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Field Emission - Modeling and Simulations / 124

First principles calculations of field emission fromadefectedmetal
surface
Author: Flyura Djurabekova1

Co-authors: Kristjan Eimre 2 ; Andreas Kyritsakis ; Vahur Zadin 3 ; H. Toijala 4

1 University of Helsinki
2 Nat. Inst. of Chem.Phys. & Biophys. (EE)
3 University of Tartu
4 1Helsinki Institute of Physics and Department of Physics, University of Helsinki

Corresponding Authors: flyura.djurabekova@helsinki.fi, andreas.kyritsakis@helsinki.fi

Small surface defects are thought to affect field emission through the field enhancement and modi-
fication
of the work function. We combined density functional theory and quantum transport calculations
to study
the influence of atomic–scale defects on the work function and field emission characteristics of cop-
per
surfaces. A newly developed general methodology for the calculation of the field emitted current
density
from nano-featured surfaces is used to study specific defects on a Cu(111) surface.
Our results show that the inclusion of a defect can significantly locally enhance the field emitted
current
density. However, this increase is attributed solely to the decrease of the work function due to the
defect,
with the effective field enhancement being minute. Finally, the Fowler–Nordheim equation is found
to be
valid when the modified value for the work function is used, with only an approximately constant
factor
separating the computed currents from those predicted by the Fowler–Nordheim equation

Field Emission - Modeling and Simulations / 88

Suggestions about the role of carbon nanowhiskers in electrical
breakdown
Author: Richard Forbes1

1 University of Surrey

Corresponding Author: r.forbes@trinity.cantab.net

This paper brings together various pieces of theoretical argument and experimental evidence to
support the idea that, in some cases, electrical breakdown may be associated with the growth of
carbon nanowhiskers. An introduction provides two reminders. (a) That effects of this kind are
driven by electrical thermodynamics and by the rule that systems evolve in a direction such that the
electrical Gibbs function becomes more negative––possibly/probably with both an electrical surface
term and a field-energy (or “capacitance”) term contributing, at least in some circumstances. And
(b) that (for so-called “ideal” field electron emitters) it is possible to use a Fowler-Nordheim plot
(or a Murphy-Good plot) to measure––with an accuracy estimated as 30%––a characteristic value
of local electric field or (better) a characteristic value f _C of scaled field f . Possible mechanisms
for the formation and growth of carbon nanowhiskers will be discussed. In this, an important role
is played by the results in papers written by a group of French authors, but there is much other
evidence. Also of interest is the long established work on so-called “low-macroscopic-field (LMF)
electron emission” from carbon, particularly in the Russian literature. Up till now there has been
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some tendency to look for “special explanations”, such as resonance tunnelling. However, FN-plot
techniques have recently been used to measure the local fields involved, and these have been found
to have normal values (of a few V/nm). This suggests that a highly plausible alternative explanation
of LMF emission is that carbon-based emitters are capable of exhibiting unexpectedly high (one
might say “anomalously high”) field enhancement factors.

Field Emission - Modeling and Simulations / 85

Consideration of the origin of enhanced field emission
Author: Walter Wuensch1

1 CERN

Corresponding Author: walter.wuensch@cern.ch

Everyone measuring field emission in macroscopic systems observes larger than expected values.
Various mechanisms for the enhancement have been postulated but there is rarely independent con-
firmation. Commonly considered mechanisms are summarized and a new one is proposed.

Field Emission - Modeling and Simulations / 74

Field electron emission in an external magnetic field parallel to
the surface
Authors: Serhii Lebedynskyi1 ; R. Kholodov1 ; Yuliia Lebedynska2

1 Institute of Applied Physics, National Academy of Sciences of Ukraine, Sumy, Ukraine
2 Sumy State Pedagogical University named after A.S. Makarenko, Sumy, Ukraine.

Corresponding Author:

The work concerns relativistic effects and the influence of an external magnetic field on the
transmission coefficient. The Fowler-Nordheim equation has been relativistically generalized and
effect of
the Lorentz contraction of a potential barrier at the metal-vacuum interface has been found. In-
fluence of
the magnetic field parallel to a metal surface on the transmission coefficient is taken into account
when
cB < E.

Field Emission - Modeling and Simulations / 69

Observations on the link between cathode plastic activity and arc
nucleation
Authors: Yinon Ashkenazy1 ; Eli Engelberg2 ; Ayelet Badichi Yashar3 ; Inna Popov4 ; Itay NachshonNone

1 The Hebrew University of Jerusalem (IL)
2 HUJI
3 The Hebrew University of Jerusalem
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4 T

Corresponding Author: yinon.ashkenazy@cern.ch

The hypothesis that arc nucleation is related to plastic activity due to collective motion of dislocation
in the cathode is examined via experiments and theoretical efforts over the last few years. I will
summarise current theoretical and experimental observations indicating specific dislocation activity
related to the applied high field. In addition I will discuss the challenges that lie ahead in trying to
confirm this hypothesis as well as put it to use.

Field Emission - Modeling and Simulations / 110

Investigations of the transition from field electron emission to
plasmadischarges (glowdischarges andmicro-arcs)with extended
use of the Fowler-Nordheim plot
Author: Wolfram Knapp1

1 Otto-von-Guericke-Universitaet Magdeburg

Corresponding Author: wolfram.knapp@ovgu.de

The commonest method of characterising a cold field electron emitter is to measure its current-
voltage characteristics, and the commonest method of analysing these characteristics is by means of
a Fowler-Nordheim (FN) plot [1]. For example, the field enhancement factor can be calculated. But
for novel investigations of the transition from field emission to plasma discharges an extended use
of FN plot is proposed. For this, the inverse voltage (x-axis of the FN plot) was extended with factor
1 = (I∙t)/(I∙t):

1/V = (I�t)/(V�I�t) = Q/E [1/V= As/Ws] (1),

where V is the Voltage, I the current, t the time, Q the sum of all transported charges (cathode - anode)
and E the energy required for this. The relation Q/E is a possible option for energetic evaluation. Fig.
1 shows an example of the energetic evaluation with FN plot (see attachment). It can be seen that
the micro-arc discharge has a charge transfer with the least energy input. This energetic evaluation,
further and improved measurements, an illustrative “energy compass” for a simple FN plot analysis
and novel approaches for comparative energetic evaluations of charge transfers (electrons, ions) will
be presented and discussed.

References
[1] R. G. Forbes, J. H. B. Deane, A. Fischer, M. S. Mousa, “Fowler-Nordheim Plot Analysis: A Progress
Report”, Jordan Journal of Physics 8 (3) 125-147 (2015).
[2] D. Wenger, W. Knapp, B. Hensel, S. T. Tedde, „Transition of Electron Field Emission to Normal
Glow Discharge“, IEEE Transaction on Electron Devices 61 (11), p. 3864 (2014).
[3] M. A. Bilici, J. R. Haase, C. R. Boyle, D. B. Go, R.M. Sankaran, “The smooth transition from field
emission to self-sustained plasma in microscale electrode gaps at atmospheric pressure”, J. Appl.
Phys. 119 223301 (2016).
[4] W. Knapp, M. Lindner, C. Langer, R. Schreiner, ”Investigations of transition from field electron
emission to stable plasma discharge in a micro electron source at vacuum pressure”, Poster contri-
bution, IVNC 2017, 10-14 July, Regensburg, Germany.

Field Emission - Modeling and Simulations / 122

Does field emission from ‘real’ surfaces affect the high-pressure
air breakdown in electric power equipment?
Authors: Mikhail Benilov1 ; Nuno Ferreira1 ; Georgy Naidis2
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1 Departamento de Física, FCEE, Universidade daMadeira, Funchal, Portugal, and Instituto de Plasmas e Fusão Nuclear,
Instituto Superior Técnico, Universidade de Lisboa, Lisbon, Portugal

2 Joint Institute for High Temperatures of the Russian Academy of Sciences, Moscow, Russia

Corresponding Author: benilov@staff.uma.pt

Field emission from cold cathodes, with electric field enhanced by roughness of (micro-protrusions
on) the cathode surface, may play a role in breakdown of the high-pressure air under conditions rel-
evant to electric power equipment. Two examples are considered in this contribution. The first one
concerns the breakdown in conditions of the experiment [1]: a concentric cylinder discharge in syn-
thetic air in the pressure range 5-100 bar, with an interelectrode gap of 5 mm and the outer cylinder
diameter of 190 mm. Numerical modelling was performed by means of the numerical model of low-
current discharges in air [2]. At pressures up to 10 bar, both the experimental breakdown voltage
and the computed discharge inception voltage, computedwithout account of the field emission, grow
linearly with the pressure and are close to each other. For higher pressures, the experimental break-
down voltage saturates which is actually a well-known effect, while the computed voltage continues
to grow linearly. This striking difference between the modelling and the experiment was removed
by introducing in the numerical model the effect of field emission with account of amplification of
electric field due to roughness of (micro-protrusions on) the cathode surface. The electron emission
current was determined by means of the code [3], based on the straightforward evaluation of the
Murphy-Good formalism, protrusions were taken into account by means of a field enhancement fac-
tor β introduced on the entire cathode surface. With β =50, which is standard in the literature and
corresponds to protrusions with aspect ratio of 10, the computed discharge inception voltage indeed
reveals a saturation in the dependence of the breakdown voltage with pressure, similar to the one
observed in the experiment [1].

Another example considered in this contribution concerns the effect of field emission during the
ignition of an arc at separation of contacts of low-voltage contactors or circuit breakers. Note that
this topic is related to the effect of field emission in breakdown inmicrometer gaps, which is currently
under an intensive investigation; e.g., [4] and references therein.

The work at Universidade da Madeira was supported by the project UID/FIS/50010/2019 of FCT of
Portugal and by the project PlasMa - M1420-01-0145-FEDER-000016, co-financed by the Operational
Program of the Autonomous Region of Madeira 2014-2020.

[1] M. Seeger, P. Stoller, and A. Garyfallos, IEEE Trans. Diel. Elect. Insulation 24, 1582, 2017.

[2] N. G. C. Ferreira, D. F. N. Santos, P. G. C. Almeida, G. V. Naidis, and M. S. Benilov, J. Phys. D:
Appl. Phys. 52, 355206, 2019.

[3] M. S. Benilov and L. G. Benilova, J. Appl. Phys. 114, 063307, 2013.

[4] S. D. Dynako, A. M. Darr, and A. L. Garner, IEEE J. Elect. Dev. Soc. 7, 650, 2019.

Field Emission - Modeling and Simulations / 94

The Breakdown Induced by Rupture of Dielectric layer (BIRD)
model: insights and future developments
Author: emanuele spadaNone

Co-authors: Antonio De Lorenzi 1 ; Luca Lotto 2 ; Nicola Pilan 1 ; Matteo Zuin 3

1 Consorzio RFX
2 consorzio rfx
3 Consorzio RFX

Corresponding Author: emanuelespd@gmail.com
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Recently a newmodel for the cathodic emission at high voltage and high vacuum has been proposed.
It is a classical model that assumes the existence of a dielectric layer (oxides mainly) on the cathodic
surface and assumes that the cold emission current is due to polarization electrons stripped from the
dielectric layer. The application of this model to an experimental case has highlighted its potential to
describe the start of the electric current as well as its capability to take into account the experimental
random current bursts. Moreover, in the same work it has been showed that an electric current
amplification factor, which depends on the voltage difference between the electrodes, is needed to
fit the experimental data. In this work we want to clarify some theoretical aspects of the model
in greater detail and extend its application to a wider range of experimental cases. Furthermore, it
seems worthwhile to look for a quantummodel that can describe the cathodic emission process from
a dielectric layer. As a preliminary step we will discuss some points in order to check the consistency
between classical and quantum theory.

Field Emission - Modeling and Simulations / 87

A”nearly semi-quantitative” explanation of electrical breakdown
effects reported by Julius Caesar and Pliny the Elder
Author: Richard Forbes1

1 University of Surrey

Corresponding Author: r.forbes@trinity.cantab.net

Over the last 2000 years or so, the atmospheric phenomenon now known as “St Elmo’s fire” (see
Wikipedia) has been reported by very many authors in very many contexts, with the earliest known
reports being associated with the names of Julius Caesar and Pliny the Elder (who both reported
observations of its appearance on the tips of their soldiers’ javelins). Pliny also noted its appearance
on the masts of ships. It is now well established that the effect is a form of Corona discharge, and
is most prominently observed on dark, wet, stormy nights. The effect is also very often associated
with objects that are either relatively tall or relatively sharp, or both. As always, the scientific ques-
tions are: what initiates/sustains the discharge, what is the underlying physics, and can we model
it ? But, as far as I am aware, there has been no successful attempt to date to develop a quantitative
model. Recently, the electrostatic phenomena that occur with carbon nanotube field electron emit-
ters have received much attention, as these things affect the design of large-area electron sources.
It has become clear that many aspects of nanoscale electrostatics are a consequence of underlying
electron thermodynamics, and hence are of general applicability. By putting some of the scientific
lessons learnt in nanoscale electrostatics together with the results (now available on-line) of Stephen
Grey’s reliable 18th-Century experiments on “Gilbert-Grey cone-jets” (often called “Taylor cones”),
and other experimental evidence, one can begin to build a possible “nearly semi-quantitative” ex-
planation for the occurrence of St Elmo’s fire in various specific contexts. Interestingly, at a high
level, this has some elements of resemblance with the recent Helsinki work on the origins of vac-
uum breakdown. The work may also be of relevance to the issue of how lightning (protection) rods
work, though other factors very probably play the dominant role in this case. Finally, one should
not forget that dispelling superstition remains part of the role of science.

