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Anode and Cathode Arc Root Movement
During Contact Opening at High Current

John W. McBride and Peter A. Jeffery

Abstract—This paper presents experimental research into the and test conditions. The importance of anode root mobility

behavior of short circuit break arcs ignited between opening in opening contacts is identified and related to the emission
contacts. The investigation is applied to arc chamber geometries process occurring at the cathode

commonly used in miniature circuit breakers (MCB). The move-
ment of the anode and cathode roots are individually plotted o )
from optical data, allowing the relative motion to be compared. A. Cathode Root Emission Mechanisms

The effect of a range of MCB configurations on the arc root - . .
motion has been investigated. The experiment was configured The emission mechanism at a cathode root will vary over

so that the fixed contact was always the cathode. The results the duration Pf an arc and will affect the arc motion. The
show that the two arc roots do not move away from the contact cathode root is the source of electrons for the current through
region simultaneously. Often the cathode root moved off the fixed the arc column, and is generally considered to dominate the

ot s i st Ty sty MGVEMENt of he arc colun. There are two main erisson
9 . y mechanisms, thermionic and field emission.

commutation leads to a delayed cathode root movement. These
events are explained in terms of arc root emission processes.

Index Terms—Arc motion, contact motion, current limiters. B. Thermionic Emission

Thermionic emission occurs when a refractory electrode ma-
terial is heated to a sufficiently high temperature. Thermionic
cathode arc roots on refractory materials have been observed

HIS paper presents experimental results from a test be stable and stationary with current densities of 10-100

system design to recreate the current limiting operation afmm?.
a miniature circuit breaker (MCB). Miniature circuit breakers The contact and arc runner materials used in MCB’s are
are widely used in domestic, commercial and light industrigisually alloys of low melting point metals such as copper
installations. The devices are usually used where the supplyd silver, known as cold-cathode materials. Arc roots on
voltage exceeds 200 V ac and are used to protect circuits ragefti cathode materials have been observed to be highly
up to 100 A from overload and short circuit faults £Q0* unstable and mobile with high current densities at the root of
A prospective). During a short circuit fault an electric ara0*~10>° A/mm?2. Thermionic emission theory cannot explain
is drawn between opening contacts. The current through i@ current densities measured at the cathode of arcs on
conductors of the MCB generates a magnetic field in the agold cathode metals, as the melting point is lower than
chamber, which acts to force the arc away from the contabie temperatures required for significant thermionic emission.
region along arc runners and into an arc stack. The arcAsnumber of different nonthermionic emission mechanisms
then split into a number of series arcs which results in a higlave been proposed [2]. It is likely that a number of these
voltage across the circuit breaker. The high voltage counteragischanisms occur simultaneously within the cathode root,
the supply voltage and limits the peak fault current. The energyth one mechanism dominating at any particular time [3].
released by the fault is reduced and damage to both the ciradiher types of circuit breaker can use combinations of AgW
and the circuit breaker is minimized. and Ag/C contact materials where thermionic emission is

This paper follows on from a previously published papehought to be an additional effect due to the presence of
[1], where the test system and arc imaging system used hagfractory Tungsten and Carbon.
were described in detail. A method for the detection of arc
root position was presented, and has been developed here tajeld Emission
allow for the evaluation of both anode and cathode arc roots.

Results are presented for a range of arc chamber geomet(rei

I. INTRODUCTION

Iglectrons can be extracted from a cathode material by strong
Féctric fields. Although the average field strength between the

Manuscript received December 1, 1998; revised January 12, 1999. TakC electrodes in an MCB is not high enough to cause field
paper was recommended for publication by Guest Editor M. Braunovic upgimission it is thought that there may be a high field strength
evaluation of the reviewers’ comments. This paper was presented at the 4§@nd | h hod " ial f this high
IEEE Holm Conference on Electrical Contacts, Chicago, IL, September 16— ,Ca to the Cat' 0. € surrace. TWO potential causes of this hig
1996. strength electric field were reviewed by Sloot and Bosch [4].

