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The present article focuses on the quasi-two dimensional modeling (1D 1/2) of the heat trans-
fer through a cylindrical micro-protrusion on a titanium cathode, accounting for radiation loss
and conduction heat as well as Joule and Nottingham heating. This self-consistent modeling
provides temperature profile and voltage breakdown predictions depending on the macroscopic
parameters (inter-electrodes distance, applied voltage drop, cathode material, etc.). Comparison
with measurements of voltage breakdown taken from the literature shows fair good agreements
and emphasizes the importance of the heat conduction properties of the considered cathode
material and particularly of the protrusion geometry.

|l. INTRODUCTION

Numerous applications such as X-ray tubes, electnicroscopes, power vacuum
switches, particle accelerators etc., use vacuurnthiinsulation of high voltages. Their
performance reliability is limited by the risk ohpredictable breakdown event between
electrodes. Moreover, breakdown leads to the faomaif arc discharges, which can se-
riously damage the electrodes.

To better understand the origin of these unwelcbneakdowns, modeling is particu-
larly interesting especially as arc dedicated tdalge gained considerable advances du
to many industrial applications (e.g. material msging, metallurgy chemical processes
etc.). Thus, for the last decade, numerous sinmiathave been developed and reported
focusing mainly on issues such as plasma creatipard its expansion [2-6] or spot for-
mation [7, 8] and spot motion [9-12]. All of therea with the complexity of the arc dis-
charge physics, which requires rather sophisticatederical approaches.

From the technological point of view, pre-conditign of electrodes is usually applied
to decrease the frequency of the breakdown evétgsce a simplified numerical ap-
proach, which focuses on the correlation betweenrtlughness of the electron emitter
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electrode (cathode) and the macroscopic breakdmliage (\,), could lead to a better
understanding of the pre-conditioning and its otation. This is the idea of the present
work which simulates the main elementary mechaniseowirring before the cathode-
initiated breakdown (e.g. field and thermionic #len emission following the Murphy
and Good's theory). The physical model basis amditmerical implementation are pre-
sented in Part I, whereas the simulation resuksdetailed and discussed in Part Ill, es-
pecially concerning the relevance of the obtainettage breakdown/cathode surface
roughness correlation.

Il. NUMERICAL APPROACH

A. Physical model description

The model developed in this work assumes a catbodace rather smooth, with a low
density of defects, for which collective effectdviseen nearby protrusions can be neg-
lected. Let us consider this micro-protrusion asykinder of R-radius and H-height as
characteristics of a Titanium cathode surface plame-to-plane discharge geometry, as
shown in figure 1. The cathode surface is takefi;@B00K and represents a thermostat
regarding the thermal balance.

The protrusion under high applied voltage conditiomdergoes the main physical
processes occurring in the thermo-emissive instalfile. radiation loss and conductive
heat transfers, as well as Joule and Nottinghaecesff, which will lead to the plasma
generation in the inter-electrode gap.

~
~
~
~

Fig. 1 : Scheme of the cylindrical protrusion a ttathode surface.$zq, dr, dn, and F/a. represent the con-
ductive, radiative, Nottingham surface fluxes, #&mel Joule volume heating.

Based on the heat transfer balance inside a sfitleeomicro-protrusion, the 1D heat
equation for the micro-protrusion can be derivessuaning that the gradients along the
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radial direction can be neglected comparing tooties along the z direction.
The 1D heat equation is expressed as:

2 JZ(E,T
e ST 3BT ope o ) (@)
dz (o
With the following boundary conditions:
A8 =g (€)oo -T2) @
dZ z=H
T(z=0)=T, (3)
Wheredy represents the heat flux at the protrusion tiptdube Nottingham effect:
JAE,T
g =-2ETy € 7) @

e
0, is the Stefan constarit, o, ande; represent the titanium thermal, electrical conduc
tivities and the surface emissivity respectivelg.Mandes have only a small dependence
on the temperature in the range of 300-2000 K Refe [13-14]), averaged values have
been considered:

(A)=298 w.m'K™*
(£,)=055
However, the expression of [15] has been usedchfoetectrical conductivitg..

o,(T)=5.76x10° +1.87x10° exp%} +1.37x10° exp%?
274. 274. 5)
T
+22.49x10%ex s.m?
Plo 17

Following the Murphy and Good'’s theory, the elentourrent density () and the Not-
tingham energy (W, see Ref. [16-18]) can be written as analyticaktfions of the local
temperature T(z) and the microscopic electric fleld, and W, have been assessed using
the Titanium values for the Fermi energy and thekwanction, which are 9.88 eV and
3.80 eV, respectively, according to [20].