Field Emission - Modeling and Simulations / 77

3D Modeling of field electron emission from a micro/nano struc-
tured surface
Author: Darius Mofakhami1

Co-authors: Philippe Dessante 1 ; Philippe Teste 1 ; Romaric Landfried 1 ; Benjamin Seznec 2 ; Tiberiu Minea
2

1 Group of electrical engineering of Paris (GeePs), UMR 8507, CNRS
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2 Laboratoire de Physique des Gaz et Plasmas (LPGP), UMR 8578, CNRS

Corresponding Author: darius.mofakhami@centralesupelec.fr

Abstract:

In future Tokamak reactors such as ITER and DEMO, the initiation of fusion reactions in hot plas-
mas is highly dependent on the capacity to heat the plasma heavy species. To do this,high power
beams of energetic neutral D atoms are injected by Neutral Beam Injectors (NBIs) which accelerate
the negative D⁻ ions by applying very high DC voltages (V ~ 10 MV ). The DC power line feeding
the acceleration grids passes the voltage from high pressure (10 bar) to vacuum via the so-called
bushing system. Its reliability requires avoiding non predictable breakdown or arcing and the reduc-
tion of leakage currents - called dark currents. Among other possible phenomena, the dark current
could originate from natural protrusions distributed on the non perfectly flat surface of metal parts.
To correctly gauge this phenomenon, deeper fundamental studies on field electron emissions (FEE)
from protrusions are necessary. In particular, in the case of real surfaces, protrusions are randomly
distributed in terms of size and sharpness, but also locations. Hence, in addition to their own shape,
the vicinity of main protrusions can be a parameter of major importance as well, requiring 3D con-
siderations.

The present work exposes modelling results of 3D simulations for two close protrusions, aiming
to study such FEE phenomena. The model couples time-dependent equations of heat transfer and
current conservation inside the cathode protrusions. Thanks to 3D solving, it takes into account the
electrostatic screening and possible thermal interactions between emissive sites. This offers precise
insights on how protrusions proximity can influence electron emission and cathode heating, both
enabling breakdown or arcing. A dimension reduction approach to reduce the huge computation
time spent for 3D calculations is also explored.

The results focus on the effect of interactions between neighbour protrusions depending on their size,
material, separating distance and macroscopic electric field. 3D and simplified 3D modeling results
will be compared and discussed in the light of the forementioned challenge, predicting possible
arcing from (idealized) rough surfaces.

Field Emission - Modeling and Simulations / 104

Field Emission andMultipactor Simulations in High Gradient RF
Accelerators
Author: David Banon Caballero1

Co-authors: Walter Wuensch 2 ; Benito Gimeno 3 ; Angeles Faus-Golfe 4

1 CERN - IFIC - University of Valencia (ES)
2 CERN
3 University of Valencia
4 Laboartoire de l’Accelerateur Lineaire

Corresponding Author: david.banon.caballero@cern.ch

Field emitted electrons play an important role in the operation of high gradient RF accelerating struc-
tures, by generating so-called dark currents, and acting as the initiators of RF Breakdown, which
limits the performance in such devices. Another kind of vacuum discharge that commonly affects
to the operation of lower-field RF components, for example in space applications, is the Multipactor
effect. Theoretical simulations are under development for analyzing both processes in the context of
HG accelerators. Mainly using CST Particle Studio, but also additional programs such as Spark3D,
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and a homemade multipacting simulation tool developed using MatLAB.
The results show that field emitted electrons generated in the high field regions of the accelerating
cavities produce longitudinal and transversal dark currents. In the longitudinal case, the electrons
are captured by the RF field and gain energy enough to produce ionizing radiation. In the transversal
dark current, we observe how these electrons migrate from the iris to low field regions, pushed by
the ponderomotive force, and trigger multipactor there. This phenomenon is a unique interplay be-
tween high field and low field processes which may have as a consequence that multipactor actually
affects to the performance of high gradient cavities, as field emission electron seeding can reduce
the timescales for the onset of multipactor.

Field Emission - Modeling and Simulations / 108

COMSOL simulation of the surface flashover in a MEMS insula-
tor
Authors: Xiaoli GuoNone ; Pieter Kruit1

1 Delft University of Technology

Corresponding Author: xiaoli.guo81@hotmail.com

This research is on the COMSOL simulation of flashover occurring in aMEMS (Micro-Electro-Mechanical
System) insulator and electrode unit, both of the electric field at triple point and of electron trajec-
tories in several practical geometries. In some applications of MEMS technology, electrostatic field
up to 5-20kV/mm is of interest. One of these applications is using MEMS components for manufac-
turing compact electrostatic lenses or apertures to be used in Scanning Electron Microscopes. High
voltage insulation is still one of the challenges, as it is in a conventional construction using metal and
ceramic to make lenses and apertures. The field strength at triple points is assessed first, and a glass
sphere is added as a dielectric particle later to check the effect of particles in a system. Moreover,
a secondary electron emission avalanche (SEEA) model is utilized in the simulation. Electrons are
assumed to be emitted from the sphere by the mechanism of cold field emission or ionisation. The
secondary electrons generated by electrons hitting on the surface of a glass insulator are simulated in
COMSOL, the total electrons collected by the electrode on the positive side are recorded, and themul-
tiplication factor is compared for these geometries. Among these geometries, a two-step structure
seems to contradict experimental results published before. We try to explain the differences.

Modeling and Simulations - Applications / 103

Field EmissionModel for PIC-DSMCSimulationsBased onNanoscale
Surface Characterization
Authors: Chris Moore1 ; Ashish Jindal2 ; Ezra Bussmann2 ; Taisuke Ohta2 ; Morgann Berg2 ; Cherrelle Thomas2 ;
David Scrymgeour2 ; Paul Clem2 ; Matthew Hopkins2

1 Sandia National Labs
2 Sandia National Laboratories

Corresponding Author: chmoore@sandia.gov

We are developing a stochastic, micron-scale field emission model for use in Particle-In-Cell Direct
Simulation Monte Carlo (PIC-DSMC) simulations of vacuum discharge. PIC-DSMC simulations of
mm-sized electrodes cannot resolve atomic-scale (nm) surface features and therefore we generate
a micron-scale probability density distribution for an effective “local” work function, field enhance-
ment factor, and emission area. Each micron-scale surface element in the PIC-DSMC simulation
draws independent values from the atomic scale measured distributions for work function and other
surface characteristics. Some effort has been made to match emission rates for the coarsened model
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to equivalent current densities from atomic scale measurements over intermediate-scale surface ar-
eas. In the present work, we use data from atomic-scale (nm) surface characterization using Scan-
ning Tunneling Microscopy (STM), Atomic Force Microscopy (AFM), and Photoemission Electron
Microscopy (PEEM) to generate a representative probability density distribution of the work func-
tion and field enhancement factor (beta) for a sputter-deposited Pt surface.

Sandia National Laboratories is a multimission laboratory managed and operated by National Tech-
nology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywell Inter-
national, Inc., for the U.S. Department of Energy’s National Nuclear Security Administration under
contract DE-NA0003525.

Modeling and Simulations - Applications / 95

Simulations of material surface modifications due to combined
influence of femtosecond laser irradiation and applied electric
fields
Author: Vahur Zadin1

Co-authors: Robert Aare 2 ; Ekaterina Baibuz 3 ; Simon Vigonski 4 ; Ville Jansson 3 ; Andreas Kyritsakis ; Alvo
Aabloo 4 ; Flyura Djurabekova 3

1 University of Tartu (EE)
2 National Institute of Chemical Physics and Biophysics (EE)
3 University of Helsinki
4 University of Tartu

Corresponding Author: vahur.zadin@cern.ch

Extreme field enhancement factor of 50-100 is commonly measured in CLIC accelerator design. Such
field enhancement values are often associated with high aspect ratio surface irregularities appearing
under applied electric fields. Recently, femtosecond laser experiments with tungsten tip under ap-
plied electric field demonstrated spontaneous formation of such field emitting modification in time
range of minutes due to repeated laser pulsing [1].
Under such conditions, several time and length scales are combined, starting form the application
of single laser pulse, towards formation of steady state thermal profile in tip in tens of nanoseconds
while incorporating atomic diffusion time scales in order of magnitude of microseconds and finally,
ending with formation of the tip in range of minutes. Thus, application of conventional simulation
methods becomes extremely challenging, as available tools like molecular dynamics or atomistic
kinetic Monte-Carlo succeed in capturing accurately only up to microsecond scale, while standard
finite element analysis tools tend to introduce excessive homogenization and either lose the accu-
racy at the nanoscale or expendability to macroscopic time scales.
In current study we present the outcomes of extensive multi-physics and multi scale simulations,
including reproduction of femtosecond laser pulsing using two-temperature model and nanoscale
electro-mechanical material response analyses.
To overcome the limitations of extendability of models with the respect of time scales, we utilize the
surface stress model [2] in the framework of topology optimization, coupled with electric field and
two-temperature approach motivated tip temperature calculations. The topology optimization relies
on Lagrangian formalism andmovingmesh approaches, leading to continuous surface changes of the
system in every optimization step. Thus, allowing successful relaxation of structure the due to com-
bined influence of femtosecond laser heating, applied electric field and nanoscale surface stresses.
As a result, we successfully overstep the time scale limitations accurate atomistic scale stress calcula-
tions while being able to observe physics motivated surface modifications. In combined simulations,
we observe significant influence of applied electric field to the surface behavior. For example, tested
Cu tip successfully relaxed to {111} dominated pyramidal shape of minimal surface energy, often
observed in kMC simulations as well. However, in case of applied electric field, fast flattening of the
top of tip similarly to the results in [1] was observed. Moreover, the simulation setup, relying on the
energy minimization of the sample and combining the influence of surface stress, thermal stress and
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electric field caused stress opens several possible mechanisms for explaining observed spontaneous
surface modifications.

[1] H. Yanagisawa, V. Zadin, K. Kunze, C. Hafner, A. Aabloo, D.E. Kim, M.F. Kling, F. Djurabekova, J.
Osterwalder, W. Wuensch, Laser-induced asymmetric faceting and growth of a nano-protrusion on
a tungsten tip, APL Photonics. 1 (2016) 091305. doi:10.1063/1.4967494.
[2] V. Zadin, M. Veske, S. Vigonski, V. Jansson, J. Muszinsky, S. Parviainen, A. Aabloo, F. Djurabekova,
Simulations of surface stress effects in nanoscale single crystals, Model. Simul. Mater. Sci. Eng. 26
(2018) 035006. doi:10.1088/1361-651X/aaa928.

Modeling and Simulations - Applications / 106

Breakdown-loaded electric field as a high gradient limit
Authors: Jan Paszkiewicz1 ; Walter Wuensch2 ; Alexej Grudiev2

1 University of Oxford (GB)
2 CERN

Corresponding Author: jan.paszkiewicz@cern.ch

A novel quantity for predicting the ultimate performance of high-gradient radiofrequency accelerat-
ing structures is presented and comparedwith earlier quantities that it builds on such as themodified
Poynting vector. This new method models a nascent RF breakdown as a current-carrying antenna
and calculates the coupling of the antenna to the RF power source. Along with a simple emission
model fitted to experimental data, an equilibrium breakdown-loaded surface electric field distribu-
tion is calculated and found to be well-correlated with spatial breakdown distributions.

Modeling and Simulations - Applications / 126

RF Breakdowns in the SPIDER experiment during its first opera-
tional phase
Author: Andrea Zamengo1

Co-author: matteo agostini

1 Consorzio RFX

Corresponding Author: andrea.zamengo@igi.cnr.it

SPIDER is the full-size prototype of ITER Neutral Beam Injector ion source, in operation since June
2018
as part of the ITER Neutral Beam Test Facility located in Padova, Italy. The ion source of SPIDER is
composed of eight Radio Frequency drivers operated in low hydrogen gas pressure, 0.3 Pa, driven at
1
MHz with a total power of 800 kW, an extraction and acceleration system is the used to produce a
negative ion beam with an energy up to 100 keV.
RF breakdowns outside the ion source beset the SPIDER experimentation since the beginning of the
operations. Such breakdowns could be sustained by the power supplies but in many cases cause the
plasma pulses to stop and might cause of source damages. Scope of this work is to summarize the
experimental evidences, to classify the type of breakdowns and to identify the operational scenarios
which seem to be free from this problem.
Three classes of diagnostics have been used to investigate the RF breakdowns: electrical measure-
ments
from the Ion Source and Extraction Power Supply, visible cameras (both fast and slow) and optical
fibers
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which collect lights from the rear of the SPIDER experiment. Each of these signals is somehow af-
fected
by the RF breakdowns; their comparative analysis allows improving the understanding of this issue
and
helped the identifications of different types of breakdowns that can occur outside the SPIDER Ion
Source.
A statistical analysis of the pulses performed so far concludes the work; it gives an overview RF
breakdowns in the SPIDER experiment and tries to assess the breakdown probability in the condi-
tions
relevant for normal plasma operations.

Poster / 91

Why Murphy-Good plots are better than Fowler-Nordheim plots

Author: Richaard Forbes1

1 University of Surrey

Corresponding Author: r.forbes@trinity.cantab.net

This Poster reports a small part of a multi-stage project to improve the interpretation of measured
field electron emission (FE) current-voltage [I_m(V_m)] data. The first stage of the project involves
five or so proposals that aim to improve data interpretation within the framework of the almost uni-
versally used (but not physically realistic) planar emitter approximation. This models a real emitter,
which is usually needle-shaped or post-shaped, as if it were a smooth, planar structureless surface,
with constant emission area. In the past, this has been thought an adequate approximation if the
emitter apex radius of curvature is sufficiently large. It seems procedurally important to first es-
tablish best practice in the context of this approximation (whilst also working in parallel on better
procedures for interpreting data from post-shaped and needle-shaped emitters). This Poster reports
one of these fie or so proposals. Measured FE I_m(V_m) data are traditionally analysed via Fowler-
Nordheim (FN) plots, as ln{I_m/(V_m)^2} vs 1/V_m. These have been used since 1929, because in
1928 FN predicted they would be linear. In the 1950s, a mistake in FN’s thinking was found. Cor-
rected theory by Murphy and Good (MG) made theoretical FN plots slightly curved. This causes
difficulties when attempting to extract precise values of emission characterization parameters from
straight lines fitted to experimental FN plots. Improved mathematical understanding, from 2006 on-
wards, has now enabled a new FE data-plot form, the “Murphy-Good plot”. This plot has the follow-
ing form ln{I_m/(V_m)^(2–η/6)} vs 1/V_m , where η depends only on local work function. Modern
(”21st century”) MG theory predicts that a theoretical MG plot should be “almost exactly” straight.
This makes precise extraction of well-defined characterization parameters from ideal I_m(V_m) data
much easier. This Poster gives the theory needed to extract characterization parameters from MG
plots, and discusses why this extraction procedure is better and easier than the FN-plot procedure.
Careful use of MG plots could also help remedy other problems in FE technological literature. It is
argued that MG plots should now supersede FN plots.