The authors are with the Departments of Mechanical and Electrical Efhe high field required may be produced by the space charge of
gineering, Electro-Mechanical Research Group, University of Southampton .. ~ . . . . L
5017 1BJ, UK. positive ions collecting in the cathode fall region. The positive
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Fig. 1. Schematic diagram of a 1 kA arc in arc chamber geometry A. Based \ arc chamber
on data from optical fiber imaging system.
vent plate
of metal vapor that have evaporated from the cathode. An Fibre position

arc sustained by this type of field emission is known as a
metal vapor type arc. Alternatively, thin oxide layers on the
surface of the electrode may trap positive ions resulting inF&y. 2. Arc chamber geometry A, with optical fiber positions, and pivoting
high electric field. An arc sustained by this type of emissiofpntact mechanismX andY” directions are measured relative to the (0, 0)

@ Fibres used for arc root trajectory plotting

is known as an oxide-layer type arc position.
D. Arc Behavior Between Opening Contacts most cases investigations have been conducted on parallel arc
When an arc is ignited between separating contacts r#enners, without opening contacts. The investigation presented

- . ere makes use of an optical fiber imaging system with
initial arc roots will be drawn on a molten metal surface. Metal ". ) ) . . .
Unique image processing methods to identify the details of

vapor typg field emission will dominate gnd the movement %he events which affect the arc motion as the high current
the arc will be determined by the velocity of the temperature

front of the molten region, the arc root will therefore be limited"C 'S ignited between opemng_con_tacts._Twp |nvest|gat|ons
: o S re presented. The arc contact time investigation examines the
to low velocity movement [5]. In this investigation the current

: el . ffect of the contact configuration on the period of time that
flowing though the contacts as the arc ignites is approximat : . .
: . e cathode root remains on a fixed contact. In the arc behavior
700 A and can rise to 2 kA during arc movement. At the

- : . Ihvestigation, the movement of both the arc roots along the arc
current densities quoted for a free burning arc in air [2] the ale Jmber is considered. for a ran f
- . . , ge of contact and arc chamber
is likely to be constrained by the sidewalls of an arc Chamb%ronfigurations
In Fig. 1, an arc of 1 kA is draw in the arc chamber of a MCB; ’
based on observed data from an imaging system. The figure
shows one of the geometries used in this experimental study.
The arc is ignited between the opening contacts at the top of
the figure and is forced down through the arc chamber info Test System
the arc stack. The magnetic forces on the arc may result inA high speed arc imaging system (AIS) has been used
the arc column being displaced sufficiently for a new site ¢6 record optical data of arc motion at sample rates of 1
electron emission to occur on a metal oxide layer away fromHz, [8]-[10]. The short circuit tests were carried out in a
the site of arc ignition. Once this site of electron emission dtexible test apparatus (FTA) designed to simulate the current
the oxide layer has become established the arc can movdiratting operation of a MCB [1]. Figs. 2 and 3 show details
high velocity. The velocity of the arc root is then governed bgf the arc chambers used to simulate MCB geometry (A)
the charging characteristics of the oxide layer [4]. and (B), respectively. In geometry (A) the fixed contact is
As techniques to record the arc behavior have improvednnected to a long straight runner, whereas in (B) the fixed
more details of arc phenomena have emerged. Arc immobilitpntact runner diverges at the corner identified in Fig. 3.
at the ignition site, arc commutation, periods of reduced aite circles over the arc chambers indicate the optical fiber
motion, and the arc running time (arc lengthening time) haym®sitions. The contacts are opened with a solenoid mechanism,
all been identified as separate phenomena [1], [6], [7]. imhich operates independently of the fault current. Two contact

Il. EXPERIMENTAL METHOD
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Arc Stack

Fig. 3. Arc chamber geometry B, with optical fiber positions, and a line
moving contact. TheX, and Y directions are shown relative to the fixed

contact corner.

TABLE |

EXPERIMENTAL FACTORS WHICH HAVE BEEN HELD CONSTANT

Factor Constant Value
Capacitor charge voltage 350V
Inductance 224 uH
Capacitance 47.4 mF

Final contact gap 6mm

Contact mechanism and velocity

Pivoting mechanism 10m/s,
Linear mechanism 3m/s

Moving contact

Silver plated copper

Contact polarity

Fixed contact negative

Contact opening delay t_., 500us
Chamber depth 6mm
Chamber attitude Horizontal
Arc stack displacement 35mm

provided the longest period of delay. In this study the polarity
has been fixed so that the fixed contact is always the cathode.

C. Experimental Conditions

Two separate investigations are presented here. Table | gives
the experimental constants for both investigations.

