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Abstract

A lightning flash consists of multiple, high-amplitude but short duration return strokes. Between the

return strokes is a lower amplitude, continuing current which flows for longer duration. If the walls of a

Faraday cage are made of thin enough metal, the continuing current can melt a hole through the metal in a

process called burnthrough. A subsequent return stroke can couple energy through this newly-formed hole.

This LDRD is a study of the protection provided by a Faraday cage when it has been compromised by

burnthrough. We initially repeated some previous experiments and expanded on them in terms of scope

and diagnostics to form a knowledge baseline of the coupling phenomena. We then used a combination of

experiment, analysis and numerical modeling to study four coupling mechanisms: indirect electric field

coupling, indirect magnetic field coupling, conduction through plasma and breakdown through the hole.

We discovered voltages higher than those encountered in the previous set of experiments (on the order of

several hundreds of volts).
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Protection Characteristics of a Faraday CageCompromised by
Lightning Burnthrough

1 INTRODUCTION

A lightning flash can be comprised of several high-amplitude, short-duration return strokes. Between

the return strokes, a lower amplitude but longer duration current, called the continuing current, can flow

through the lightning channel. Figure 1 taken from a report by Fisher [1], shows the average value and

the one-percentile level of some lightning parameters. An undamaged Faraday cage protects components

in its interior from the high voltage caused by the electric charges and rapid current rise rate of the first

return stroke. If the walls of a Faraday cage are made of thin enough metal, the continuing current can

melt a hole on the order of one to two cm in diameter through the metal in a process called burnthrough.

A subsequent return stroke can then couple energy to a cable that happens to be in the vicinity of the

newly-formed hole, which guides the energy to the sensitive components. Figures 2, 3, and 4 show three

different scenarios for creating differential mode current on a cable system; the first has a connection to

chassis ground and the next two are floating cable systems.

Figure 1. Parameters of a lightning flash
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Figure 2. Conceptual coupling to a cable in the vicinity of a hole with a chassis ground at one end of the

cable. It is assumed that the center conductor and shield are connected at the burnthrough hole due to

heating and melting of the insulation.

Vcm

Figure 3. Conceptual coupling to a cable in the vicinity of a hole with no initial connection to chassis

ground. The induced potential is assumed to rise in potential until a discharge forms to chassis ground

somewhere along the cable. It is again assumed that the center conductor and shield are connected at the

burnthrough hole due to heating and melting of the insulation.
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Vcm
hot

Figure 4. Conceptual coupling to a cable in the vicinity of a hole with no initial connection to chassis

ground. The shield is assumed to be burned away at the location of the burnthrough hole and a connection

to chassis is formed due to heating of the insulation near this location.
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Figure 5. Coupling mechanisms through burnthrough hole.

This LDRD is a study of the protection provided by a Faraday cage after it has been compromised by

lightning attachment and burnthrough. When a second return stroke occurs, the electric or magnetic field

due to the stroke can get through hole with some attenuation and induce a stimulus on the inside cable.

Also, the second return stroke could fail to attach to the sides of the hole but breakdown to the cable inside.

This situation is complicated by the fact that the melting process during the continuing current heats the

air in the vicinity of the hole causing a hot plasma to form of complex composition. There are thus four

coupling mechanisms: indirect field coupling (a and b mechanisms in Figure 5) by means of time changing

electric and magnetic fields, and direct coupling (c and d mechanisms in Figure 5) by plasma conduction

through the burnthrough hole or discharge formation through the burnthrough hole.

This LDRD is not concerned with studying the formation of the hole. From experiment, we know

that Faraday cage materials and often will experience burnthrough. We also know the approximate size of

the holes — one to two cm in diameter. The focus instead is on the coupling event during a subsequent

return stroke as illustrated in Figure 6 to better assess the subsequent hazards to electrical devices posed

by burnthrough holes in metallic barriers.

2 ORIGINAL COUPLING EXPERIMENTS

Lightning penetration of metallic barriers is an area of interest in the aircraft industry [2], and other

applications [4], [5], [7]. Attempts have been made to model these burnthrough events [3], and many

models addressing similar physics have been motivated by welding [6], as well as here at Sandia [7]. By

contrast, work on electrical penetration and coupling from subsequent lightning return strokes has received

less attention. In the 1994 experiments a series of measurements were performed in order to determine the

voltage seen on an object located behind a 0.047 inch thick aluminum coupon struck by lightning [8]. The

experiments were performed in the Sandia Lightning Simulator. Figures 7 and 8 show the fixture and test

setup used in the original 1994 experiment. Various combinations of return strokes and continuing current

were tried. The following sub-sections summarize the results for each configuration. We include information

from laboratory notes on the experiment and the actual saved coupons, to augment the information found
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Figure 6. Coupling after burnthrough.
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Figure 7. Apparatus used in 1994 experiment.

in [8].

2.1 Voltage from a Single Return Stroke

Table 1 shows the collector response due to a single return stroke that has a peak current Ip. A hole,

0.125 inches in diameter, was pre-drilled through the coupon. The electrode was 0.25 inches in diameter

and made of tungsten. The gap between electrode and coupon was set at 0.25 inches for all the shots. The

collector electrode was floating. The distance between the collector electrode and the coupon was varied

and is labeled “h” in the table. The collector charge was measured and the collector voltage was derived

from it using measured values of the collector capacitance (nominally 85 pF).

There is minimal damage to the coupon due to the single return stroke — just a bit of aluminum

splatter. The hole doesn’t increase in size at all. Note that the charge remains the same as the collector is

moved 0.2 and 0.4 inches away from the hole, but drops precipitously when the collector moves 0.8 inches

away. If the charge from the electrode is constant between shots, this implies that the charge entering

the hole is now being deposited on the coupon rather than on the collector. As we move the collector

away from the coupon, the capacitance between the top of the collector and the coupon decreases. The

capacitance between the sides of the collector and the sides of the instrumentation chamber walls should

be constant and dominant and therefore one would expect the voltage of the floating collector electrode to

decrease as it is recessed away from the coupon.

2.2 Voltage from a Return Stroke Followed by Continuing Current

Table 2 shows the collector response due to a single return stroke that has a magnitude Ip followed by

continuing current that has an initial magnitude Icc and exponential decay. The continuing current lasted

about a second. The electrode was a 0.156 inch diameter pointed tungsten electrode. The gap between

electrode and coupon was 0.25 inches. The collector electrode was floating. The distance between the

collector electrode and the coupon was varied and is labeled “h” in the table. The charge is measured; the

voltage is derived.

Ip should have no effect on the size of the burnthrough hole because the experiments summarized in

2.1 show that the return strokes by themselves do minimal damage to the coupon. Therefore, all damage

to the coupon should be due to the continuing current. Ip should not have an effect on the measured
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Figure 8. Original 1994 test setup.
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Shot ID Ip (kA) h (in.) Charge (nC) Voltage (V)

1971 43 0.2 8.7 102

1972 50 0.4 8.0 94

1973 50 0.8 0.3 4

Table 1. Voltage due to single return stroke with pre-drilled hole

charge either, because the hole hasn’t yet been formed when the return stroke is present and there is no

mechanism for charge transfer. The information on Ip should not play a role, therefore, in the size of the

hole or in the charge transfer. Icc forms the hole and transfers the charge. The initial return stroke was

needed in the experiment to establish the arc path that the continuing current follows.

The voltage of the collector is seen to oscillate. When the coupon is breached, the voltage on the

collector spikes negative (this is what was recorded in the table). Then the voltage starts to oscillate slowly

between positive and negative values, in ever-decreasing excursions from zero.

2.3 Voltage from Two Return Strokes and Continuing Current

Table 3 shows the collector response due to two return strokes with continuing current between them.

Ip1 is 50 kA, Icc is initially 500 A and decaying exponentially, Ip2 is 100 kA. The time between return

strokes is 100 ms. The report does not specify the gap distance between electrode and coupon nor does

it give any characteristics of the electrode. The collector electrode is floating. The distance between the

collector electrode and the coupon is labeled “h” in column 2 of the table.

Like in 2.2, the initial return stroke should have no effect on the results, so the only difference between

Tables 2 and 3 is the presence of a second return stroke. The oblong characteristics of the holes in the

coupon is somewhat puzzling (In one case, (Shot 1999) there are even two holes through the coupon.). In

the Sandia Lightning Simulator, continuing current is supplied by a generator, independent of the return

strokes, which are supplied by two Marx banks. Continuing current not only flows between the two return

strokes, but also can flow after the second return stroke until it self extinguishes. One could imagine,

therefore, that the second return stroke physically moves the continuing current arc root, which then

continues to flow and melt the coupon in a new location. This behavior could pertain to actual lightning if

the subsequent return strokes move the arc root to new locations, then the continuing current portion of

the flash would have the opportunity to burn multiple holes in the Faraday cage.

The voltage waveforms associated with Table 2 show that whenever the coupon burns through, there

is a sharp spike of negative voltage that slowly becomes positive and then slowly oscillates around zero,

finally decaying to zero after about 50 ms. When the collector is 0.4 inches away from the coupon, the

negative voltages are 18, 27, 28 and 21 volts and when the collector is 0.8 inches away, the negative voltages

are 15, 27, 11, and 8 volts. In the waveforms associated with Table 3 we would expect to see the same

behavior when burnthrough occurs. No voltage spikes are evident in the Shot 1994 and 1996 waveforms

when h = 0.4. When we move the collector away to h = 0.8 inches we see a positive 10 volt spike in shot

1992. Moving even further away to h = 1.2 inches we note well-defined voltage spikes. Shot 1999 has the

expected negative polarity. Shot 2000 has a large (50 volt) positive voltage spike.

2.4 Current from Return Strokes and Continuing Current

Table 4 shows the collector response due to either one or two return strokes having a magnitude of Ip1

for the first and Ip2 for the second. Continuing current, having an initial magnitude Icc and exponential

decay occurs after the first return stroke. The electrode for this series was not described. The gap between
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Shot ID Ip (kA) Initial Icc (A) h (in.) Charge (nC) Voltage (V) Hole diameter (in.)

1978 49 445 0.2 0.35 4.1 0.50

1981 46 426 0.2 1.8 21.4 0.55

1982 51 421 0.2 4.0 47.2 0.60

1993 49 452 0.4 1.3 18.2 0.57

1995 50 453 0.4 1.9 26.6 0.52

2003 50 468 0.8 1.0 15.0 0.58

2004 50 456 0.8 1.8 27.0 0.50

2001 51 468 1.2 1.1 16.0 0.70

2002 41 461 1.2 1.8 31.3 0.42

1985 98 510 0.2 4.8 56.6 0.80

1986 92 430 0.2 6.5 76.7 0.54

1987 83 510 0.4 2.0 28.0 0.70

1988 92 510 0.4 1.5 21.0 0.60

1989 93 500 0.8 0.7 10.5 0.65

1990 90 510 0.8 0.5 7.5 0.70

Table 2. Voltage due to return stroke, continuing current

Shot ID h (in) V (volt) Hole Dimensions (in.)

1994 0.4 176 0.7 x 0.9

1996 0.4 109 0.5 x 1.0

1991 0.8 23 0.5 x 0.5

1992 0.8 30 0.5 x 0.3

1999 1.2 16 2 circular holes 0.3

2000 1.2 64 0.4 x 0.7

Table 3. Voltage due to return stroke, continuing current and return stroke
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Shot ID Ip1 (kA) Ip2 (kA) Icc (A) h (in.) CVR (A) CVT (A) Hole Dimensions (in.)

3426 53 NA 472 0.2 70 139 1.0

3427 56 NA lost 0.2 77 45 0.9

3428 53 NA 482 0.2 52 lost 1.0

3832 50 NA 519 0.2 39 clipped 1.35

2056 51 107 490 0.4 75 0.5 x 0.75

2057 54 109 480 0.4 105 0.42

2058 50 92 500 0.8 95 0.45

2059 52 111 500 0.8 25 0.4

2060 50 109 500 0.8 83 0.47

2061 54 108 500 0.8 102 0.84 x 0.4

2064 55 116 500 1.2 65 0.5 x 0.7

2062 46 120 500 1.2 2 0.54 x 0.8

3855 53 88 500 0.2 0 0 1.32

Table 4. Short circuit current due to return stroke, continuing current and return stroke

electrode and coupon was 0.25 inches. The collector electrode was grounded through a CVR. The distance

between the collector electrode and the coupon is labeled “h” in the table. The last row (Shot 3855) has

a sheet of rubber installed between the back of the coupon and the front of the collector, which prevents

current from flowing onto the collector.

The holes in more than half the cases were much larger than the 0.4 to 0.6 inch diameter seen in the

previous tables. The only difference between these cases and those in the previous tables are that here

we ground the collector where previously the collector was floating. In the last row, since current is not

allowed to flow to the collector, we would expect the configuration to be similar to that of the floating

electrode. Within this series, Shot ids 2057 through 2060 show reasonably-sized holes.

Table 5 was measured under the same circumstances as Table 4 except that the distance from electrode

to coupon is 1.0 inch. This series of tests was done because with the 0.25 inch electrode-coupon spacing,

the electrode would often end up inside the coupon hole because of coupon bulging. The concern was that

this was artificially enhancing the level of Isc. The last row of Table 5 is with a rubber insulator installed

behind the coupon, which prevents current from flowing onto the collector.

Figure 9 shows a typical short circuit collector current waveform. Notice the relatively slow rise rate.

2.5 Voltage on a Flat Cable from a Return Stroke and Continuing Current

Table 6 shows the voltage seen on a flat cable that passes behind the coupon. Between the cable and

the collector is a sheet of rubber to keep charge from flowing directly to the collector. In column 4 “h” is

the distance between coupon and collector. The measured voltage is due to the continuing current because

the second return stroke did not occur. The hole sizes in this case are uniformly larger than expected.

The electrode is 0.25 inch diameter, pointed and made of tungsten. It is located 1.0 inch from coupon.