Poster / 99

Modeling the Role of Effective β on Vacuum Breakdown Initia-
tion: Scaling from Micro to Macro Dimensions
Authors: Ashish Jindal1 ; Chris Moore1 ; Ezra Bussmann1 ; Taisuke Ohta1 ; Morgann Berg1 ; Cherrelle Thomas1 ;
David Scrymgeour1 ; Paul Clem1 ; Matthew Hopkins1

1 Sandia National Laboratories

Corresponding Author: akjinda@sandia.gov
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We are modeling the effects of a field enhancement factor (β) on the generated Fowler-Nordheim
current using the Particle-in-Cell Direct Simulation Monte Carlo (PIC-DSMC) method for a vacuum
environment. In the present work, we vary the DC voltage, and hence electric field, between two
parallel Pt plates in which the modeled electrode surface elements are given a local work function
and β by sampling probability density functions that are themselves functions of electrode material,
preparation and conditioning, and surface topology. PhotoEmission Electron Microscopy (PEEM)
and the combination of Atomic Force Microscopy (AFM) and Scanning Tunneling Microscopy (STM)
measurements are used to infer work function and β distributions, respectively. Note that a model
utilizing a fully resolved (nano- scale) topology would result in β=1 everywhere (assuming beta
is solely a geometric enhancement factor). A coarsened scale (not nano-scale) β value is derived
from the AFM/STM data by actually meshing the surface topology data and simulating an applied
electric field to obtain local surface enhanced fields. We show that as the element size of our model
grows, comparable field emission yields are obtained through the application of this effective β,
rendering such an approach relevant to physical macroscopic dimensions that can be realistically
meshed.

Poster / 90

Using Fowler-Nordheimplots tomeasure characteristic local field
values
Author: Richard Forbes1

1 University of Surrey

Corresponding Author: r.forbes@trinity.cantab.net

An ideal field electron emission (FE) device/system is one in which: (a) the measured current I_m
equals the emission current I_e; (b) the characteristic local barrier field F_C is related to the mea-
sured voltage V_m by the formula F_C = V_m/ζ_C where the voltage conversion length ζ_C is
effectively constant; and (c) the work-function is constant. An orthodox FE device/system is an
ideal system where it is adequate to assume, further, that FE can be treated as tunnelling through
a Schottky-Nordheim (”planar image rounded”) barrier, well below the top of the barrier, that the
work-function value is adequately known, and that the pre-exponential correction factor λ in the so-
called extended Murphy-Good FE equation can be treated as constant. The purpose of this Poster is:
(a) to remind people that it has been known since the 1950s that, for orthodox FE devices/systems,
a Fowler-Nordheim plot can be used to measure the characteristic local barrier field, subject to a
systematic “calibration discrepancy” of around 30%; and (b) to put this measurement procedure into
a useful modern form involving the characteristic scaled field f _C . The mathematical basis of the
procedure (which is now based on the extended Murphy-Good FE equation) will be described, the is-
sue of precisely what is being measured will be discussed, and a reminder will be given of the 1950s
experiments undertaken in order to check/calibrate the procedure. As illustration, the procedure
will be applied to several carbon-based emitters that exhibit low-macroscopic-field (LMF) emission,
in order to demonstrate that actual local barrier field values are in the normal range of a few V/nm
and are not anomalously low (as hitherto assumed by some authors). Rather, characteristic field
enhancement factors must be anomalously high.

Poster / 111

Field-emission investigations of micro-structured stainless steel
1.4301 (ASTM 304) for application of vacuum components as very
large FE cathode arrays
Author: Wolfram Knapp1

1 Otto-von-Guericke-Universitaet Magdeburg
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Corresponding Author: wolfram.knapp@ovgu.de

Highly-alloyed chrome-nickel stainless steel is the most important material in vacuum technology.
Especially in high and ultra-high vacuum technology it is used for vacuum chambers and compo-
nents. One of the main research focuses for 2005 [1] was the study of parasitic field emission of
specially treated stainless-steel surfaces for applications in accelerator technology. The measured
threshold field strength is about 25…30 V/µm for 1 nA [2], [3]. An important cause of field emission
enhancement is the grain boundary structure. And so stainless steel (1.4301 or ASTM 304) was wet-
chemical micro-structured and investigated with respect to field-emission properties, as shown in
Figure 1. A) and B).
Some selected results are:
- Threshold field strengths of micro-structured stainless steel are in the range of 6.5…7.0 V/µm, com-
parable with 7.5 V/µm in [4] (cf. CNT-Buckypaper field emitter has 1.0…2.0 V/µm [5]).
- For application as FE cathodes in vacuum components, in particular in cylindrical component sur-
faces [1], very large cathode arrays of a few cm² can be produced cost efficiently.
- Very large cathode arrays with lower current density are field emitter with long-term stability.
In the contribution further measurements and results of field emission investigations will be pre-
sented.

References
[1]W. Knapp, M.Wüest: “Vacuummeasuring gauge”, patentWO2006/094687, priority data 04.03.2005.
[2] B.M. Cox, W. T. Williams: “Field-emission sites on unpolished stainless steel”, J. Phys. D: Appl.
Phys. 10 L5 (1977).
[3] V. Kukreja: “Field-Emission Properties in the ERL-Electron Sources”, Lab. For Elementary-
Particle Physics (2005).
[4] A.K. Singh, D. Shinde, M.A. More, S. Shina.: “Enhanced field emission from nanosecond laser
based surface micro-structured stainless steel”, Appl. Surf. Sci. 357, 1313-1318 (2015).
[5] W. Knapp, D. Schleussner, “Field-emission characteristics of carbon buckypaper”, JVST B 21 557-
561 (2003).

Poster / 83

Negative ion beam extraction in an RF hydrogen plasma with Cs
seeding
Authors: Min Park1 ; Byung Keun Na2 ; Tae-seong Kim3 ; Seung Ho Jeong3

1 Korea Atomic Energy Research Institute
2 National Fusion Research Institute (NFRI)
3 Korea Atomic Energy Research Institute (KAERI)

Corresponding Author: mpark@kaeri.re.kr

The development of a negative ion beam source has been in progress in KOREA as part of ITER
technology R&D programme. The RF negative ion beam source is one of the key parts of ITER
neutral beam injection (NBI) system. In particular, the use of Cs leads to a remarkable enhancement
of negative ion production and thus enables the extraction of high current negative ion beams. The
final performance goal of our source is 200 keV / 0.5 A (the current density of 13 mA/cm2) negative
ion beam extraction. To achieve such high current density negative ion beams, the optimization
of the use of Cs is necessary. In this regard, the preliminary beam extraction experiment with Cs
seeding has been started recently.

The beam source can be divided mainly into three parts: an RF inductively coupled plasma (ICP)
source, an expansion chamber and a three-grid beam acceleration system. Firstly, the 2 MHz RF ICP
source is a typical AlN dielectric cylinder surrounded by a 6-turn helical antenna. Inside the AlN
cylinder, a thin Cu Faraday shield is located for the protection of AlN from the heat load by plasma.
Secondly, the expansion chamber is equipped with a permanent magnet filter to prevent the high
energy electrons from destroying the negative ions in the extraction region. The Cs delivery system

Page 12



8th International Workshop on Mechanisms of Vacuum Arcs (MeVArc… / Report of Abstracts

is also installed in the upper part of the expansion chamber, composed of a Cs dispenser oven and
the Surface Ionization Detector (SID) for the Cs evaporation rate measurement. The Cs dispenser
containing 20 mg of Cs manufactured by SAES Getters S.p.A. is utilized. Lastly, the three-grid beam
extraction and acceleration system consists of a plasma grid (PG) facing the plasma, an extraction
grid (EG) and an acceleration grid (AG). Each grid has 5 x 5 apertures of 14 mm diameter. The total
beam extraction area is about 38.5 cm2.

In the experiment, it was confirmed that higher beam currents could be obtained by using the Cs
than those of without Cs. However, the beam optics were not so good than expected. The negative
ion production from the Cs-deposited PG surfaces seems not fully optimized yet. The performance
characteristics of the beam source based on the experimental data are presented and the issues are
discussed.

Poster / 107

Dark current fluctuation measurements the pulsed DC system

Author: Jan Paszkiewicz1

1 University of Oxford (GB)

Corresponding Author: jan.paszkiewicz@cern.ch

The dynamics of dislocation activity under intense electric fields has been proposed as a potential
nucleation mechanism of breakdowns. Results of searches for high-frequency fluctuations in field-
emitted current in the pulsed DC system at CERN, that could arise as a consequence of changes in
the surface geometry as a result of dislocation motion.

Poster / 113

Commissioning of IFIC High Gradient RF Laboratory to test S-
band accelerating structures for hadron-therapy accelerators.
Authors: cesar blanchNone ; Marçà Boronat1 ; Daniel Esperante PereiraNone ; Juan Fuster Verdú2 ; Benito Gimeno3

; Daniel Gonzalez Iglesias4 ; Anna Vnuchenko4 ; David Banon Caballero5 ; Nuria Catalan Lasheras6 ; Gerard
Mcmonagle6 ; Igor Syratchev6 ; Walter Wuensch6 ; Angeles Faus-Golfe7

1 IFIC - CSIC
2 IFIC-Valencia (ES)
3 University of Valencia
4 Univ. of Valencia and CSIC (ES)
5 CERN - IFIC - University of Valencia (ES)
6 CERN
7 Laboartoire de l’Accelerateur Lineaire

Corresponding Author: david.banon.caballero@cern.ch

The IFIC RF laboratory will perform the conditioning and high power tests of S-band accelerating
structures designed for hadron-therapywith the purpose of investigate their high gradient behaviour.
The facility is based on the scheme of the Xbox-3, a X-band test facility at CERN, adapted to operate in
S-band. Two medium peak-power (7.5 MW) and high repetition rate (400 Hz) S-band klystrons have
been combined to generated the required power on two testing lines. The test stands installation has
been finished and commissioning of the laboratory equipment is progressing. This document will
present the latest results and progresses of the IFIC RF laboratory.
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Poster / 115

Combined Field Emission and Multipactor Simulation in High-
Gradient RF Accelerating Structures
Authors: David Banon Caballero1 ; Walter Wuensch2 ; Kamil Szypula2 ; Nuria Catalan Lasheras2 ; Benito Gimeno3

; Angeles Faus-Golfe4

1 CERN - IFIC - University of Valencia (ES)
2 CERN
3 University of Valencia
4 Laboartoire de l’Accelerateur Lineaire

Corresponding Author: david.banon.caballero@cern.ch

Field emitted electrons have important consequences in the operation of high-gradient RF accelerat-
ing structures both by generating so-called dark currents and initiating RF breakdown. The latter is
an important limitation of the performance in such devices. Another kind of vacuum discharge that
primarily affects the operation of lower-field RF components, for example those used in space appli-
cations, is multipactor. Theoretical simulations using CST Particle Studio, show that field emitted
electrons generated in the high field regions of high-gradient accelerating cavities migrate to low
field regions under ponderomotive forces potentially triggeringmultipactor there. This phenomenon
is an interplay between high field and low field processes whichmay have as a consequence that mul-
tipactor actually affects to the performance of high-gradient cavities because field emitted electrons
might reduce the timescales for the onset of multipactor.

Poster / 116

The smooth transition from field electron emission to glow dis-
charge (as a pre-stage of glow-to-arc transition) - a novel approach
for the detection
Author: Wolfram Knapp1

1 Otto-von-Guericke-Universitaet Magdeburg

Corresponding Author: wolfram.knapp@ovgu.de

An underestimated phenomenon in the operation of field electron emission is the smooth transition
to glow discharge as a significant pre-stage of vacuum arcs, which usually occur more frequently
at higher operation vacuum pressures and higher emission currents in the range of normal glow
discharge (> 0.1 mA). This phenomenon can be understood by investigating the transition from field
electron emission (FE) to glow discharge (GD). It is important to note that the detection of the transi-
tion using the electrical parameters is not easy, because field electron emission and glow discharge
have the same voltage range during a transition (in contrast to arc transition with sudden voltage
breakdown). In order to confirm this transition from field electron emission to glow discharge a
graphical four-step evaluation method was developed and proposed for detection with electrical
parameters [1, 2]. These four steps are:

1st step: I-V semi-logarithmic diagram (typical of the FE diagram with many current decades),
2nd step: I-V linear diagram with linearity test for measurements of V = f(I) and calculation of serial
R (I > 0.1 mA),
3rd step: I-V linear diagram with R voltage correction, and for glow discharge is V = constant!
4th step: V-I linear diagram (typical of the GD diagram in plasma physics).

A detailed description and explanation of this evaluation method is a topic of this contribution. Ad-
ditionally, we present different optical observations of the cathode-anode distance with typical blue
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luminous effects of glow discharges and change of color and brightness during the glow-to-arc tran-
sition.

References:
[1] D. Wenger, W. Knapp, B. Hensel, S. T. Tedde, „Transition of Electron Field Emission to Normal
Glow Discharge“, IEEE Transaction on Electron Devices 61 (11), p. 3864 (2014).
[2] W. Knapp, “Energetic evaluation of the transition from field electron emission to plasma dis-
charges with extended use of the Fowler-Nordheim plot”, Oral contribution, IVNC 2017, 10-14 July,
Regensburg, Germany.

Poster / 123

Recent technical improvements to and plans for ArcPIC
Author: Kyrre Ness Sjobaek1

1 University of Oslo (NO)

Corresponding Author: kyrre.ness.sjoebaek@cern.ch

ArcPIC is a 2D electrostatic particle-in-cell code for simulating vacuum arc discharge plasmas.
It is meant to be flexible, making it easy to modify with new surface boundary conditions, external
circuits, and more.
ArcPICwas open-sourced 2014, and has since then gone through a technical development and started
to be used by a larger community.

Especially, the build system has been rewritten and the output files can optionally be given as HDF5
instead of ASCII.
Furthermore, the arrays for storing the particles and the mesh for the electromagnetic solver was
previously defined at compile-time, but is now defined during start-up and re-sized on demand.
Finally, the internal configuration and state data is moved into appropriate classes instead of being
stored in the global context.