Experiment 1—Arc Contact Time Investigatiohhe main
objectives were to investigate the effect of geometry and
contact velocity in a controlled experiment before developing a
more complex experimental methodology used in Experiment
2. In the arc contact time investigation the arc root contact
times were calculated for a range of contact and arc runner
configurations. The experimental programme is given in
Table II. All the trials were carried out at 3 m/s opening
velocity using the linear contact mechanism except Trial

A6, which used the pivoting mechanism. Two arc chamber

geometries were used with ceramic sidewalls: Geometry A
with one diverging arc runner, Fig. 2, and Geometry B with
two diverging arc runners, Fig. 3.

Experiment 2—Arc Behavior Investigatiomn this experi-
ment the objective was to investigate a wide range of arc
chamber parameters having identified the ideal geometry for
doing this from the two used in experiment 1. For the arc
behavior investigation the Taguchi method was used to plan
a partial factorial experiment using a L9 orthogonal array
and nine trials [11]. The Taguchi Method is used to design
an efficient experiment that covers the maximum number of
test factors with the minimum number of trials. In a Taguchi
experiment the level of all but one experimental factor are
varied between trials. Taguchi analysis can be carried out
on the results to compensate for the reduced set of trials.
The “average effects” of each factor can be deduced and any
interactions between trials identified.

Arc Chamber Geometry A and the pivoting contact mecha-
nism (10 m/s) were used. The contact configuration, arc runner

mechanisms were used, a linear mechanism for tests Wihhfiguration, arc chamber materials and arc chamber venting
contact velocities of 3 m/s and a pivoting mechanism for thgere set to three levels, as shown in Table Ill. The exper-
higher velocities of 10 m/s. A prospective peak current Ghental programme of nine trials is presented in Table IV.
3.5 kA at a simulated frequency of 50 Hz was used for bothach trial was replicated eight times. The “average effects”
investigations. The short circuit is simulated using a capacitiygsults of the Taguchi analysis have been presented previously
discharge system; circuit component values are defined [D]. Here the experimental data recorded during the Taguchi

Table I. The opening of the contacts can be controlled ag§iperiment is re-examined in a comparative analysis.
has been set in these experiments to £.9.1 ms after the

start of the short circuit current pulse.

Techniques have been developed that allow the trajectory of
the two arc roots to be plotted separately from the AIS data, The results of Experiment 1 are shown in Fig. 4, for both
based on the method identified in [1]. The method has be#e let through energy and the cathode root contact {imie
extended to measure the time period that each arc root remdffsarc chambers, A and B, for the range of experimental

in the contact region, known as the cathode root contact tirienditions shown in Table IlI.
(t;) and the anode root contact tinget). The results of Experiment 2 are shown in Figs. 5(a) and

(b), for the Taguchi based experimental method, and show the
Contact times for the Cathode Fig. 5(a) and Anode Fig. 5(b).
The experimental conditions are defined in Table IV.

In a previous paper, [1] initial studies were undertaken on Figs. 6-8 are specific data plots from Experiment 2 of the
the arc root movement in the contact region of geometry (Brc root motion. They show the arc voltage, anode and cathode
Fig. 3. Consideration was given to the influence of polarityoot movement in the upper figure, with images of the arc at
on arc movement away from the fixed contact. It was shovgiven points in time identified in the upper figures. In Fig. 6,
that for geometry (B) the cathode root on the fixed conta@tial T1, the arc is shown by consideration of the arc voltage

lll. RESULTS

B. Supply Polarity
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Fig. 4. Cathode root contact times on the fixed contact for Experiment 1, the arc contact time investigation; to be viewed with Table Il. The let
through energy is also presented.

