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Abstract – It was shown that run-away electrons 

are generated in the gap of a laser-triggered air-

filled spark switch. Bremsstrahlung of these elec-

trons was found. Maximal X-ray yield was ob-

served in the condition of electric field enhance-

ment by thin plasma channel of air optical 

breakdown near the switch cathode. Generation of 

the run-away electrons can provide low jitter of 

laser-triggered spark gaps. Spectra of the X-ray 

generated in the Bremsstrahlung processes are 

measured, as well. 

1. Introduction 

At present, laser triggering of gap gaps are now 

widely used for precision synchronization of one or 

several high-voltage gas-filled switches [1–5]. The 

most important advantage of the laser triggering is the 

absence of a conductive coupling between electrodes 

of a high-voltage switch and the triggering arrange-

ment (laser). It allows realizing low-jitter switching of 
one or several spark gaps operating at pulsed or con-

stant voltage. Discharge in the switch gap is initiated 

the laser plasma formed on one of electrodes or in a 

gas-filled gap. Response time of the spark gap and its 

jitter in the case of laser initiation depends on compo-

sition and pressure the gas mixture, electric field 

strength in the gap, laser wavelength and specific 

power density, pulse duration and radiation diver-

gence. Minimal jitter at low laser pulse energy is 

achieved with UV lasers. However, laser wavelengths 
in different spectral ranges are successively used in 

the triggering experiments. As usual, SF6 and its mix-

ture with N2 are used in the high-voltage switches as 

isolating gas. SF6 is electronegative gas and has high 

electric strength. In optimal experimental conditions 

(high electric field strength, optical gas breakdown 

near the switch cathode) the switch delay time can be 

as short as several ns with sub-ns jitter even in the 

case of relatively short laser spark length (about 10% 

of the gap length).  
In recent work [6] it was shown, that spark 

preionization widely used for volume discharge for-

mation in pulsed gas lasers can produce not only UV- 

and VUV-radiation, but intense X-ray emission, as 

well. This x-ray emission can improve the preioniza-

tion uniformity and in some cases laser parameters. 

Formation of X-rays and beams of escaping electrons 

in nanosecond discharges at non-uniform electric field 

were observed in many works. See, for example, re-

view [7] and papers [8–14]. Supershort avalanche 

electron beams (SAEB) in gas-filled diodes were ob-

tained in He at pressure p = 12 аtm, in N2 at p = 4 аtm, 

Xe or SF6 at p = 2 аtm [8, 10, 14]. Therefore, it is 

natural to suggest that escaping electrons and X-rays 

are formed in the gas gaps of switches with laser trig-

gering. These escaping electrons and X-rays provide 

high stability of the laser triggering. However, we did 

not found information on researches devoted to that 

aim in the available literature. Note, that in the condi-
tions of laser triggering optical breakdown threshold 

of gases used in switches falls within the range 

5 ⋅ 109–5 ⋅ 1011 W/cm2 [1, 15], which is several orders 
of magnitude below the threshold of formation of es-

caping electrons and X-rays in a laser plasma [16]. 

The aim of the present report is to find X-rays 

from air spark switch with laser triggering and to 

show that X-rays are generated due to enhancement of 

electric field strength on the plasma channel formed 

by the laser radiation. 

2. Experimental setup and measurement  

procedure 

Gas pressure in the laser triggering experiments is 

usually above 1 atm [1–5]. For simplification of ex-

periments, we used spark gap filled with the ambient 

air. Schematic diagram of the experiment is shown in 

Fig. 1. Distance between the switch solid brass elec-

trode and Ni net with holes 0.35 mm in diameter and 
 

      

Fig. 1. Schematic diagram for measurement of X-rays from 

air filled spark gap: 1 – spherical brass electrode; 2 – flat Ni 

net, 3 – photofilm in opaque envelope; 4 – XeCl laser beam; 

5 – optical breakdown; 6 – vacuum photodiode FEK-22, R1 

  and R2 – voltage divider 

distance between centre of holes of 0.75 mm was 12–

18 mm. High-voltage pulses of different polarity with 
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rise-time of ∼ 10 ns were applied to the gap through 
coaxial cable from a four-stage Marx generator with 

each stage capacitance of 10 nF. The voltage ampli-

tude was varied in the range 60–100 kV. XeCl-laser 

beam with pulse energy of 75 mJ and divergence  

α < 5 ⋅ 10–4 Rad was focused by a 25 cm quartz lens 
near the solid electrode.  

The time of appearing of the laser pulse was de-

termined by a by vacuum photodiode FEK-22SPU. 