These improvements aim at making the code faster and more efficient to run, and easier to modify.
Further development is foreseen based on this, especially to restore the checkpoint/restart func-
tionality, capability of handling more particle species, and to implement a parallel/full-wave EM
solver.

Poster / 144

RF Breakdowns in the SPIDER experiment during its first opera-
tional phase
Author: Andrea Zamengo1

Co-author: matteo agostini

1 Consorzio RFX

Corresponding Author: andrea.zamengo@igi.cnr.it

SPIDER is the full-size prototype of ITER Neutral Beam Injector ion source, in operation since June
2018
as part of the ITER Neutral Beam Test Facility located in Padova, Italy. The ion source of SPIDER is
composed of eight Radio Frequency drivers operated in low hydrogen gas pressure, 0.3 Pa, driven at
1
MHz with a total power of 800 kW, an extraction and acceleration system is the used to produce a
negative ion beam with an energy up to 100 keV.
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RF breakdowns outside the ion source beset the SPIDER experimentation since the beginning of the
operations. Such breakdowns could be sustained by the power supplies but in many cases cause the
plasma pulses to stop and might cause of source damages. Scope of this work is to summarize the
experimental evidences, to classify the type of breakdowns and to identify the operational scenarios
which seem to be free from this problem.
Three classes of diagnostics have been used to investigate the RF breakdowns: electrical measure-
ments
from the Ion Source and Extraction Power Supply, visible cameras (both fast and slow) and optical
fibers
which collect lights from the rear of the SPIDER experiment. Each of these signals is somehow af-
fected
by the RF breakdowns; their comparative analysis allows improving the understanding of this issue
and
helped the identifications of different types of breakdowns that can occur outside the SPIDER Ion
Source.
A statistical analysis of the pulses performed so far concludes the work; it gives an overview RF
breakdowns in the SPIDER experiment and tries to assess the breakdown probability in the condi-
tions
relevant for normal plasma operations.

Poster / 140

Field electron emission in an external magnetic field parallel to
the surface
Author: Serhii Lebedynskyi1

1 Institute of Applied Physics, National Academy of Sciences of Ukraine

Corresponding Author:

The work concerns relativistic effects and the influence of an external magnetic field on the
transmission coefficient. The Fowler-Nordheim equation has been relativistically generalized and
effect of
the Lorentz contraction of a potential barrier at the metal-vacuum interface has been found. In-
fluence of
the magnetic field parallel to a metal surface on the transmission coefficient is taken into account
when
cB < E.

Poster / 146

Investigations of the transition from field electron emission to
plasmadischarges (glowdischarges andmicro-arcs)with extended
use of the Fowler-Nordheim plot
Author: Wolfram Knapp1

1 Otto-von-Guericke-Universitaet Magdeburg

Corresponding Author: wolfram.knapp@ovgu.de

The commonest method of characterising a cold field electron emitter is to measure its current-
voltage characteristics, and the commonest method of analysing these characteristics is by means of
a Fowler-Nordheim (FN) plot [1]. For example, the field enhancement factor can be calculated. But
for novel investigations of the transition from field emission to plasma discharges an extended use
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of FN plot is proposed. For this, the inverse voltage (x-axis of the FN plot) was extended with factor
1 = (I∙t)/(I∙t):

1/V = (I�t)/(V�I�t) = Q/E [1/V= As/Ws] (1),

where V is the Voltage, I the current, t the time, Q the sum of all transported charges (cathode - anode)
and E the energy required for this. The relation Q/E is a possible option for energetic evaluation. Fig.
1 shows an example of the energetic evaluation with FN plot (see attachment). It can be seen that
the micro-arc discharge has a charge transfer with the least energy input. This energetic evaluation,
further and improved measurements, an illustrative “energy compass” for a simple FN plot analysis
and novel approaches for comparative energetic evaluations of charge transfers (electrons, ions) will
be presented and discussed.

References
[1] R. G. Forbes, J. H. B. Deane, A. Fischer, M. S. Mousa, “Fowler-Nordheim Plot Analysis: A Progress
Report”, Jordan Journal of Physics 8 (3) 125-147 (2015).
[2] D. Wenger, W. Knapp, B. Hensel, S. T. Tedde, „Transition of Electron Field Emission to Normal
Glow Discharge“, IEEE Transaction on Electron Devices 61 (11), p. 3864 (2014).
[3] M. A. Bilici, J. R. Haase, C. R. Boyle, D. B. Go, R.M. Sankaran, “The smooth transition from field
emission to self-sustained plasma in microscale electrode gaps at atmospheric pressure”, J. Appl.
Phys. 119 223301 (2016).
[4] W. Knapp, M. Lindner, C. Langer, R. Schreiner, ”Investigations of transition from field electron
emission to stable plasma discharge in a micro electron source at vacuum pressure”, Poster contri-
bution, IVNC 2017, 10-14 July, Regensburg, Germany.

Poster / 153

Direct Field Ionisation
Corresponding Author: sergio.calatroni@cern.ch

Direct field ionisation of neutral atoms may happen when they are immersed in an external electric
field of magnitude comparable to the atomic electric field seen by the outer electron shells. The
resulting ionisation probability may have a magnitude comparable to the usual electron impact ion-
isation probability, and thus this process should not be neglected in plasma simulations codes. In
particular direct field ionisation may play an important role in the first triggering phase of a break-
down.
This poster presents the basic underlying physics and formulas, and some simple comparison with
electron impact ionisation cross-sections.

Poster / 157

COMSOL simulation of the surface flashover in a MEMS insula-
tor
Authors: Xiaoli GuoNone ; Pieter Kruit1

1 Delft University of Technology

Corresponding Author: xiaoli.guo81@hotmail.com

This research is on the COMSOL simulation of flashover occurring in aMEMS (Micro-Electro-Mechanical
System) insulator and electrode unit, both of the electric field at triple point and of electron trajec-
tories in several practical geometries. In some applications of MEMS technology, electrostatic field
up to 5-20kV/mm is of interest. One of these applications is using MEMS components for manufac-
turing compact electrostatic lenses or apertures to be used in Scanning Electron Microscopes. High
voltage insulation is still one of the challenges, as it is in a conventional construction using metal and
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ceramic to make lenses and apertures. The field strength at triple points is assessed first, and a glass
sphere is added as a dielectric particle later to check the effect of particles in a system. Moreover,
a secondary electron emission avalanche (SEEA) model is utilized in the simulation. Electrons are
assumed to be emitted from the sphere by the mechanism of cold field emission or ionisation. The
secondary electrons generated by electrons hitting on the surface of a glass insulator are simulated in
COMSOL, the total electrons collected by the electrode on the positive side are recorded, and themul-
tiplication factor is compared for these geometries. Among these geometries, a two-step structure
seems to contradict experimental results published before. We try to explain the differences.

Experiment and Diagnostics - Applications / 60

Diagnostics of hot anode surface by optical methods
Authors: Sergey Gortschakow1 ; Steffen Franke2 ; Diego Gonzalez2 ; Ralf Methling2 ; Dirk Uhrlandt2

1 Leibniz institute for plasma science and technology
2 Leibniz Institute for Plasma Science and Technology

Corresponding Author: sergey.gortschakow@inp-greifswald.de

Development of vacuum circuit breakers for medium- and high-voltage applications leads to contin-
uous basic research in the field of vacuum arcs. The diagnostics of the electrode surface plays an
important role for understanding of basic phenomena and parameter optimization for corresponding
applications since the electrodes provide the material for the arc plasma. It is well known that the
anode activity has a distinct impact on contact erosion and interrupting capability, because it leads
to injection of atomic vapour into the inter-electrode gap causing the lowering of dielectric strength.
Therefore, the knowledge about spatiotemporal distribution of the anode surface temperature is of
high interest for qualification of electrode materials.
The contribution presents the results for temperature distribution on the anode surface made of
CuCr alloy obtained by optical measurements. Several methods, which are applicable during the
arcing and after the current interruption, have been applied for quantitative characterisation: NIR
spectroscopy, pyrometry and high-speed camera techniques enhanced by narrow-band filters. Ad-
vantages and drawbacks of each method will be discussed. The arc was ignited by contact separation
during the current flow. The driving current pulse was supplied by a high-current generator that
produces an AC waveform at 50 Hz at several kA magnitude. The temporal evolution of the surface
temperature for different anode modes will be presented and discussed.

Experiment and Diagnostics - Applications / 63

Field estimation and the statistical analysis of dark currents
Author: Sagy Itschak Lachmann1

Co-author: Yinon Ashkenazy 2

1 Hebrew University of Jerusalem
2 The Hebrew University of Jerusalem (IL)

Corresponding Author: googons@gmail.com

The prevaling way of analyzing dark currents is by looking only at the mean current. While there
have been some work to extract usefull information from that, there’s a lot of data being ignored by
neglecting the inherently statistical nature of the current.
In this talk, I will present a novel method for field estimation and its advantages as opposed to the
current method of beta estimation from the FN curve.
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Experiment and Diagnostics - Applications / 65

Spectroscopic and Microscopic Observations of Anode Behaviors
in Vacuum Breakdown
Authors: Zhipeng Zhou1 ; Andreas KyritsakisNone ; Zhenxing Wang2 ; Flyura Djurabekova1 ; Yingsan Geng2

1 University of Helsinki
2 Xi’an Jiaotong University

Corresponding Author: zhouzhipeng77@stu.xjtu.edu.cn

Under sufficient high electric field, a breakdown process will be triggered in a vacuum insulation
system, influencing the efficiency, reliability and even safety of the system. The transition to a
vacuum arc, which is indicated by the formation of a conductive channel in the initial vacuum gap,
is an important process for a deeper understanding of the vacuum breakdown. According to our
previous work, the anodic glow has no dominant contribution to the conductive path formation, and
it is only a secondary effect of the cathode events. In this paper, we investigated the anodic glow
in more detail, in order to reveal some nature of the cathode events and the conductive channel
formation from this related secondary phenomenon. Spectroscopic and microscopic observations
were conducted for a tip-cathode-plane-anode system. Based on the analyses of the result, both the
cathode and the anode provide atoms for the anodic glow region in every shot of breakdown. The
atoms from the burning cathode spot can reach the anodic glow region at the very beginning of the
appearance of the anodic glow, and there should be some concentration process for these cathode
atoms at the anode surface, which makes the light intensity in the vicinity of the anode higher
than that in the middle of the gap. The material transfer from the cathode to the anode during the
entire breakdown can form a contamination layer on the anode surface, which provides atoms to
the anodic glow in the following breakdowns. The contamination layer on the anode surface has a
“covering effect” on the bulk of the anode. The former usually contributes more atoms to the anodic
glow than the bulk of the anode, and sometimes even blocks the atom supply from the bulk of the
anode.

Experiment and Diagnostics - Applications / 82

Vacuum breakdown voltage distributions between different con-
tact arrangements and materials
Author: Erik Taylor1

Co-authors: Andreas Lawall ; Jörg Genzmer 1 ; Andreas Schulz 1

1 Siemens AG

Corresponding Author: erik-d.taylor@siemens.com

Although electrical breakdowns are often reported as a single value, in general breakdowns for both
vacuum and gases are in fact a distribution of values. This work measures the breakdown voltage
distribution for two general contact arrangements (floating and fixed shield) using Cu-Cr contact
material. Tests were performed using the lightning impulse voltage pulse, with a 1.2/50 µs rise/decay
time. The breakdown distributions were acquired by the always breakdown method. In the always
breakdown method, the voltage is set to a high enough level that the contact gap always breaks
down, providing a datapoint for each voltage application. Breakdown rates were measured from
a few percent up to 100%. The data was compared to an empirical model based on the Weibull
distribution and a model taken from work on linear accelerators. The Weibull distribution with a
high shape parameter gave good agreement with the data across a wide range of measurements. A
model taken from linear accelerator data at very low breakdown rates also successfully matched the
data and the calculated Weibull distribution for breakdown rates <10%, using similar parameters in
both models. The extremely steep dependence of the breakdown rate on the voltage necessitates a
vacuum breakdown model that can explain both the occurrence of the breakdown and the dramatic
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change in the frequency of the breakdowns. A comparison with a broad range of other published
data demonstrates that detailed comparisons benefit from determining the breakdown distribution
and/or a clear choice of the breakdown rate being compared. Comparisons focusing on general
trends and broad ranges of parameters can be more flexible.

Experiment and Diagnostics - Applications / 58

Precision hign voltage platform for ion mass analysis
Authors: Marco Cavenago1 ; Andrea Pisent2 ; Michele Comunian3

1 INFN-LNL
2 Unknown
3 INFN Laboratori Nazionali di Legnaro

Corresponding Author: marco.cavenago@lnl.infn.it

High voltage platform are of widespread use in nuclear physics accelerator in order to provide the
initial acceleration of ion. The ion source environment is particular challeging for high voltage
holding, since discharge can be energized from source radiation or secondary particle generated by
the ion beam.
Moreover spectrometers for charge tomass ratio of exotic nuclei requires a well defined beam energy,
which poses challenging requests to high voltage design, rising the question of which electrode
design rules are necessary for quiet voltage operation, with typically tolerable energy rms fluctuation
in the 10−5 order, including contributions fron all devices in a beamline (spanning a 10 m size). Need
for thick plate ground is discussed and compared to existing installation

Experiment and Diagnostics - Applications / 66

Roles and Physical Processes of Anodes in the Initial Stage of Vac-
uum Breakdowns
Authors: Zhenxing WangNone ; Zhipeng Zhou1 ; Flyura Djurabekova2 ; Andreas KyritsakisNone

1 Xi’an Jiaotong University
2 University of Helsinki

Corresponding Author: philowzx@outlook.com

Vacuum breakdowns are common phenomena in nature and gain their important role in modern
technologies. Although a lot of effort has been done to reveal the nature of the breakdown, the
dispute over the roles and physical processes of anodes in the initial stage is not over. The objective
of the paper is to experimentally investigate prerequisites for appearing anodic glow and its role
in a vacuum breakdown. By employing a streak camera with high-time resolution up to several
pico-seconds, we observed anodic glow during vacuum breakdowns accurately. Combined with
analysis of I-V behaviors, it is found that different anode materials did not affect the delay times
between the cathodic and anodic glow obviously as well as the breakdown voltages, and both the
energy and charge deposited on anode surfaces are the necessary conditions for triggering anodic
glow. Moreover, anodic glow is generated by the combined effect of evaporated atoms from the
anode surface and the incident electrons from the cathode. Only the electron with low-energy can
excite the atoms efficiently, so the effect of electron sheath, which can control and decelerate the
incident electrons, is critical in the physical processes of the anodic glow. In addition, the low-energy
electrons drift back to the cathode, changing the emission on it, leading to a final equilibrium of
vacuum discharge. In the end, we reaffirm that a fully conductive channel after a vacuum breakdown
triggered can be established without contributions from the anode.
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Experiment and Diagnostics - Applications / 101

HVDC insulation between shaped electrodes separated by large
vacuum gaps
Authors: Nicola Pilan 1 ; Antonio De Lorenzi 1 ; Silvia Maria Deambrosis2 ; Michele Fincato 1 ; Cristiano Fontana
3 ; Renato Gobbo None ; Luca Lotto 1 ; Emilio Martines 1 ; Roberto Pasqualotto 1 ; Patton Tommaso 1 ; Felix Pino 3 ;
Emanuele Spada 1 ; Silvia Spagnolo 1 ; Matteo Zuin 1

1 Consorzio RFX
2 ICMATE-CNR
3 Università di Padova
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The contribute describes and analyses some recent experimental results obtained at the High Voltage
Padova Test Facility (HVPTF)
The results of four voltage hold -off experiments adopting stainless steel electrodes are presented
and discussed. The conditioning histories in high vacuum, obtained by a fully automatic procedure,
have been compared and analysed. A marked total voltage effect has been observed for gap lengths
longer than 70 mm. The best hold –off performances in medium vacuum, up to 800kV, the limit of
the system, were obtained by the stationary injection of Ar.