The microscopic electric field E is expressed as:

E =B E o (6)
wheref is the field enhancement coefficient angld& the macroscopic electric field.
In a plane-plane discharge geometry in vacuum anérém the electrodes edges,.E

cro IS Obtained by dividing the applied voltagg,pby the inter-electrodes distance d.
B is assumed in our modeling to depend only on tb&gsion geometry, especially on
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its aspect factor F=H/R.

An analytical fit of (F) has been derived over a wide range of aspetbrfaalues,
from 2D-axisymmetrical numerical solution of thei$dmn equation performed with
COMSOL Multiphysics® [21] for cylindrical protrusiogeometries:

L =2+06F, for 0< F <50
B =8+05F, for 50< F <500 9)

£ =2600-2623xexp B , for F =500
4439

Let us underline that the radial characteristic afision (R) affects not only the en-
hancement factop through F (see Eqg. (9)), but also the radiativé ottingham fluxes
as well as the conductive heating transfer (see @9sand (2)). Even if the lateral gra-
dients are neglected, the proposed model deperglEity on R. Hence, the numerical
approach is considered as 1D 1/2.

B. Numerical treatment

The numerical solution of the set of equations been computed using the robust LU
direct method for algebraic systems. Moreover, uhe high non linearity of the Joule
heating and radiation loss terms, an iterative migakescheme with over-relaxation of the
temporary solution has been implemented in ordgetdhe full convergence of the equa-
tion solution.

The obtained numerical results can either desdhieeprotrusion stable steady-state
with a maximum temperature below the fusion onerepresent the overheating (fusion)
of the protrusion tip. The latter case is usedefing the threshold value for the electros-
tatic field above which the discharge breakdown thu¢he thermo-emissive instability
can occur.

Il. RESULTS

A. Importance of the main physical processes on the micro-protrusion temperature
profiles

The figure 2 shows three axial temperature profibtained for different numerical
conditions. They differ from each other in the ddesed physical processes: test-case 1 -
full calculation —, test-case 2 — without accougtiar the Nottingham effect —, test-case 3
— without accounting for the Nottingham effect dhe radiation loss —.

For all the three profiles, the following parametéiave been choseng =78 kV (2
kV less than })), d=0.6 mm, T=300 KB=40 and E=5.21x10v/m.

The comparison between the test-cases 1 and Zhtamigythe importance of the Not-
tingham effect, which heats the surface in thisteilefield condition, whereas the similar
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shapes of the profiles obtained for the test-c&sasd 3 (5x10 % discrepancies) show
the negligible impact of the radiation loss at pinetrusion surface.

550
v 500+
)
3 450
©
I5) i
g_ 400
—¢ +3%c +o +
g 350 ¢cd e2 c ¢R ¢N
___-¢cd+‘]e /0c+¢R
300 x g+ 7o,

0.0 0.1 02 0.3 0.4 05 0.6 0.7 08 0.9 1.0
Z, um
Fig. 2: Axial temperature profiles for three comatidn test-conditions.

Therefore, a first conclusion of our calculatiorthat for a 300 K-cathode temperature
and for microscopic electric field values closethe critical one of about 4-6x1®/m,
the radiation loss can be safely neglected, themthlebalance of the micro-protrusion
being essentially controlled by Joule heating, Ngttam effect and thermal conduction
cooling. The small contribution of the radiatiors$oat the surface is also an indication
that radial heat transport plays a rather negkgible. As a consequence, the radial pro-
file of the temperature is nearly constant, whiakams that our 1D 1/2 approach is valid,
at least, for Titanium and for the considered psitn geometry.

B. Comparison with experiments

Using the thermo-emissive instability as the sigrabf the electrical breakdown, the
code is able to predict the breakdown voltagdov a given inter-electrodes distance d.