3 SUMMARY OF PRESENT EXPERIMENTS

Both high level and laboratory scale experiments were conducted and formed a significant part of the

project. The appendix contains detailed descriptions of these experiments beginning with the initial plans

for each of the five rounds of experiments. Also included is a detailed description of the equipment used in
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Shot Id Ip1 (kA) Ip2 (kA) Icc (A) h (in) CVR (A) CVT (A) Hole Dimensions (in.)

3833 46 NA 534 0.4 53 Clipped 1.3 x 1.7

3834 55 NA 556 0.4 122 8 1.3 x 1.5

3844 55 94 550 0.2 238 157 1.1

3848 55 89 500 0.2 164 169 1.3

3853 50 88 500 0.2 307 241 1.0 x 1.3

3854 49 83 500 0.2 55 44 1.1 x 1.4

3835 56 NA 541 0.4 0 0 2.1 x 1.5

Table 5. Short circuit current due to return stroke, continuing current and return stroke

Figure 9. A typical interior collector current waveform in original 1994 experiments.

Shot Id Ip1 (kA) Icc (A) h (in.) Measured Voltage (V) Hole Dimensions (in.)

3433 53 464 0.2 Noise 1.4 x 1.2

3434 54 463 0.2 37 1.5 x 1.3

3435 54 455 0.2 41 1.2

3840 56 494 0.2 39 1.4 x 1.3

3841 42 497 0.2 41 1.9 x 1.7

3842 52 509 0.2 46 2.0 x 1.4

Table 6. Voltage on cable due to return stroke and continuing current
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Figure 10. Experimental setup (metallic object) in the Sandia Lightning Simulator.

the experiments. The high level experiments were conducted in the Sandia Lightning Simulator shown in

Figure 10. Figures 11 and 12 show the continuing current output and return stroke impulses. The lower

level experiments were conducted using several pulsers: PTX pulser, PASD pulser, and Velonex pulser.

This section summarizes the questions being asked in the plan and the results of each of the experiments.

This summary thus presents the information gained from the experiments and acts as an introduction

to the detailed appendix as well as to the subsequent modeling and comparison sections for each of the

penetration mechanisms. Figure 13 shows the damaged coupon barrier after an experiment. Because the

continuing current continues to flow after the interval containing the return strokes, there is often additional

hole enlargement at the end of an experiment.

3.1 Round One: Repeat of Original Experiments, Severe Continuing Current

Duration & Indirect Coupling

The objective of the first round of experiments was to repeat the original tests from 1994 but add

high speed photography. During the course of the planning some additional experiments were added to

address extreme one-percentile duration continuing current (500 ms with a 500 A peak decaying exponential

corresponds to the approximate negative return stroke one-percentile charge transfer in Cianos and Pierce

[9]) in addition to the nominal interstroke intervals (100 ms) used in the original experiments. Figure 14

shows the return stroke impinging on the experimental fixture. The barrier coupon had a thickness of

0.05 inches. Figure 15 shows the interior collector current with a 0.8 inch spacing from barrier coupon to

collector surface and a 100 ms interval between return strokes. The first stroke was nominally 50 kA and

the second return stroke was nominally 100 kA. The continuing current had a nominal peak level of 500 A

followed by an exponential decay. Figure 15 is to be compared to the original experiment of Figure 9, where

it can be seen that both the peak level and rise rate are fairly well repeated in the recent experiments.

Unlike the original experiments in 1994, high speed photography was used in the new experiments so that

we can correlate observed barrier damage with recorded electrical signals. Figure 16 shows a single frame
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Figure 11. Continuing current waveform from Sandia Lightning Simulator with two return strokes shown

as negative impulses.
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Figure 12. Typical first (red - south tank) and second (black - north tank) return strokes from Sandia

Lightning Simulator.

Figure 13. Final damage to barrier coupon and interior after a shot.
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Figure 14. Double exposure showing hardware setup and return stroke.

from the high speed photography just before the second return stroke impinges on the barrier near 100 ms

into the experiment. The exterior movies showed a definite penetration appearing near 180 ms into the

event. The second return stroke creates a hole penetration, indicating that the barrier material has been

softened up by the preceding continuing current, since a return stroke alone produces no hole. The slow

rise rate of the collector short circuit current in this 100 ms experiment is thought to result from the time

required to create the hole during the second return stroke interval.

An experiment with a 500 ms interval between the two return strokes was imaged just before the second

return stroke in the high speed frame of Figure 17. An obvious circular hole of approximately 0.5 inch

diameter has already been created before the second return stroke hits. Figure 18 shows a single frame near

500 ms and the flash of light from the second return stroke. Figure 19 shows a high speed frame illustrating

the enlargement of the barrier hole just after the second return stroke at 500 ms into the experiment.

Figure 20 shows the collector short circuit current in the experiment with a 500 ms interval between return

strokes. Notice the larger amplitude and, in particular, the shorter rise time of the current in this case.

Figure 21 shows a predrilled hole of 0.5 inch diameter which was subjected to a single return stroke.

Figure 22 shows the short circuit current for the predrilled hole case. Notice the similarity with the 500 ms

duration burnthrough event short circuit current in Figure 20. Figure 23 shows the corresponding open

circuit voltage for the predrilled 0.5 inch hole subjected to a single return stroke.

Experiments focused on the indirect field coupling mechanisms were also carried out in round one.

Figure 24 shows the setup for the magnetic field indirect coupling experiment to a stripline cable with a

0.5 inch predrilled hole in the coupon barrier (measurements were also made on a circular cable or wire).

The Velonex pulser was used to drive these low level magnetic experiments with a peak time derivative

of the drive current of 0.83 kA/microsecond. The two limiting excitations of the hole were used for the

magnetic indirect coupling experiments. Figure 25 shows the vertical excitation (current normal to the

plane containing the hole). The other limiting case was horizontal excitation (current parallel to the plane

containing the hole). Figure 26 shows the results for the vertical drive. The effective value of the short

circuit magnetic field driving the hole is the constant value that produces the proper interior dipole field of

the hole with the actual varying field of the line source (in the vertical case this is simply the center value

of the line source field). Figure 27 shows the results for the horizontal drive. A linear combination of these
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Figure 15. Interior collector short circuit current for a double return stroke and 100 ms interstroke interval

continuing current experiment.

Figure 16. A single frame of the high speed photography near 100 ms into the event (just before the second

return stroke hits), not showing any obvious penetration of the barrier coupon.

Figure 17. A high speed frame near 500 ms (just before the second return stroke in this experiment)

showing an obvious penetration before the second return stroke.
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Figure 18. Flash of light from second return stroke near 500 ms.

Figure 19. The hole in the barrier at the end of the second return stroke at 500 ms into the experiment.
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Figure 20. Collector short circuit current for the case of a 500 ms interstroke interval.

Figure 21. Predrilled 0.5 inch diameter hole in coupon barrier to simulate burnthrough hole.
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Figure 22. The collector short circuit current for a coupon barrier with a 0.5 inch predrilled hole.

Voltage (50kOhm)
15April2009 Shot  8

South (59kA)      

‐50
‐40
‐30
‐20
‐10
0

10
20
30
40
50

‐100 0 100 200 300 400 500 600 700 800 900

Tim e  (µs)

V
o
lt
ag
e
 (
V
)

d=0.2"

0 5" H l

Figure 23. Open circuit voltage for the 0.5 inch predrilled hole subjected to a single return stroke.
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Figure 24. Stripline cable used in indirect magnetic field coupling experiment.

two orientations would make up a more realistic attachment configuration, but separately they illustrate the

behavior, and the horizontal case bounds the response. Note that the horizontal response, when scaled to a

drive level representing severe lightning of 400 kA/microsecond, yields about 320 V for the interior level.

Figure 28 shows the interior setup for the electric field indirect coupling, which used the piston collector.

Figure 29 shows the exterior of the setup with the rod-to-plane drive setup. The PASD pulser was used in

this case with a drive having a voltage time derivative peak of 3 kV/nanosecond and a voltage value of

4.6 kV (at the first interior peak response). Figure 30 shows the electric field coupling results. The limits

for the time derivative of the electric field in natural lightning are not as well known, but if we use the

facility level of 2 x 800 kV (assuming we have artificially inhibited ionization phenomena) this scales to 225

V interior level.
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Figure 25. Vertical current excitation of hole for magnetic coupling.
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Velonix 590 Pulser/Magnectic Field Coupling
Drive perpendicular to coupon-Horizontal Cable (7/31/2009)
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Figure 26. Indirect magnetic coupling for the vertical current drive. The blue curve is the Velonix drive

current waveform and the red curve is the open circuit voltage on the cable. The inset shows the geometry

(the cable was artificially rotated by ninety degrees from maximal coupling to show the cross section).
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Velonix 590 Pulser/Magnectic Field Coupling
Drive parallel to coupon(horizontal)-Horizontal Cable (7/31/2009)
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Velonix 590 Pulser/Magnectic Field Coupling
Drive parallel to coupon(horizontal)-Horizontal Cable (7/31/2009)
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Figure 27. Indirect magnetic coupling for the horizontal current drive. The blue curve is the Velonix drive

current waveform and the red curve is the open circuit voltage on the cable. The inset shows the geometry

(the cable was artificially rotated by ninety degrees from maximal coupling to show the cross section).

Figure 28. Interior hardware for the indirect electric coupling measurement.
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Figure 29. Indirect electric field coupling experiment with exterior rod-to-plane geometry.
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Electric Field Coupling-Collector Shot 5 (9/3/2009)

-2000
-1000

0
1000
2000
3000
4000
5000
6000
7000
8000
9000

10000
11000
12000

-10 0 10 20 30 40

Time (ns)

V
o

lt
s

NF#7 (V)
PASD

d=0.2 inch

Collector-peak = 645 mV

I0

V0
2b

 d

h 2a

E

Figure 30. Indirect electric field coupling results. The black curve is the voltage drive of the PASD pulser.

The blue curve is the interior response voltage.
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Figure 31. Interior high speed photography was enabled by the insertion of a slot in the side of the enclosure

barrier as shown.

3.2 Round Two: Multiple Return Strokes & Interior Penetration

The round two experiments had two main objectives. The first objective was to perform interior high

speed photography in an attempt to observe the timing of the first barrier penetration (first light). The

second objective to address the issue of multiple return strokes in a lightning flash. This second objective

was addressed by using a starter wire to initiate the discharge to the coupon barrier, allowing us to

reserve the two return stroke capability of the Sandia Lightning Simulator for later in the flash (after the

continuing current has softened up the coupon barrier). The starter wire initiates the discharge and then

quickly vaporizes. The continuing current is then followed by two return strokes after 400 ms and 500 ms,

respectively, from the beginning of the experiment. The first return stroke enlarges the hole size and the

second causes coupling. Although the lightning flash may consist of many return strokes [1] their severity

must conform with the severe action (integral of the square of the current over time) of the entire flash.

This means that each individual return stroke will be smaller than severe levels for an individual stroke.

Figure 31 shows the slot that was introduced in the enclosure barrier to enable interior photography

during the burnthrough event. Checks were made on the electrical coupling levels to the interior through

the slot to get a feel for the new noise floor levels. Figure 32 shows the early interior penetration (first

light) at about 25 ms into the burnthrough event. The exterior photography showed clear evidence of a

penetration at 180 ms, but apparently there are smaller penetrations in existence much earlier in time.

Figure 33 shows a case where a return discharge has formed (toward the bottom of the figure) between the

collector and the coupon barrier, in addition to the main discharge to the collector (center of the figure),

which was associated with a floating collector.

Figure 34 shows the starter wire arrangement. Figure 35, shows the drive current waveform using the

starter wire, where the two return stroke impulses occur later in the experiment. Figure 36 shows the

results for the short circuit collector current in a starter wire experiment. Figure 37 shows the interior open

circuit collector voltage in a starter wire experiment.
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Figure 32. First light on the interior was observed in the high speed photography at about 25 ms into the

experiment.

Figure 33. An example of a return discharge from collector to coupon on interior (bottom of figure) in

addition to the main discharge to the collector (center of figure).
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Figure 34. Starter wire to initiate discharge to coupon barrier.
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Figure 35. Continuing current waveform initiated by a starter wire with the two return stroke impulses

later in the event.
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Figure 36. Interior short circuit collector current when a starter wire is used to initiate the discharge.
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Figure 37. Interior open circuit collector voltage in a starter wire experiment.
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Figure 38. Split probe concept.

3.3 Round Three: Plasma Current Distribution, Interior Attachment Test &

Exterior Field

The round three experiments had two primary objectives. The first objective was to examine the

plasma current distribution by means of various direct measurement probes. The radial size of the plasma

is of interest both for the continuing current phase, the return stroke phase, as well as for the transition

between them. The second objective was to examine the conditions required on cathode position to develop

a discharge attachment to the interior collector.

Figures 38 and 39 show the split probe. This type of probe was used in welding arcs by Nestor [10].

As the arc moves over the probe surface across the cut the current distribution on the two halves of the

probe vary, and this information can be used to construct the current profile. In the steady state welding

arcs the position of the discharge column was controlled and was stable. One of the problems here is the

transient nature of the arc and uncontrolled variations in position. Another problem is the size of the probe

inductance, caused by the connections to the current viewing resistors (CVRs) used to monitor the current

in each half, which prohibited its use with the return stroke. Consequently this probe was only used on the

continuing current phase and indicated that the plasma column radius was in a range consistent with free

burning arc model predictions [11].

Figures 40 and 41 show the ring probe. This probe consisted of a series of brass rings, the current

on each being monitored by a current viewing resistor. The wiring paths were made as short as possible

to smaller power current viewing resistors (since the current is split up) to minimize inductance. Since

each ring is being individually monitored, the interpretation of the response is simple in principle. This

probe was only used for the return stroke because the heating associated with the continuing current

was thought to be too intense for the insulation. Figure 42 shows the currents measured during a return

stroke experiment. The radial spreading of the current is indicated except for the behavior of the second

channel or ring. Evidence of arcing in the CVR connections lead to questions about the validity of these

measurements.