Applications / 96

Progress of the ITER Neutral Beam Test Facility project
Authors: Vanni ToigoNone ; Samuele Dal Bello1 ; Deirdre Boilson2 ; Chandra Rotti2 ; Tullio Bonicelli3 ; Francesco
Paolucci3 ; Arun Chakraborty4 ; Mieko Kashiwagi5

1 Consorzio RFX
2 ITER Organization
3 Fusion For Energy
4 Institute for Plasma Research
5 National Institutes for Quantum and Radiological Science and Technology
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This paper gives an overview of the progress of the Neutral Beam Test Facility realization, including
the experimental status of SPIDER.

Applications / 93

First year of operation of SPIDER, prototype source of ITER neu-
tral beam injectors
Authors: Gianluigi Serianni1 ; Vanni ToigoNone

1 Consorzio RFX

Corresponding Author: gianluigi.serianni@igi.cnr.it
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To reach fusion conditions and to control the plasma configuration in ITER, the next step in ther-
monuclear fusion research, two heating and current-drive neutral beam injectors (NBIs), each sup-
plying 17MW, by accelerating negative hydrogen or deuterium ions to 1MeV. The requirements of
ITER NBIs (40A negative H or D ions for 1 hour) have never been simultaneously attained. So in
the dedicated Neutral Beam Test Facility (NBTF) at Consorzio RFX (Italy) the performances of the
ITER NBI (divergence <7mrad, aiming <2mrad) will be studied and optimised. The NBTF includes
two experiments: MITICA, full-scale ITER NBI prototype, and SPIDER, full-scale prototype of the
ITER NBI source with 100keV particle energy. SPIDER aim is to investigate source uniformity (over
a 1m×2m area), negative ion current density and beam optics.
The present contribution will briefly outline the activities and the experiments carried out in the SPI-
DER beam source during its first year of operation with volume generation of negative ions. First
a description will be given of the preparation activities in view of the start of the operations and
of the improvements that were found necessary to guarantee reliable operational capabilities. In
order to extend the source pressure range and to provide a thorough investigation of the properties
of the early SPIDER beams, a mask was installed in the accelerator, leaving only isolated beamlets
(for a total number of 80 beamlets out of 1280). The detailed investigation of the plasma properties,
to assess the efficiency of RF coupling to the plasma in different configurations of the RF circuits,
are presented. During the first extraction of negative particles from the source, the features of the
co-extracted electrons were studied and correlated with the plasma parameters. Particularly, the
magnetic filter field effectiveness in reducing the co-extracted electron current was verified; corre-
spondingly, the decrease of the plasma emissivity was studied as well as the influence on the negative
ion current. Finally the first characterisation of the SPIDER beam, in terms of beamlet divergence
and deflection, is proposed and compared with numerical models while varying the source parame-
ters. The negative ion beam is found to exhibit values of current density and optics similar to those
expected in volume operation.

Applications / 79

Design of the first vacuum and low-pressure gas insulation tests
for the MITICA 1 MV electrostatic Accelerator
Authors: Giuseppe Chitarin1 ; Daniele Aprile2 ; Tommaso Patton3 ; Nicola Pilan3

1 University of Padova and Consorzio RFX
2 INFN-LNL, Consorzio RFX
3 Consorzio RFX

Corresponding Author: giuseppe.chitarin@unipd.it

MITICA is the prototype of the ITER Heating Neutral Beam Injector (NBI), which is designed to
generate a 40 A beam of Hydrogen/Deuterium negative ions, to accelerate the ions up to an energy
of 1MeV and then to neutralize them, producing a neutral beam of about 16.6 MW power. The design
of MITICA is as far as possible identical to the design of the ITER HNB, except that in the ITER NBI,
the neutral beamwill be directed to the plasma in the Tokamak vessel via a duct, whereas in MITICA
the neutral beam will be directed to a water-cooled calorimeter. The NBI system will consist of a
Vacuum Vessel (AISI304L, overall dimensions 15 × 5 × 5 m3), where the negative ion Beam Source,
which is the most complex component of the NBI system, will be installed, together with other
components (i.e. gas-cell Neutralizer, residual Ion Dump and Cryo-Pumps). The negative ion Beam
Source includes a Plasma Chamber (with a gas injection system and auxiliaries for the production of
negative Hydrogen/Deuterium ions) and a multi-stage Electrostatic Accelerator, constituted by a se-
ries of 7 metallic grids each having 1280 apertures. The Plasma Chamber and the metallic grids of the
multistage electrostatic Accelerator will be kept at different electric potentials ranging from about
- 1MV (Plasma Chamber, Plasma Grid and Extraction Grid) to ground potential (Grounded Grid) in
steps of 200 kV. The Vacuum Vessel will be grounded. The insulation between electrodes having
different electric potential will be provided by gaps in vacuum (filled with low pressure Hydrogen
during operation) and by alumina post insulators. The voltage holding capability of the MITICA
Beam Source at 1 MV is a very challenging issue, which could not be fully addressed so far on the
basis of the theoretical models and experimental results available in literature. This paper describes
a specific HV test campaign to be implemented in the MITICA Vacuum Vessel using a mock-up of
the Beam Source. The tests have been designed with the aim of reducing the insulation problem
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to its most essential configuration (just 2 electrodes, possibly with an intermediate shield), so as to
obtain reliable data on voltage holding at 1 MV and, if necessary, to focus on the most effective so-
lutions. The tests shall be performed in the MITICA Vessel (already available in the NBTF site) both
in vacuum and in low-pressure gas, using a specific 1.3 MV Test Power Supply, in parallel with the
construction and assembly of the MITICA Beam Source.
In the paper, the test objectives and requirements are first introduced. Then the test configurations
and procedures are defined. Finally, some design solutions for the electrode realization are described
and preliminary plan together with a list of test equipment is given.

Applications / 89

Surface coatings for arc prevention between plasma facing com-
ponents
Authors: Luigi Cordaro1 ; Roberto Cavazzana1 ; Matteo Zuin 2 ; Giovanni Berton1 ; Simone Peruzzo1

1 Consorzio RFX
2 Consorzio RFX

Corresponding Author: luigi.cordaro@igi.cnr.it

The design of the RFX-mod device upgrade requires a 3 mm copper shell close to the plasma to
achieve improved plasma confinement properties. Although a continuous conductive structure
would be preferred as a passive plasma stabilizer, such a conductive structure shall have an elec-
trical discontinuity in both the poloidal and toroidal directions, in order to allow the penetration of
electromagnetic fields into the plasma region. These gaps prevent the formation of net poloidal and
toroidal currents. Moreover, the shell has been designed with an overlapping region at the poloidal
gap in order to reduce the induced field errors.
During Reversed Field Pinch operations, the loop voltage, externally induced to sustain the plasma
current, can reach values up to 400 V.These values can rapidly increase up to 2 kV during fast plasma
current terminations. Therefore, intense electric fields can develop between the shell flaps, only a
fewmillimetres apart, along the overlapping region. Furthermore, taking into consideration that the
copper shell is located inside the vacuum chamber and is therefore exposed to the low temperature
plasma of the scrape off layer, the formation probability of harmful electric arcs is high.
In order to avoid arc formation, different types of insulation coating on the copper, able to withstand
the applied electric fields in the presence of plasma, are under investigation.
The electrical insulation performances of an alumina coating on a copper substrate are investi-
gated. Several deposition methods have been evaluated, including magnetron sputtering, atmo-
spheric plasma spray and detonation gun spray, which differ in the adhesion to the substrate, com-
pactness, porosity and mechanical strength of the deposited material. The last two methods have the
advantage of being conducted in air at atmospheric pressure, without the aid of complex vacuum
systems.
In order to validate the process, an experimental apparatus was set up in the laboratory aimed to
reproduce the expected conditions at the shell gap. It consists of a vacuum chamber in which a
helium plasma was generated by the use of a hot filament and a DC power supply. A bias voltage
was applied between a copper plate and a cylindrical electrode (Ø 4 mm). The plate side facing the
electrode was covered with alumina. The two electrodes are floating and biased by a small capacitor
bank (0.3÷2 μF). The voltage on the electrodes was applied for 200ms, with a repetition rate of 1Hz.
In this contribution, the results of the experiments, with the aim of studying the conditions for the
arc formation in presence of a weakly ionized plasma (ne ~ 10e16 m-3), are presented. In particular,
voltage pulses up to 2.5 kV were applied, with a background gas pressure between 10e-3 and 10
mbar. Furthermore, the electrodes were kept both in contact and spaced up to 5 mm. The analysis
of alumina degradation, after dielectric cracking in the presence of arc, is also presented.

Experiment and Diagnostics - Applications / 70

Study on the post-arc sheath and the post-arc current in vacuum
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interrupters
Authors: Shenli Jia1 ; Yongpeng Mo1 ; Zongqian Shi1
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Post arc dielectric recovery process is an important stage when vacuum circuit breakers interrupt
current, which has decisive effect on the whole interrupting process and causes much concern. much
concern. The post arc dielectric recovery process, which contains the physical processes, e.g., the
dissipation of residual plasma and metal vapor, begins at the moment of current zero and lasts until
the gap recovers its dielectric strength. After current zero, the residual plasma forms an ion sheath
in front of the post arc cathode and develops to the post arc anode under the effect of transient
recovery voltage, then forms the so called post-arc current.
In order to obtain an in-depth understanding of the post-arc sheath, a one-dimensional particle in cell
(PIC) model has been developed to study the basic characteristics of the post-arc sheath expansion
process. Firstly, the influence of plasma temperature on the post-arc sheath expansion has been
studied. Then the theory of ion rarefaction wave. Then simulations of different residual plasma drift
velocity also have been carried out. Because the collisions between electrons and metal vapor and
the collisions between ions andmetal vapor exist during the post arc sheath expansion process, a PIC-
MCCmodel has been developed to study the influence of metal vapor. Moreover, a two-dimensional
cylindrical PIC model has been developed to study the influence of plasma motion in radial direction
on post arc sheath expansion.
Then the influences on the characteristics of post-arc current by some factors, e.g., residual plasma
density, the rising rate of transient recovery voltage, the plasma temperature and the contacts stroke,
have been studied with the one-dimensional PIC model. Because ions can enter the post arc anode,
the influence on the proportion of ions and electrons entering the post arc anode of the above factors
also have been studied. Besides, the influences on the post arc current density of different factors
also have been studied.
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Simulations of vacuum arcs with liquid-metal cathodes
Author: Vladimir Kolobov1

1 CFDRC

Corresponding Author: vladimir.kolobov@cfdrc.com

V. Kolobov, D. Levko and R Arslanbekov
CFD Research Corporation, Huntsville, AL 35806

Operation of vacuum arcs involves multi-phase processes associated with melting, evaporation and
ionization of electrode materials. In this paper, we will present simulations of vacuum arc ignition
from the tip of a Taylor cone on the surface of liquid cathode made of GaIn. The formation of Taylor
cone on liquidmetal surface is simulated using the volume-of-fluid approachwith adaptive Cartesian
mesh. We analyze the conditions of the Taylor cone formation and the ejection of liquid droplets
from the Taylor cone tip in electric fields. The ignition of an arc discharge starts with the electron
field emission and continues until the explosion of the cathode tip due to its heating by the current
occurs. We investigate the transition from the field emission to the explosive electron emission
(EEE). In this work, we also analyze how the plasma generation and ejection of droplets influence
the dynamics of the liquid electrode. The focus on simulations of single ecton on tip of Taylor cones
formed on liquid cathodes. EEE results in the formation of plasma jets expanding from the cathode.
During jet expansions, a non-ideal plasma turns into an ideal plasma. We use hybrid fluid-kinetic
models to analyze effects of ambient gas pressure on the dynamics of EEE-induced plasma processes.
The results of our simulations are compared with the available experimental dataAcknowledgments
This work is supported by the DOE SBIR Project DE-SC0015746.
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Study on breakdown phenomenon of high energy ions bombard-
ing electrode
Authors: Ao XuNone ; Dazhi JinNone ; Yajun Wang1 ; Xiaohua TanNone
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In the ion accelerator or film deposition instruments, the ion beam may induce breakdown under
the high voltage. In order to explain this phenomenon, a typical model of protons impacting the
electrode is analyzed with the help of a PIC-DSMC code. The temporal and spatial distribution
evolution of electrons, ions and neutrals with different electrode conditions are present. The critical
value of local gas density to induce breakdown is 1025m-3. According to the discussion of the form of
the electrons avalanche, it is evident that the electrons ionization gas is the key reaction affecting the
form of breakdown, and the form of sheath near the electrode is available to the electrons avalanche.
Finally, the physical mechanism of the breakdown induced by ions bombarding the electrode is
explained.
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Generalizing Models of Vacuum Arcs
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Useful models of arcing capable of predicting operating gradients in limited environments are be-
ginning to be produced, but generalizing these models to many applications is coming very slowly.
We will show how each stage of the arcing process can be explained by many possible mechanisms,
each with its own parameter space and peculiarities, and outline how a general model, applicable
to many applications such as fusion, power transmission and accelerators, might be produced. The
systemmust consider mechanisms able to cope with a wide range of environments, ( plasma/surface,
solid/liquid surfaces, wide ranges of temperatures, pressures and densities, classical/non-Debye plas-
mas. . ), over many different timescales, in a consistent way. We prioritize the outstanding questions
and suggest some simplifying assumptions.

