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Arc appearance and cathode spot distribution in
a long gap high-current vacuum arc controlled
by an external axial magnetic field

B. Tezenas du Montc, P. ChapelleC. Creusg, anc A. Jardy

Abstract—An experimental study of a high-current vacuum arc(VA) generated between two static CuCr25 contactspaced 20 or 30
mm apart was conducted to characterize the arc appeance and the cathode spot (CS) distribution. Tharc was ignited from the
lateral surface of the cathode and controlled usingn external axial magnetic field. Under the inveggated experimental conditions,
three distinct arc modes have been observed: multip arc, diffuse and diffuse columnar modes. The l&dr appeared at low Bye/l arc
values, typically below 4 mT/kA. The temporal evoltions of the spot spatial distribution and of the asociated distribution of the
current density were analyzed by processing high-ged video images of the cathode. Various types aftlibution depending mainly
on current were identified. At low currents (up to 13 kA), CS distribution covered only a fraction ofthe cathode surface. At
intermediate currents (in 17.2 — 31.1 kA range), CSwere present on the whole circumference of the ttede and the CS distribution
included a closed region without spot. The latter &s progressively filled by CSs, yet it totally digapeared before the end of arcing only
when its location was off-centered with respect tthe cathode axis. At high currents (up to 36.3 kA)the whole cathode surface was
occupied by CSs at current peak. The azimuthally aaraged radial distribution of the current density was found to be relatively
uniform in the regions occupied by CSs. An averaggpot current of 36.5A + 2.5 A has been estimated.

Index Terms—Vacuum arc, axial magnetic field, long gap, arc gpearance, cathode spot distribution, experimentaltady.

I. INTRODUCTION

ACUUM interrupter is nowadays the most widely usedtching technology for medium voltage applicaipwhereas SF

interrupter is the dominant technology in high agk applications. In an attempt to develog B€e alternative circuit
breakers owing to environmental considerationseaesh efforts are currently being made to increasevoltage rating of
vacuum interrupters [1,2]. As a result, the behawiba vacuum arc (VA) for contact gap above 10 meeds to be better
understood. Studies on this latter point are Ktillted. Most of the published papers on this topie focused on vacuum arcs
controlled with an axial magnetic field (AMF). Stad have been carried out for the case of largedQLéhm) and very large
(40-60 mm) contact gaps. Cheatgal. [3] investigated VAs with current up to 14.25 kattveen 50 mm diameter electrodes
spaced 40 mm apart. Instable arc modes for theebigturrents were mentioned for this configurati¥iu et al. [4] have
studied into more detail these instabilities for 3/ith current up to 11 kA for 75-100 mm diametiectrodes with gaps in 20-
60 mm range. They classified them into two groupsrrfal and spiral distortions) and correlated tregparition with a
magnetohydrodynamic criterion. Recently, Wa@l. [5] have studied the increase of the plasma ciatistnt near the anode,
within a 10 to 40 mm contact gap range, for apptiedent up to 28 kA and using either 90 mm diametg-shaped electrodes
or 110 mm diameter coil type electrodes. Besidestthaviour of the interelectrode plasma, the ajppea of VAs at the anode
has also been investigated by a few researcheengCand Wang [6] have analyzed the anode phenofoenés with very
large gaps for 100 mm diameter single coil typectebeles. Considering drawn arcs between 100 mmetem®/3 coil type
electrodes, Yaet al. [7] have investigated, for large and very largpggdhe various modes of existence of the arceatittode
(passive anode, footpoint and anode spot) accotditige current and arc length.

In VA, the plasma is emitted at the cathode surfacény, mobile cathode spots (CSs). Their motoid spatial distribution
have a significant influence on the arc aspectthacgplasma parameters [8]. CS motion is influertmedumerous factors, such
as surface conditions, magnetic field intensity ptasma density [9,10]. To determine the spatisiridiution of CSs over the
cathode surface, Afanas'ev al. [11] developed an original processing method, thase post-treatment of cathode images
(previously) recorded with a high-speed camerathla method, the position of CSs is extracted Mlterfng light intensity
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contours. Moreover, the method allows estimatirey distribution of current density at the cathodenfrthe reconstructed CS
distribution. Up to now, the method was employedhi@stigate VAs with small gap spacing (from 2L& mm) with a current
of 3 to 25 kA and contacts of 30 — 50 mm diameld), [L2-14]. Moreover, it should be noted that dlthese studies were
performed for static contacts, the arc triggeriemb carried out with an auxiliary electrode plaetthe cathode center.