Figures 43 and 44 show the groove probe, which was introduced to minimize inductance and provide a

more robust measurement. Each groove provides a voltage response that must be inverted to determine the

radial current distribution. Figure 45 shows an example of such responses for a single return stroke. Figure

46 shows the screen box used to house the scope for recording the multichannel information associated with

the probe. This probe was also inverted in direction (grooves facing out) to reduce heating of the groove

areas. The return stroke expansion backed out of the groove responses appeared to be consistent with

hydrodynamic channel expansion predicted by models discussed below. The transition between continuing

current and return stroke was attempted but damage to the grooves was observed even in the inverted

55



Figure 39. Split probe in use during continuing current.

configuration.

The second objective was to ascertain how close the cathode rod would have to come to the collector

in order to create a large interior voltage. Figure 47 shows the setup. When this experiment was first run

no large interior voltage was observed. It was then noted that the Sandia Lightning Simulator voltage rise

occurred earlier in time than the current rise and the measurement triggering was changed to the laser

triggering of the Marx banks. This triggering was used on all later measurements and was an important

change to make certain that no interior voltage spikes were overlooked. Figure 48 shows the results of this

experiment when the cathode was actually moved inside the hole edge. Thus large, short duration, voltages

can be observed on the interior in extreme cases (cathode protruding inside the barrier).
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Figure 40. Ring probe concept.

Figure 41. Ring probe in experiment.
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Figure 42. Currents from the ring probe during a return stroke.
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Figure 43. Groove probe concept.

Figure 44. Groove probe setup.

40 50 60 70 80 90
t (s)

-2

-1


V

 (
V

)

n = 1
n = 2
n = 3
n = 4
n = 5
n = 6

Figure 45. Measurements of the groove probe voltages during a return stroke.
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Figure 46. Screen box for housing scope to record multichannel responses of the groove probe.

Figure 47. Predrilled hole used for Sandia Lightning Simulator discharge to collector experiment.
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Figure 48. Early time open circuit voltage measurement of Sandia Lightning Simulator experiment.
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Figure 49. The cathode was positioned exterior to the predrilled barrier hole.

3.4 Round Four: Breakdown Attachment Experiments & Early Time Cable

Voltage

The conditions to establish a discharge to the interior collector through a predrilled hole were explored

in a more systematic manner by using a medium level pulser (the PTX pulser with a rise time in the 100s of

ns) and recording interior voltages as a function of rod tip position. Figure 49 shows the rod tip external to

the barrier. Figure 50 shows the corresponding interior collector voltage (blue curve) is quite small (right V

scale). Figure 51 shows the rod tip position even with the barrier hole. Figure 52 shows the corresponding

voltage (blue curve) is relatively large (right kV scale) in this case.

A second objective of round four was to measure the early time (motivated by the preceding attachment

experiment of round three) open circuit voltage induced on a cable collector during a burnthrough

experiment. Figure 53 shows the stripline cable collector. Figure 54 shows the recorded cable collector

open circuit voltage. This value is larger than previously observed in burnthrough experiments. Figure 55

shows the damage after the cable experiment. The presence of the insulator behind the cable (used to avoid

arcing to the piston collector that is holding the cable in place) is thought to increase the hole size in the

coupon barrier by preventing a stable continuing current arc from forming to the piston collector (the cable

collector burns away during the experiment).

The probes external to the damage of the previous experiment were used to monitor the electric field

in the vicinity of the barrier penetration. Figure 56 shows a measurement setup where the electric field

was monitored when a single return stroke in the Sandia Lightning Simulator impinges on the rod (with

one inch spacing from the barrier plane). One probe is a short calibrated monopole and the other is a

commercial electric field sensor. Figure 57 shows the electric field response of the two probes. The peak

value is just over 43 kV/cm (this level, without ionization, would correspond to about a 68 kV cathode

voltage, which is less than one tenth the incident wave level; this field level is also near the sustaining field

for streamers in air).

3.5 Round Five: Multiple Return Strokes, Severe Charge Transfer & Early

Time Voltages

The main objective of round five was to examine the early time open circuit voltage during starter wire

- two stroke burnthrough experiments, with very severe charge transfer levels. The dual return strokes were

delayed in some of these experiments to capture the one-percentile charge transfer levels of the Fisher-Uman

specification (note that here we are using negative lightning) [1]. Figure 58 shows the hole size at 900 ms
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Figure 50. The interior collector voltage (blue curve) with the rod tip positioned exterior to the barrier.

The black curve is the drive voltage at the pulser. The red curve is an uncalibrated electric field recording

at the barrier.

Figure 51. The cathode was positioned even with the predrilled barrier hole.
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Figure 52. The interior collector voltage (blue curve) with the rod tip positioned even with the barrier.

The black curve is the drive voltage at the pulser. The red curve is an uncalibrated electric field recording

at the barrier.
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Figure 53. Stripline cable collector.

Cable Collector Shot 2nd Return Stroke 107kA (8/31/2010_Shot 4)
1/4" electrode 0.050" Coupon

1/4" gap between electrode tip and coupon, d = 0.2"
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Figure 54. Early time voltage peak for cable collector induced by second return stroke in a burnthrough

experiment using the Sandia Lightning Simulator.
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Figure 55. Damage observed after cable collector burnthrough experiment.

Figure 56. Two electric field probes used to monitor the electric field near the cathode during an experiment

in the Sandia Lightning Simulator.
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Figure 57. Electric field response on the barrier plane from the two electric field probes.
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Figure 58. Larger hole associated with severe charge transfer level.

when the first return stroke hits. Figure 59 shows the current drive and charge transfer (dashed curve) used

in this starter wire burnthrough experiment. Figure 60 shows the open circuit voltage from this starter

wire burnthrough experiment with very severe level of continuing current charge transfer. This level is

larger than previous experiments using the piston collector by about a factor of 2-3. Figure 61 shows the

damage in the aftermath of the starter wire experiment. Figure 62 illustrates some possible current return

paths when a burnthrough experiment is conducted using a floating collector configuration (for open circuit

voltage measurement) that have been motivated by interior photography showing return discharges to the

coupon barrier. Figure 63 shows the starter wire setup in these experiments. Figure 64 shows the current

drive and charge transfer for a starter wire experiment using a cable collector (this is somewhat less severe

charge transfer than the preceding piston experiment). Figure 65 shows the open circuit voltage on the

cable collector for this starter wire experiment. Notice that the interior voltage level is the largest show. If

the charge transfer level was made as large as the preceding piston collector experiment is not too hard to

imagine the voltage becoming even somewhat larger. Figure 66 shows the damage after the cable collector

experiment.

Other experiments were planned (and some were begun) in round five but time constraints limited how

many could be completed. These others included the assessment of the dynamic source impedance of the

coupling as well as the most severe return stroke amplitudes (200 kA) that can be provided by the Sandia

Lightning Simulator.
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Figure 59. Continuing current waveform with return stroke impulses and charge transfer (dashed curve)

for a starter wire - multiple return stroke experiment using the piston collector.

Figure 60. Open circuit voltage on piston collector for starter wire burnthrough experiment with very

severe level of continuing current charge transfer by return stroke time interval.
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Figure 61. Damage from starter wire piston collector experiment with very severe continuing current charge

tranfer.

High Impedance

High Impedance

Rubber

Cable

High Impedance

Figure 62. Current return configurations with floating collector.
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Figure 63. Starter wire setup for cable collector burnthrough experiment.

Figure 64. Continuing current waveform and return stroke impulses used in a cable collector burnthrough

experiment. The dashed curve shows the charge transfer.
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Figure 65. Open circuit voltage on cable collector using starter wire initiation and double return strokes

with severe charge transfer.

Figure 66. Damage in starter wire and cable collector burnthrough experiment.

69



4 INDIRECT COUPLING MECHANISMS

It is important to understand field coupling levels to interior cables to establish linear baseline levels

that exist independent of ionization pathways that may be formed during the direct discharge. This section

estimates the induced sources for magnetic field and electric field coupling to interior cables. We take the

approach here of decomposition of the problem into exterior field, aperture penetration, and cable coupling,

but carefully insert relevant practical (and interesting) details necessary for comparison to the experiments.

4.1 Magnetic Field Coupling

The magnetic field coupling problem to the interior cable is now formulated.

4.1.1 Reciprocity Formulation of Cable Voltage Source

The magnetic flux penetrating the hole induces an equivalent voltage source on the common mode

(cable to enclosure) transmission line formed by the cable with respect to the chassis ground of the

enclosure. We follow Latham’s reciprocity approach [12] to determine the equivalent voltage source in terms

of the exterior drive field, the hole properties, and the interior transmission line. We define an auxiliary

magnetic scalar potential 0 as the potential that is generated by the common mode current 0 on the

cable (with return −0 on the enclosure formed by an image of the cable) with the hole shorted. This
potential satisfies Laplace’s equation

∇20 = 0
where the auxiliary field is

0 = −∇0
This potential is associated with a current 0 on the center conductor and a current −0 on the surface
of the auxiliary shield 0. The boundary conditions are the vanishing of the normal component of the

magnetic field on the metallic surfaces of the enclosure and the cable or

0


= 0

Because there is a current 0 in the region where 
0
 is defined, there is a branch surface  from the cable

conductor out to the enclosure conductor on which the potential jumps by 0; this branch surface can be

taken to connect a curve (in the simplest case a line) along the wire surface to the interior enclosure plane

away from the hole location. We denote the two sides of the jump surface by + and − where + is
the side determined by applying the right hand rule to the cable (0 in the thumb direction and fingers

emanating from +).

The actual problem with the hole has magnetic potential  satisfying Laplace’s equation

∇2 = 0
with current 0 in the center conductor. The boundary conditions are
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= 0

on the enclosure with the hole (excluding the hole) and on the cable surface. The difference potential can

be defined

 =  − 0
also satisfying

∇2 = 0
but in this case having no jump surface  since there is no net current on the cable for the difference

problem. Now we can write

∇ · ¡0∇ − ∇0
¢
= 0∇2 − ∇20 = 0

Integration over the interior volume and using the divergence theorem (Green’s theorem) gives

Z


∇ · ¡0∇ − ∇0
¢
 =

I


µ
0



− 

0


¶
 = 0

where the unit vector  points out of the interior region  and the closed surface includes the plane of the

interior enclosure surface, the cable surface, and the jump surface  , and the unit normal points out of the

volume. Since the second term is single valued on the jump surface the two sides cancel. In addition, the

second term also vanishes on the surface of the hole , because the normal magnetic field of the auxiliary

problem is zero on this surface. Finally, because the normal field in both problems vanishes on the cable

and the conducting enclosure surfaces, we can write this as

Z
+

0



 +

Z
−

0



 = −
Z


0





=

Z
+

h¡
0
¢
+
− ¡0¢−i 



where we have used the reversal of the unit normal on the two jump surfaces along with continuity of the

normal field (choosing  on the branch surface is chosen to point into the + surface)

µ



¶
+

= −
µ



¶
−

The magnetic difference flux (versus the flux in the auxiliary problem) directed around the center conductor,

emanating from +, is

Φ = 0

Z
+






Noting that (where  is a path from + to − around the cable)

0 =

I


 ·  = −
I


∇ ·  = −
Z





 = −
h¡
0
¢
−
− ¡0¢+i
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then yields

Φ = −0
Z


0
0




 = −0
Z


0
0






We can replace the potential derivatives by the normal field in the hole (directed into the exterior half

space)




= − on 

If we apply Faraday’s law on a contour  consisting of a small length  section of the jump surface  we

find that the electric field integral gives the difference voltage  along the line (time dependence − is
used). At low frequencies we can write this as

I


 ·  =  =  (Φ+ 00) =  +  ( + 0) 0

where 0 is the cable inductance per unit length of the line with the aperture shorted,  is a perturbation

of the line inductance caused by the hole, and  is an equivalent voltage source on the line at the hole;

the inductance per unit length term is added here because the difference flux does not include it. The two

other terms are separated by virtue of the fact there are two sources for the field in the aperture. One is

the exterior short circuit field  and the second is the interior current 0. In this form no approximations

of hole size or shape have been made other than the hole being small compared to the wavelength. So this

could, in principle, be applied in cases where the following approximations do not hold, provided that the

magnetic scalar potentials can be found or approximated in some more accurate manner. However, when

we can proceed to the following approximate decomposition, the resulting formula can be applied to many

different types of exterior drives, aperture types, and cables by simply switching the appropriate quantities,

if they are know.

If the hole is small enough compared to other dimensions in the problem, we can approximate the

auxiliary potential as

0
0
≈ 0

0
()−

1

0
0 () · (− )

where the vector on the surface of the aperture is  and  is the aperture center. The integration of the

first term vanishes because there is no net magnetic flux through the hole and we can write

Φ ≈ −0
1

0
0 () ·

Z


(− )

The magnetic dipole moment of the hole (responsible for coupling into the interior) is found from [13]

 = −2
Z


(− ) = −2 · ()

where  is the magnetic polarizability tensor of the hole and  is the exterior short circuit magnetic

field at the hole. Because there are two sources for the normal field we can write

Φ ≈ −0
1

0
0 () ·  ·

£
 ()−0 ()

¤
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where the minus sign on the field from the interior source is introduced since the dipole moment for the

hole changes sign in this case (the normal field would be pointed inward and need to be reversed). Thus

the equivalent source voltage driven by the exterior field is

 ≈ −0
1

0
0 () ·  · ()

and the the lumped inductance is

 ≈ 0
1

20
0 () ·  ·0 ()

The tensor polarizability  only has components in the plane of the aperture, and for a circular aperture

can be taken as a scalar.