Experiment and Diagnostics - Applications / 64

Theory of electric field breakdown nucleation: mobile disloca-
tion population dynamics and atomic simulations
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We present a model in which electrical breakdown in high-voltage systems is caused by a critical
transition, due to stochastic fluctuations of the mobile dislocation population in the cathode. Recent
developments of the model, due to comparison with experiment and microscopic observations, are
described. We propose a number of additional experiments to validate the model, and discuss its
applications. Additionally, we describe atomic simulations of the experimental scenarios and their
implications for the model.
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Numerical Simulation of the Initial Phase of Unipolar Arcing in
Fusion Relevant Conditions
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NUMERICAL SIMULATION OF THE INITIAL PHASE OF UNIPOLAR ARCING IN FUSION RELE-
VANT CONDITIONS

The results of experimental works on unipolar arcs, e.g. [1], suggest that there are two phases of
unipolar arcing. An intense external energy flux, i.e., the laser pulse (or ELM), causes significant
heating of a wide region of the surface of an isolated plate, current transfer is initiated and the
potential difference between the plasma and the plate is reduced. The laser beam is then switched
off, however the potential difference remains the same and small bright spots are seen moving away
from the impact site; the second phase.

A model for the initial phase of unipolar arcing has been developed on the basis of the detailed
numerical model of plasma-cathode interaction in vacuum arcs [2]. The model takes into account
an external heating which triggers the arc spot, the vaporization of the atoms from the heated sur-
face, the ions and electrons produced by ionization of the vapor, the electron emission from the
metal surface, and relevant hydrodynamic phenomena, including convection and surface deforma-
tion. Current transfer outside the arc attachment is taken into account and the potential difference
between the plasma and the metal surface (the plate) is evaluated from the condition that the net
current transferred to the plate is zero at each moment.

The developed model is used for simulation of the interaction of an external energy load (laser beam)
with and current transfer to a tungsten plate immersed in a helium background plasma in conditions
similar to those of the experiment [1]. Simulations were performed for different dimensions of the
plate and laser beam radii. The results revealed the formation of a crater, but no jet formation or
droplet detachment. If the plate is large (R = 100mm), the peak temperature attained is 5200K, and
the plate potential remains below the plasma potential. If the plate is small (R = 10mm), a peak
temperature of 7500K is reached, the potential of the plate surpasses the plasma potential, circulation
of the melt at the pool periphery occurs, and the erosion (which is mainly due to the vaporization
of the metal atoms in the spot) reaches the value of 37 micrograms.

Acknowledgments The work was supported by FCT - Fundação para a Ciência e a Tecnologia
of Portugal (the project Pest-OE/UID/FIS/50010/2019). The work at Universidade da Madeira was
supported by the project PlasMa - M1420-01-0145-FEDER-000016, co-financed by the Operational
Program of the Autonomous Region of Madeira 2014-2020.
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Diffusion on metal surfaces under high electric fields
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Combining classical electrodynamics and density functional theory (DFT) calculations, we develop
a general and rigorous theoretical framework that describes the energetics of metal surfaces under
high electric fields. We show that the behavior of a surface atom in the presence of an electric field
can be described by the polarization characteristics of the permanent and field-induced charges in
its vicinity. We use DFT calculations for the case of a W adatom on a W{110} surface to confirm the
predictions of our theory and quantify its system-specific parameters. Our quantitative predictions
for the diffusion ofW-on-W{110} under field are in good agreementwith experimentalmeasurements.
This work is a crucial step towards developing atomistic computational models of such systems for
long-term simulations.

Experiment and Diagnostics - Applications / 155

Direct Field Ionisation
Corresponding Author: sergio.calatroni@cern.ch

Direct field ionisation of neutral atoms may happen when they are immersed in an external electric
field of magnitude comparable to the atomic electric field seen by the outer electron shells. The
resulting ionisation probability may have a magnitude comparable to the usual electron impact ion-
isation probability, and thus this process should not be neglected in plasma simulations codes. In
particular direct field ionisation may play an important role in the first triggering phase of a break-
down.
This poster presents the basic underlying physics and formulas, and some simple comparison with
electron impact ionisation cross-sections.

Modeling and Simulations - Applications / 57

Collective motion of large number of cathode spots
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The purpose of the present paper is to investigate numerically the movement of many cathode spots
in interaction through their self-magnetic field. The movement of the spots is assumed to be con-
trolled by a combination of stochastic random motion and a drift in the retrograde direction. It is
shown that the cathode spots randomly nucleate near the center and then move towards the edge
of the electrode. Many spots move collectively in the form of alignments of 3 to 7 spots. For large
applied currents, the spots form a cloud that expands periodically in an anisotropic way.We show
that under some conditions, the spots form a cloud that rotate regularly over the surface of the
electrode.
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Machine learning for Cu surface kinetic Monte Carlo
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Kinetic Monte Carlo (KMC) is among the most efficient methods for modelling diffusion. In the
context of CLIC, we’re interested in the diffusion processes on the Cu surface - especially under
high electric fields that are present prior to electric breakdown events.

The accuracy of a KMC model relies on the comprehensiveness of the catalogue of different migra-
tion events that are available for the simulated system, and on the accuracy of the energy barriers
associated with those events. The heavy calculations required to find the energy barriers are typi-
cally the bottleneck of KMC simulations.

We are improving the KMC model earlier developed in our group, by adding nuance to the way we
describe the atomic environments of the migration events, with the aid of machine learning. At the
moment the machine learning model has reached performance level comparable to the currently
existing one, but we hope that we can eventually capture physical processes more realistically. In
this talk, we will present some of the newest simulation results obtained with the machine learning
KMC model, as well as some outlook on future work.

Modeling and Simulations - Applications / 97
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Thehigh-Q operation of the ITER tokamakwill require twoNeutral Beam Injectors (NBIs) for plasma
heating and current drive. Each beam will be generated by a 40A current of Deuterium negative
ions, accelerated up to the specific energy of 1MeV and then neutralized. The power delivered to the
plasma by each NBI shall reach 16 MW with duration up to 1h. The beam source will be constituted
by an RF-driven negative ion source at –1 MV potential, by a Multi-Aperture, Multi-Grid (MAMuG)
electrostatic accelerator (consisting of 5 stages at intermediate potentials), and a gas-box neutralizer
at ground potential. All components will be installed in a vacuum vessel (also at ground potential),
together with a high-capacity cryo-pumping system which controls of the background gas pressure.
In order to validate the ITER NBI design and address all the outstanding issues related to these
demanding requirements, a full-scale prototype Injector called MITICA is under construction in
Padova at Consorzio RFX in the Neutral Beam Test facility (NBTF). Single-gap insulation at 1 MV in
vacuum and/or very low-pressure gas is indeed one of the expected issues which MITICA will have
to deal with and that could not be fully addressed so far on the basis of the theoretical models and
experimental results available in literature. Recent numerical analyses indicate that an intermediate
additional electrostatic shield, biased at -600kV, surrounding the Beam Source might be necessary
to guarantee the required voltage holding capability.
For this reasons, before the assembly and installation of the real Beam Source, dedicated voltage
holding tests up to 1 MV are planned to be performed in the MITICA VV, using a mockup of the
Beam Source and, if necessary, also a mockup of the intermediate electrostatic shield.
In this work the design of this experimental setup from the electrical point of view has been per-
formed by means a new 3D numerical tool, called Voltage Holding Prediction Model (VHPM), based
on the clumps theory in vacuum. In particular the electrical design of the Mock-up of the Beam
Source, its shield and the mobile anode (needed to adjust the gap length) is presented as well as the
expected voltage holding performances of the system
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Dynamic coupling between particle-in-cell and atomistic simula-
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We propose a method to directly couple molecular dynamics, finite element method and particle-in-
cell techniques, to simulate response of a metal surface to high electric fields. We use this method to
simulate the evolution of a field emitting tip under thermal runaway, by fully including the 3D space-
charge effects. We also present a comparison of the runaway process between two tip geometries
of different widths. The results show with high statistical significance, that in case of sufficiently
narrow field emitters, the thermal runaway occurs in cycles where intensive neutral evaporation
alternates with cooling periods. The comparison with previous works shows, that the evaporation
rate in the regime of intensive evaporation is sufficient to ignite a plasma arc above the simulated
field emitters.

The proposed method, which is under constant development, forms the basis for fully simulating
the processes that lead from thermal runaway of intensively field emitting nanotips tips to full arc
plasma onset. By introducing and handling new particle species such as neutrals and ions, we aspire
to bridge the gap of understanding between the dark current and the vacuum arc ignition. This
understanding is becoming increasingly important, in view of recent developments in the analysis
of the dependence of the breakdown rate to the available electromagnetic power.
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Mutual exchange of charged particles in high voltage dc devices
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The mutual exchange of charged particles is a phenomenon which could justify the onset and the
temporal evolution of microdicharges during the high voltage conditioning in high vacuum. Lo-
calized heating has been observed in unexpected positions on anodic surfaces at the High Voltage
Padova Test Facility. Experimental evidences concerning the existence of accumulation points dur-
ing occurrence of micro-discharges have been observed and simulated numerically by ray tracing
method. The position of the accumulation points depends only on electrode shape and the ratios of
applied voltages. It has been demonstrated in a double polarity configuration that a perturbation of
the trajectories position by altering the voltage distribution has been sufficient to initiate the micro
discharge occurrence.
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Electric field devices for the EDM prototype ring
Author: Jan Borburgh1
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In the framework of the Physics Beyond Colliders (PBC) study at CERN, the Electric Dipole Mo-
ment (EDM) working group is investigating the feasibility of building a storage ring to precisely
measure the permanent electric dipole moment of the proton. As a preparation for this main ring,
a prototype ring (PTR) is proposed to demonstrate the feasibility of technologies that are not yet
operationally confirmed. The PTR is to be small and simple to contain the cost, and will therefore
have a circumference of < 100 m. The power supply voltages of the PTR will be limited to 200 kV.
The mainly electric field ring will store protons at an energy of 30 MeV for stage 1 and 45 MeV for
stage 2 (where frozen spin optics will be pursued). This article describes the challenges related to
the electric field quadrupoles of the PTR as well as to the injection elements. The feasibility of the
each element will be discussed and the outstanding issues will be highlighted.