Laser-induced spark was formed just before maximal 

voltage across the air gap with jitter of ± 15 ns. Elec-

trical signals were recorded by a TDS-3034 digital 
oscilloscope. Envelopes from an opaque material with 

windows passing only X-rays (black paper with thick 

d = 80–120 μm, metal foils from Al with d = 10 μm, 

Ti or Be with d = 15 μm) were placed behind the net. 

A RF-3 photo – film inside the envelope was used as 

X-ray detector.  

The laser radiation in most part of experiments 

was focused perpendicular to the longitudinal axe of 

the spark gap. In some experiments, the laser spark 

was formed on the brass electrode surface or on the 
gap axis using hole in the brass electrode. In last case 

fast destruction of the envelope by the laser radiation 

was observed. Control experiments were made with-

out optical breakdown or with 2 mm steel needle 

placed in the center of the solid electrode.  

3. Experimental results and discussion 

Figure 2 depicts waveforms of the laser pulse, voltage 

across the air gap and emission of optical breakdown 

in air. Optical breakdown appears 10–15 ns after onset 

of the laser pulse. Peak voltage across the gap reaches 
its maximum 5–10 ns after the optical spark forma-

tion. 
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Fig. 2. Waveforms of the laser pulse Plas, emission of optical 

  breakdown in air POB and voltage across the gap U 

Figure 3 presents darkening of the photo-film un-

der the action of X-rays generated in the air gap in 

different experiment conditions. The film darkening 

was observed only in envelopes from 80 μm paper, Al 
or Be foils and only in conditions of electric field en-

hancement near the brass cathode by a needle or 

plasma of the optical breakdown. The darkening spot 

size was the same as the window size in the envelope, 

while the spot structure replicates geometrical dimen-

sions of the net. In the case of windows from Titanium 

foil and 120 μm paper the film darkening was not ob-

served in all experimental conditions. The X-rays 

emission was not fixed with positive polarity of ap-

plied pulses or when the air gap was switched by the 

laser plasma formed on the solid electrode surface. 
 

            

Fig. 3. Darkening of the film under the action of X-rays 

generated in the air gap in the needle-net geometry, window 

from 80 µm paper (a) and with laser spark near solid elec- 

 trode with window from 10 µm Al (b) and 15 µm Be (c) foils  

Observation of X-rays emission from the gap with 

inserted needle showed that the laser radiation power 

density can be lower the threshold of X-rays formation 

in laser plasma. Therewith generation of the escaping 

electrons is determined by the processes of breakdown 

development in strongly non-uniform electric field 

near an edge [7–9, 13, 14]. Characteristic size of the 

laser-induced spark in our experiments d ∼ αf = 0.1 mm 
is comparable with the needle rounding-off radius. In 

the case of laser plasma formation on the electrode 

surface dimensions of the plasma plume measured by 

the size of ablation crater was 0.5 × 0.5 mm2. Accord-
ingly, the electric field distortion by the surface cath-
ode plasma is less pronounced which results in de-

crease of the X-ray flux generated in the air spark. It 

should be noted that the best commutation parameters 
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of gas switches with laser triggering are observed when 

laser spark is formed between their electrodes [17]. 

The results obtained allow us to estimate energy of 

the X-ray photons generated in the air gap. Approxi-

mation made on the data [18, 19] showed, that of 

80 μm paper transmits radiation with photon energy 

E > 1.8 keV, Be and Al foils are transparent for pho-

tons with E > 0.9 keV and Е = 0.8–1.5 keV and 

E > 2 keV, respectively. The red transmission limit of 

Ti foil and 120 μm paper is ∼ 2 keV. Thus, we can 
conclude that the bulk of the X-ray photons formed in 

the spark discharge has energy Е = 0.8–2 keV and the 

number of photons with E > 2 keV sharply decreases. 

Intensity of the film darkening increased with the 

voltage pulse amplitude applied to the gap.  

Notice that X-ray and escaping electrons can be 

generated near plasma region or a metal blade in the 

case of pulses with positive polarity [20]. However, 

photon energy in this case is low ant it is quite diffi-

cult to register these photons.  

4. Conclusion 

It is shown that escaping electrons and X-rays are 

generated in gas-filled spark switches with laser trig-

gering. Existence of these electrons is established by 

darkening of photo-film under the action of X-ray 

generated in the Bremsstrahlung process. Generation 

of the escaping electrons can result in low response 
times and jitter of gas switches with laser triggering a 

gap and tight tolerances (split-hair accuracy) of insert 

of gap arrangements. Optimal conditions for the elec-

tron escape are achieved around plasma region with 

maximal enhancement of the electric field strength 

when the laser spark causing the gap breakdown is 

formed near cathode.  
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