In the magnetic coupling case we take the interior cable to be grounded to chassis on one end and

terminated in a load (a high impedance measurement system) on the other end. The current 0 is taken in

the  direction along the cable, in the direction of the plus terminal of the lumped induced voltage source

. In our case here we take the short circuit magnetic field to be in the  direction and thus the aperture

induced dipole moment is related to the polarizability component in this direction through

 = −2


The tensor polarizability  only has a normal component and can be taken as a scalar

 = 20



and the voltage source in the time domain is

 = −Φ


where the corresponding charge is

Φ = −0
1

0
0 () ·  · ()

4.1.2 Magnetic Polarizability

For the circular aperture in a thin conducting plane the polarizability is [13]

0 =
4

3
3

where  is the aperture radius. For small plane thickness from a variational calculation [14]

 ≈ 0

∙
1− 3∆

2
{ln (∆) + 188}− 3∆

16

¸
However it is interesting that the barrier plane thickness ∆ = 005 inches cannot be ignored even though in

our experiments we have a hole diameter of 2 = 05 inches. Gluckstern [14] has shown that the first mode

of the circular waveguide yields a polarizability
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Figure 67. Comparison of exact solution and deep asymptotic formulas for magnetic  and electric 
polarizabilities for a circular hole in a thick conducting plane taken from [14].

 ≈ 0 0838 
−1841(∆) ≈ 05800

which is reasonably close to an exact solution for ∆ (2) ≥ 01 [14], where 011 = 1841 is the first root of
 01 () = 0 [20]. Figure 67, taken from [14], shows a comparison of the exact solution and leading asymptotic

forms of the magnetic  = 2 and electric  = 2 polarizabilities in a thick conducting plane (here

 = ∆). It is interesting that this small thickness makes such a reduction in polarizability.

In addition, for a thin plane, if the cable is a stripline of width comparable to or larger than the hole

diameter and spacing from the hole, we can use the result of a circular hole with a backing conductor

(approximately the stripline cable) to find an estimate for the reduced polarizability [13] shown in Figure

68.

We can write ( being the electric polarizability discussed below)

0 ≈ 1 + (2)
∞X
=1

 () ≈ 10722 ≈ 0

where

 () = arctan (1) + − ¡3 + 32¢ ln ¡1 + 12¢
with asymptotic form

 () ∼ 1

123

µ
1− 3

52

¶

3 () ∼ 112
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Figure 68. Figure from [13] showing change in polarizabilities of a circular hole because of proximity of

interior ground plane.
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Carrying out the summation for our case with  = 02 in and  = 025 in gives

 () = 008509190

 (2) = 001652197

 (3) = 0005462843

 (4) = 0002402885

 (5) = 0001255136

 (6) = 00007344289

and

1 + (2)

∞X
=1

 ()

≈ 1 + (2)
"

6X
=1

 () +
1

12

³


´3½
 (3)− 1− 1

23
− 1

33
− 1

43
− 1

53
− 1

63

¾#

≈ 1 + (2)
∙
01114692 +

1

12

³


´3
{ (3)− 1190292}

¸

≈ 10722
where the zeta function of argument three is [20]

 (3) =

∞X
=1

−3 = 120205690

or

0 ≈ 0933 ≈ 0
Combining this with the waveguide decay gives an effective magnetic polarizability

 ≈ 05410
4.1.3 Effective Magnetic Field Drives

In our problem we are interested in direct current attachments to the conducting barrier near the hole.
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Figure 69. An idealized vertical current attached to the hole edge driving magnetic coupling to an interior

cable. The cable has been rotated by ninety degrees from the orientation for maximal coupling simply to

show the cross sectional characteristics in this two-dimensional drawing.

The short circuit field at the hole in these cases is not uniform. Nevertheless, by examining the penetrant

magnetic fields through circular holes in a thin conducting plane with these current drives (in oblate

spheroidal coordinates), it is possible to select effective values for the short circuit fields in the uniform

case that produce the same penetrant dipole moments [15]. The cases examined in this report [15] were

attempts at the extreme worst case and did not include some practical considerations needed to compare

with experiments.

In the case where the current is injected perpendicular to the enclosure surface there was a spacing

between the hole edge and the current attachment to the coupon. Figure 69 shows the current filament

slightly displaced from the hole edge to account for the fact that the current carrying wire had a finite

radius and insulation. Thus the attachment radius was (for  = 025 in)

 ≈ 025 in+ 00625 in
If we examine the appendix of the report [15], we see that the expansions of the short circuit potential on

p. 54 can be extended to this case simply by replacing  by . Then the ratio () will multiply the

 = 1 term in the incident potential in the report on p. 55. Thus the scattered potential on p. 58 has a

 = 1 term multiplied by (). Therefore the dipole moment on p. 59 has the multiplier (), which

in our case was 08. Consequently the effective short circuit magnetic field from the filament can be taken

as the short field at the hole center (here we take the current filament to be located at  = − with 

positive in the direction of the half space containing the filament)


() () =



2
This field, combined with the polarizability 0 in a thin plane, then produces exactly the right dipole

moment from this wire excitation [15]

 = −4
2

3

µ




¶


Because the discharge to the vicinity of the hole edge might have a tilt it is useful to bound the effect

as shown in Figure 70 assuming a horizontal arrangement. The report [15] assumed that the filament was

directly on the hole surface, but the experiment here required a slight displacement to account for the wire

radius and insulation.
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Figure 70. To capture the "worst case" tilt of the arc channel with respect to magnetic coupling we can

consider the horizontal current filament drive shown in this figure. The cable has been rotated by ninety

degrees from the orientation for maximal coupling simply to show the cross sectional characteristics in this

two-dimensional drawing.

 ≈ 00625 in

To account for this displacement  in the calculations of [15] we take the short circuit potential for

the displaced filament to be (in this reference we take the filament to be along the  axis at  =  and

 = 0 and hence the short circuit field on the surface is  directed)

 = − 

2

∙
arctan

µ


 − 

¶
− arctan

µ


 + 

¶¸
The magnetic field is then


 = −


= − 

2

"
 − 

2 + ( − )
2
−  + 

2 + ( + )
2

#


 = −


= − 

2

"


2 + ( − )
2
− 

2 + ( + )
2

#
and on the surface  = 0


 =



2 + 2


 (  0) = −



2

∙


2 + 2
− 

2 + 2

¸
= 0

 (  0) = −


2

∙
arctan

µ


−

¶
− arctan

µ


+

¶¸
Note that as  → 0

lim
→0

1



Z 

−
 ()



2 + 2
 = lim

→0
1



Z 

−
 ()



2 + 1
=  (0)

1



Z ∞
−∞



1 + 2

=  (0)
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 →  ()

and

 →


2
sgn () + 

where one half the first term is what was assumed for the incident potential in [15] p. 64. If we take

arctan

µ


−

¶
= − arctan

µ


+

¶
then  = 0 and

 (  0) =



arctan

µ




¶
and in addition

 (  0) =
1

2
 =



2
arctan

µ




¶
The solution in oblate spheroidal coordinates is

 (  ) =

∞X
=1

X
=1



 ()


 () sin ()

Using

 = 

q
1 + 2

q
1− 2 sin

and applying the complementary (to the hole) disc boundary condition and matching gives

 (0  ) =  (0  )  − 1    1  −     

Orthogonality then yields [20]



 (0)

2 (+)!

(2+ 1) (−)!
 =





Z 1

−1

 () 

Z 

0

sin ()  arctan

µ




q
1− 2 sin

¶
For the dipole moment we only need the  =  = 1 term

 11 () = −
q
1− 2

11 (0) =


2

11
1
1 (0)

4

3
 = − 2




Z 1

0

q
1− 2

Z 

0

sin arctan

µ




q
1− 2 sin

¶
We carry the integration out exactly by first changing variables to  =

p
1− 2
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11
1
1 (0) = −

3

2


Z 1

0

p
1− 2

Z 2

0

 sin arctan

µ



 sin

¶
Next changing from polar coordinates ( ) to a Cartesian system ( ) we find

11
1
1 (0) = −

3

2


Z 1

0

 arctan

µ





¶


Z √1−2
0

√
1− 2 − 2

Carrying out the  integration

Z √1−2
0

√
1− 2 − 2

=

Z 1

0

√
1− 2

=

Z 2

0

 = 2

and thus

11
1
1 (0) = −

3

2

Z 1

0

 arctan

µ





¶
 = − 3

2

µ




¶2 Z 

0

 arctan () 

= − 3
2

µ




¶2 ∙
1

2

¡
1 + 2

¢
arctan ()− 

2

¸
0

= − 3
4

∙¡
1 + 2

2
¢
arctan ()− 



¸
Therefore

11
1
1 (0) 

µ
− 3

8

¶
=
¡
1 + 2

2
¢ 2

arctan ()− 2






or

11
1
1 (0) 

µ
− 3

8

¶
=
¡
1 + 2

2
¢½
1− 2


arctan ()

¾
− 2






Now if we expand the arctan () in a power series

11
1
1 (0) 

µ
− 3

8

¶
∼ ¡1 + 2

2
¢ ∙
1− 2



µ
1− 1

3

2
2

¶¸
− 2



∼ 1− 4


+

µ




¶2
− 2



µ




¶3
+
2

3

µ




¶3
+
2

3

µ




¶5
+ · · ·  


→ 0

or alternatively

11
1
1 (0) 

µ
− 3

8

¶
∼ ¡1 + 2

2
¢ 2






µ
1− 1

3

2

2

¶
− 2







∼ 4

3





µ
1− 1

2

2

2

¶





→ 0

Hence the ratio of the preceding exact result for 11
1
1 (0) 

¡− 38¢ to the leading term in the limit

 → 0 times the magnetic field 
 ∼  () in this limit provides the effective short circuit magnetic

field 
() exciting the aperture. Changing the notation to a current filament along the − direction gives
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Figure 71. Magnetic coupling to a wire cable behind the hole. Note that the cable has been rotated by

ninety degrees from the maximal coupling case for ease of illustration.


() () =

3

2

£¡
1 + 2

2
¢
arctan ()− 

¤
where again this produces the exact magnetic dipole moment for a horizontal line current excitation of the

circular hole. In the limit    this becomes [15]


() () ∼ 3 (4)

and using

0 =
4

3
3

gives

 = −20
 = −22

which agrees with the result on p. 65 of [15]. In the limit    this gives the obvious value from a line

current imaged in the ground plane


() ()→

2

2

4.1.4 Wire Coupling

The final part of the coupling formula is the field at the hole (with the hole shorted) produced by a

current on the cable or wire, as shown in Figure 71, normalized by that same current 0
 () 0. With

the decomposition approach we can consider various types of cables (circular, stripline, etc.). Given a wire

height  and wire radius  this is found to be the sum of the fields from the wire with current centroid at

− =
p
2 − 2 and its image in the ground plane

0
 () 0 = −1

³

p
2 − 2

´
For   

0
 () 0 ∼ −1 ()
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Figure 72. Magnetic field intensity at the hole due to current 0 on the stripline with hole shorted. The

positive  direction is taken to the left.

4.1.5 Stripline Coupling

We are also interested in a stripline cable as shown in Figure 72.

The case of a stripline of width  at an extremely small (by comparison to ) distance  below the

hole gives

0
 () 0 ∼ −1

However it is important to address the case where the distance  is not so restricted to get a feel for the

error in the preceding very rough approximation.

The problem of a stripline above a ground plane (or two strips) can be solved exactly by conformal

mapping. In the conformal mapping solution we rotate the strip and its image by ninety degrees to  = ±,
||  2 for convenience. The conformal transformation which maps two parallel strips with potentials

±0 (at locations  = ±) of width  and separation 2 (one strip and a PEC symmetry plane at  = 0

and at zero potential) to two coplanar strips with inner edges at ± and outer edges at ± (the potentials
on the coplanar strips are also ±0) is [16]

 = +  = 1

Z 1

0

¡
21 − 2

¢ 1p
(21 − 2) (21 − 2)

where

s
 ()− ()

2 ()
= sin

4


=  () ( )− () ( )

and

 ( ) =

Z 

0


p
1− 2 sin2 

 () =  (2 )
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 ( ) =

Z 

0


p
1− 2 sin2 

 () =  (2 )

is solved for . The constants 1, , and  are found from

1 =  [2 ()]

2 () = 2 ()

r
2 − 2

2 − 2
= sin

given that  is set arbitrarily (could be taken as unity). Note that the point between strips  = 0 is mapped

to the point between coplanar strips 1 = 0. Next we note that Smythe [16] gives the transformation from

a box with PECs at  = ±0 and PMCs at  = 0 1 to the preceding coplanar strips

1 = 1 + 1 =  sn

µ
1

0
 1

¶

 = 2

Z 1

0

1p
(21 − 2) (21 − 2)

= −2


Z 1

0

p
(1− 2) (1− 21

2)

=
0

 (1)
sn−1

³1

 1

´
where

1 = 

and

2 = − 0

 (1)

sn−1 ( 1) =  (arcsin  1) =

Z 

0

p
(1− 2) (1− 21

2)

Note that the point  = 0 maps to the point 1 = 0. We can take the electric scalar potential to be

0 = Re ( )

0 = −∇0
The horizontal electric field is
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0 = −
0


= −Re

µ




¶
= −Re

µ




¶
= −Re

µ


1

1



¶


1
=

−0
 (1)

p
(21 − 2) (21 − 2)



1
=
2


 ()

¡
21 − 2

¢p
(21 − 2) (21 − 2)

or

0 = Re

∙
0

2

 (1) (
2
1 − 2) 2 ()

¸
The value at the origin is

−0 (0 0) 0 =
2

¡
22
¢

 (1) ()

or with  = 1 we have  = 0 and  () = 2 ()

−0 (0 0) 0 =
2

 (1) ()
=

2

 (0) ()

s
 ()− ()

2 ()
= sin

4


= 2 =  () ( )− () ( )

p
1− 2 = 0

Note that the capacitance per unit length is

0 = 0
 ()

 (0)
It is interesting that an incredibly accurate approximation is [17]

 (0)
 ()

≈ 1


ln

Ã
2
1 +
√
0

1−
√
0

!
 0  001

and thus the very accurate implicit form results

0 ≈ 0
1


ln

Ã
2
1 +
√


1−
√


!
   001

We would like to have the solutions for  ≥ 1 or 0 ≤ 05304 →  ≥ 08477. Making use of the
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expansions [20]

2


 (0) ∼ 1 + 024 +

9

64
04 + · · ·

 () =


2


µ
−1
2

1

2
; 1; 2

¶
∼ 1 + ¡024¢ {2 ln (40)− 1}+ · · ·

if we take

 = ln (40)
and consider the limit  → 1, where

 () ∼  +
¡
02 ln 0

¢
and

 () ∼ 1 +
¡
02 ln 0

¢
with the asymptotic form

0 ∼ 0
2




then we can write

 ∼ 

2
−
p


and

 ( ) ∼ ln
"
1 +

p
1− 1p
1

#

 ( ) ∼
p
1− 1

From the transcendental equation 2 =  () ( )− () ( ) we can then write

 ∼ 
p
1− 1 − ln

"
1 +

p
1− 1p
1

#

∼  − 1
2
{ln (4) + 1}+ 1

8
Iteratively solving for 2 gives

2 = 2 ln (40) ∼  + 1 + ln {2 + 1 + 2 ln (2 + 4)}

Thus an explicit approximation for the capacitance shown in Figure 73, with error shown in Figure 74,

is
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Figure 73. An explicit approximation for the capacitance per unit length versus the exact evaluation of the

conformal mapping functions.