This study aims to investigate experimentally tebdvior of AMF controlled VAs with large gap distan(20 mm or 30 mm)
triggered with an auxiliary electrode placed clésehe cathode outer diameter. First, arc visuibmraresults are presented,
describing arc mode and the interelectrode plasppearance. Then, the temporal evolutions of CSiloigion and current
density are described, applying a similar spotatite method as proposed by Afanasesl. [11].

Il. EXPERIMENTAL

A. Setup

Experiments have been conducted in a demountableswachamber with a pumping system capable of miaing a vacuum
ranging from 10 Pa to 1C Pa, as depicted in Fig. 1. A pair of static eledés was disposed inside the chamber with a
controlled gap. The contacts were 70 mm diametbouaylinders of OFHC copper, surmounted by 2 ninick CuCr25 alloy
disks. A sixteen turns Helmholtz coil pair was @&&td outside the chamber to generate an AMF irctimtact gap region. The
arc was triggered with the help of an auxiliaryctlede located close to the cathode outer dianstdrconnected to a High-
Voltage (20 kV) pulsed power supply. The arc andnt®ltz coils were powered from two independentHsf generators.
Current and voltage were measured at differenttimes: of the electrical circuit. Four shunts wenstalled to measure the
injected currentdy, the output currentyt, the leakage currentdc and the current in the Helmholtz coilg;d. The arc voltage
U, Was obtained by measuring the potential differenpstream and downstream the chamber using twageldividers.
Measured data were recorded on an acquisition litlayaxnsample frequency of 1 MHz. The electric aesvilmed with a high-
speed camera Photron SA5 with an exposure timé®h3 and a frame rate of 15000 or 20000 frames/s.

generator of coils

circuitUs ¥ 8,7 kV /e, _—

generator of main

= circuit Uy %~ 8,7 kV, —~
*— %
% I'YV\_]

Fig. 1. Experimental setup.

Fig. 2 shows the radial profiles of the AMF intagsand the time delay between the AMF intensity &mel coil current
measured at mid-distance between the two contsgteéd 25 mm apart) using a Hall probe placed molile support. It can
be seen that there is an important effect of theams upon the two parameters. The radial profilthe AMF has a saddle
shape with values in 9.6-17.1 mT/KA range inside ¢bntact gap region, while the time delay betwbenAMF intensity and
the coil current has a bell-shaped profile withuealin 3.4-5.2 ms range inside the contact gapmegi

3.4 ms

BAMF/Icoxls(mT/kA)

-20 0 20 rc40 60 80 100
r (mm)
Fig. 2. Radial profiles of the AMF intensity aritettime delayt between Rue and Lois measured at mid-distance between the two confBicéssymbol rc on
the x-axis refers to the radius of the contacts.
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As illustrated on Fig. 3, the arc was triggered witee voltage between the contacts reached a [aa& &nd interrupted after
a half-wave of current. The current injection ire tHelmholtz coils was triggered 3.4 ms before theignition in order to
synchronize the peak of arc current with the AMBkpat the edge of the cathode. Moreover the cuh@&fiwave in the coil had
a duration of 14 ms to maintain an intense AMF leetwthe contacts during most of the arc lifetimtee €oil current was finally
interrupted using an auxiliary circuit breaker.

10, 20
5 {10
£ o0 0o 2
- 1 o
arc
_Uil"
5 o
cows
) tng
-10 : : 20
-20 -10 0 10 20

t (ms)
Fig. 3. Example of experimental procedure illustigathe synchronization of the arc and coil cutsen

B. Operating parameters

The parameters used for the tests are presenfieable |. Exp. 1 to 7 were performed with a gap ®h2m and with arc peak
current values varying between 4.9 kA and 43.3k#n. 8 to 11 were performed with a gap of 30 mm aitld arc peak current
values varying between 8.9 kA and 24.9 kA. All expeents were realized with an AMF of about 143 nmiiented towards the
cathode, except Exp. 7 during which the AMF wagmted towards the anode and its intensity was fate269 mT. Note that
Exp. 1-6 and 8-11 were realized one after the othihr the same contacts whereas a new pair of aincibntacts was used
during Exp. 7.

