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Abstract – Optical emission of a single cathode spot 

was studied to improve understanding of cathode 

spot initiation and dynamics. A single cathode spot 

was generated with high reproducibility in a gap 

under UHV conditions at a liquid Ga-In-alloy 

cathode. Discharges were initiated by rectangular 

voltage pulses of 100 ns length produced by a cable 

generator. Spectra were recorded in dynamics with 

a high time resolution by the SpectraPro-500 spec-

trograph, the Imacon 500 streak camera, and the 

Newton A-DU971N-BV EM CCD. Cathode spot 

light radiation was found to be as weak in the dis-

charge beginning as the equipment set records 

nothing. Cathode spot radiation becomes bright 

when cathode spot plasma approaches closely to 

the anode. Unlike spot initiation in a pure vacuum 

gap, a cathode spot starts as a bright flash when a 

gap is filled with plasma. 

1. Introduction 

The vacuum arc cathode spot was recognized first to 

be a physical object whose primary features are the 

distinct and bright appearance as well as independence 

on electrode materials and milieu [1]. The cathode was 

predicted early [2] and proved much later [3] to be a 

first-born source of light emission from an inter-

electrode space. This signifies that cathode spot spec-

tral characteristics could bring much data on spot dy-

namics in the early period of spot development. Un-

fortunately, low intensity of spot light in that period 

fails comprehensive study on the matter [4] if a spot 

appears occasionally in a field of vision of spectral 

instruments. The use of liquid-metal cathodes simpli-

fies experimentations thanks to the chance for one to 

initiate a cathode spot in a certain time and at a certain 

location. The approach gave new data on spot dynam-

ics including time-resolved spectroscopy [5] of a sin-

gle cathode spot. The present work continues the for-

mer one [5]. The current focus of research is shifted to 

the early period of a spot. 

2. Experimental set-up 

We used the Vvedensky’s pulse-generating circuit [6] 

to produce rectangular voltage pulses (Fig. 1). Two 

cable lines GL1 and GL2 produced inverted voltage 

pulses with operation of the switch. The GL2 line was 

used just to trigger the equipment while the GL1 one 

to produce also the gap voltage pulse. The 0.1-Ohm 

shunt was used to trace gap current waveforms. The 

TL13 line was normally terminated by a dc power 

supply producing the negative voltage being essen-

tially lower than the amplitude of voltage pulses from 

the GL1 line. That negative voltage (–5 to –10 kV 

depending on the gap length) results in Taylor cone 

formation and low-current (≤ 10 µA) ion emission at 

he apex of a capillary filled with the liquid Ga-In al-

loy. The latter is followed by the pulsed voltage of 

negative polarity (up to –20 kV) being applied to the 

capillary electrode (K in Fig. 1) and producing explo-

sive electron emission at the Taylor cone apex.  

A short front edge of voltage pulses (≤ 5 ns) avoids 

getting a Taylor cone gone down by the time when the 

electric field polarity becomes inverted in the gap. The 

latter ensures that a cathode spot is initiated at the 

cone apex with the total-lot probability. The gap 

length was varied from 0.5 to 1.5 mm. Correspond-

ingly, a stable delay time of spot initiation was ob-

served to be about 5 ns at a gap of 0.5 mm, 10 ns at 

1 mm, and 15 ns at 1.5 mm. The short delay times are in 

conformity with the generally known model of vacuum 

breakdown caused by explosion of a field emitter. 
 

 
Fig. 1. Circuit diagram of the experimental set-up 

The generator could operate at the repetition rate 

between 0 and 10 Hz. The 1-Hz repetition rate was a 

typical regime under experimentation.  
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The experimental set-up for the optical emission 

spectroscopy is described elsewhere [5] in more de-

tails. Experiments were carried out under ultra-high 

vacuum (UHV) conditions maintained by a vibration-

free ion pump. The whole UHV apparatus was baked 

out at moderate temperatures of about 110 °C for sev-

eral tens of hours. 