0 ≈ 0
2


[ + 1 + ln {2 + 1 + 2 ln (2 + 4)}]   ≥ 1  (05% error)

0 ≈ 0
2

ln (4)
  ≤ 1  (05% error)

where

 =  (2)

The preceding field at the plane versus voltage is

−0 (0 0) 0 =
2

 (0) ()
∼ 1

(1 + 024) [1− (024) {2 ln (40)− 1}]  
0 → 0

The fit

−0
 (0 0) 0 ≈ 1−

1

4
¡
2 − 2 ln ¢   ≥ 1

seems to work reasonably well as shown in Figure 75. The preceding quantity has been normalized so that

it is the value of the origin electric field relative to that of the parallel plate value. This will be used in the

electric coupling section below.

In the two-dimensional magnetic field problem we would take 0 = Re ( ) and 0
0 = ∇ × 0 =

− × ∇
0
 versus 

0 = Re ( ) and 0 = −∇
0 (with ∇ = 



+ 



the transverse gradient

operator). To calculate the required magnetic field value we seek at the hole center, we need to change from

the voltage normalization (the dual of which is the magnetic flux per unit length) to a total charge per unit

length normalization (the dual of which is the total electric current).
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Figure 74. Relative error of explicit approximation for capacitance per unit length versus the exact confor-

mal mapping solution.
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Figure 75. Comparison of field on symmetry plane at strip center from simple fit versus exact conformal

mapping solution.
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Z


0


 = 00

0
 (0 0) = −

0


(0 0)

Z


0


 = 00

0
0
 (0 0) = −

0


(0 0)

From this we see that the results from the electrostatic problem can be used to obtain the desired quantity

in the magnetostatic problem by means of

0
0
 (0 0) 0 → 0

 (0 0) 0
We can use the capacitance per unit length to do this transformation to the charge per unit length. The

ratio of the charge on the top of the strip (the uniform field part) to the total charge using the preceding

capacitance fit is

0

0
= 2

0

0
≈ 

 + 1 + ln {2 + 1 + 2 ln (2 + 4)}   ≥ 1

0

0
= 2

0

0
≈ 

2
ln (4)   ≤ 1

Noting that the product of the capacitance per unit length and voltage is the charge per unit length

00 = 0 we can write

£−0 (0 0) 0¤µ00

¶
= −00 (0 0) 0 → −0

 (0 0) 0

where the final quantity is what we seek. Thus, returning to the original coordinate system with 0
 → 0

,

gives

 ≡ £−0
 (0 0)

¤
0 ≈


£
1− 1©4 ¡2 − 2 ln ¢ª¤

 + 1 + ln {2 + 1 + 2 ln (2 + 4)}   ≥ 1
In our case for  = 05 in and  = 02 in this gives

 ≈ 0517
It is somewhat surprising that the current carried by the strip is split nearly evenly between the two sides

even though the height above the ground plane is not large.

Finally the voltage source induced on the interior stripline, due to indirect magnetic coupling, is

 = − 

≈ −


 0





()

and the transfer inductance is
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 ≈
£−0

 (0 0) 0
¤
 0

h

()

i
≈ 


 0

h

()

i

≈ 

2
 0  vertical

≈ 




3

2
() [( + ) arctan ()− 1]0  horizontal

For the present example these give

 ≈ 0189 nH  vertical

≈ 0823 nH  horizontal

The Velonex pulser has a maximum current rise rate of

µ




¶
max

≈ 083 kA/s
and thus the maximum open circuit voltage induced is

()max = −
µ




¶
max

≈ −016 volts , vertical

≈ −068 volts , horizontal
which are reasonably close to the experimental levels below of −015 volts in the vertical and −066 volts in
the horizontal.

Since we are interested in the largest voltage possible inside the metallic barrier due to a return stroke,

we not only must maximize coupling, but also excite the aperture with a current having the fastest rise-rate

representative of lightning. The rise-rate of the Velonex pulser is smaller than the one-percentile rise-rate

of lightning. The one-percentile rise-rate (99 out of 100 return strokes have a rise-rate larger than this

value) is [1]

µ




¶
max

≈ 400 kA/s
giving voltage levels due to magnetic coupling of

75 V ≤ ()max ≤ 033 kV

We also did an experiment with a wire having height  ≈ 03255 in (and a wire diameter of 2 ≈ 0081
in)

 ≈ 1

22
p
2 − 2

 0 ≈ 018 nH  vertical
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()max = −
µ




¶
max

≈ −015 volts , vertical
compared to the measurement of 011 V (the sign here is dependent on which side of the hole with respect

to the measurement system load the current injection takes place).

4.2 Electric Field Coupling

The electric field coupling problem to the interior cable is now formulated.

4.2.1 Reciprocity Formulation of Cable Current Source

The electric flux penetrating the hole induces an equivalent current source on the common mode (cable

to enclosure) transmission line formed by the cable with respect to the chassis ground of the enclosure.

We follow Latham’s reciprocity approach [12] to determine the equivalent current source in terms of the

exterior drive field, the hole properties, and the interior transmission line. Following the derivation in [12]

we define an auxiliary electrostatic potential 0 without shield penetrations

∇20 = 0 (1)

with linear charge density 0 per unit length on the cable conductor (and −0 on the inside surface of the
enclosure for the return). We take the electric field to be the negative gradient of the potential

0 = −∇0 (2)

The boundary conditions are set to

0 = 0 on enclosure

= 0 = 00 on cable conductor (3)

where 0 is the capacitance per unit length of the cable with respect to the enclosure in the auxiliary

problem. This capacitance per unit length will be discussed further later in this section.

The actual problem with the hole has electric potential  satisfying Laplace’s equation

∇2 = 0
with charge density 0 on the center conductor. The boundary conditions are

 = 0 on enclosure

= 0 on cable conductor (4)

The difference potential can be defined

 =  − 0

also satisfying
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∇2 = 0
Now we can write

∇ · ¡0∇− ∇0¢ = 0∇2− ∇20 = 0
Integration over the interior volume  and using the divergence theorem (Green’s theorem) gives

Z


∇ · ¡0∇− ∇0¢  =

I


µ
0




− 

0



¶
 = 0

where the unit vector  points out of the interior region and the closed surface includes the plane of the

interior enclosure surface and the cable surface . Using the boundary conditions we can write this as

Z


0



 = 00 =

Z



0




Now dividing by the potential 0 and noting that the integral on the left side is the difference charge

induced on the cable  (versus the charge in the auxiliary problem) divided by the permittivity, we write

 = 0

Z



1

0

0


 = 0

Z



1

0

0




Applying Ampere’s law to the cable over length  (the contour  in this case has the form of two loops

around the cable separated by this distance  and connected by two equal and opposite axial integration

contours) gives

I


 ·  =  =  (+ 0) =  +  ( + 0)0

where 0 is the preceding cable capacitance per unit length of the line with the aperture shorted,  is

a perturbation of the line capacitance caused by the hole, and  is an equivalent current source on the

line at the hole; the capacitance per unit length term is added here because the difference charge does not

include it. The two other terms are separated by virtue of the fact there are two sources for the field in the

aperture. One is the exterior short circuit field  and the second is the interior voltage 0. In this form

no approximations of hole size or shape have been made other than the hole being small compared to the

wavelength. So this could, in principle, be applied in cases where the following approximations do not hold,

provided that the electric scalar potentials can be found or approximated in some more accurate manner.

However, again when we can proceed to the following approximate decomposition, the resulting formula

can be applied to many different types of exterior drives, aperture types, and cables by simply switching

the appropriate quantities, if they are known.

If the hole is small enough compared to other dimensions in the problem, we can approximate the

auxiliary potential in the aperture as a constant at the aperture center

−
0


≈ 0 ()

where 0 () is the interior field at the aperture center, driven by the charge per unit length 0 on

the cable with the aperture shorted (for a two dimensional field distribution with the unit vector 
along the transmission line and  =  pointing in the direction of the incident half space, duality gives

0
00 = − ×00). Noting that 0 = 00 gives
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 ≈ − 1
0

0 ·0 ()
Z




The electric dipole moment of the hole (responsible for coupling into the interior) is found from [13]



= −20

Z


 = 20 · ()

where  is the electric polarizability tensor of the hole and  is the exterior short circuit electric field at

the hole. Because there are two sources of the potential we can write

 ≈ 0

0
0 () ·  ·

£
 ()−0 ()

¤
where the minus sign on the field from the interior source is introduced since the dipole moment for the

hole changes sign in this case (the normal in the dipole moment would be pointed inward and need to be

reversed). Thus the equivalent source current driven by the exterior field is

 ≈ 0
1

0
0 () ·  · ()

and the the lumped capacitance is

 ≈ −0 1
 2
0

0 () ·  ·0 ()
The tensor polarizability  only has a normal component and can be taken as a scalar

 = 20



and the current source in the time domain is

 =



where the corresponding charge is

 = − 0

0
0 () ·  · ()

In the electric coupling case we take the interior cable to be floating with respect to chassis on one end

and terminated in a load (a low impedance measurement system) on the other end.

4.2.2 Electric Polarizability

For a circular hole the electric polarizability is half the magnetic

0 =
2

3
3

However once again the plane thickness makes a difference [14]

 ≈ 0 0825
−2405() ≈ 05100
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Figure 76. Electric field coupling to interior cable (or collector)

where 01 = 2405 is the first root of 0 () = 0. Combining this with the correction for the proximity of the

cable (or collector) (a backing ground plane)

 ≈ 04760
4.2.3 Effective Electric Field Drive

In the experiment the exterior electric field was created by an electrode at potential  as shown

in Figure 76. The short circuit field at the hole in these cases is not strictly uniform. Nevertheless, by

examining the penetrant electric fields through circular holes in a thin conducting plane with these field

drives (in oblate spheroidal coordinates), it is possible to select effective values for the short circuit fields in

the uniform case that produce the same penetrant dipole moments [15].

There are several models for the field surrounding a rod electrode; a simple model, consisting of a

line charge and a point charge, is shown in Figure 77 [21]. The potential above the ground plane from a

semi-infinite line charge of strength  and a point source at the end of the line charge of strength  is then

40
 ( ) =

Z 1

0

⎡⎣ 1q
2 + ( − 0)2

− 1q
2 + ( + 0)2

⎤⎦  (0) 0

=  ln

∙
1 −  +

q
2 + (1 − )

2

¸
−  ln

∙
0 −  +

q
2 + (0 − )

2

¸

− ln
∙
(1 + ) +

q
2 + (1 + )

2

¸
+  ln

∙
0 +  +

q
2 + (0 + )

2

¸

+

⎡⎣ 1q
2 + (0 − )

2
− 1q

2 + (0 + )
2

⎤⎦
where

0 = + 

and  and  are the usual cylindrical coordinates (with  = 0 on the top of the conducting plane). Taking

the limit 1 →∞ gives
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Figure 77. Simplified field model for rod plane geometry.
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40
 ( ) =



∙
ln

½
(0 + ) +

q
2 + (0 + )

2

¾
− ln

½
(0 − ) +

q
2 + (0 − )

2

¾¸

+

⎡⎣ 1q
2 + (0 − )

2
− 1q

2 + (0 + )
2

⎤⎦ (5)

If we match the average potential on the cylinder from 0 to a large distance 0 +0 = (+ 1)
0 (we used

the value  = 10, but the results are not too sensitive to the choice)

 = hi = 1

0

Z 0+0

0


Using the identities

Z
ln
³
+

p
2 + 2

´
 =  ln

³
+

p
2 + 2

´
−
Z

√
2 + 2

=  ln
³
+

p
2 + 2

´
−
p
2 + 2

Z
1√

2 + 2
 = Arcsinh () = ln

∙
+

q
()

2
+ 1

¸

= ln
³
+

p
2 + 2

´
− ln 

we find

40 =


1

0

∙
(20 +0) ln

µ
20 +0 +

q
2 + (20 +0)

2

¶
− (2) ln

µ
20 +

q
2 + (20)2

¶

−
q
2 + (20 +0)

2
+

q
2 + (20)2

¸
− 02 ln 

+0
1

0

∙
0 ln

µ
0 +

q
2 +20

¶
−
q
2 +20 + 

¸

+

1

0

∙
ln

µ
0 +

q
20 + 2

¶
− ln 

¸

−0 1
0

∙
ln

½
20 +0 +

q
(20 +0)

2
+ 2

¾
− ln

½
20 +

q
(20)2 + 2

¾¸
or for large   1
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Figure 78. A comparison of the field on axis predicted by the formulas versus a numerical method of

moments solution. Also shown is the value of the field on the plane from the simple formula.