These predictions have been compared to the expetamresults of Beukema [22].
The Beukema's experiments consist in measureméiiseakdown voltage for a pair of
unconditioned titanium electrodes distant from ¢thvli.1 < d <1 mm. Beukema’s results
show a linear dependence of the breakdown voltatiedy

In fact, for such short inter-electrodes distantles,breakdown voltage is expected to
vary linearly with d according to Latham [23] anceékdowns are considered to be in-
itiated by electronic emission, process which iscdi&ed by our code.

For d > 2 mm, other mechanisms could play a roté s1$ breakdown initiation on ma-
cro-particles or micro-protrusion collective effeatc. In those conditions,,{d) is ex-
pected to follow a power law.

By considering only short inter-electrodes distancethe novel developed code, the
obtained good agreement with experimental datecates that these other mechanisms
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are negligible.

Beukema’'s measurements exhibit a constant fieldmegment coefficient value of 40.
In order to get a direct comparison with the expental results, we have performed
computations with protrusion aspect factors haisgt0. Thus, the protrusion aspect
factor considered in the modeling is representativihe average one on a realistic Tita-
nium surface, justifying the same level of heatfagall the cathode micro-protrusions
simultaneously. Such a mechanism is considereddo to the electrical breakdown be-
tween electrodes, as assumed in our model.

In the case of a cylindrical protrusion and usirdues R = 0.011pm and H= 0.75
um, a very good agreement is obtained between suitseand the experimental ones as
shown in figure 3.
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Fig. 3: Comparison between experimental measuresra#i22] and our model predictions at 300K for the
breakdown voltage as a function of the inter-et&tes distance.

C. Influence of the cylindrical protrusion geometry

Keeping the ratio H/R constant, it is also intdresto analyze the influence of the pro-
trusion size on the breakdown voltage. The comparif the corresponding breakdown
voltage when multiplying by a factor of 8 both nasliand height is presented in figure 4.
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Fig. 4:Influence of the protrusion geometry op(¥) assessment.

We can observe in Figure 4 a difference in betwibenslopes of the two curves. By
increasing the protrusion size by a factor of &, theakdown electric field has been de-
creased by nearly 20%, passing from 5.44%i®4.46x16° V/m.

The figure 5 shows for a given inter-electrodesadiise (i.e. d=0.6 mm) arf&=40, the
evolution of the breakdown voltage with the proimasheight. This evolution is propor-
tional to H%%4
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Fig. 5: Evolution of the breakdown voltage with tretrusion height for a constant value3of3=40).

The results of figures 4 and 5 are in contradismcwith the Murphy and Good'’s
theory, in which the protrusion geometry is onlglided through th@ factor.

The reason of this is that for a given value ofiieroscopic electric field, Joule and
Nottingham heating terms are identical, whereastimding through heat conduction will
decreases with the length of the protrusion. Tleegtbigger size leads to higher temper-
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ature and to lower breakdown voltage. It has todted that the contribution of the radia-
tion loss, which depends on the protrusion surfademe ratio will reinforce this tenden-

cy.
IV. CONCLUSIONS

We have developed a physical model able to preabti&tthermo-emissive instability
appearance in a cylindrical micro-protrusion on etatlic electrode. Under the assump-
tion that this instability leads to the electridabakdown, our model can determine the
breakdown voltage for given protrusion geometrigatameters at short inter-electrodes
distance. Our calculations of breakdown voltageTiteinium are in good agreement with
the experimental results of [22]. Concerning thetqusion geometrical effect on the
breakdown voltage, our calculations demonstratetiiebreakdown voltage depends not
only on the field enhancement factor but also @ngtotrusion size, which, generally, is
not known experimentally.

On a theoretical level, our main result lies in &mphasis of the necessity to account
for the heat transfers inside the protrusion, nyailile to conduction, in order to correctly
predict the breakdown voltage.

The present achievement can take this study toghelevel towards the development
of the macroscopic simulation of a realistic cathadrface roughness using Monte-Carlo
approach in order to predict protrusion collec&ffects and voltage breakdown for large
inter-electrodes distances (d > 2mm).
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