Light of a cathode spot was focused by a quartz 

lens on the 100-µm entrance slit of the 0.5-m spectro-

graph (SpectraPro-500 from Roper Scientific / Acton 

Research). The discharge gap axis was set in parallel 

with the spectrograph entrance slit. An image from the 

spectrograph was projected on the photocathode 

(S20 type) of the streak camera (Imacon 500 from 

Hadland Photonics). A luminescent screen image of 

the streak camera is recorded by the 16-bit electron 

multiplying CCD camera (Newton A-DU971N-BV 

from Andor Technology PLC). Either one 100-µm slit 

or two 100-µm slits was used to restrict the field of 

vision by either the gap axis area (one slit) or the cath-

ode spot area (two slits) (Fig. 2). The single-slit ar-

rangement fails space resolution and is used merely 

for comparative observations. 50 to 100 spectra at the 

same discharge regime were accumulated in a single 

image to enhance image quality. The accumulation 

was possible due to high reproducibility of a single 

spectrum image in a series. 
 

 
a                          b                          c 

Fig. 2. Vacuum gap (a) as is, (b) as observed along the gap 

axis, and (c) as observed at the cathode apex. K is the  

  cathode, A the anode, and CS the cathode spot 

3. Results 

A sample set of experimental data is presented in 

Fig. 3. The first evident fact is the absence of detect-

able light in the beginning of cathode spot operation. 

A dark period lasts during 25 ns in spite of consider-

able discharge current. A dark period is followed by 

sharp appearance of light. Radiation appears simulta-

neously in all the lines under observation, which dif-

fers from behaviour of lines in similar experimental 

conditions but at a lower current rise rate [5] when 

atomic lines start a half microsecond late relative to 

ionic lines. The only similarity is the sequence of lines 

achieving their maximal brightness, specifically,  

Ga III followed by Ga II followed by Ga I. A similar 

consequence in times of spectral line brightness 

maximum of a spot at an aluminium point cathode 

was recognized earlier at a short-time (~ 10 ns) dis-

charge [7]. 

A dark period in the beginning of spot operation 

was recognized in whole the spectral range available 

for registration. This indicates the dark period to be an 

intrinsic feature of a cathode spot. Taking into account 

the gap length of 0.5 mm and plasma expansion rate 

of about 2  106 cm/s [8], 25-ns delay in beginning of 

cathode spot light could be associated with a point of 

time when cathode spot plasma approaches an anode. 

It means that the cathode spot brightness depends 

strongly on a regime of discharge operation. In a spark 

stage when the gap voltage is high, a cathode spot is 

relatively dark. A cathode spot becomes bright when 

the gap voltage becomes low. 
 

 
A 

 Line intensity, arb. un.                                   Gap current, A 

 
Time, ns 

b 

Fig. 3. The sample set of experimental data including (a) a 

spectral image and (b) discharge current waveform shown 

by the solid line and spectral line intensity plots shown by 

the doted lines. Points of time are as follows: T3 is the be-

ginning of a voltage pulse, T4 is the end of a voltage, and 

  T5is  the beginning of a reflected pulse 

If the dark period is really associated with shorten-

ing a gap by plasma then increase of the gap length 

shall result in increase in the delay time of spot ap-

pearance in images. We did that and the result con-

firms the statement (Fig. 4), and delay times of intense 

light emission correspond to the plasma expansion 

rate of 106 cm/s in order of magnitude. 

The point of time T4 corresponds to inversion of 

gap polarity that means initiation of a cathode spot on 

the former anode. In experiments under the discus-

sion, there was no possibility to record spectra corre-

sponding to the anode vicinity. However, it was possi-

ble to record spectra of whole the gap and the cathode-

spot area separately under the same rest of experimen-

tal conditions. An example of such a comparison is 

presented in Fig. 5. The dark period is a dark one in 
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both the spectra. It means that there is no detectable 

light coming from elsewhere in the gap.  
 

