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Abstract – Modern notations do not foresee princi-

ple differences in cathode spot mechanisms in the 

breakdown stage as compared with steady burning 

arc. There is no reason to have doubts in this 

statement. Really, cathode spots generate similar 

craters regardless of discharge burning time under 

the condition of a cold cathode. Cathode spot 

plasma has rather stable parameters while gradual 

changes in plasma parameters can be convincingly 

explained in terms of cathode heating effects. The 

only difference is that the beginning stage gives a 

chance to trace a separate cycle of cathode spot 

operation and confidence that the initial moment of 

a cycle is a proper one. Unlike stable long-lasting 

arc, the first spot cycle is not hazy with prehistory; 

and spot behavior looks different as a result. Hav-

ing utilized a first spot cycle for diagnostics, the 

authors have revealed dynamics of atomic and 

ionic spectral lines in single spot radiation with 

high temporal resolution. Higher charge state ions 

start to emit light first followed by lower charge 

state ions and neutrals being latest. All the spectral 

lines start to be highly broadened. These data was 

successfully used to revise conclusions drawn ear-

lier concerning experiments on resonant laser di-

agnostics of cathode spot plasma. 

1. Introduction 

History of the cathode spot counts more than century 

however it [cathode spot] looks fresh and attractive for 

researchers (review on the matter [1]). At vacuum 

breakdown and cathodic arc discharge, the cathode 

spot is a major source of plasma supplied to a vacuum 

gap and causing conductivity. On a cold cathode, a 

spot starts with explosive emission [2] followed by 

internal evolution, extinction, and death as a result of 

growing rate of cooling. This sequence causes a cath-

ode spot to be recurrent and discharge self-sustaining. 

The goal of this work is to continue investigations [3] 

of spot dynamics within a single cycle of operation. 

2. Experiments  

Experimentation included three different setups and 

runs described elsewhere in details. All the experi-

ments were carried out with needle cathodes covered 

with liquid metal (the gallium-indium alloy as a rule). 
Such cathodes have certain advantages concerning 

electrical and spatial reproducibility of arc operation 

and synchronization [4–6]. By applying a high voltage 

at the discharge gap, the liquid metal surface at the 

cathode tip becomes unstable and a Taylor cone arises 

when the voltage exceeds some threshold value. Tay-

lor cone formation at a cathode is limited in time by 

extreme sharpening of its apex, strong enhancing of 

electric field, electrical breakdown of the gap, and 

ignition of a cathode spot. In some experiments, we 
used preliminary formation of a Taylor cone under 

inverse polarity of electric field in a gap when a liquid 

metal emitter works to produce extremely weak dc ion 

current. With applying a high voltage pulse of nega-

tive polarity and amplitude exceeding dc voltage to an 

emitter, one gains a highly reproducible liquid-metal 

field emitter where a cathode spot starts strictly at the 

apex. Another advantage of liquid metal cathodes is a 

possibility to operate at high repetition rates up to 

1 kHz that ensure UHV conditions at the cone apex 
even in vacuum of 10–7 mBar.  

In the first experimental run, an arrangement de-

scribed elsewhere [3] in details was used. The idea of 

those experiments was to record refraction/absorption 

consecutive images in a single arc discharge shot.  

A tunable dye laser was used to adjust a laser probe 

beam in frequency to a cathode material absorption 

line. The setup allowed recording only two consecu-

tive images. However, having statistics, several stages 

of a spot cycle were recognized in respect to injection 
of cathode material into a discharge gap.  

The second experimental run was devoted to 

measurements with using HIDEN EQP analyzer al-

lowing recording energy spectra of a separate heavy 

plasma species including neutrals and ions of different 
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charge states. The experiment was carried out at the 

same conditions as those kept in the other experimen-

tal runs. The experimental technique and procedure 

for data acquisition under the third experimental run is 

described in details elsewhere in the Proceedings of 

this conference. 

The idea of the third experimental run was to re-

cord the dynamics of spectral lines of the both neutral 

and ionic components in parallel with current wave-
forms. The experimental technique and procedure for 

data acquisition under the experimental run is de-

scribed in details elsewhere in the Proceedings of this 

conference. The spectral range under investigation 

was restricted within 400 to 470 nm, which is rather 

suitable since contains the both atomic (Ga I) and 

ionic (Ga II and Ga III) lines. 

3. Experimental results  

Figure 1 shows a typical streak pattern in the spectral 

range under investigation. The cathode spot emits 

light mainly in a double-charged ion line at the begin-

ning of spot burning, and no atomic lines are visible at 
that time. A single-charged ion line becomes intensive 

100 ns later. Finally, atomics lines appear half micro-

second later after discharge ignition. The scenario is 

reproducible from pulse to pulse.  