TABLE |
GAP DISTANCE, ARC CURRENT, ARC DURATION AND AMF MAGNITUDE
DURING EACH EXPERIMENT

Exp Larc larc Tare Bawvr Bame/lare
' (mm) (kA) (ms) (mT) (mT/KA)
1 20 4.9 6.2 143 29.2
2 20 17.2 13.7 143 8.3
3 20 25.7 11.¢€ 14z 5.€
4 20 26.7 9.9 143 5.4
5 20 31.1 10.8 143 4.6
6 20 36.2 113 14z 3.€
7 20 43.3 10.9 -269 6.2
8 30 8.9 10.9 146 16.1
9 30 13 10.9 144 11
10 30 18 10.9 143 7.9
11 30 24.9 10.9 141 5.7

C. Image processing method

The image processing method employed to deteco@3se cathode image is inspired by the work ofn&fewet al. [11].

The first step of the method consists in the detecselection and density computing of iso-consoafrlight intensity on the
image of the cathode front surface. The contouessatected according to their intensity, to elinenéhe darkest contours, as
well as according to their size, to reject too lamgl too short contours which cannot surround glesigpot. Next, we calculate
the centroid position of each selected contour tueth the number of iso-contour centroid on eaclelpiRbove a certain
threshold of iso-contour number, a pixel is marked considered as a spot location. A limitatiorihi§ approach is that the
same spot may end up to be detected on severaeadjpixels. To solve such a situation, only theted of each connected
pixel region is conserved. Finally, the few falg®ts associated to a local minimum of light intensivhich may be detected
after the complete processing procedure, are eadlbésed on an additional threshold filtering. Témult of these successive
operations is illustrated on Fig. 4.
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a b
Fig. 4. (a) Example of cathode image, (b) the senage with cathode spots detected using the neaidreatment.

CS coordinates need then to be corrected to takeagtount the deformation of the cathode surfacesed by the tilting of
the camera. This can be done using a projectivesfivramation relating the spot coordinates on therdeed image (x,y) to the
spot coordinates on the rectified image (X',y'){15

x' = hi1x+hiy+hg3
h3z1x+h3y+1 l)
; _ haix+hyyy+hos (
y = h3z1x+hzy+1

The transformation involves eight coefficients fhose coefficients were determined from four rerfiee points taken from a
10 mm-square reticle grid which was disposed dftertests on the front surface of the cathode hndwith the same viewing
angle as the one used during the experiments.

The projective transformation is also applied te foints defining the contour of the cathode serfddue to experimental
uncertainties, the cathode contour obtained dlffisrstep is still elliptic with an eccentricity & 0.4. Thus, a final correction
step is needed to make the contour perfectly @rcurhe radial coordinate of the points locatedtloem cathode contour,
measured from the center of the ellipse obtaintst #ie projective transformation, is replacedh®y tinor radius of the ellipse.
Similarly, the radial coordinate,,. of a CS, defined with respect to the center of elipse obtained after the projective

transformation, is replaced by the following exgies ry,,./1 — e? cos? ¢4,,., Where e is the eccentricity of the ellipse and
@spot 1S the spot angular position with respect to thegomaxis of the ellipse emanating from the centehe ellipse.

From the CS map, the distribution of the curremisity at the cathode was reconstructed by parititigpthe cathode surface
into Voronoi cells, each cell enclosing a singletsffhe current density in each cell was considéodak inversely proportional
to the cell area. Next, an azimuthally averagedatgutofile of the cathode current density was detaed. This profile was
calculated using a harmonic mean formula (instdaahaarithmetic mean) in order to be less sensitivextreme values, which
may occur when several CSs are located very ctbeach other, leading to very small Voronoi cells.