Modeling and Simulations - Applications / 159

Development of the design technique with empirical scaling of
vacuum insulation for electrostatic accelerators with large sur-
face area and locally concentrated electric field for fusion appli-
cation
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A design technique with empirical scaling has been developed in order to design a robust vacuum
insulation on the 5-stage electrostatic accelerator with large surface area and locally concentrated
electric field, aiming for the acceleration of 1 MeV, 40 A deuterium beams for fusion application.
So far, there was no practical design technique and no applicable database of the voltage holding
capability of electrodes whose surface area was several m2, which was one of critical issues on
accelerators for fusion. Recently, the voltage holding capabilities of plane and coaxial electrodes
have been widely investigated by the electrodes with the surface area up to 10 m2 which is directly
applicable to the accelerator for fusion. In addition, voltage holding capability of electrodes with
locally concentrated electric field has also been investigated by adjusting electrodes setup so that
breakdowns occur at the corner where relatively strong electric field is generated. Based on the
Clump theory showing a breakdown is triggered by EV = const, these experimental results have
been integrated into the empirical scaling of allowable EV, such as EV∝ S-0.33 for plane and coaxial
electrodes, EV ∝ exp(-2x10-3 R) for the corner, where E and S are the electric field and surface
area on the cathode, V is the sustainable voltage and R is the radius of the electrode. By taking
into account the empirical scaling, the design technique has been developed in order to optimize
the combination of the gap lengths and the surface area in multi-stage electrodes to maximize the
voltage holding capability within the given boundary conditions of the geometry. By applying the
design technique with the empirical scaling, the vacuum insulation of the 5-stage accelerator and its
5-stage high voltage busing have been designed and experimentally tested. As a result, the design
voltage of 1 MV has been successfully satisfied in both cases, which shows the credibility of the
technique. Moreover, these are easily applicable to not only the accelerator for fusion application
but also general configuration of high voltage components in vacuum.
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Pulsed DC systems dedicated to the study of electrical breakdown phenomenon and the conditioning
process are part of the CLIC (Compact Linear Collider) project. There are two pulsed DC systems
operational at CERN, as well as similar systems at Helsinki and Uppsala Universities. In the systems,
two plane electrodes with large surface areas are placed parallel to each other with a separation
of tens of micrometers, under a high vacuum. The experimental results from the field emission
current measurements, conditioning of different materials and the effect of different factors to the
breakdown rate and the material state are presented.
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Preliminary results from the cryogenic pulsed dc system
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Field emissions and vacuum breakdowns are major limiting factors for the development of the com-
pact particle accelerators. An extensive program of developing high-gradient X-band accelerating
structures has been carried out at CERN. To complement these RF tests, a high repetition rate, pulsed
DC system with large planar electrodes has been also operated. It proved that high-field behaviors
in RF and pulsed DC are similar, thus validating the use of such systems for in depth studies of the
fundamental physics and for development of the high-gradient accelerator technology.
The vacuum breakdown process is dependent upon surface electron emission which inherently de-
pends on the surface material. By studying a range of materials under
a range of temperature conditions we can improve the fundamental understanding of the process
and promote a better and wider test of the present theoretical models, even widening the under-
standing to materials used for superconducting accelerating cavities. We report here on a further
development with a first DC setup where temperature can be controlled through a wide range, from
room temperatures all the way down to 4 K.
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The High Voltage Padova Test Facility (HVPTF) is an experimental device for investigating HV insu-
lation in vacuum, in support of the realization of MITICA, the prototype of a neutral beam injector
for ITER. The facility investigates the physical phenomena underlying voltage holding in vacuum,
such as the mechanisms causing breakdowns and the electrode conditioning process, along with test-
ing technical solutions to increase the breakdown threshold. Inside a high vacuum chamber, two
stainless steel electrodes, separated by a few centimeters gap, can achieve HV values up to 400 kV
each. The conditioning process (typically) consists in the gradual increase of the breakdown voltage
in time, until the system achieves a saturation value. Between two consecutive breakdown events,
current micro-discharges involving the electrodes are observed in correspondence of high energy
X-rays. A global increase of gas emission is measured too, in particular H2 and CO2.
In this contribution we present a statistical analysis of micro-discharges events during the condi-
tioning phase, in terms of frequency, amplitude and their occurrence with respect to the applied
voltage. The highly time resolved X-ray diagnostics (single events are detected) and the precise tim-
ing with the current signal allow a deep characterization of the events occurring during high voltage
conditioning.
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The characterization of the X-ray energy spectrum during the high voltage conditioning of a multi
electrode vacuum insulated system (such as the MITICA electrostatic accelerator) could be useful
to understand which stage is causing the micro discharge onset. This technique seems particularly
promising for measuring small dark currents (I< 10μA), which are generally difficult to be mea-
sured with standard techniques. The X-rays produced during HV experiments are mainly due to
bremsstrahlung interaction between the electrons escaping from the HV electrodes (field emission
effect) and the background gas or the chamber walls. The X-rays spectrum extends from low energy
(~ keV) up to several hundreds of keV depending on the maximum potential difference applied to
the electrodes. During these events high photon flux (about 1 MHz) has been measured in the last
years using standard NaI detectors that are not able to cope with high rates. In order to measure this
wide spectrum at high rate in single photon counting mode, a diagnostic system that combines a
Gas Electron Multiplier (GEM) detector (active area 10x10cm2) and a LaBr3 scintillator (3”x3” active
volume) coupled to standard photomultiplier (PMT) is under development. Both are able to stand
very high rate (>MHz) in single photon counting mode and results to be complementary with re-
spect to the X-rays energy: GEM is optimized to cover the energy range from 2 up to 50 keV, while
LaBr3 extends from 50 keV up to 500 keV. The GEM detector is equipped with anodic pads (256 pads
6x6 mm2), readout with a new data acquisition system called GEMINI, which gives the possibility
to obtain information about the energy deposited in the detector by the incoming radiation using
the so called Time-Over-Threshold technique on each detector channel, allowing also a spatial re-
construction of the X-rays footprint. This measurement can be performed at several MHz counting
rate, due to the very high rate capability of GEM detector (MHz/mm2). The LaBr3+PMT detector has
a single readout channel that is routed to a 500 Msample/s ADC. This configuration allows getting
a few percent energy resolution at 500 keV at MHz counting rate. This paper describes the system
construction and shows preliminary measurements using laboratory source.
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Micromachined Surface-Flashover Ion SourceBased onMEMSTech-
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The surface flashover ion source based on MEMS technology is the component of the chip type neu-
tron generator. In this paper, patterned titanium films are prepared on polished ceramic substrates
and surface flashover ion source samples are obtained. The stability of the surface flashover ion
source is studied by analyzing the extraction ion current. The relative standard deviation of ion
current is 10.0%, which shows that the arc discharge operates stably. The ratio of ion current to arc
current is 3.6%. The electrode ablation characteristics of the surface flashover ion source are obtained
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by laser confocal microscope. Finally, based on the experimental results, the discharge mechanism
of surface flashover ion source is revealed.
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Oxidation and other kinds of surface contaminants are one of the biggest unknowns in understand-
ing the breakdown resistance and conditioning behaviour of Cu electrodes under frequent DC volt-
age pulsing.

Argon can be used to clean the electrode surfaces in situ under vacuum. In the process, Ar gas is
inserted into the chamber and a constant DC voltage is used to ionize the gas in order to form plasma
arcs that clean the surface.

The plasma cleaning process has been experimented with the Larger Electrode Pulsed DC System
in Helsinki. Latest findings show the effect of the cleaning for pristine electrodes both before and
after the conditioning process, as well as during flat mode runs. The released contaminants are
additionally studied with a mass spectrometer.
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BreakdownMeasurements in High-Gradient RF Test Stands
Author: Lee Millar1
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The CLIC project aims to establish an accelerating gradient of 100MV/m within novel high gradient
X-band accelerating structures, this leads to surface electric fields on the order of 220MV/m. In this
context, CERN have developed high power X-band RF test stands (Xboxes) to test the prototype
structures for CLIC at high power. A summary and analysis of recent RF results from the test stands
will be presented.
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Dark Current Analysis at CERN’s X-band Facility
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Dark current is particularly relevant during operation in high-gradient linear accelerators. Resulting
from the capture of field emitted electrons, dark current produces additional radiation that needs to
be accounted for in experiments. In this paper, an analysis of dark current is presented for four
accelerating structures that were tested and conditioned in CERN’s X-band test facility for CLIC.
The dependence on power, and therefore on accelerating gradient, of the dark current signals is
presented. The Fowler-Nordheim equation for field emission seems to be in accordance with the
experimental data. Moreover, the analysis shows that the current intensity decreases as a function
of time due to conditioning, but discrete jumps in the dark current signals are present, probably
caused by breakdown events that change the emitters’ location and intensity.
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A design technique with empirical scaling has been developed in order to design a robust vacuum
insulation on the 5-stage electrostatic accelerator with large surface area and locally concentrated
electric field, aiming for the acceleration of 1 MeV, 40 A deuterium beams for fusion application.
So far, there was no practical design technique and no applicable database of the voltage holding
capability of electrodes whose surface area was several m2, which was one of critical issues on
accelerators for fusion. Recently, the voltage holding capabilities of plane and coaxial electrodes
have been widely investigated by the electrodes with the surface area up to 10 m2 which is directly
applicable to the accelerator for fusion. In addition, voltage holding capability of electrodes with
locally concentrated electric field has also been investigated by adjusting electrodes setup so that
breakdowns occur at the corner where relatively strong electric field is generated. Based on the
Clump theory showing a breakdown is triggered by EV = const, these experimental results have
been integrated into the empirical scaling of allowable EV, such as EV∝ S-0.33 for plane and coaxial
electrodes, EV ∝ exp(-2x10-3 R) for the corner, where E and S are the electric field and surface
area on the cathode, V is the sustainable voltage and R is the radius of the electrode. By taking
into account the empirical scaling, the design technique has been developed in order to optimize
the combination of the gap lengths and the surface area in multi-stage electrodes to maximize the
voltage holding capability within the given boundary conditions of the geometry. By applying the
design technique with the empirical scaling, the vacuum insulation of the 5-stage accelerator and its
5-stage high voltage busing have been designed and experimentally tested. As a result, the design
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voltage of 1 MV has been successfully satisfied in both cases, which shows the credibility of the
technique. Moreover, these are easily applicable to not only the accelerator for fusion application
but also general configuration of high voltage components in vacuum.
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ence of a cold plasma background.
Authors: roberto cavazzanaNone ; Matteo Zuin 1 ; Luigi Cordaro2 ; Simone Peruzzo2

1 Consorzio RFX
2 Consorzio RFX

Corresponding Author: rob.cavazzana@gmail.com

In RFX-mod2, an experiment for the magnetic confinement of fusion relevant plasmas presently un-
der construction, the in-vessel conductive plasma facing components are expected to be subjected
during transient plasma current phases (start-up and termination) to significant electric fields, in the
kV/mm range. While such electric fields are of no concern for components in vacuum, the presence
of the scrape-off plasma (electron density ne 1E16 ÷ 1E18 m-3, electron temperature Te of few eV)
can create the appropriate conditions for dangerous arc formation. For this reason part of the plasma
facing components require a proper conditioning technique capable of maintaining the insulation
between conductive components even in presence of the scrape-off plasma.
To this purpose an experimental apparatus has been developed where to test the conditions for the
arc formation and prevention between two electrodes immersed in a plasma generated by a hot fila-
ment. The results of an extensive experimental campaign will be discussed, aimed at demonstrating
the possibility of gaining a good electrical conditioning by applying the standard conditioning tech-
nique usually employed for higher voltage ranges. It consists of a repetitive sequence of pulses with
voltage applied to the pair of electrodes with current limitation, in the presence of the background
plasma. The voltage is then slightly increased when arcing ceases, until the final desired voltage level
is achieved (2.5 kV). In order to validate the procedure, different electrode materials have been tested
in a variety of plasma conditions in terms of electron density and working gas pressure.
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Breakdowns generated with pulsed DC systems between large and fixed Cu electrodes are typically
highly localized near the edge of the electrodes. The effect is especially strong on BDs which are
generated after the electrode has been conditioned, i.e. when the electric field is near the maximum
level. Understanding the reason for this phenomenon can be a key factor in hindering the breakdown
rate on a given voltage.

Recent studies hint that the effect is related to the power flow across the electrode surface. Between
the contact surfaces of the anode and the cathode, the power travelling from the perimeter to the
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center is at its highest near the edges, and slightly decreases as it reaches the center point. Limiting
the magnitude of this power flow promises to also limit the BD creation.

A straightforward solution to the problem is to consume the power in high-power resistors, inserted
in series in between the pulse generator and the anode. The first results show an 18 % increase in
the average breakdown field after adding a 5.7 kΩ resistor in the system.
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Cathodic Arc Expansion in Low-Pressure Helium
Authors: Brian Bentz1 ; Ed BarnatNone

1 Sandia National Laboratories

Corresponding Author: bzbentz@sandia.gov

The laser-collision induced fluorescence (LCIF) diagnostic allows quantitative and multidimensional
interrogation of electron densities and temperatures. We use this diagnostic to interrogate a ca-
thodic arc expanding in 65 mTorr of Helium. Two-dimensional spatial and time resolved images
of electron densities and temperatures within the plasma are shown. Optimization methods were
implemented to extract densities up to 1016 cm−3, and results of this procedure are also presented.
These images will be used for verification and validation of models and numerical simulations of the
plasma expansion.

Sandia National Laboratories is a multimission laboratory managed and operated by National Tech-
nology and Engineering Solutions of Sandia LLC, a wholly owned subsidiary of Honeywell Inter-
national Inc., for the U.S. Department of Energy National Nuclear Security Administration under
contract DE-NA0003525.

Poster / 139

Electrical Design and Voltage Holding Analyses of the MITICA
Beam Source Mock-up and its Intermediate Electrostatic Shield