40 ∼  [Ω+ 2 ln ()− 2] (6)

Ω = 2 ln (20) (7)

The reason why a finite average distance must be specified is that the true charge density has a slow decay

along the length  (1 ln ) [18] rather than the constant being used here as an approximation. The other

match condition is taken at the tip of the hemisphere  = 0 − ,  = 0

40
 (0 ) =  ln

µ
0 + 

0 − 

¶
+

µ
1

0 − 
− 1

0 + 

¶
or

40 ∼  ln (2
0− 1) +

1



µ
1− 1

20− 1
¶

(8)

Note for  = 2 = 025 in we find 01616 ∼  (40) and 03083 ∼  (
040). The field on axis at

general  is then

−
 (0 ) ∼



40

µ
1

0 + 
+

1

0 − 

¶
+



40

"
1

(0 − )
2
+

1

(0 + )
2

#
(9)

A comparison of the values from these formulas with a numerical solution is shown in Figure 78,

illustrating that near the plane  = 0 these are accurate.

The short circuit field on the plane directly below the rod can be simplified further as

96



−
 (0 0) ∼

2
0

Ω
where

Ω = 2 ln (2
0)− 40

and the line charge density is approximately constant

 () ∼  =
40

Ω


This is shown as the dot in Figure 78. However, to be consistent with the drive field discussed in the

magnetic field section, we instead choose the effective short circuit electric field so that it preserves the

electric dipole moment of the penetration. This is done by again making use of oblate spheroidal coordinates

to examine the penetration. In the useful equations report [15] we take the electrostatic potential to be the

sum

 =  +     0

=     0

where the short circuit potential is ,  = −∇, and  is the potential scattered by the hole.

Continuity of the tangential electric field at the aperture, the fact that the total potential vanishes on the

conducting plane, and the vanishing of the short circuit potential, means that

 continuous at  = 0

 ( ) = 0     ∞
Continuity of the normal component of the electric field in the hole means that

−



(+0)− 


(+0) = −


(−0)  0    

Noting that − is odd in  gives

1

2




(+0) = −


(+0)  0    

If we immerse a PMC disc of radius  in a potential field

 ( ) =
1

2
 ( )

we will find the same scattered potential in the upper half space   0 and negative the scattered potential

of the hole problem in the lower half space   0 (the incident and scattered potentials in the disc problem

are even in ).

The aperture potential then satisfies
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∇2 = 0
in the upper and lower half spaces. The boundary condition for the scattered potential is

−

(±0) = 


(±0)

To obtain the aperture potential in the lower half space   0 we reverse the sign of the disc potential

→ −.

We now use oblate spheroidal coordinates

 = 

q
1 + 2

q
1− 2  − 1    1  0   ∞

 = 

The aperture potential is now expanded in oblate spheroidal coordinates

 =
X


 () ()

where the functions  () are not included since this potential decays at infinity. Also the functions

 () are not included since the potential must be finite at  = ±1. Now using orthogonality

Z 1

−1
 ()0 ()  =

0

+ 12
and the above boundary condition

−

(±0) = 


(±0)

with




( 0)→ 1






(0 ) =

1



s
1 + 2

2 + 2



(0 ) =

1



1

||



(0 )

or

−1


1

||



(0 ) =




(±0) = ±1

2




( 0)

gives

−1


X




Z 1

−1
 ()0 () 

0
 (0) =

1

2

Z 1

−1
0 ()





µ
 = 

q
1− 2 0

¶


or

−

0 (0)
+ 12

=


2

Z 1

−1
 ()





µ
 = 

q
1− 2 0

¶
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0 (0) = −−1−
Γ (1 + 2)

Γ
¡
+1
2

¢ √
The even coefficients vanish and the odd coefficients are

−

0 (0)
+ 12

= 

Z 1

0

 ()




µ
 = 

q
1− 2 0

¶


Noting that the Legendre functions behave as

 () ∼ 2!

(32) (2)
+1

  →∞
we see that  = 1 will be dominant away from the aperture. Thus in the hole problem (→ −) we have

 ∼ −11 ()1 () = −11 ()

1 () =  arccot  − 1

01 (0) =


2
where 2  arccot   0 for 0   ∞. Thus the  = 1 term is

 ∼ −1 ( arccot  − 1)
Expanding for large 

 ∼ 1

32

Using  ∼  and  =  gives

 ∼ 1
2

33
=

 · 
403

or

 = 104
23

where

1 =
3



Z 1

0




µ
 = 

q
1− 2 0

¶
2

If we transform to  = 
p
1− 2 or  =

q
1− ()2

 = 014
23 = 40

Z 

0


 ( 0)

p
2 − 2
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=
2


0

Z 

0


 ( 0)

p
2 − 22

If we replace the function of  by an effective value 
() and integrate we find

 =
2


0


()

Z 

0

p
2 − 22 =

4

3
30


() = 20


()

where again for a circular hole

 =
2

3
3

Thus equating the effective value required to achieve the same dipole moment as the true field gives

20

() =

2


0

Z 

0


 ( 0)

p
2 − 22


()


 (0 0) =

1



Z 

0


 ( 0)


 (0 0)

p
2 − 22

=
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Z 

0


 ( 0)


 (0 0)

p
2 − 2

Numerical implementation can be carried out as

 =
³


´


−12 =
1

2

¡
 + −1

¢
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 (0 0) ≈

X
=1




³
−12 0

´

 (0 0)

2



Z 

−1

p
2 − 2

≈
X
=1




³
−12 0

´

 (0 0)

23



h¡
2 − 2−1

¢32 − ¡2 − 2
¢32i

≈
X
=1




³
−12 0

´

 (0 0)

h¡
1− 2−1

2
¢32 − ¡1− 2

2
¢32i

In the case of interest where  =  = 025 in and  = 0125 in we find that 
()


 (0 0) ≈ 0832. In

the case where  = 025 in,  = 0125 in, and 2 = 069 in we find 
()


 (0 0) ≈ 0735.

The potential from the point charge - line charge model is

40
 ( ) ∼
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Thus the field is
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and therefore on the ground plane

−20
 ( 0)

p
2 + 02 ∼  +

0
¡
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¢
(10)

Inserting this into the dipole moment formula and letting  = 2
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Now taking 2 −  = 2 and

20 = 2 + 02 (11)

 = − 2


Z 

0

"
p

20 − 2
+

0

(20 − 2)
32

#
2

From [19]
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and thus
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20 − 2 − arcsin (0)

¸
0

= − 1



∙
−
q
20 − 2 + 20 arcsin (0)

¸
− 2


0

∙


q
20 − 2 − arcsin (0)

¸

= − 1


£−0 + 20 arcsin (0)

¤− 2

0 [

0 − arcsin (0)] (12)

The electric dipole moment of the aperture is thus

 =
2


0

Z 

0


 ( 0)

p
2 − 22

= −
£¡
2 + 02

¢
arctan (0)− 0

¤
 + 2 [

0 arctan (0)− ] 

and we can determine an effective value of the short circuit electric field, preserving the aperture dipole

moment, by equating this to

 = 200

()

or

−4
3
30


() = 

£−0 + ¡2 + 02
¢
arctan (0)

¤
+ 2 [− 0 arctan (0)] (13)

If we divide by the value on the plane at the center

−
 (0 0) ≈



200
+


0

200
we find the correction factor


()


 (0 0) =

0

233


£¡
2 + 02

¢
arctan (0)− 0

¤− 2 [
0 arctan (0)− ]

 +0

Thus in summary we have the effective short circuit field at the hole center

−1
3


() =

µ


40

¶
(0) [(0 + 0) arctan (0)− 1]
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Figure 79. Experimental configuration for electric field indirect coupling.
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+2

µ


400

¶
(0) [1− (0) arctan (0)]

where the normalized line charge density is

1

Ω+ 2 ln ()− 2 ∼
µ



40

¶
≈ 01616

and where the normalized point charge value is



0

µ
20− 1
0− 1

¶∙
1− ln (20− 1)

Ω+ 2 ln ()− 2
¸
∼ 2

µ


400

¶
≈ 06166

For the case here we find

−
() ≈ 08294 cm−1

4.2.4 Wire Coupling

In the case of a wire at a distance  below the hole

0 () 0 = 
³

p
2 − 2

´
∼  ()

0 =
20

Arccosh ()
=

20

ln
³
 +

p
22 − 1

´ ∼ 20

ln (2)

where  is the radius of the wire.

4.2.5 Cable Coupling

In the case of the stripline cable we had above the fit with −0 → 0

0 (0 0) 0 ≈ 1−
1

4
¡
2 − 2 ln ¢   ≥ 1

 =  (2)

4.2.6 Collector Coupling

In the experiment we used a metallic collector of large dimensions, shown in Figure 79. For this

geometry we use

0 () 0 ≈ 1
Thus we have

 ≈ −0

 

()
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and

 =



= 




≈ −1


 0





()

where

 ≈
£
0 (0 0) 0

¤
 0

h
−

()

i
≈ − 1


 0


() ≈ 001175 pF

The PASD pulser has a maximum voltage rise rate of

µ




¶
max

≈ 3kV
ns

and thus the maximum short circuit current induced is

()max = 

µ




¶
max

≈ 352 mA

We actually measure the voltage on the brass collector with a 50 ohm measurement resistance (an

optical data link) attached to it. The collector has a capacitance to the surrounding Faraday cage (coupon

and housing shown in Figure 79), that was measured to be

 ≈ 755 pF
In addition there is a capacitance between leads to the measurement system estimated as  ≈ 8 pF.
The time constant of the load is thus

  = ( + ) (50 ohms) ≈ 42 ns
Since the PASD drive voltage rises rapidly to  = 46 kV in less than 2 ns (considerably less than the 

time constant), let us approximately ignore the 50 ohm load resistor and consider voltage division between

the capacitors (we ignore  compared to the load capacitance)

 ≈ 

 + 

 ≈ 065 V
which is very close to the experimental result 07 V as shown in Figure 86. When an experiment was done

using a stripline rather than the collector,  ≈ 00115 pF, the capacitance  drops to about  ≈ 20
pF and the calculated electric field coupled voltage increased to 19 V, which is close to the voltage that we

measured of 22 V (not plotted).

The exterior electric field drive in a lightning environment is not as well characterized as the current

time derivative. If we take the Sandia facility Marx voltage and double it at an open circuit, we expect

a level near  ≈ 16 MV (this level corresponds to a highly overvolted situation and will rapidly lead to
breakdown of the gap which is being ignored here), an induced collector voltage of  ≈ 225 V, and an
induced cable voltage of 657 V.

4.3 Experiments

The results from the indirect coupling experiments are now discussed. The comparisons mentioned
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Case Drive Model Experiment

Mag (V) Strip 083 kA/s 016 V 015 V

Mag (H) Strip 083 kA/s 068 V 066 V

Mag (V) Wire 083 kA/s 015 V 011 V

Elect Strip 46 kV (3 kV/ns) 065 V 07 V

Table 7. Comparison between indirect model and experiment

above are summarized in Table 7 (only the absolute values are listed).

4.3.1 Magnetic Coupling

The fixture for the magnetic coupling experiment is shown in Figure 80. The one half inch hole is

shown with the shield cover removed so that the stripline cable can be easily seen. Figure 82 shows the

Velonex pulser drive current and the voltage results for the vertical drive current case. Figure 83 shows the

corresponding horizontal current drive.

The coupled voltage and Velonex pulser drive for the wire coupling experiment are shown in Figure 84.

4.3.2 Electric Coupling

The electric coupling experimental setup is shown in Figure 85. The PASD pulser output and coupled

voltage are shown in Figure 86.

5 DIRECT HIGH VOLTAGE BREAKDOWN MECHANISM

This section considers direct charge and current coupling to the collector by means of the formation of

an ionized path.

5.1 Threshold Levels

Here we apply ionization coefficients to determine threshold breakdown voltage levels [21]. Figure 87

illustrates an electron avalanche and charge growth in an electric field. This method uses the Townsend

primary  and secondary  ionization coefficients to develop the Townsend breakdown condition [23]

Z


 ()  = ln (1 + 1)

where the integration path  is the proposed discharge path. To transition to the streamer breakdown

criterion [23]

Z 

0

 = 177 + ln (1 cm)

we made use of the form [23]

Z 

0

−  = ln
¡
1 + 1

¢
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Figure 80. Fixture for magnetic indirect coupling experiment.

Figure 81. Vertical drive current in experiment.
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Figure 82. Magnetic coupling experiment with vertical current, using Velonex pulser.
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Figure 83. Magnetic coupling experiment with horizontal current, using Velonex pulser.
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Figure 85. Electric coupling experimental setup.
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Figure 87. Electron avalanche and charge growth in an electric field.

which assumes that the secondary processes are limited to photon emission  for a rapid breakdown of

the gap. This form is motivated by photon absorption with coefficient  in air, but we determined the

parameters  and  by requiring the calculated breakdown voltage to be the same as that given by the

Paschen curve in air [24]. Finally, to approximately differentiate between local corona breakdown and spark

threshold we varied the electrode voltage so that the magnitude of the electric field along the path is always

greater than the streamer sustaining field in air: min = 47 kV/m [25]. Note that using this criterion to

determine spark thresholds is somewhat empirical, and is based on comparisons with experimental data

from various nonuniform field configurations..