 

 

Fig. 1. Time-resolved spectrum of a cathode spot and the  

  corresponding discharge current waveform (Ch1) 

A cathode spot demonstrates another dynamics in 

light emission when discharge current is strongly 

modulated (Fig. 2). In this case, the Ga III line contin-

ues to be bright and its intensity correlates with the 

discharge current. 
Sequential appearance of spectral lines from upper 

charge states to lower ones correlates well with mass-

spectra measurements at high-current arc discharge 

[7]. This indicates that leading appearance of the 

Ga III line in our experiment means tentatively lead-

ing appearance of Ga++ ions in cathode spot plasma. 

 

 

Fig. 2. Time-resolved spectrum of a cathode spot and the 

  corresponding discharge current waveform (Ch1) 

Reproducibility of cathode spot ignition at the 

cathode apex allowed recording high-quality streak 

images in the accumulation mode. An example of ac-

cumulation of 20 pulses is shown in Fig. 3.  

 

 
Fig. 3. Time-resolved spectrum of a cathode spot and a cor-

responding sample discharge current waveform (Ch1) and  

  the averaged one (M3) 

Accumulated streak images demonstrate light in 

lines Ga I, Ga II, and Ga III just at the discharge be-

ginning but those lines are extremely broadened. For 
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estimation, lines Ga I are broadened as much as 10 

nm. Considering the Stark broadening to be mostly 

responsible for that, it gives estimation for electron 

plasma density, ne, according to the formula [8]: 
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where α1/2 is the tabulated parameter depending on 
element and plasma temperature, to be 1017 cm–3 to 

order of magnitude. It means that presence of such 

dense plasma makes lines much less visible in images. 
Contrary, sharp lines mean less density of cathode 

spot plasma. 

4. Discussion 

The latter fact allows one to interpret better the results 

of resonant laser interference imaging of cathode spot 

plasma at atomic resonant lines [3]. Those experi-

ments revealed several stages of a cathode spot cycle 

in respect to detectable neutral species of cathode spot 

plasma, which are as follows: intensive growth of 

concentrations (stage 1), almost stable concentrations 

(stage 2), slightly decreasing concentrations (stage 3), 
and nonpresent concentrations (stage 4, see Fig. 4, a). 
 

 
a  b 

Fig. 4. Presentation (a) of a spot cycle in different stages  

(1 to 4 as explained in the text) and their probabilities from  

  [3] and revised presentation of the same (b)  

 The high probability of the last state was left in abey-

ance. The same is about absence of detectable atomic 

concentrations in the beginning of discharge as well as 

at discharge currents above 50 A when a spot operates 
on a liquid gallium-indium cathode. All those strange 

facts become natural ones in the light of higher plasma 

density and corresponding Stark broadening. Really, 

presence of a dense plasma means absence of neutrals, 

which are detectable by interference imaging. This 

becomes obvious from the formula for the refractive 

index [9] 
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where ω0 and ω are the frequencies of an atomic reso-
nant line and the probe laser line, f is the line oscillator 

strength, and Δω is the FWHM of the resonant line. 
Here it has been considered that the probe laser line 

width is much less than 1 nm. In fact, n is strongly 

limited by Stark broadening included in Δω for elec-
tron densities larger than 1016 cm–3.  

Obviously, cathode spot plasma is dense always in 

the beginning of discharge. Apparently, cathode spot 

plasma is dense always at high discharge currents. The 

only possibility to detect visible neutrals inside a cath-

ode spot is to catch a moment when plasma density is 

rather low. Thereupon, spot dynamics looks oppo-

sitely as a result (Fig. 4, b). A spot cycle starts with 
dense plasma (stage 1). Such state can exist over long 

periods even for strongly modulated discharge cur-

rents (see Fig. 2), which can explain the probability of 

75% of this stage, found in [3]. This state is followed 

by spot extinction and appearance of visible neutrals 

due to decreasing plasma density (stage 2). Finally, 

sharp growing of atomic concentrations (2% of a cy-

cle) means a break in plasma production (stage 3). The 

latter is followed by ignition of a new spot. Such an 

approach has rather high force since it explains all the 
observations carried out in [3]. For reasons given 

above, three modes of spot operation with respect to 

continuity could be presented as follows: 

At threshold currents, the both current and plasma 

production meet interruptions; 

There is a current range where discharge current is 

steady while plasma production meets interruptions 

followed by ignitions of new spot cycles; and 

There is a current (50 A for a gallium-indium 

cathode) above that a spot is steady in current as well 
as in plasma production id est a new spot starts before 

a former one dies. 
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