 

Fig. 4. The time-resolved spectra of cathode spots at gap 

lengths of (a) 0.5 mm, (b) 1 mm, and (c) 1.5 mm. The rest of 

experimental conditions are the same. Points of time T3, T4, 

and T5 are the same as in Fig. 3, and TC is the beginning of 

  discharge current  

 
Time, ns 

Fig. 5. The time-resolved spectra of (a) the cathode spot area 

and (b) whole the gap at the gap length 1.5 mm and (c) a 

sample waveform of discharge current. Points of time T3, 

T4, T5, and TC are the same as in Fig. 4, and T6 is the end   

  of a reflected voltage pulse 

A most bright period of cathode-spot spectra 

(Fig. 5, a) is seen as a predawn glow followed by a 

flash occurring just after T4 (Fig. 5, b). According to 

visual observations under experiments, the gap light 

was mostly concentrated at electrode areas. This gives 

a ground to associate the after-T4 flash with a cathode 

spot initiated on the former anode under the conditions 

of a plasma-filled gap. This fact shall be checked by 

purposeful experiments but we may state tentatively at 

the moment that spot initiation under plasma has no a 

dark period. 

A dark period of spot operation is conditionally 

dark. Actually, a spot starts emitting light in parallel 

with discharge current as it has been shown elsewhere 

[3]. In the reference work [3], the spot brightness was 

mentioned to rise by the factor of four in the course of 

the spark stage of vacuum discharge. It was a mistake 

of English translation while the original data [9] give 

increase in spot brightness by four orders of magni-

tude at least (Fig. 6). At that, increase in spot bright-

ness was found [9] to be rather gradual and without 

jumps. However, earlier experiments involved the 

frame imaging that could hide the jump in spot bright-

ness being recognized in the present work due to the 

streak imaging. 
 

  
Time, ns 

a 
Spot brightness, arb. un. 

  
Time, ns 

b 

Fig. 6. The (a) 1-bit images of discharge development (dif-

ferent shots, courtesy of Prof. Proskurovsky [9]) with the 

sample waveform of discharge current and (b) the brightness 

of cathode and anode spots as functions of time, measured at  

  the same experiment. The gap length is equal to 0.35 mm 

Inversion of discharge current direction in the gap 

fails comprehensive measurements of spectral lines 

decay after discharge current termination. To make 

such measurements, the TL13 line was terminated by 

a matched resistor (50 Ohm). 

The line termination fails Taylor cone formation, 

and discharge became unstable as a result. To make 

the discharge reproducible, the gap was shortened 

down to 0.2 mm. Nevertheless, breakdown delay time 

turned out to be jittered within 30 ns, which makes 

useless the data on behaviour of lines in time between 

T3 and T4. The line avoids voltage pulse reflections 

so as to gap current is terminated at T4 point of time, 

which makes highly useful the data on behaviour of 

lines in time after T4. A sample image is presented in 

a

b

c
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Fig. 7, a. Spectral lines are seen there to fall in bright-

ness definitively. 
 

  
a 

Normalized intensity 

  
Time, ns 

b 

Fig. 7. The sample set of data including of (a) time-resolved 

spectra of the cathode spot area and (b) plots related to de-

cay of spectral lines. Points of time are as follows: T3 is the 

beginning of a voltage pulse and T4 is the end of both the  

  voltage pulse and discharge current 

Behaviour of spectral lines after discharge termi-

nation was analyzed to estimate logarithmic decre-

ments. To do that, most bright gallium lines were 

normalized in intensity at T4 point of time. Then, the 

line intensities were approximated by the first-order 

exponential decay function. The results are presented 

in Fig. 7, b. Logarithmic decrements were found to be 

as follows: about 10 ns for Ga III lines, about 20 ns 

for Ga II lines, and about 35 ns for Ga I lines. 

4. Summary 

The data reaped from this experimental work could be 

summarized as follows: 

The dark period of cathode spot operation was 

proved with streak imaging and spectral resolution. 

The dark period ends with shortening of the gap by 

plasma. It could be tentatively explained in the terms  

that the cathode spot processes are sensitive to the 

presence of high voltage across the gap in the period 

of plasma expansion.  

Unlike the case of a pure vacuum gap, a spot being 

initiated in a plasma-filled gap has no a dark period. 

This fact indicates also the sensitivity of the cathode 

spot processes to the gap conditions. 

All the lines start at the same time when a spot is 

initiated in the pure vacuum gap. However, lines of 

higher charge state species achieved maximum bright-

ness earlier. 

Lines of higher charge state species decay with 

higher rates after discharge termination. For condi-

tions of present experiments, logarithmic decrements 

are as follows: 10 ns for Ga III lines, 20 ns for Ga II 

lines, and 35 ns for Ga I lines. 
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