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Time and space resolved current density mapping in three dimensions
using magnetic field probe array in a high voltage coaxial gap
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We present an experimental analysis of the symmetry of current density in a coaxial geometry,

diagnosed using a magnetic field probe array and calculations of the Fowler-Nordheim enhance-

ment factor. Data were collected on the coaxial gap breakdown device (240 A, 25 kV, 150 ns,

�0.1 Hz), and data from experiments using 2 different gap sizes and different penetration depths

are compared over runs comprising 50 shots for each case. The magnetic field probe array quanti-

fies the distribution of current density at three axial locations, on either sides of a vacuum break-

down, and tracks the evolution with time and space. The results show asymmetries in current

density, which can be influenced by changes in the gap size and the penetration depth (of the center

electrode into the outer electrode). For smaller gap sizes (400 lm), symmetric current profiles were

not observed, and the change in the penetration depth changes both the symmetric behavior of the

current density and the enhancement factor. For larger gaps (900 lm), current densities were typi-

cally more uniform and less influenced by the penetration depth, which is reflected in the enhance-

ment factor values. It is possible that the change in inductance caused by the localization of current

densities plays a role in the observed behavior. Published by AIP Publishing.
https://doi.org/10.1063/1.5002698

INTRODUCTION

Vacuum gap breakdown at high voltages, typically in the

range of tens of kilovolts to megavolts, occurs in many sys-

tems, particularly where high current conduction is required.

Several standard geometries, such as sphere-sphere, plane-

plane, and point-plane, have been extensively investigated

under both pulsed and D.C. conditions and, in general, are

well understood and documented.1–5 To date, no detailed anal-

ysis of coaxial geometry has been performed. This is despite

this geometry being a common feature of high energy devices

including in vacuum transmission lines and switch systems.

The present work is motivated by the need to better

understand the mechanisms by which breakdown initiation

occurs in a coaxial gap over a few nanoseconds to a few

microseconds at tens of kV at gap sizes of up to 1 mm. Of

specific interest is the evolution of the magnetic field in time

and space along the gap and how any asymmetries about the

azimuth of this gap influence this evolution. Any asymmetry

in breakdown about the azimuth could be responsible for

non-uniform distributions of voltage and current which could

lead to early time scale instabilities of a load at the termina-

tion of a transmission line. A particular case of significant

interest at present is the MagLIF6 design on Sandia’s

Z-machine, where one mounting system maintains a coaxial

vacuum gap in the power feed as the machine voltage is

applied. Often, in such large devices, a direct observation of

vacuum gaps is not feasible, and a comprehensive method to

observe and (potentially) influence the evolution of the mag-

netic field and current density would prove beneficial. Here,

we used an extensive array of magnetic field probes to

examine the current density uniformity along a coaxial

geometry under pulsed current conditions.

EXPERIMENTAL DESIGN AND ANALYSIS METHODS

An experimental system was previously developed to

study the mechanisms and influences of coaxial geometry

vacuum gaps.7 This table top experiment was performed on a

Coaxial Gap Breakdown (CGB) machine; it consists of two

aluminium electrodes, a hollow cylinder with an inserted solid

cylinder, both of which are attached to electrical 3-D transla-

tional mounts so as to ensure the electrodes are parallel to one

another and to control their relative positions (Fig. 1).

Electrodes can be readily machined to create any azimuthal

gap required in the coaxial geometry, 25 lm to several milli-

meters. In this initial study, we examine 2 azimuthal gap

sizes, 400 lm and 900 lm, and penetration depths (PDs) of

the central conductor into the hollow (outer) electrode from

3.72 mm to 9.88 mm. It is important to note that while the

FIG. 1. Coaxial gap experiment with b-dot array zones labeled.a)scordaro@ucsd.edu. URL: www.p3ucd.com.
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electrodes used for this work are cleaned following machin-

ing, they are not further polished or treated.

Experiments were performed under vacuum (<105 Torr)

and at room temperature. A high voltage pulse (25 kV, 150 ns,

Fig. 7) is delivered via a charge circuit to the coaxial gap driv-

ing �240 A through the gap. The device is repetition rated at

�0.1 Hz, and this allows for statistical analysis to be per-

formed, with examination of each gap size of penetration

depth comprising 50–1000 shots. The vacuum gap was moni-

tored electrically by Pearson coil (model 6585, 1.5 ns rise

time), and a pair of high voltage probes (Pintek-HVP-39pro)

located at the high voltage and ground sides of the electrodes.