characteristic, to ignite at 450s after the current zero. With moves and is identified in arc image (2) by a second arc root
reference to th&” displacement of the arc roots, the anodappearing further down the fixed arc runner. At (3) the anode
root (AR) motion starts at 65ps, and the cathode root (CR)arc root moves off the moving contact allowing the cathode
at 900 :s. These are not however the contact times usedripot to move.
the analysis, these are defined as follows. In Fig. 8, for Trial T5, both arc roots are shown to move
1) The cathode root contact tinfe; ) is measured relative With & uniform velocity through the arc chamber, although the
to the time of arc ignition, in this case 45@ after arc arc voltage plot shows a plateau level at approximately 60
ignition. This is the time taken for the cathode root tdYOlts, between the positions shown in images (3) and (4).
move away from the first fiber position, this will include
any delays due to the contact material and contact shape. IV. DiscussIiON
2) The anode root timétT) is also measured relative to
the time of arc ignition, and is the time taken for the roof\- Experiment 1—Arc Contact Time Investigation
position to reactt” = 10 mm, in this case 80@s after  |n the following discussion the cathode root contact times
the start of the arc. This is the time taken for the an@ferred to are the averager) times for each trial in Fig. 4.
root to move off the moving contact, and will includerFor configuration A-1 and B-1 without steel backing strips, the
any delays at the point of arc ignition. averaget; ) time for geometry B is 1800s compared to 1200
In Fig. 6 the arc position at 115@s is shown in the arc ps for geometry A. The addition of steel backing strips (A-2,
image (1). The arc position is indicated by the white sp&-2) leads to reduced times for both geometries, the reduction
corresponding to the anode arc root on the moving contafsiy arc chamber B is greater. The following observation can
with the discharge shown to lie at an angle to the cathotle drawn from the data:
arc runner. The cathode root is shown to have moved off thel) For the moving contact velocity in arc chamber geom-
Ag/C contact material. At (2) the anode root has moved off  etry A; replacing the linear contact mechanism (Trial
the moving contact. At (3) and (4) the anode and cathode arc  A-2) with the high speed rotating mechanism (Trial A-
root move toward the splitter plates. 6) resulted in a decrease in thg time, from 1100us
In Fig. 7, for Trial T4, the arc is shown by consideration to 600 us.
of the arc voltage characteristic to ignite at 458 after the  2) For contact material in arc chamber geometry B; replac-
current zero. The anode root is shown to start moving at 650 ing the Ag/C contact tips used in Trial B-1 with copper
uS, and the cathode root at 99@. The arc position at 1000 contact tips of the same step geometry, Trial B-3, led to
ps is shown in the arc image (1), where the arc is shown a decrease in th& time, from 1300us to 850us.
on the moving contact, having moved off the Ag/C contact 3) For contact tip geometry, using punched copper contacts,
material. The anode root then remains fixed for an extended Trial B-4, instead of copper contacts with a step Trial
period with a displacement of 4-5 mm. This corresponds to  B-3 led to a reduction in theé_ time, from 850us to
a level arc voltage of 50-60 volts. At (2) the cathode root 700 us.

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on June 17, 2009 at 10:28 from IEEE Xplore. Restrictions apply.



42 IEEE TRANSACTIONS ON COMPONENTS AND PACKAGING TECHNOLOGY, VOL. 22, NO. 1, MARCH 1999

700
c
E -
¥ 600 2
£ - =
= g L3
B % 500 < ‘
E E T >
& ° - Average
O & 400
—E T
S O L
<R &
¥ 3007 = R - E I* . I*
o ©
o .X
i1 .
£ 200 l
[&]
1007 — S R
0
ha & 8 2 s 2 2 F fud 2
B - = ® k] k] ] k-t q B
= © [} {= 0= (=4 = (=4 = =
[ £ £ = = [ [ [ = -

k)

. 1600
c
- 5
14001 5 | : —_—
QE)A 4 2
[ g 1200 :‘Z) l
kshwe L
ST 1000— —_—— e - - I -
8 S | Average T - S + J_ +
O8 soo = : L
8o g
S 600
$3
2% a0
<
200 | o e
0
C 8 & 2 s 2 £ F P 2
s 5 5 0z 3z 3z T T ® 3
= = 2 = [ IS [ = IS =
=

(b)

Fig. 5. (a) Cathode root contact times on the fixed contact for Experiment 2, the arc behavior analysis; to be viewed with Table 1V. (b) Anode root contact
times on the moving contact for Experiment 2, the arc behavior analysis; to be viewed with Table IV.

