particle is themechanismwhich presumably
causes this phenomenon and defines the position of themicro-discharge attractors.

The attractors regions due to the regenerative processes of charged particles between cathode and anode
have been identified thanks to numerical ray-tracing simulations. The position of the attractors depends only on
electrode shape and the ratios of applied voltages. A perturbation of the trajectories position by altering the
voltage distribution has been sufficient to initiate themicro discharge occurrence.

The existence of phenomena able to concentrate the dissipation of power in specific location on the electrode
surfaces during the high voltage conditioning in vacuumcould be exploited in the development of neutrons
sources applications.

The particles exchange could involve only electrons and positive ions ormight be supported also by the
formation of negative ions as postulated in [16]. In this second hypothesis, the phenomenawould imply also the
migration and the accumulation ofmaterial on the discharge attractors. Thus, the formation of accumulation
points could be exploited in the development of neutrons sources applications.

Attempts to generate neutron sources by electrostatic accelerators bymeans of the bombardment of fast
deuterium ions to hydrogen isotopes adsorbed in solid targets (such as titanium) have already been carried out
for decades.

The following sentence has been extracted from a ’60 paper describing the development of a sealed-off
vacuum tube used as sources of neutrons from fusion reaction [18].

Figure 17. Sketch representing the cascade particles exchange between two generic electrodes, the red paths are the trajectories of the
positive ionswhile the black one are the trajectories of the negative charged particles a layer of adsorbed gases cover the surface of both
electrodes.
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‘It was found that ions could be produced froma vacuum arc struck between two electrodes of hydrogenated
titanium, but the vacuumarc tended to strike erratically and at increasing higher threshold voltages’.

It is interesting to observe that the attempt to generate positive ionswas limited by the high voltage
conditioning of the hydrogenated titanium electrodes adopted in such specific test.

Considering the observations reported in the present paper, a further step forward in the development of
neutrons sources applications could be the adoption of optimized systemof electrodes to enhance the formation
of attractor points. The accumulation of charged ions toward specific points could improve the efficiency of the
neutron source limiting the loss of reactants sputtered by the accelerated ion collision.

Themechanism could be effective if the production of negative hydrogen ions on the cathodic surface is
larger than the extraction of electrons, this could be obtained by combining two effects: seeding cesium at the
cathode side and applyingmagnetic filterfield (for electrons) in a region enclosing the attractor on the cathodic
surface.

The proposal here reported is a speculationwhich can be verified only by dedicated experimental campaign.

Appendix

The independence of the classic trajectory uponmass, charge and even gap voltage can be done bymeans of the
BuckinghamTheorem [19].

Referring tofigure A1, the distance L (the variable identifying the ending point of the trajectory) is a function
of all the physical parameters governing the system.

L f m, q, v , H, R, U 20= D( ) ( )
L, m, q, v , H, R, U 0 30F D =( ) ( )

The number of fundamental physical units involved in equation (3) is 4, it corresponds to: [A],[s],[kg],[m]
while the number of implicit variables in the same equation is 7. Equation (3) can be rewritten in termof
7–4=3 dimensionless parameters as reported in equation (4):
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In case of v0=0 [m/s] the trajectory depends only by R/H i.e. the trajectory depends only by the system
geometry.

The conclusion is valid unless themotion is not relativistic, i.e. q U m c ,2D · · for accelerating voltages
of our interest U e V1 06D < [ ]only electrons could be accelerated to relativistic speed because the condition
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D

 ⎡⎣⎢ ⎤⎦⎥( ) is satisfied only for electrons, however if the black trajectories shown in

figure 14 had been calculated considering the relativistic equation ofmotion and the negative charged particles
were electrons, the results of the calculations would not so different from those reported infigure 15.
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