Time-integrated optical images are taken along the electrode

common axis for every shot, and the current density is moni-

tored by an array of magnetic (dB/dt) probes8 as described

below.

The methodology to determine the azimuthal symmetry

of breakdown and how it influences the current density were

described previously, using 3 probes located at different

azimuthal positions at the same axial point on the electrode

system.7 The relative strengths of the magnetic field recorded

by each of the probes is used to triangulate the average posi-

tion of the current as a function of time. This proved highly

successful, and the probe array was extended to include 2

additional axial positions, each with 3 probes to give a total

of 9 probes reporting the azimuthal current density symmetry

at 3 different axial positions.

The array geometry used here is given in Fig. 1. A set of

3 probes are spaced at 120� around the azimuth and sepa-

rated by 30 mm along the axial direction. The exact location

of each probe relative to the electrodes is recoded via the

spatially calibrated optical images. The zones are labelled

Zone 1 (close to the high voltage connection), Zone 2 (at the

position of the coaxial vacuum gap) and Zone 3 (close to the

ground connection).

Using a triangulation technique for each zone, we are

able to map the evolution of the current density over the

duration of the current pulse (150 ns) and as the pulse travels

along the length of the electrodes (�92 mm). To illustrate

this, we take the case where a breakdown occurs at the 270�

position of a 400 lm gap. In Fig. 2, the time integrated opti-

cal images show the location of the breakdown for this shot,

and Fig. 3 shows the raw magnetic field probe data for all

probes along with the current trace. Note how the magnetic

field probe signal generally follows the trend of the current,

and is expected, but with different magnitudes observed

between probes at different azimuthal locations.

Analysis of the probe data for each zone is carried out

using an in-house data analysis program which uses the

probe location and the measured field strength to construct a

circle of a radius consistent with the total current recorded.

A smaller circle for a given probe indicates that, on average,

the current density is flowing closer to that probe than one

FIG. 2. Time-integrated optical image of vacuum gap breakdown for a

400 lm gap, showing the location of the breakdown at �270�.

FIG. 3. Magnetic field traces, 400 lm

gap, Al linear-breakdown at �270�.
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with a larger calculated circle radius. In the ideal case, all

probe circles overlap at a single position, as was observed in

previous work.7 The plots on which the circles are overlaid

on the probe position are referred to as triangulation plots.

To simplify the analysis for all three zones, triangulation

plots are calculated every 10 ns during the current drive and

compared to the optical image of the electrodes (Fig. 4).

The triangulation plots show distinct behaviors between

each zone. In Zone 1, 100 ns, the magnetic field probes indi-

cate the current density is in the 90–180 region, closer to the

smaller red and blue circles and further from the larger green

circle. In Zone 2, at the same time, the current density has

shifted towards the breakdown position at �270� (blue and

green circles are small, and red ones are large). In Zone 3,

the current density returns to the 90�–180� region seen in

zone 1. These distinct offsets remain constant throughout the

50 ns duration as seen in the matrix above. Where the three

probes circles overlap at a single position, it is possible to

exactly locate the current density. This can be seen, for

example, in Zone 2 at 140 ns which corresponds to the opti-

cal image location of the breakdown. Often, only an approxi-

mate location is possible as outlined here. However, even

this highlights significant motion and non-uniformity for dif-

ferent electrode setups.

In order to better understand how the magnetic field

evolves from shot-to-shot, a method was devised in which

the coaxial gap time integrated image is broken into a stan-

dard quadrant system with Quadrant 1 always centered at the

breakdown position (Fig. 5). This simplifies the discussion

and highlights large motions of the average current density

position throughout the current drive timescale.

Combining the quadrant system with the triangulation

method yields a quadrant map of the magnetic field evolu-

tion, taken at 10 ns intervals during the current drive. Figure

5 shows the result of applying this methodology to a shot

with a 400 lm gap and a 3.03 mm penetration depth of the

cathode in the anode that has a breakdown around 90�. The

resulting plot is given in Fig. 6.