I1l.  ARC COLUMN

In this section, we first describe the evolutiorilté arc appearance during the current wave fordifferent peak values with
a gap of 20 mm. Then, we detail the various arcesabserved for the range of conditions investiyatehe present study.

Fig. 5 presents an example of the currents and/@tage as a function of time measured during Bxand 6, which were
carried out with the same gap length of 20 mm aitd avpeak current of 25.7 kA and 36.3 kA respeatyivThe AMF intensity
and the overall plasma luminosity, defined as titegration of light intensity in the contact gagion are also represented on
this figure. For both cases, a leakage currenttdup kA), that matches with the difference betwégnand kr, exists during
most of the first half wave of the arc current, mieg that a fraction of CSs is located on the waflshe chamber, while no
significant leakage current is detected duringsbeond half wave of the arc current. As will bersbelow, the existence of a
significant leakage current during the first hadiwe of current is due (partly if not completely)ttee location of spots on the
lateral surface of the cathode immediately after ignition. Those spots may cause significant leakplasma out of the
interelectrode space, which may enhance the afpadf CSs on the walls of the chamber. In contrdsting the second half-
wave of current, most of the CSs are located orirthe surface of the cathode, reducing the curlesits. A very high spike of
the arc voltage is observed at the instant of igmibf the arc. Afterward, the variations of,lJare heavily influenced by the
impedance of the experimental circuit.
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Fig. 5. Time evolutions of, Ist, lieak Uars Bamr @and the overall plasma luminosity during Exp.3and (b) 6.

Fig. 6 shows images of the arc column every mitligel during Exp. 3 and 6. As seen in Fig. 6a, aterignition, CSs are
localized on the edge of the cathode, covering anisaction of the circumference. From 1 to 6 i $pots spread from the
edge to the center of the cathode covering almastptetely the cathode surface at the peak curtedividual plasma jets
produced by the spots are clearly visible in tharreathode region. As the current increases, themm jets mix progressively
and form a relatively homogeneous interelectrodsml, which is characteristic of an arc operating diffuse mode. From 7
to 11 ms, during the current decrease phase, thimdisity of the interelectrode plasma decreasedugdly. As seen in Fig. 5a,
the overall luminosity of the plasma is roughly podtional to the arc current. As shown in Fig. 6® evolution of the arc
appearance at higher current is significantly défe. Until 4 ms, the arc develops similarly to ttledoserved in Fig. 6a.
However, contrary to Fig. 6a, from 5 to 8 ms thaspha distribution is strongly non uniform. A vemjght plasma axial column
emerges and grows from the central part of theamtst surrounded by a diffuse plasma column. Taisesponds to the so
called diffuse columnar mode. The presence oftihight column is responsible for a strong increafsthe overall luminosity of
the plasma as observed in Fig. 5b. At 9 ms, theppears diffuse again. Then the plasma becomé&erdaith the decrease of
the arc current. While the central column lumingsi¢creases, the column radius changes only & INibte that contrary to Fig.
6a, the CSs occupy completely the cathode surfiaite @urrent peak value. After the arc extinctidre optical inspection of the
contacts revealed no traces of melting on the asodace, which indicates that the anode remaiasdipe during arcing.

1 ms, 6.4 kA, 37 mT 2 ms, 12.1 kA, 65 mT

3 ms, 16.8 kA, 93 mT 4 ms, 20.8 kKA, 118 mT

S ms, 24.1 kA, 135 mT 6 ms. 25.6 kA, 142 mT

7 ms, 25.4 kKA, 140 m1

9ms, 194 kA, 112 mT

11 ms, 5.4 kA, 57 mT

@
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1 ms. 7.7 kA, 36 mT 2 ms, 13.3 kA, 64 mT

3 ms, 22.0 kA, 91 mT 4 ms, 28.8 kA, 116 mT

. 36.2 kA, 143 mT

9ms, 23.8 KA. 112 mT 10 ms, 15.4 kA, 88 mT

11 ms, 6.4 kKA, 57 mT
(b)
Fig. 6. Arc image every millisecond during Exp). 8aand (b) 6.

Fig. 7 and Fig. 8 show the arc appearance at thk gcurrent for all the performed experimentg. Fi refers to a gap of 20
mm, while Fig. 8 refers to a gap of 30 mm.