5.2 Static Breakdown, No Residual Plasma

In this section we will examine the static breakdown characteristics between an electrode, which

represents the second return stroke approaching the burnthrough hole, and a cable located behind the

hole. By varying the locations of the electrode and the cable with respect to the hole and by varying the

hole diameter, we hope to gain some understanding of the probability of breakdown to the cable versus

the probability of breakdown to the hole edges. In all cases, the breakdown occurs in air. In this section,

charged particles in the vicinity of the hole due to the burnthrough event are ignored.

5.2.1 Geometry

The geometry of interest is shown in Figure 88 (oblique view) and in Figure 89 (view of the x=0 plane).

The electrode is initially centered and a distance  above the hole. The electrode is  long, has a radius

of  and is capped by a hemisphere. A circular hole of radius  is cut in a square metal coupon, which is

dimensioned 100 mm by 100 mm. Below the hole is a flat cable 10 mm wide and 100 mm long. Initially,

the cable is centered and at a distance  below the hole. The entire geometry represents various pieces of

metal, which are all modeled as perfect electrical conductors (PEC).

5.3 Calculation

In order to calculate the expected breakdown voltage between the pin electrode and the other two

objects in the problem (the coupon and the cable) we follow the method outlined in [21]. The geometry is

gridded as shown in Figure 90, using elements that have edge lengths of approximately 1 mm. The cable is

colored yellow, the coupon green and the pin red. Initially we set the dimensions of the pin to be  = 10

mm and  = 2 mm. The boundary element, static code EIGER_S is used to calculate the charges on all

three pieces of metal given a particular voltage configuration. The voltage on the pin was set to be negative

compared to the voltage on both the coupon and the cable. We stipulate that the total charge for all three

pieces of metal be zero so that all electric field lines terminate on the metal surfaces and none terminate at
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Figure 90. View of mesh.

infinity. We further require that the voltage difference from coupon to pin be 1 volt and that the voltage

difference between cable and pin also be 1 volt (the coupon and the cable are at the same potential). After

solving for the charge on all the surfaces, we post-process to calculate the field lines between the pin and

the coupon or cable. The field line is the path that an electron would take starting from a point at or near

the pin and allowed to drift under influence of the field. It is along these field lines that an avalanche will

occur leading to streamer formation.

Figure 91 shows a scheme for designating the starting point of the avalanche in terms of a radius from

the center of the hemisphere (), an angle () from the axis of the pin (−b) and an angle () from the

axis of the cable (b). Since the radius of the pin is 2 mm, we set  = 201 mm.
The breakdown characteristics of the gas depends on the first Townsend ionization coefficient () which

is, in turn, a function of the ratio of electric field over gas density. We assume that the measurements of 

that we use in the code Breakdown_alpha were conducted at a pressure of 760 Torr and at 200 C (2930

K), which yields a gas density  = 2504× 1025 gas particles/m3 using the equation

 =




where  is the pressure in Pascals
¡
760 Torr = 1013× 105 Pa¢,  is Boltzman’s constant (138065× 10−23

Joules/K0), and  is the temperature in K0. The breakdown calculations for this gas density represent

the breakdown characteristics of a pre-drilled hole. Since burnthrough causes aluminum to vaporize, the

boiling temperature of aluminum might give us some indication of the gas density in the vicinity of the

burnthrough hole after it is formed. The boiling temperature of aluminum is 25190 C (27920 K). A

pressure of 760 Torr and temperature of 27920 K yields a gas density of 2628 × 1024 gas particles/m3
Breakdown_alpha assumes a temperature of 200 C, so to achieve the 2628× 1024 particles/m3 density
we must scale the pressure to 79.8 Torr. Initially we will not account for the fact that  may change as the

temperature rises, which is due in part to the fact that oxygen attachment decreases. In all the tables that

follow we have results for pressures of 760 Torr and 79.8 Torr. We assume in this section that a particular

gas density exists throughout the problem space. The more realistic case of the gas density varying in

different regions — say the outside of the burnthrough hole is at higher temperature than the inside — will

be taken up later.
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113



Figure 92. Breakdown paths along cable axis, pin at z = 6 mm, cable at z = -6 mm.

We begin by solving a series of problems that only involve the pin and the cable because we first want

to determine how close the pin and cable need to be before breakdown occurs along at least some of the field

lines and then introduce the effects of the coupon hole. We found that if the pin and cable are separated

by 16 mm (or more), the field in the region between the pin and cable is too non-uniform to allow a spark

to occur and only corona occurs. In other words, the voltage that causes enough growth of the avalanche

to attain streamer threshold near the pin falls below the field required to sustain the streamer (4.7 kV/m

at 760 Torr) in the vicinity of the cable. When we moved the pin and cable to be 14 mm apart, the field

became uniform enough to allow a spark along a few field lines; those which started in the region of the

pin from the tip where  = 0
0 to where  was less than 20

0. Starting points further away
¡
  20

0
¢

would again result in corona.

It appears that the sustaining field scales linearly with gas density. Using the technique described

in [22] we found the sustaining field at 1 bar for three temperature: 200 C (room temperature), 6600

C (melting temperature of aluminum) and 25190 C (boiling temperature of aluminum). We predicted

sustaining fields of 3.5 kV/cm for 200 C (1.2 kV/cm lower than the accepted value), 1.3 kV/cm for 6600 C

(4.7 kV/cm scaled by 293/993 is 1.4 kV/cm) and 0.5 kV/cm for 25190 C (4.7 kV/cm scaled by 293/2792 is

0.5).

5.3.1 Pin 6mm above Coupon, Cable 6 mm below Coupon

We moved the pin and cable 12 mm apart, and found that if  = 0
0 breakdown would occur when

  700. Figure 92 shows the breakdown paths between pin and cable for this case. The paths are

calculated at 50 increments starting at  = 0
0 (Path 0, colored blue) and ending at  = 90

0 (Path 18,

colored dark green). A detail of the paths near the pin is shown in Figure 93. Note that because the grid

fits flat elements to a curved geometry, certain paths, i.e., Path 0 (colored dark blue), Path 6 (colored light

green) or Path 12 (colored light pink) start in the vicinity of an edge.

Table 8 gives the predicted breakdown voltage for each path. The smallest breakdown voltage is

associated with the straight-line path from pin to cable (Path 0). We expect that as the path length

becomes longer, the breakdown voltage will increase. This is true in general, but Paths 6 and 12 deviate

from this trend. The reason for this is, as noted previously, that these paths start in the vicinity of an

114



Figure 93. Detail of breakdown paths near pin.
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Path  BDV 760 Torr BDV 79.8 Torr

0 00 16.4 kV 3.2 kV

2 100 17.2 kV 3.2 kV

4 200 17.3 kV 3.3 kV

6 300 16.6 kV 3.2 kV

8 400 17.7 kV 3.4 kV

10 500 18.1 kV 3.4 kV

12 600 18.0 kV 3.5 kV

14 700 19.7 kV 3.7 kV

Table 8. Breakdown voltages between pin and cable 12 mm apart,  = 0
0

edge caused by gridding and the field is artificially larger there. This larger field is enough to allow the

integration of  along this path to achieve the conditions required for streamer threshold at a lower voltage.

Figure 94 shows the field as a function of position along Path 0 with the voltage on the pin set to 16.37

kV. Note that the electric field falls off rapidly as a function of distance away from the pin, but it never

falls below the field needed to sustain the streamer (the blue line). Figure 95 shows how the integral of 

changes as a function of position along Path 0. Note that within 2 mm of the pin we have nearly achieved

sufficient growth of the avalanche to reach a streamer. Since the field drops so rapidly as we travel away

from the pin, the remainder of the path (~10 mm) is needed to actually achieve the growth required for

breakdown.

Figure 96 shows the breakdown paths for  = 90
0 In this case, when  is greater than 65

0 the

breakdown path attaches to the back of the cable (the side opposite the pin). Prior to this occurring,

however, at  = 450, the field is too non-uniform to lead to breakdown and corona results. Table 9 gives

the predicted breakdown voltage for the various paths when  = 90
0.

We next impose the green coupon with a hole of radius  = 5 mm midway between the pin and

electrode. The coupon modifies the field lines as shown in Figures 97 and 100. The path along the pin axis

(Path 0) proceeds from the pin through the hole and hits the cable as before. As  increases, however,

the path first passes through the hole, curves around and hits the side of the coupon on the opposite side

of the pin (coupon back). As  continues to increase, the field line exceeds the radius of the hole and

hits the coupon on the same side as the pin (coupon front). The paths for  = 0
0 are shown in Figure

97 and their breakdown characteristics are summarized in Table 10 for gas pressures of 760 Torr and 79.8

Torr. Paths 0 through 4 pass through the hole and terminate on the cable. Paths 5 and 6 terminate on

the back of the coupon and the remaining paths terminate on the front of the coupon. If we examine the

field as a function of distance along Path 0, as shown in Figure 98, we note that in contrast to Figure 94,

the field falls below the level needed to sustain the streamer shortly after the path enters the hole ( = 0

plane). Because of this, we conclude that breakdown along Path 0 takes the form of a corona. It is

possible, to increase the voltage of the pin until the entire path is above the sustaining level. This occurs

when the voltage is increased to 499 kV at 760 Torr or 52 kV at 798 Torr. Then breakdown will take

the form of a spark. If corona occurs at the lowest breakdown level, parentheses will enclose the voltage

in the tables that follow. The voltage inside the parentheses is the level needed to cause the breakdown

to occur by spark. Figure 99 shows the fields along Path 7. In this case, the field along the entire path

at the minimum breakdown voltage — 14.67 kV at 760 Torr — is greater than the sustaining voltage and

breakdown will occur by spark.

The paths for  = 90
0 are shown in Figure 100 and summarized in Table 11. Paths 0 through 3 pass

through the hole and terminate on the cable. Paths 4 through 6 terminate on the back of the coupon and

the remaining paths terminate on the front of the coupon. Again, all of the paths that terminate on the

cable will breakdown through corona rather than spark at the threshold voltage level. The pin voltage
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Path  BDV 760 Torr BDV 79.8 Torr

0 00 16.4 kV 3.2 kV

2 100 17.3 kV 3.2 kV

4 200 17.5 kV 3.3 kV

6 300 17.1 kV 3.2 kV

8 400 16.9 kV 3.2 kV

Table 9. Breakdown voltages between pin and cable 12 mm apart,  = 90
0
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Figure 96. Breakdown paths perpendicular to cable axis, pin at z = 6 mm, cable at z = -6 mm.

Figure 97. Paths through coupon hole along cable axis, pin at z = 6 mm, cable at z = -6 mm.
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Path  Path End BDV 760 Torr BDV 79.8 Torr

0 00 cable (49.9 kV) (5.2 kV)

1 50 cable (53.0 kV) (5.6 kV)

2 100 cable (63.3 kV) (6.6 kV)

3 150 cable (97.5 kV) (10.2 kV)

4 200 cable (372.5 kV) (39.1 kV)

5 250 coupon back (114.1 kV) (12.0 kV)

6 300 coupon back (24.6 kV) 2.7 kV

7 350 coupon front 14.67 kV 2.7 kV

8 400 coupon front 15.1 kV 2.8 kV

9 450 coupon front 15.3 kV 2.8 kV

10 500 coupon front 15.4 kV 2.8 kV

14 700 coupon front 16.8 kV 3.1 kV

18 900 coupon front 17.5 kV 3.2 kV

Table 10. Breakdown voltage between pin (6 mm above coupon) and cable (6 mm below coupon) or between

pin and coupon,  = 0
0
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Figure 98. Field for path 0.
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Figure 100. Paths through coupon hole perpendicular to cable axis, pin at z = 6 mm, cable at z = -6 mm.

must be increased to 49.9 kV to attain breakdown to the cable via spark.

From the results above we expect that if the coupon isn’t present, that breakdown will occur between

pin and cable at around 16.4 kV (Path 0). If we impose the coupon with the hole between the two, the

field distribution changes. The coupon intercepts some of the paths, which restricts the paths that can

transport electrons between pin and cable. Further, the coupon reduces the field surrounding the cable so

that none of the paths that enter the hole will sustain a streamer at threshold. The paths that can sustain

a streamer, all remain outside of the coupon and break down to the edge of the hole at around 14.5 kV

(Path 7). If we increase the electrode voltage to 49.9 kV the entire Path 0 is above sustaining level and

breakdown can occur to the cable. We need to assess the probability of breakdown along the single Path

0 just at breakdown threshold versus the many paths to the edge of the hole, which are at 3.4 times their

breakdown threshold (49.9 kV/14.5 kV).

5.3.2 Pin 5 mm above Coupon, Cable 5 mm below Coupon

In this section we move the pin to 5 mm above the hole and the cable to 5 mm below the hole. Tables

12 and 13 show the breakdown voltages between pin and cable without the coupon for  = 00 and

 = 90
0 respectively. We note that the lowest breakdown voltage is along Path 0 at 15.7 kV. The fields

are more uniform than when the pin and cable were 12 mm apart and spark breakdown at threshold occurs

over a wider range of  . Tables 14 and 15 show the effect of placing a coupon with a 5 mm radius hole

midway between the pin and cable. All paths that connect pin to cable corona at threshold. The lowest

voltage that cause a spark breakdown pin to cable through the hole is 28.6 kV along Path 0. The threshold

voltage that leads to spark breakdown occurs along Path 8 from pin to coupon front where  = 90
0 at

13.1 kV. Again there is a margin between the breakdown voltage from pin to cable versus the breakdown

voltage from pin to hole edge but the margin isn’t as large (28.6/13.1 = 2.2).
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Path  Path End BDV 760 Torr BDV 79.8 Torr

0 00 cable (49.9 kV) (5.2 kV)

1 50 cable (52.8 kV) (5.5 kV)

2 100 cable (61.5 kV) (6.5 kV)

3 150 cable (83.2 kV) (8.7 kV)

4 200 coupon back (2170 kV) (228.6 kV)

5 250 coupon back (132.2 kV) (13.9 kV)

6 300 coupon back (26.4 kV) (2.8 kV)

7 350 coupon front 14.5 kV 2.7 kV

8 400 coupon front 14.3 kV 2.7 kV

9 450 coupon front 14.2 kV 2.7 kV

10 500 coupon front 14.9 kV 2.8 kV

14 700 coupon front 17.0 kV 3.1 kV

18 900 coupon front 17.5 kV 3.2 kV

Table 11. Breakdown voltage between pin (6 mm above coupon) and cable (6 mm below coupon) or between

pin and coupon,  = 90
0

Figure 101. Breakdown paths along cable axis, pin at z = 5 mm, cable at z = -5 mm.
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Path  BDV 760 Torr BDV 79.8 Torr

0 00 15.7 kV 3.0 kV

2 100 16.5 kV 3.1 kV

4 200 16.6 kV 3.1 kV

6 300 16.0 kV 3.1 kV

8 400 17.1 kV 3.2 kV

10 500 17.5 kV 3.3 kV

12 600 17.5 kV 3.3 kV

14 700 19.2 kV 3.6 kV

16 800 19.8 kV 3.7 kV

18 900 19.9 kV 3.7 kV

Table 12. Breakdown voltages between pin and cable 10 mm apart,  = 0
0

Figure 102. Breakdown paths perpendicular to cable axis, pin at z = 5 mm, cable at z = -5 mm.