Zone 2 is the simplest, since this is the location of the

breakdown across the gap, and we define this region as

Quadrant 1. We, therefore, see that Zone 2 stays at Quadrant 1

FIG. 4. Triangulation matrix, the color of each zone corresponds to the azimuthal position, as in Fig. 3. Red-90, Blue-180, Green-270.

FIG. 5. Coaxial gap quadrant overlay; 400 lm, PD-3.03 mm, 25 kV. FIG. 6. Quadrant mapping, corresponding to Fig. 5.
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throughout the experiment. In Zone 1, the current density

remains in Quadrant 2 from 100 ns to 150 ns. In Zone 3, a

transition of the current density from quadrant 3 to quadrant 4

is observed between 130 ns and 140 ns. From this individual

quadrant map plot, a persistent offset in current density is

observed in the presence of an asymmetrical breakdown in the

gap. The motion of the current density is observed, and the

current density at locations up- and down-stream of the break-

down does not correspond to its azimuthal location.

In addition to the imaging analysis, the recovery of elec-

trical data on every shot allowed the characterization of the

breakdown process through calculation of the Fowler-

Nordheim (FN) enhancement factor4 for each case. This

describes the likely breakdown voltage of an electrode set

over and above that, expected as a result of the material

work function alone. As discussed above, the electrodes in

this work are unpolished, and so we expect values of the

enhancement factor to be relatively large. Following the pro-

cedures adopted by Okawa et al.,1 measurements are taken

of the rising edge of the voltage trace before breakdown, as

seen in Fig. 7 outlined in blue, and the current rise to the

peak, outlined in green.

These values for each shot are taken and plotted as I/V2

against 1/V. The resulting graph yields a line, and the slope of

this line gives the enhancement factor, b, for that respective

geometry. We can then directly examine how the FN enhance-

ment factor changes for our 4 geometries. Figure 8 shows the

FN plots for a gap size of 400 lm at penetration depths of

3.03 mm and 6.33 mm.

The evaluation of enhancement factors allows a compar-

ison of the expected breakdown behaviors across different

geometries.

RESULTS AND DISCUSSION

The quadrant mapping technique and the F-N analysis

were applied to 50 shots in each of 4 geometries: a 400 lm

gap with penetration depths of 3.03 mm and 6.33 mm and a

900 lm gap with penetration depths of 3.72 mm and

9.88 mm.

Figure 9 shows the variation in both the enhancement

factor and the quadrant mapping resulting from the change

in the penetration depth from 3.03 mm and 6.33 mm for a

400 lm gap. For smaller penetration depths, typical enhance-

ment factors values are approximately �5 A/V with the

larger depth being approximately �1.7 A/V. This is a differ-

ence of a factor of �2.8. The quadrant mapping method,

which shows all 50 shots in this run, also shows a change

between the two penetration depths. At PD¼ 3.03 mm, the

current density can occupy any of the 4 quadrants in both

Zones 1 and 3. There is also some limited motion between

quadrants during the experiment. It is noticeable that the cur-

rent density does not look uniform at any time for these

shots. When the penetration distance is increased to

PD¼ 6.33 mm, there is distinct difference in behavior. Most

notably, transitions in Zone 3 and Zone 1 are constrained to

quadrants 3 and 4 in Zone 3, and constrained to quadrants 3,

2 and 1 after 100 ns in Zone 1. Again, there is a persistent

changing non-uniformity on either side of asymmetric azi-

muthal breakdowns over 50 shots and across the length of

the electrodes and tens of nanoseconds.

The results of analysis for 900 lm gap shots are shown

in Fig. 10. At penetration depths of 3.72 mm, the enhance-

ment factor is ��1.3 A/V, several times smaller than the

factor for the 400 lm gap shots at similar depths. When the

penetration depth is increased, however, the variation in

FIG. 7. Standard current and voltage

signals, 400 lm, PD - 6.33 mm.

FIG. 8. Fowler-Nordheim plots for a

400 lm gap at penetration depths of

3.03 mm and 6.33 mm.
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the enhancement factor is very small, with values of

��1.5 A/V. This is similar to the values of the larger pene-

tration depth for smaller gaps.