(a) 3.1 ms,4.9 kA, kA, 143 mT (b) 6.8 ms, 17.2 kA, 143 mT

c) 5.9 ms. 25.7 kA, 143 mT d) 5 ms. 26.7 kA. 143 mT

(e) 5.2ms, 31.1 kKA, 143 mT (f) 5.8 ms, 36.3 kA, 143 mT

(g) 5.5 ms, 43.3kA, 269 mT

Fig. 7. Arc image at the current peak under agi&® mm. Exp. (a) 1, (b) 2, (c) 3, (d) 4, (e)B.6and (g) 7.

(a) 5.5 ms, 8.9 kA, 146 mT (b) 5.5 ms, 13.0 kA, 144 mT

(c) 5.5 ms, 18.0KA, 143 mT (d) 5.5 ms, 24.9 kA, 141 mT
Fig. 8. Arc image at the current peak under aaf&@® mm. Exp. (a) 8, (b) 9, (c) 10 and (d) 11.

When the gap is positioned at 20 mm, essentialigethifferent arc modes can be observed. For dsrtewer than 4.9 kA
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(Fig. 7a), the arc operates in a multiple arc mddehis mode, the plasma jets emitted by the GSaat overlap. At currents
higher than 17.2 kA (Fig. 7b-e), the arc becomédhisk. The mixing of the plasma jets produces d@equniform plasma.

Moreover, with the current increase, the mixinghad plasma jets tends to take place closer toatteode. Finally, for current
higher than 36.3 kA (Fig. 7f), the arc appears asffase columnar arc, with the formation of a ltigolasma column in the
central part of the contacts. Note that, while dahe current in Exp. 7 (Fig. 7g) was higher comparethat in Exp. 6 (Fig. 7f),

the arc remains diffuse in Exp. 7 because the egppAMF is stronger. In Figure 7b-e, a countercloslkeninclination of the

plasma jets is clearly visible. The inclination bews more pronounced when the current increasediséassed by Jia et al.
[16], the flow direction of the jets is dependenttbat of the composite magnetic field resultingnirthe superposition of the
AMF and the azimuthal self-generated magnetic figle inclination of this composite magnetic figlets stronger when the
current increases, giving a more pronounced intineof the jets. In accordance with this explaptiit is observed that the
plasma jet inclination becomes clockwise in ExQFig. 7g) due to the reversal of the AMF direction.

When the gap is positioned at 30 mm, only two aozles are observed. The multiple arc mode is obdeagain at low
current (Fig. 8a), while the arc is diffuse at emts higher than 13 kA (Fig. 8b-d). In contrasthie experiments with a 20 mm
gap, the arc exhibits no diffuse columnar modesThay be related to lower values of the arc cuiirergstigated for a 30 mm
gap (24.9 kA instead of 36.3 kA under a similar AMEensity). The lowest value reached by the rBiige/l o for a 30 mm gap
is 5.7 mT/KA. This value remains larger than the for Exp. 6 with a 20 mm gap, during which a di#ucolumnar arc mode
was observed. Note that besides the influenceefdtio Bye/l4c We cannot exclude effects related to the incredske gap
length on the arc operating mode. As it was obskfee a 20 mm gap, the plasma jets exhibit agaroanterclockwise
inclination, which gets stronger with the rise loé tcurrent.

Fig. 9 illustrates the evolution of the arc modserved during Exp. 5 to 7 as a function of theanttneous current and AMF
magnitude. As the identification of the transitioetween the multiple arc mode and the diffuse avderis not straightforward
(and based on visual criterion), the boundary betwitaese two modes is not represented in Fig. 8. figure suggests a linear
relationship between the critical current and tlitcal AMF magnitude separating the existence dono&the diffuse mode and
the diffuse columnar mode:

Iyre = 0.1 [kKA.mT Y|Byyr + 17 [KA] (2)

This criterion is close to that deduced from thegdam presented by Schade and Shmelev (cf. Fig[17]) given for 55 mm
diameter copper contacts spaced 10 mm apartalsasinteresting to note that the curves relativ&xp. 5 and 7 remain below
the derived boundary between the diffuse and difftslumnar modes, in accordance with the obsenstinade on the arc
images.
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Fig. 9. Arc modes as a function of the instantasexrrent and AMF magnitude during Exp. 5-7.