4) The addition of steel backing strips Trial B-5, to th&he build up of carbon layers on the contact surface may
contact configuration of Trial B-4 resulted in a furthecontribute to the arc root immobility by leading to higher
decrease in thé, time, from 700us to 600us. surface temperatures [16], causing the destruction of the oxide

Using the average, time as an indicator of arc immobil- layers required for rapid arc root motion. Also, the ablated
ity these results confirm the general opinion that arc roéentact materials may condense on the arc runners adjacent to
immobility times are increased by the use of Ag/C contadiie contact, leading to a conductive layer on top of the oxide
materials [13] and steps in the contact region [14], [15]. Frotayer. The metal oxide layer emission necessary for rapid arc
a comparison of Trial B-1, B-3, and Trial B-4, the use of th&otion would not occur, as positive ions incident on the layers
Ag/C contact material appears to have the dominant affectwould be discharged by electrons supplied along the layer of
reducing the cathode root motion. A comparison of the use efndensed contact material. The presence of Carbon could also
the Cu contact tip (B-3) and the punched tip (B-4) indicatgesult in localized thermionic electron emission.

that where there is no step there is a small improvement inThe use of steel backing strips behind the arc runners to
performance. The particular combination of a bend in thiscrease the magnetic flux density in the arc chamber can
runner in close proximity to the Ag/C contact tip and theéeduce the immobility times, as can increasing the contact
lack of a Fe backing strip creates the conditions for prolong#&elocity. By encouraging early movement of the cathode root
immobility. both the effects of heat damage to the oxide layers and carbon

The increased arc immobility times on Ag/C contacts cdbpuild up are avoided and arc root immobility times minimized.

be linked to the erosion characteristics of the material. Ag/C In general the cathode root contact times in circuit breaker
contacts erode severely and the surface composition has beamfiguration (A) is either lower than or equal to that in
shown to change during the interruption of arcs over 1 k&yeometry (B) for the same conditions, thus indicating an
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Fig. 6. Arc root trajectory, arc voltage, and selected arc images, for Trial T1.
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Fig. 8. Arc root trajectory, arc voltage, and selected arc images, for Trial T5.

improved circuit breaker performance for the former geometryiould be suprising if the anode root and cathode root moved
In all cases the let through energy is lower in geometigway from the contact region together.
(A). The use of the second divergent runner in geometry (B) The anode root and cathode root motions are considered
leads to a second point of cathode root immobility in the afere for the data presented in Figs. 5(a) and (b). Consideration
chamber, as the arc root sticks on the corner identified i also given to the case of trial T2. The levels selected for
Fig. 3, on the arc root motion. The effect of velocity presentadial T2, were expected to produce long delays in the root
by others as a key factor has been shown here to be importasition, based on the observations made in Experiment 1, trial
but not essential. The use of a high velocity does improye1. In the case of trial T2 the conditions for arc immobility
the performance of the device but often makes up for othgfe complemented with the use of a choked arc chamber and
areas of poor performance in terms of arc mobility. It has be@grylic sidewalls. The use of Ag/C contact material with
shown here that with the use of a Cu contact without a st@Pstep, coupled with no steel backing strip and an ablative
allows the device to show an improved performance at a lowgfaterial will lead to long delays. This has been shown to be
velocity, compare (A-5 and A-6), Fig. 4. The use of the Ag/Ghe case and two modes of operation identified. For trial T2a
material is essential to prevent contact welding. the contact root times were extended whilst in trial T2b the
arc failed to leave the contact region.
B. Experiment 2—Arc Behavior Investigation Anode Root Motion:The results presented in Fig. 5(a) and

In this experiment detailed results were presented on bdf) show that the anode root contact time does not always
anode and cathode root motion in an arc chamber with contal@4ow the cathode root contact time. In trial T8 the cathode
opening with a constant velocity. This allows observations 80t contact time is low, whilst the anode root contact time is
be drawn on the complex interrelationship between the tidgh. Conversely trial T5 has a high cathode root contact time
arc roots. and a low anode root contact time. This evidence shows that

The cathode root is the source of electrons for the curréfie movement of the anode root away from the contact region
through the arc column, and is generally considered to doi#g-not rigidly coupled to the cathode root.
inate the movement of the arc column. This may be the case€Comparing the cathode root contact times in Fig. 5(a),
when considering the motion of an arc moving continuousfpr trial T1 and T4. In both cases the cathode root leaves
along plain parallel electrodes, but is not necessarily the cdbe contact region after 40fs. In Fig. 5(b) the anode root
in more complex situations such as in a MCB. The cathode aisddelayed in trial T4 with an average time of 120,
anode root have been observed to move along plain surfacempared to 80Qus in T1. The similarity of the cathode
and commutate across steps and gaps differently [15]. As tlo®t times suggests that the improved performance to be
contact systems found in MCB’s are rarely symmetrical éxpected with use of the flat contact surface is balanced
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by the delay associated with closing the vent and using
acrylic in the chamber. It can be argued that the anode
root events on the moving contact are not influenced by the
fixed contact geometry, or with the runner configuration. The