The quadrant mapping shows several interesting fea-

tures. Firstly, note that there are now vertical lines for all

times examined in both Zones 1 and 3. This denotes that for

many shots, the current density was uniformly distributed

around the electrode; i.e., occupying all 4 quadrants at the

same time. This was not seen for the smaller gap sizes.

Additionally, there are more transition occurring, as the

current density moves around the electrode. For smaller pen-

etration depths, these almost entirely occur from Quadrant 4

to zone 1. It appears here that the current density is either

uniform or offset close to the position of the breakdown in

FIG. 9. FN enhancement factor and quadrant maps for 400 lm gaps at dif-

ferent penetration depths.

FIG. 10. FN enhancement factor and quadrant maps for 900 lm gaps at dif-

ferent penetration depths.
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Quadrant 1. For larger penetration depths, whilst uniform

current density is also observed at all times, there is also sig-

nificantly more motion of the current density between all

quadrants. This suggests that the position of breakdown has

less effect in influencing the offset of the current density.

It is possible that the FN enhancement factor is affected

by the inductance change caused by the actual current den-

sity distribution at the electrodes. The skin depth at the elec-

trode surface is of the order of 100 lm, and the quadrant

mapping resulting from the magnetic field probe measure-

ments denote the uniformity of this azimuth. For the 400 lm

gap experiments, the current is never observed to be uniform,

and typically is observed in only one quadrant. For the

900 lm case, uniformity is regularly observed, with some

transitions to localized current density. If we take these tow

disparate cases, it is possible to suggest how the inductance

is expected to change as the penetration depth changes.

Simplistically, in the case where the current occupies

only 1 quadrant, we can treat it as a parallel wire case,

wherein the current flows only in a circular cross-section

determined by the skin depth of 100 lm and the separation

of the two “wires” is the gap size. All cases for the 400 lm

gap can be treated in this way, giving values of �2.5 nH for

the 3.03 mm penetration depth, and �5 nH for the 6.33 mm

depth. This is comparable to the other inductances in the cir-

cuit, and so may affect the calculation of the enhancement

factor since this is calculated from the current and voltage

traces.

In the uniform current density cases, we can calculate

the inductance as a co-axial cable, and this applies to all the

900 lm cases. Here, the changes caused by the penetration

depth will still cause a linear change in the inductance, but

the absolute values are smaller; �0.06 nH for the 3.72 mm

case and 0.16 nH for the 9.88 mm case. These are signifi-

cantly smaller than the circuit values, and are unlikely to

affect the current drive indirectly. We, therefore, do not

observe a change in the calculated enhancement factor with

a change in the penetration depth. This analysis suggests that

this case must be taken into account while carrying out esti-

mations of the FN enhancement factors for coaxial geome-

tries, since we directly measure significant current density

asymmetries in many cases.

CONCLUSIONS

In this work, we have shown that asymmetries in the

azimuthal breakdown position have an influence on the

asymmetric current distribution in time and space. These

asymmetries in current density can be influenced by changes

in the gap size and the penetration depth, and have been

measured experimentally as a function of time and space

with a newly developed diagnostic approach.

For experiments using a 400 lm gap, as the penetration

depth is increased to 6.33 mm, a distinct preference in the

azimuthal location of the current density occurs that is not

present in the 3.03 mm penetration depth. A factor of �3

change occurs in the enhancement factor at this gap size

when the penetration depth is increased from 3.03 mm to

6.33 mm. For the 900 lm gap, we have shown that on either

side of an azimuthal asymmetry in breakdown, symmetry

and asymmetry can occur regularly. When the penetration

depth is increased, a nominal change is seen in the enhance-

ment factor, but quadrant mapping shows an increase in cur-

rent density distribution transitions between quadrants, as

well as slight asymmetries where the current density is dis-

tributed in three quadrants and can undergo transition

between slight asymmetry to asymmetry and back again in

ten nanoseconds.

Future studies will focus on extended parameter scans of

the gap size and the penetration depth, electrode materials

and surface preparation to determine the change in the FN

enhancement factor in co-axial geometry for comparison

with the literature.
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