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1. Introduction 

High current electrical discharges generate bright, broadband emission from both 

the electric arc itself and resultant hot plasma. X-rays are able to penetrate this 

interference; however, information is limited to dense material and a small number 

of images. Therefore, a Shimadzu HPV X2 camera, which is capable of up to  

10 Mfps and 50-ns exposures with combinations of various filters and a CAVILUX 

Smart Laser Unit illuminator, was employed to explore optical imaging 

possibilities. Two imaging scenarios are considered in this work. First, the 

capabilities of the camera are evaluated by imaging an electric arc formed between 

two electrodes both when directly viewing the arc and using shadowgraphy. 

Second, an exploding wire is imaged under laser illumination. 

2. Optical Filters 

To match the wavelength of the near-infrared (NIR) Cavilux illuminator, an  

810-nm bandpass filter was used on the camera. An ultraviolet (UV) filter was in 

place for all measurements, which reduced transmission by 15% across the whole 

spectrum. While UV protection is not necessary due to the 810-nm bandpass, this 

filter is a practical measure to protect the camera lens from any mechanical damage 

from debris. In addition to the spectral filter, further attenuation is achieved with 

neutral density (ND) filters and f-stops. ND filters are spectrally flat attenuators and 

their performance is defined by their optical density: 

𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑂𝐷) =  −𝑙𝑜𝑔10 (
𝐼𝑡

𝐼𝑖
), 

where 𝐼𝑡 and 𝐼𝑖 are the transmitted and incident intensities, respectively. An “ND 

3” filter attenuates incident light by 1000, for example. F-stops are achieved by 

mechanically blocking light entering the detector via a built-in adjustable aperture. 

F-stop is defined as the ratio of the lens focal length to aperture diameter: 

𝑓 − 𝑠𝑡𝑜𝑝 =
𝑓𝑙𝑒𝑛𝑠

𝑑𝑎𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
. 

Very generally, larger f-stops preferentially allow more collimated light to pass 

through the system, increasing the depth of view at the cost of decreasing the overall 

amount of light (less collimated) entering the sensor. To convert between f-stop and 

OD, the conversion factor 1 f-stop = 0.3 OD can be used. In this work, ND filters 

were chiefly employed for attenuation and low f-stops for a shallow depth of view.  
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A 0.25-inch-diameter solid copper rod was used to make a 0.02-inch spark gap, 

which nominally broke down at 2.5 kV. Table 1 shows a summary of the observed 

intensity as a function of attenuation. The sampling rate (i.e., frame rate) was fixed 

at 1 Mfps and the exposure was fixed at 200 ns. The Shimadzu recording length is 

256 frames, thus 256 µs at a 1-Mfps frame rate.  

Table 1 Summary data for viewing spark gaps with different attenuation 

Shot f-stop Filters 
Max % of 

dynamic 

range 

Number 

of frames 

with max 

% 

Over 

saturated 

pixels? 

1 5.6 UV, ND 2.1 100 255 Yes 

2 5.6 UV, NIR, ND 2.1 100 250 Yes 

3 2.8 UV, NIR, ND 3 100 114 No 

4 2.8 UV, NIR, ND 3.9 100 1 No 

5 2.8 UV, NIR, ND 4.8 7 1 No 

 

The relative intensity measurement, quantified as the maximum percentage of the 

camera’s dynamic range, is derived from the three pixels of highest intensity in 

each frame of each shot. Each frame was passed through a median filter in MatLab, 

which replaces the value in each pixel with the median value of a 3 × 3 pixel grid 

centered on each pixel. In all cases, the three highest-intensity (not necessarily 

saturated) pixels in each individual frame were equal. The duration of maximum 

intensity is quantified as the number of frames with three or more pixels at the 

shot’s maximum. In the case of light intensity far exceeding the sensor’s dynamic 

range, the Shimadzu’s pixels register 0 counts. Therefore, very bright light appears 

black in the central, brightest regions. As a result, no quantitative intensity analysis 

is possible in these regions. Representative frames with peak intensities from these 

videos are shown in Fig. 1. In all spark gap recordings, oscillations in the radiant 

intensity of the air plasma as a result of the RLC circuit were visible. 
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Fig. 1 Individual frames from the videos of shots in Table 1. The frames show the 

maximum intensity observed during each shot. Shot 5's brightness was enhanced 50% for 

visibility. 

3. Shadowgraphy 

By backlighting an object and imaging the resulting shadow to generate 

shadowgraphs, one can track an object more easily at high speed as less light is 

necessary compared to reflection photography. The CAVILUX Smart Laser Unit 

illuminator generates 400-W, 806-nm pulses. The pulses are divergent, spatially 

homogenous, and temporally variable in increments of 10 ns from 10 ns–200 µs. 