Author: Tommaso Patton1

Co-authors: giuseppe chitarin 2 ; Nicola Pilan 1 ; Daniele Aprile 3

1 Consorzio RFX
2 University of Padova and Consorzio RFX
3 INFN-LNL

Corresponding Author: tommaso.patton@igi.cnr.it

Thehigh-Q operation of the ITER tokamakwill require twoNeutral Beam Injectors (NBIs) for plasma
heating and current drive. Each beam will be generated by a 40A current of Deuterium negative
ions, accelerated up to the specific energy of 1MeV and then neutralized. The power delivered to the
plasma by each NBI shall reach 16 MW with duration up to 1h. The beam source will be constituted
by an RF-driven negative ion source at –1 MV potential, by a Multi-Aperture, Multi-Grid (MAMuG)
electrostatic accelerator (consisting of 5 stages at intermediate potentials), and a gas-box neutralizer
at ground potential. All components will be installed in a vacuum vessel (also at ground potential),
together with a high-capacity cryo-pumping system which controls of the background gas pressure.
In order to validate the ITER NBI design and address all the outstanding issues related to these
demanding requirements, a full-scale prototype Injector called MITICA is under construction in
Padova at Consorzio RFX in the Neutral Beam Test facility (NBTF). Single-gap insulation at 1 MV in
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vacuum and/or very low-pressure gas is indeed one of the expected issues which MITICA will have
to deal with and that could not be fully addressed so far on the basis of the theoretical models and
experimental results available in literature. Recent numerical analyses indicate that an intermediate
additional electrostatic shield, biased at -600kV, surrounding the Beam Source might be necessary
to guarantee the required voltage holding capability.
For this reasons, before the assembly and installation of the real Beam Source, dedicated voltage
holding tests up to 1 MV are planned to be performed in the MITICA VV, using a mockup of the
Beam Source and, if necessary, also a mockup of the intermediate electrostatic shield.
In this work the design of this experimental setup from the electrical point of view has been per-
formed by means a new 3D numerical tool, called Voltage Holding Prediction Model (VHPM), based
on the clumps theory in vacuum. In particular the electrical design of the Mock-up of the Beam
Source, its shield and the mobile anode (needed to adjust the gap length) is presented as well as the
expected voltage holding performances of the system
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In the framework of the Physics Beyond Colliders (PBC) study at CERN, the Electric Dipole Mo-
ment (EDM) working group is investigating the feasibility of building a storage ring to precisely
measure the permanent electric dipole moment of the proton. As a preparation for this main ring,
a prototype ring (PTR) is proposed to demonstrate the feasibility of technologies that are not yet
operationally confirmed. The PTR is to be small and simple to contain the cost, and will therefore
have a circumference of < 100 m. The power supply voltages of the PTR will be limited to 200 kV.
The mainly electric field ring will store protons at an energy of 30 MeV for stage 1 and 45 MeV for
stage 2 (where frozen spin optics will be pursued). This article describes the challenges related to
the electric field quadrupoles of the PTR as well as to the injection elements. The feasibility of the
each element will be discussed and the outstanding issues will be highlighted.
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The characterization of the X-ray energy spectrum during the high voltage conditioning of a multi
electrode vacuum insulated system (such as the MITICA electrostatic accelerator) could be useful
to understand which stage is causing the micro discharge onset. This technique seems particularly
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promising for measuring small dark currents (I< 10μA), which are generally difficult to be mea-
sured with standard techniques. The X-rays produced during HV experiments are mainly due to
bremsstrahlung interaction between the electrons escaping from the HV electrodes (field emission
effect) and the background gas or the chamber walls. The X-rays spectrum extends from low energy
(~ keV) up to several hundreds of keV depending on the maximum potential difference applied to
the electrodes. During these events high photon flux (about 1 MHz) has been measured in the last
years using standard NaI detectors that are not able to cope with high rates. In order to measure this
wide spectrum at high rate in single photon counting mode, a diagnostic system that combines a
Gas Electron Multiplier (GEM) detector (active area 10x10cm2) and a LaBr3 scintillator (3”x3” active
volume) coupled to standard photomultiplier (PMT) is under development. Both are able to stand
very high rate (>MHz) in single photon counting mode and results to be complementary with re-
spect to the X-rays energy: GEM is optimized to cover the energy range from 2 up to 50 keV, while
LaBr3 extends from 50 keV up to 500 keV. The GEM detector is equipped with anodic pads (256 pads
6x6 mm2), readout with a new data acquisition system called GEMINI, which gives the possibility
to obtain information about the energy deposited in the detector by the incoming radiation using
the so called Time-Over-Threshold technique on each detector channel, allowing also a spatial re-
construction of the X-rays footprint. This measurement can be performed at several MHz counting
rate, due to the very high rate capability of GEM detector (MHz/mm2). The LaBr3+PMT detector has
a single readout channel that is routed to a 500 Msample/s ADC. This configuration allows getting
a few percent energy resolution at 500 keV at MHz counting rate. This paper describes the system
construction and shows preliminary measurements using laboratory source.
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LES (Large Electrode System) is the DC system at CERN, used for observations of the gap between
electrodes. This system has view ports that allow for different imaging devices to be set up in parallel
to observe the breakdown process. Vacuum arcs can often be seen by eye due to relatively high light
intensity, but there are other possible sources of light that may exist before a breakdown. Therefore,
integrating a spectrometer with the LES would allow for observations of the spectra to be made.
This could be used to extract data relating to field emission, plasma or possible surface processes
that occur before and during a breakdown.
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Pulsed DC systems dedicated to the study of electrical breakdown phenomenon and the conditioning
process are part of the CLIC (Compact Linear Collider) project. There are two pulsed DC systems
operational at CERN, as well as similar systems at Helsinki and Uppsala Universities. In the systems,
two plane electrodes with large surface areas are placed parallel to each other with a separation
of tens of micrometers, under a high vacuum. The experimental results from the field emission
current measurements, conditioning of different materials and the effect of different factors to the
breakdown rate and the material state are presented.
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Useful models of arcing capable of predicting operating gradients in limited environments are be-
ginning to be produced, but generalizing these models to many applications is coming very slowly.
We will show how each stage of the arcing process can be explained by many possible mechanisms,
each with its own parameter space and peculiarities, and outline how a general model, applicable
to many applications such as fusion, power transmission and accelerators, might be produced. The
systemmust consider mechanisms able to cope with a wide range of environments, ( plasma/surface,
solid/liquid surfaces, wide ranges of temperatures, pressures and densities, classical/non-Debye plas-
mas. . ), over many different timescales, in a consistent way. We prioritize the outstanding questions
and suggest some simplifying assumptions.
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Combining classical electrodynamics and density functional theory (DFT) calculations, we develop
a general and rigorous theoretical framework that describes the energetics of metal surfaces under
high electric fields. We show that the behavior of a surface atom in the presence of an electric field
can be described by the polarization characteristics of the permanent and field-induced charges in
its vicinity. We use DFT calculations for the case of a W adatom on a W{110} surface to confirm the
predictions of our theory and quantify its system-specific parameters. Our quantitative predictions
for the diffusion ofW-on-W{110} under field are in good agreementwith experimentalmeasurements.
This work is a crucial step towards developing atomistic computational models of such systems for
long-term simulations.
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Kinetic Monte Carlo (KMC) is among the most efficient methods for modelling diffusion. In the
context of CLIC, we’re interested in the diffusion processes on the Cu surface - especially under
high electric fields that are present prior to electric breakdown events.

The accuracy of a KMC model relies on the comprehensiveness of the catalogue of different migra-
tion events that are available for the simulated system, and on the accuracy of the energy barriers
associated with those events. The heavy calculations required to find the energy barriers are typi-
cally the bottleneck of KMC simulations.

We are improving the KMC model earlier developed in our group, by adding nuance to the way we
describe the atomic environments of the migration events, with the aid of machine learning. At the
moment the machine learning model has reached performance level comparable to the currently
existing one, but we hope that we can eventually capture physical processes more realistically. In
this talk, we will present some of the newest simulation results obtained with the machine learning
KMC model, as well as some outlook on future work.
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The High Voltage Padova Test Facility (HVPTF) is an experimental device for investigating HV insu-
lation in vacuum, in support of the realization of MITICA, the prototype of a neutral beam injector
for ITER. The facility investigates the physical phenomena underlying voltage holding in vacuum,
such as the mechanisms causing breakdowns and the electrode conditioning process, along with test-
ing technical solutions to increase the breakdown threshold. Inside a high vacuum chamber, two
stainless steel electrodes, separated by a few centimeters gap, can achieve HV values up to 400 kV
each. The conditioning process (typically) consists in the gradual increase of the breakdown voltage
in time, until the system achieves a saturation value. Between two consecutive breakdown events,
current micro-discharges involving the electrodes are observed in correspondence of high energy
X-rays. A global increase of gas emission is measured too, in particular H2 and CO2.
In this contribution we present a statistical analysis of micro-discharges events during the condi-
tioning phase, in terms of frequency, amplitude and their occurrence with respect to the applied
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voltage. The highly time resolved X-ray diagnostics (single events are detected) and the precise tim-
ing with the current signal allow a deep characterization of the events occurring during high voltage
conditioning.
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BreakdownMeasurements in High-Gradient RF Test Stands
Author: Lee Millar1
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The CLIC project aims to establish an accelerating gradient of 100MV/m within novel high gradient
X-band accelerating structures, this leads to surface electric fields on the order of 220MV/m. In this
context, CERN have developed high power X-band RF test stands (Xboxes) to test the prototype
structures for CLIC at high power. A summary and analysis of recent RF results from the test stands
will be presented.
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High voltage platform are of widespread use in nuclear physics accelerator in order to provide the
initial acceleration of ion. The ion source environment is particular challeging for high voltage
holding, since discharge can be energized from source radiation or secondary particle generated by
the ion beam.
Moreover spectrometers for charge tomass ratio of exotic nuclei requires a well defined beam energy,
which poses challenging requests to high voltage design, rising the question of which electrode
design rules are necessary for quiet voltage operation, with typically tolerable energy rms fluctuation
in the 10−5 order, including contributions fron all devices in a beamline (spanning a 10 m size). Need
for thick plate ground is discussed and compared to existing installation
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The prevaling way of analyzing dark currents is by looking only at the mean current. While there
have been some work to extract usefull information from that, there’s a lot of data being ignored by
neglecting the inherently statistical nature of the current.
In this talk, I will present a novel method for field estimation and its advantages as opposed to the
current method of beta estimation from the FN curve.
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Impact of surface contamination on the initiation of a vacuum
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Vacuum arc initiation is sensitive to the initial state of the metal electrodes. Surface roughness, oxide
thickness, and other surface contaminants impact the arc initiation. In this poster we present results
on the impact on arc initiation of dosing metal electrodes with a variety of common gases, such as
CO, H2O, O2, Ar, methane, and others. We show results of how the current and voltage stabilities
are sometimes impacted via gas dosing. A “first use” phenomena is also always observed in which
the arc is more easily initiated. Further, the metal electrodes can be reset via gas dosing to produce a
“first use” arc even after many hundreds of arc operations. This observation confirms the important
role that surface contamination plays in understanding arc initiation and stability.

This paper describes objective technical results and analysis. Any subjective views or opinions that
might be expressed in the paper do not necessarily represent the views of the U.S. Department of
Energy or the United States Government. Sandia National Laboratories is a multimission laboratory
managed and operated by National Technology & Engineering Solutions of Sandia, LLC, a wholly
owned subsidiary of Honeywell International Inc., for the U.S. Department of Energy’s National
Nuclear Security Administration under contract DE-NA0003525.
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In 2016 the group of experimentalists led by Eduard Sosnin (Institute of High Current Electronics,
Tomsk, Russia) has been discovered a new phenomenon in low-temperature plasma physics: an ex-
tended plasma jet developing perpendicular to the bending point of the pulsed arc discharge channel
between two electrodes [1]. This phenomenon occurs if the discharge ignites between two electrodes:
first one must be under the high pulse-periodic potential, and the other have to be floating potential,
i.e. connected via a capacitor to “ground”. The discharge has been entitled an “apokamp” (from
Greek απo - “off” and καµπη - “bend”). As it was found that apokamp represents a single needle
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or a conical jet of 6–7 cm length being attached to the bending point of the current channel. This
new unusual type of discharge phenomenon is observed at high (atmospheric) and medium pres-
sures in gas mixtures usually containing a small portion of electronegative admixture, e.g. oxygen
or chlorine. It was shown experimentally that apokamp does not exists in highly purificated non-
electronegative gases (argon, krypton, nitrogen). It should be also noted that depending on voltage
pulse parameters, the apokamp can turn into more than one plasma jets also directed almost per-
pendicularly to the current channel [2]. In [3], it was shown that the apokamp in low-pressure air
represents an exact tiny analogue of large-scale stratospheric transient luminous events, e.g. “blue
jets” or “sprites” depending on the operating pressure.

Here we give first theoretical backgrounds for the apokamp phenomenon in terms of deterministic
DC-discharge theory. We use the “two-moment model” [4] of a multicomponent discharge plasma
to describe a self-sustained periodic discharge in pure oxygen both in the inter-electrode gap and
in the surrounding space above the electrodes. To simplify the consideration of a physical situation
the 2D-model is used instead of 3D, so the discharge between two plane electrodes with similar to
experimental physical conditions has been considered. In simulations, the high-voltage potential
is connected to the pulse voltage source through the 10 kohm ballast load. The floating potential
electrode is connected to the ground through the 10 pF capacitance. We also consider a simplified
plasma-chemical reactions and species sets for oxygen [5]. Our reduced formulation includes only
electrons, neutral molecules O and O2, positive O2+ and negative O2- single charged ions. The reac-
tions number are restricted to four most important: electron impact ionization, impact dissociation,
electron attachment and ion-ion recombination. We also used non-uniform initial conditions for
quasi-neutral plasma density and temperature distribution in the inter-electrode space to perform
the simulations in the pre-conditioned medium.

REFERENCES
[1] E.A. Sosnin et al., JETP Lett. 103 (2016).
[2] E.A. Sosnin et al., EPJ D 71 (2017).
[3] E.A. Sosnin et al., JETP Lett. 105, 10 (2017).
[4] E. Gogolides et al., J. Appl. Phys. 72, 9 (1992).
[5] C. He and Y.T. Zhang, Plas. Proc. Polym. 9, 9 (2012).
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Growth of electric field enhancing precursors for vacuum high-
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Quasi-stochastic and sudden formation of plasma in a vacuum gap and subsequent high-voltage
discharges between electrodes often limits the reliability of high-voltage vacuum electronic devices.
Electronic field emission (FE) from the negatively charged electrode is assumed a precursor for a
subsequent explosive electron emission (EEE) discharge of the macroscopic gap. The reason for
the sudden development of discharge events after long periods of reliable operation is still matter
of debate. This paper postulates a relatively slow growth process of carbon and metal based field
enhancing structures, which eventually cause avalanche effects of vacuum breakdown and EEE to
occur. The slow growth process explains why the undesired events often occur quasi stochastically,
despite of prior conditioning the high voltage gap. Means to improve the reliability of vacuum
electronic high voltage devices can be derived from the model.
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Modeling of Vacuum Arc Behavior under Anode Spot and Anode
Plume Modes
Author: Lijun Wang1
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In many high current vacuum arc experiments, anode spot and plume phenomena are widely ob-
served, which is related to the anode melting and evaporation under strong heating from vacuum
arc. Anode vaporwill then have great influence on the arc column through ionization-recombination
process and energy exchange process among atoms, ions and electrons. This work aims to investi-
gate the vacuum arc characteristics and its interaction with anode spot or anode plume based on
two-dimensional (2D) magneto-hydro-dynamic (MHD) model. Formation mechanism of anode spot
and anode plume modes in vacuum arc is studied based on numerical simulation. Different from
previous work, friction forces between ions and atoms are also taken into account. Simulation re-
sults show that the expansion behavior of anode vapor depends on the pressure balance between
anode jet and cathode plasma. Higher anode temperature can lead to larger neutral atom vapor area
(NAVA) dominant by neutral atoms. In front of the atom vapor area, there is an ionization layer
which can be corresponding to the “shell” observed in experiments. Inside NAVA, ion temperature
and electron temperature are lower than 1.1eV during anode spot mode and anode plume mode due
to ionization process and energy exchange. Electric conductivity in this area is also so low that the
maximal value of current density is inclined to move to the edge of the anode instead of anode cen-
ter, which can make the anode temperature distribution more uniform. The transition from anode
spot mode to anode plume mode is related to the pressure competition between anode plasma and
cathode plasma. If the anode plasma pressure is much larger than cathode plasma pressure, anode
plume mode will form. The asymmetric appearance of anode plume is mainly caused by asymmet-
ric anode temperature distribution with respect to the anode spot center. Qualitative comparisons
between simulation results and experiments verifies the correctness of simulation.
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The neutral beam injection (NBI) system in KSTAR (Korea Superconductor Tokamak Advanced Re-
search) provide heating and current drive to KSTAR tokamak plasma. It is composed of a plasma
generator, an accelerator, and neutralizers. The plasma generator and the neutralizer decide the
plasma chemistry and finally the beam fraction while the accelerator decides the beam optics. In
general, the plasma characteristics of the plasma generator is measured without the accelerator ac-
tivation, but it can be varied during beam extraction due to the ion extraction and the back stream
electrons. In this presentation, the plasma parameters during the beam extraction and its time evolu-
tion is compared to the quiet plasma (without accelerator activation). The collisional-radiative (CR)
modeling based OES is used for plasma measurement.
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