IV. CATHODE SPOTS

In this section, the evolution of the spatial disitions of CSs and current density is studied o ¢athode images post-
treated with the previously presented CS detectiethod. Afterward, an estimation of the averageenurcarried by a single
spot is also presented.

A. Cathode spot distribution

First, the initial propagation of CSs after arciiigm is described. As illustrated in Fig. 10 févetcase of Exp. 3, because of
the lateral trigger system, the first CSs appeatheriateral surface of the cathode. These spdtibiexa very fast anticlockwise
rotation motion around the cathode under the imiteeof the AMF [9]. From about 100 ps, some CSslrehe front surface,
emerging at various locations along the circumfeeenf the cathode. These spots are much slowetthigaspots established on
the lateral surface. They begin to effectively sprever the cathode surface from about 700 uslliESs established on the
lateral surface of the cathode disappear totalpratind 1 ms for that particular experiment.
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Fig. 10. Arc images every 200 ps during Exp. 3 @fter arc ignition.

Fig. 11 presents typical time evolutions of the d@i€ribution that were observed depending on tieepaak current. Fig 11a
shows that at low arc current (up to 13 kA for plesent conditions, i.e. in Exp. 1, 8 and 9) C3mfa compact group (with no
enclosed empty region) which occupies only a redudcaction of the cathode surface. At high curr@iiove 36 kA for the
present conditions, i.e. in Exp. 6 and 7), as showiig. 11d, CSs appear first along large sectmfithe circumference of the
cathode, before spreading across the entire cathadiace. At the current peak, the whole cathodtase is occupied by the
CSs. After the current peak, CSs tend to align @lspiral arms originating from the center of th¢hode. For intermediate
values of current (from 17.2 kA to 31.1 KA for theesent conditions, i.e. in Exp. 2 to 5, 10 and flig CS distribution exhibits
two different behaviors. Similarly to the case gghhcurrent, a CS empty region within the spatiatribution of CSs is formed
during the rise of current as a result of the espanof the CSs from the edge towards the centéhevfcontact. The empty
region may either be eventually totally filled asidappear as in Fig. 11b or persist, althoughizs decreases while the current
rises, until the end of arcing as in Fig. 11c. Aersin Fig. 11 and confirmed by the observationderia the other experiments
of Table I, it seems that the evolution of the @%oty region depends on its location with respe¢h&oaxis of symmetry of the
cathode. The empty region eventually disappeatisdrcase of an off-centered location, whereasities always present when
its location is relatively centered.

Note that in all cases, during the decrease ohthecurrent, the disappearance of CSs seems tehdmmogeneously over
the cathode surface. Our results do not revealnatigeable effect of the gap length on the CS itistion. Moreover, the
presence of a bright plasma column at the centireofontacts in Exp. 6 seems to have no influendde CS distribution.

7 ms 8 ms 9 ms

Fig. 11. Cathode spot distribution every millisedauring Exp. (a) 1 at 4.9 kA, (b) 4 at 26.7 k&), % at 31.1 kA and (d) 6 at 36.3 KA.
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B. Cathode spot average current

Fig. 12 shows an estimation of the average cucanted by a CS, which was computed by dividing ittetantaneous total
arc current by the number of spots detected atiistnt.

L =20 mm L =30 mm
arc re
100 EXP 1, Lpe =4,9KA 100 EXP 8, Loeq =4,9KA =8,9KA
=EXp 2, Ipeax =17,2kA —EXp 9, Ipeax =17,2kA =11,7KA

90

= EXp 3, Ipeax =25,7kA —=EXp 10, Ipeq =25,7KA =18,0kA
80 —EXp 4, Ipeq =26,7KA 80 —Exp 11, s =26,7KA =24,9KA
_ EXp S, Ipeac =31,1KA
RS —EXp 6, Loy =36,2kA & 70

8
o k—43 2kA 2
&

€0

S0

40

-

6 8 10 12 2 4 (3 8 10 12
t(ms) t (ms)

Fig. 12. Estimated current carried by a single CS.