The pulses are in phase with exposure via a synchronization signal from the 

Shimadzu camera. In this work, the laser’s light was collimated with a 4-inch-

diameter, 8-inch focal length lens to a spot size of approximately 1.5-inch in 

diameter. Table 2 shows a summary of the recording parameters used for imaging 

the spark gap. There were no overly saturated pixels at these attenuations. 

Table 2 Summary data for viewing spark gaps with laser illumination backlighting 

Shot f-stop Filters Frame 

rate 

Exposure 

(ns) 

Laser 

pulse 

width 

(ns) 

Max % 

of 

dynamic 

range 

Number 

of 

frames 

at max 

% 

6 2.8 UV, NIR, ND 3.6 1M 200 200 100 150 

7 2.8 UV, NIR, ND 4.8 1M 200 200 59 1 

8 2.8 UV, NIR, ND 3.6 1M 250 10 100 2 

9 4 UV, NIR, ND 3.6 10M 50 50 100 181 
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Shot 6 remains saturated in the region illuminated by the CAVILUX throughout 

the exposures with an ND 2.6 (Fig. 2). In shot 7 (ND 4.8), multiple shock waves 

emanating from the spark gap are visible with little to no light from the arc or 

plasma (Fig. 3).  

 

Fig. 2 Individual frame from shot 6, spark gap position indicated by red arrow 

 

Fig. 3 Frames from shot 7 showing faintly visible shock wave propagation (red arrows) 

Shot 8 used a shorter illuminator pulse width of 4% of the exposure period and 

yields similar data to shot 7 (Fig. 4). 
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Fig. 4 Frames from shot 8, showing clearer shock wave propagation (red arrows) 

In this shot, one can also see material flowing from the copper electrode, indicated 

by the red arrow in Fig. 5. 

 

Fig. 5 Frame from shot 8 showing ejected material (red arrow) from the spark gap 

While material flow is not observed in shot 7, this behavior is stochastic, and simply 

may not have occurred during shot 7. Shot 9, with a higher sampling rate of  

10 Mfps, shows a single shock wave emanating from the spark gap (Fig. 6). 
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Fig. 6 Frames from shot 9 showing clear propagation of a single shock wave (red arrows) 

4. Exploding Wire 

An approximately 3.5-inch-long × 0.0625-inch-diameter copper wire was exploded 

using a 6-kV, 200-kA peak current electrical pulse. These data are summarized in 

Table 3. In an attempt to “see through” the hot plasma and debris to see the wire 

exploding, the illuminator’s duty cycle was varied in shots 10 and 11 from 5% to 

100% (10 to 200 ns) of the exposure, respectively. For this scheme to work, the 

laser needs to be sufficiently intense to both be brighter than any plasma emission 

and overcome any losses due to absorption and scatter. 

Table 3 Summary data for backlit exploding wire experiments 

Shot f-stop Filters Frame 

rate 

(Mfps) 

Exposure 

(ns) 

Laser 

pulse 

width 

(ns) 

Max % 

of 

dynamic 

range 

Number 

of 

frames 

at max 

% 

10 2.8 UV, NIR, ND 3.6 1 200 10 100 1 

11 2.8 UV, NIR, ND 3.6 1 200 200 100 31 

 

All attempts to see through the plasma and debris with the laser illuminator failed 

due to strong absorption and scatter from the copper as it vaporized.  

In the early stages of explosion, however, one can observe the cross section of the 

wire expanding, starting at the ends and working toward the center. As the wire 

begins to vaporize, striations and smoke rings are discernable (Figs. 7 and 8). 
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Fig. 7 Frames from shot 10 with the laser illumination at 5% of the exposure, wire cross 

section expansion and smoke rings in copper vapor are visible 
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Fig. 8 Frames from shot 11 with the laser illumination at 100% of the exposure, wire cross 

section expansion and smoke rings in copper vapor are visible 

5. Conclusion 

In summary, use of a high-speed camera coupled with laser illumination does yield 

useful quantitative and qualitative information in some typical pulsed power 

experiments. In spark gaps, the plasma and oscillatory properties of the arc can be 

observed. With backlighting and attenuation, emission from the air plasma can be 

overcome and shock waves emanating from the gap are plainly visible. In exploding 

wire experiments, while it is not possible to see through the exploding wire, one 

can observe the propagation and smoke rings of the explosion. With backlighting, 

one can monitor the wire cross section expansion to some extent.  
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List of Symbols, Abbreviations, and Acronyms 

ND neutral density 

NIR near-infrared 

OD optical density 

UV ultraviolet 
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