moving contact is in all cases Ag plated Cu. In addition since anode E-cith—Ode
the contact opening time is constant any delays associated root—y
with current commutation from the moving contact to the arc
runner will be constant. It can be concluded that the anode new arc
root movement is impeded by closing the vent and by the use 'S root site
of acrylic in the arc chamber. |

Comparing the arc root contact times for Trial T1 with those ¥ original arc
of Trial T5, Figs. 6 and 8. The cathode root contact times in roof site
T5 are higher whilst the anode root contact times are similar,

800 us. In both cases the vent is open, but the material of Sehematic di . _ hamb A Based
: . chematic diagram of arc in arc chamber geometry A. Based on
the chambe_r has changed. This §uggests that the anode E?t%lgfrom optical fiber imaging system.
movement is affected by the venting process, and not by arc
chamber material changes.
To confirm this observation in all cases with an open vent V. CONCLUSION

(T1,T5, and T9) the anode root times are between 800 and 86G he results presented here provide an insight into the com-
ps. In the cases with a closed vent (T3, T4, and T8) the anogiex arc motion mechanisms occurring in miniature current
root times are between 900 and 1209 With a partially close |imiting circuit breakers. The results were obtained under ex-
vent (T2, T6, and T7), the anode times are betweerny85I6) perimental conditions where opening contacts were considered
and 900us (T7), while T2a is 126Q:s. Trial T2 is a special in a flexible test apparatus. It has been demonstrated that the
case discussed above. The vent has an important influegggue experimental methodology used, making use of the
on the ability of the anode root to transfer from the movingptical fiber imaging and analysis system, allows for a detailed
contact. With the vent closed or partially closed the pressug@d reliable study of arc motion between opening contacts. It
in the arc chamber ahead of the arc will be greater than thgs been shown that a high contact velocity is an important,
case with an open vent. The additional pressure will providgit not essential parameter in providing arc root mobility.
a force, which will act to prevent the anode root commutation The movement of both the arc roots should be considered
across the gap between the moving contact and the runigfien studying arc behavior in MCB’s. A number of arc
This appears to be more dominant on the anode becauseghénomena occur during the movement of the arc roots
anode root motion is not governed by emission processes.from the site of ignition to the arc stack. These include
Cathode Root Motion:The arc images show that the caththe movement of the roots from the initial ignition site,
ode root moves off the fixed contact pad and along th®mmutation from contacts to arc runners, and the subsequent
arc runner. The mechanism for forward cathode root motigiovement of the arc roots along the runners. The results
requires an increased ion density forward of the cathode regiow that the anode root movement is not rigidly coupled
[17]. This effect is disrupted by the failure of the anode root t@ the cathode root movement. As the mechanisms that occur
commutate resulting in the arc column being angled backwated,the cathode root are different to those at the anode root the
as seen in the images of Trials T1 and T4. A reduction in thgovement of the two roots are affected differently by changes
cathode root velocity leads to the arc root interaction effegt the experimental conditions.
damaging the oxide layer, preventing high velocity motion The failure of the anode root to commutate from the moving
with oxide layer type emission dominating. In addition, theontact prevents the arc column displacing forward of the
arc column is not displaced forward of the cathode root s@thode root. This interferes with the increased density of
the arc is not likely to jump to a new arc root site forwarghositive ions forward of the cathode root necessary for the
of the cathode root, Fig. 9. As a consequence the cathagighode root to displace in the direction of the magnetic force,
root is limited to low velocity with metal vapor type emissiorand hence interrupts the arc motion. The retardation of the
dominating. cathode root movement by the anode will lead to the arc
For the cathode root motion to continue the anode root musbt interaction effect destroying the oxide layer. Metal vapor
commutate from the moving contact to the arc runner. Thgnission must therefore dominate, and the cathode root is
anode root commutation for Trial T4 occurs just after image Bmited to low velocity.
Fig. 7. The anode root can be seen to move at constant velocity
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