The quite high values of the spot current durirgyfttst milliseconds in some experiments can bdatxed by the presence of
an important proportion of spots on the laterafae of the cathode. Our processing method dis¢haige spots. The number
of spots being underestimated, the spot currertteisce overestimated. Similarly, the number of sputsy be slightly
underestimated (hence the spot current will behligoverestimated) during most of the arc lifetirbecause of the ejection of
spots out of the front surface of the cathode salt of repulsive forces between spots. Thisceffeexpected to weaken when
the current decreases during the second half otthent wave, which explains the decreasing trehthe computed spot
current values observed in Figure 12 and the cgivgttrend of the curves associated to the diffeegperiments. Therefore, it
is believed that the most reliable spot currenti@alre those at the end of arcing (~ 1 ms befar@xinction), yielding to an
average value of the current emitted by a spotédd2.5 A. When averaging the data presented in Elgthe data of Exp. 2
has been excluded, since video images of the seak@an ejection of CSs out of the front surfadié istportant at the end of
arcing. This was interpreted as a consequencepobracontrol of the arc due to the lower magnitofi¢he AMF at the end of
arcing. AMF magnitude was lower at the end of agdiecause arc ignition was exceptionally long dythis experiment. The
value of the average CS current obtained herenidasi to the spot current measured by #tual. [18] for nanocrystalline
CuCr25 contact material.

C. Radial profile of the cathode current density

Azimuthally averaged radial profiles of the cathaderent density have been calculated from thetiposof CSs according to
the procedure exposed in section 1I.C. Fig. 13 shtypical examples of those profiles for the same £xperiments, whose CS
distributions were presented in Fig. 11.
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Fig. 13. Radial profiles of cathode current dgnfsit Exp (@) 1, (b) 4, (c) 5, (d) 6.

At low current (Fig. 13a), except at the beginnafcarcing, the current density decreases from trdger to the edge of the
cathode. At higher currents (Fig. 13b-d), becadgbainitial repartition of CSs on the edge of tte&thode, the current density
exhibits a peak at the cathode edge during therfiliseconds. Next, as the current increasesspods expand on the cathode
surface, the peak widens and the front of currensily moves towards the center of the cathods.ifteresting to note that the
current density at the edge of the cathode showsstight variation during the propagation of therft. At the current peak,
when CSs occupy completely the cathode surface) sscin Exp. 4 and 6, the current density is apprately evenly
distributed. In contrast, in Exp. 5, because ofgfbesistence of a central CS empty region, thesatigtensity at the current peak
is non uniform, with minimum values reached nalyrakar the center of the cathode. For all expenmisieafter the current
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peak, the current density tends to decrease urlijooner the surface. Note that the very large valoéthe current density
observed close to the cathode center at 7 ms and & Exp. 6 are believed to be computation artefanduced by a small
number of spots averaged close to the center.

D. Discussion

CS motion (which is a random walk when no magnfiid is present) is strongly influenced by a magngeld. In presence
of a tangential magnetic field, it is well knownatha CS is subjected to a directional "retrograaetion, which is in the

direction opposite to that given by the Lorentzcéoy A B,. The velocity of this directional motion dependsthe material of
the cathode and the magnetic field magnitude [36perposing an axial magnetic field to the tangéntiagnetic field causes an
additional angular drift with respect to the retede direction (called the Robson drift) [19]. Tdeflection angléd was found
to be proportional to the angle formed by the tatabnetic field with the cathode surface [16]:

¢ = natan Byyr/B; (3)

where the coefficienty depends among others on the cathode material. Higha current VA, as many CSs are present
simultaneously on the cathode surface, the retdegraotion of CSs under the combined effect of tlé-rmagnetic fields
generated by every spot results in self-repulsietwben CSs and the expansion of CSs over the @atwthce [16].

The analysis of the CS distributions in sectionA\8howed that the presence of an empty region mwithé CS distribution
until the end of arcing, leading to only a partiatupation of the cathode surface, seems to cterefigh the relatively centered
location of the empty region, this characteristieing itself linked to the initial repartition of GSalong the cathode
circumference. In the following, an interpretatiofithis result by examining the direction of thérograde motion of the whole
CSs is proposed. The direction of retrograde matfo@Ss was calculated from the CS map presentedealfollowing a similar
approach to that employed by &taal. [20]. The tangential magnetic field produced by turrent of a spot i at the location of a
spot n is given by:

o _ #o Uspot€)NFi_n
B = o el )

where?,_,, is the displacement vector from the location aftsgo the location of spot n. Then, the directadrthe retrograde

motion of spot n is given by:

_( Isz;ot éz) AZI'Vspm §(n) _ ll_olszpot ZI'VSPM Ti_n (5)
TRspot =t 2m% Ripot =1 172

Due to the presence of an AMF, one needs alsk&itdo account the angular deflection with respedthat direction caused
by the AMF, the deflection angle being determinexif equation (3). Based on the AMF magnitude pegfilesented in Figure
2 and considering a spot current of 36.5 A, a spdius of 50 um [21] and a typical value of thegmaetern equals to 0.8
(similar to that given for CuCr30 contacts in [22he direction of the retrograde motion of eve& €an thus be calculated from
the CS location map using equation (5). Fig. 14nshan example of calculation results at three palar time instants during

Exp. 4 and 5.
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Fig. 14. Calculated direction of the retrogradeiomowith Robson drift of CSs during Exp. (left nain) 4 and (right column) 5 at three particularetim
instants.

When the CS empty region is off-centered as in Bxjit.is observed that part of the CSs (essenptihthse close to the center
of the cathode) have a motion directed towardsrnbiele of the empty region and contribute to therease of the size of the
empty region. Between 4 and 5 ms, the area of thgtyeregion falls by half. At 6 ms, the empty regidisappears and the
cathode is fully occupied by CSs.

In contrast, when the CS empty region is relative®yl centered as in Exp. 5, very few CSs exhibit@tion directed towards
the inside of the empty region. Therefore, the gmegion although decreasing in size remains ptesatil the end of arcing.
At 6 ms, it represents about 10 % of the cathodfase. Thus, the correlation observed between #isigience of the empty
region inside the CS distribution and the centguesition of the empty region in the case of modemaic current may be
explained by the CS motion direction, which doesfawor the filling of the empty region.

V. CONCLUSION

VAs between CuCr25 static contacts spaced 20 amdrBCGapart with a range of peak current betweera8®43.3 kA and
under a peak value of AMF of 143 mT or 269 mT walrelied with a high speed camera to characterzeath appearance and
the CS distribution.

For a 20 mm gap, three arc modes were successilisBrved with increasing arc current, respectiaetyultiple arc mode, a
diffuse arc mode and a diffuse columnar arc modhe diffuse columnar arc mode occurred for a vafud® Byy/l 5 ratio of
around 4 mT/kA. For a 30 mm gap, the maximum curirerestigated was smaller (yielding to a minimuatue of the Byr/l
ratio of around 6 mT/kA). No diffuse columnar arode was observed; the arc exhibiting either a ipleléirc mode or a diffuse
mode.

Various types of CS distribution have been idesdifiwhich are to some extent dependent on the fEpaec ignition
procedure on the lateral surface of the cathodd irs¢he present work. At low currents, after raaghthe front surface of the
cathode, the CSs form a distribution without emggion, which covers only a fraction of the cath@ideface. At moderate
currents, a closed region unoccupied by CSs foritlinithe CS distribution during the developmenttloé arc. This empty
region, although decreasing in size, remains ptesetil the end of arcing, when its location is tw¥ed with respect to the
cathode axis. In contrast, the empty region waaddo be eventually totally filled by CSs whenlidsation is off-centered. An
explanation of this behavior was proposed in teofmthe direction of the retrograde motion of CSsaled at the periphery of
the empty region. When the current is further iasesl, due presumably to the increase of CS demniséycathode surface is
always fully occupied by CSs at the current peatt.shgnificant modification of the CS distributionitivthe gap length was
observed. An average spot current of 36.5 + 2.5 &5 wstimated. Our results suggest that the cudemsity is relatively
uniform in the regions occupied by CSs.
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