Path  BDV 760 Torr BDV 79.8 Torr

0 00 15.7 kV 3.0 kV

2 100 16.6 kV 3.1 kV

4 200 16.8 kV 3.1 kV

6 300 16.5 kV 3.1 kV

8 400 16.3 kV 3.1 kV

10 500 17.0 kV 3.2 kV

Table 13. Breakdown voltages between pin and cable 10 mm apart,  = 90
0
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Figure 103. Paths through coupon hole along cable axis, pin at z = 5 mm, cable at z = -5 mm.

Path  Path End BDV 760 Torr BDV 79.8 Torr

0 00 cable (28.6 kV) (3.0 kV)

1 50 cable (30.2 kV) (3.2 kV)

2 100 cable (34.4 kV) (3.6 kV)

3 150 cable (43.3 kV) (4.5 kV)

4 200 cable (67.2 kV) (7.1 kV)

5 250 cable (463.6 kV) (48.7 kV)

6 300 coupon back (83.8 kV) (8.8 kV)

7 350 coupon front 13.3 kV 2.6 kV

8 400 coupon front 13.8 kV 2.7 kV

9 450 coupon front 14.1 kV 2.7 kV

10 500 coupon front 14.2 kV 2.7 kV

14 700 coupon front 16.0 kV 3.0 kV

18 900 coupon front 17.1 kV 3.1 kV

Table 14. Breakdown voltage between pin (5 mm above coupon) and cable (5 mm below coupon) or between

pin and coupon,  = 0
0
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Figure 104. Paths through coupon hole perpendicular to cable axis, pin at z = 5 mm, cable at z = -5 mm.

Path  Path End BDV 760 Torr BDV 79.8 Torr

0 00 cable (28.6 kV) (3.0 kV)

1 50 cable (30.1 kV) (3.2 kV)

2 100 cable (34.0 kV) (3.6 kV)

3 150 cable (41.9 kV) (4.4 kV)

4 200 cable (57.4 kV) (6.0 kV)

5 250 coupon back (2390 kV) (250.7 kV)

6 300 coupon back (68.2 kV) (7.2 kV)

7 350 coupon back (20.2 kV) 2.6 kV

8 400 coupon front 13.1 kV 2.6 kV

9 450 coupon front 13.0 kV 2.6 kV

10 500 coupon front 13.7 kV 2.7 kV

14 700 coupon front 16.1 kV 3.0 kV

18 900 coupon front 17.1 kV 3.1 kV

Table 15. Breakdown voltage between pin (5 mm above coupon) and cable (5 mm below coupon) or between

pin and coupon,  = 90
0
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Figure 105. Breakdown paths along cable axis, pin at z = 4 mm, cable at z = -4 mm.

5.3.3 Pin 4 mm above Coupon, Cable 4 mm below Coupon

In this section we move the pin to 4 mm above the hole and the cable to 4 mm below the hole.

Tables 16 and 17 show the breakdown voltages between pin and cable without the coupon for  = 0
0

and  = 90
0 respectively. We note that the lowest breakdown voltage is along Path 0 at 14.5 kV. The

fields are more uniform than when the pin and cable were 10 mm apart and spark breakdown at threshold

occurs over the entire range of  being tested
¡
00 − 900¢ when  = 0

0 and the range
¡
00 − 700¢ when

 = 90
0 Tables 18 and 19 show the effect of placing a coupon with a 5 mm radius hole midway between

the pin and cable. All paths that connect pin to cable corona at threshold. The lowest voltage that cause

a spark breakdown pin to cable through the hole is 15.6 kV along Path 0. The threshold voltage that leads

to spark breakdown occurs along Path 8 from pin to coupon front where  = 90
0 at 12.4 kV. Again there

is a margin between the breakdown voltage from pin to cable versus the breakdown voltage from pin to

hole edge but the margin isn’t as large (15.6/12.4 = 1.3).

5.3.4 Pin 2.5 mm above Coupon, Cable 2.5 mm below Coupon

In this set of simulations we will move the pin to 2.5 mm above the hole and the cable to 2.5 mm

below the hole. Tables 20 and 21 show the breakdown voltages between pin and cable without the coupon

for  = 0
0 and  = 90

0 respectively. We note that the lowest breakdown voltage is along Path 0 at

11.9 kV. The fields are even more uniform than when the pin and cable were 10 mm apart. Tables 22

and 23 show the effect of placing a coupon with a 5 mm radius hole midway between the pin and cable.

Paths 0 through 7 are uniform enough that spark breakdown occurs at threshold. The lowest breakdown

voltage is along Path 0 at 11.0 kV which is actually less than the breakdown predicted without the coupon.

Breakdown to the coupon front occurs at 11.7 kV. The preferred breakdown path is along Path 0 to the

cable. In this case the coupon is providing no protection to the cable.
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Path  BDV 760 Torr BDV 79.8 Torr

0 00 14.5 kV 2.8 kV

2 100 15.2 kV 2.9 kV

4 200 15.3 kV 2.9 kV

6 300 16.0 kV 2.9 kV

8 400 14.9 kV 3.0 kV

10 500 16.6 kV 3.1 kV

12 600 16.7 kV 3.2 kV

14 700 18.4 kV 3.4 kV

16 800 19.0 kV 3.5 kV

18 900 19.2 kV 3.5 kV

Table 16. Breakdown voltages between pin and cable 8 mm apart,  = 0
0

Figure 106. Breakdown paths perpendicular to cable axis, pin at z = 4 mm, cable at z = -4 mm.

Path  BDV 760 Torr BDV 79.8 Torr

0 00 14.5 kV 2.8 kV

2 100 15.4 kV 2.9 kV

4 200 15.6 kV 2.9 kV

6 300 15.4 kV 2.9 kV

8 400 15.3 kV 2.9 kV

10 500 16.2 kV 3.1 kV

12 600 17.5 kV 3.2 kV

14 700 18.7 kV 3.4 kV

Table 17. Breakdown voltages between pin and cable 8 mm apart,  = 90
0
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Figure 107. Paths through coupon hole along cable axis, pin at z = 4 mm, cable at z = -4 mm.

Path  Path End BDV 760 Torr BDV 79.8 Torr

0 00 cable (15.6 kV) 2.5 kV

1 50 cable (15.8 kV) 2.5 kV

2 100 cable (17.0 kV) 2.5 kV

3 150 cable (19.5 kV) 2.6 kV

4 200 cable (24.8 kV) (2.6 kV)

5 250 cable (37.3 kV) (3.9 kV)

6 300 cable (158 kV) (16.6 kV)

7 350 coupon back (39.0 kV) (4.1 kV)

8 400 coupon front 13.1 kV 2.6 kV

9 450 coupon front 13.4 kV 2.6 kV

10 500 coupon front 13.5 kV 2.6 kV

14 700 coupon front 15.2 kV 2.9 kV

18 900 coupon front 16.3 kV 3.0 kV

Table 18. Breakdown voltage between pin (4 mm above coupon) and cable (4 mm below coupon) or between

pin and coupon,  = 0
0
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Figure 108. Paths through coupon hole perpendicular to cable axis, pin at z = 5 mm, cable at z = -4 mm.

Path  Path End BDV 760 Torr BDV 79.8 Torr

0 00 cable (15.6 kV) 2.5 kV

1 50 cable (15.8 kV) 2.5 kV

2 100 cable (16.9 kV) 2.5 kV

3 150 cable (19.4 kV) 2.6 kV

4 200 cable (24.2 kV) 2.6 kV

5 250 cable (31.2 kV) (3.3 kV)

6 300 coupon back (4570 kV) (48.0 kV)

7 350 coupon back (72.5 kV) (7.6 kV)

8 400 coupon front 12.4 kV 2.5 kV

9 450 coupon front 12.4 kV 2.5 kV

10 500 coupon front 13.1 kV 2.6 kV

14 700 coupon front 15.3 kV 2.9 kV

18 900 coupon front 16.3 kV 3.0 kV

Table 19. Breakdown voltage between pin (4 mm above coupon) and cable (4 mm below coupon) or between

pin and coupon,  = 90
0
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Figure 109. Breakdown paths along cable axis, pin at z = 2.5 mm, cable at z = -2.5 mm.

Path  BDV 760 Torr BDV 79.8 Torr

0 00 11.9 kV 2.4 kV

2 100 12.6 kV 2.5 kV

4 200 12.7 kV 2.5 kV

6 300 12.4 kV 2.5 kV

8 400 13.5 kV 2.6 kV

10 500 14.1 kV 2.7 kV

12 600 14.4 kV 2.8 kV

14 700 16.2 kV 3.0 kV

16 800 17.1 kV 3.1 kV

18 900 17.5 kV 3.2 kV

Table 20. Breakdown voltages between pin and cable 5 mm apart,  = 0
0

Path  BDV 760 Torr BDV 79.8 Torr

0 00 11.9 kV 2.4 kV

2 100 12.7 kV 2.5 kV

4 200 12.9 kV 2.5 kV

6 300 12.8 kV 2.5 kV

8 400 12.9 kV 2.6 kV

10 500 13.7 kV 2.7 kV

12 600 15.1 kV 2.9 kV

14 700 16.5 kV 3.1 kV

16 800 17.5 kV 3.2 kV

18 900 17.9 kV 3.3 kV

Table 21. Breakdown voltages between pin and cable 5 mm apart,  = 90
0
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Figure 110. Breakdown paths perpendicular to cable axis, pin at z = 2.5 mm, cable at z = -2.5 mm.

Figure 111. Paths through coupon hole along cable axis, pin at z = 2.5 mm, cable at z = -2.5 mm.
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Path  Path End BDV 760 Torr BDV 79.8 Torr

0 00 cable 11.0 kV 2.2 kV

1 50 cable 11.3 kV 2.3 kV

2 100 cable 11.6 kV 2.3 kV

3 150 cable 11.7 kV 2.3 kV

4 200 cable 11.7 kV 2.3 kV

5 250 cable 11.6 kV 2.3 kV

6 300 cable 11.3 kV 2.3 kV

7 350 cable 11.9 kV 2.4 kV

8 400 cable (18.1) kV 2.4 kV

9 450 cable (162) kV (17.0 kV)

10 500 coupon front 12.1 kV 2.4 kV

14 700 coupon front 13.8 kV 2.6 kV

18 900 coupon front 14.9 kV 2.8 kV

Table 22. Breakdown voltage between pin (2.5 mm above coupon) and cable (2.5 mm below coupon) or

between pin and coupon,  = 0
0

Figure 112. Paths through coupon hole perpendicular to cable axis, pin at z = 2.5 mm, cable at z = -2.5

mm.

132



Path  Path End BDV 760 Torr BDV 79.8 Torr

0 00 cable 11.0 kV 2.2 kV

1 50 cable 11.4 kV 2.3 kV

2 100 cable 11.6 kV 2.3 kV

3 150 cable 11.8 kV 2.3 kV

4 200 cable 11.8 kV 2.3 kV

5 250 cable 11.8 kV 2.3 kV

6 300 cable 11.7 kV 2.3 kV

7 350 cable 11.7 kV 2.3 kV

8 400 cable (15.6 kV) 2.3 kV

9 450 coupon back (269 kV) (28.2 kV)

10 500 coupon front 11.7 kV 2.4 kV

14 700 coupon front 13.9 kV 2.6 kV

18 900 coupon front 14.9 kV 2.8 kV

Table 23. Breakdown voltage between pin (2.5 mm above coupon) and cable (2.5 mm below coupon) or

between pin and coupon,  = 90
0
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Figure 113. Breakdown paths along cable axis, pin at z = 2.5 mm, cable at z = -5.0 mm.

5.3.5 Pin 2.5 mm above Coupon, Cable 5 mm below Coupon

In the next set of simulations we will keep the pin at 2.5 mm above the hole and move the cable 5 mm

away from the hole. Tables 24 and 25 show that without the coupon, the pin breaks down to the cable

at the lowest value of 14.1 kV along Path 0. Tables 26 and 27 show that with the coupon in place, all of

the paths from pin to cable breakdown at threshold via corona. If we increase the voltage between pin and

cable to 14.8 kV, a spark breakdown will occur along Path 0. The breakdown along Path 10 ( = 90
0)

occurs at 12.0 kV so Path 10 is over-volted by a factor of 1.2.

5.3.6 Pin 2.5 mm above Coupon, Cable 7.5 mm below Coupon

In the next set of simulations we will keep the pin at 2.5 mm above the hole and move the cable 7.5

mm away from the hole. We already have the results of pin and cable without the coupon, 10 mm apart :

15.7 kV along Path 0. Tables 28 and 29 show that with the coupon in place, all of the paths from pin to

cable breakdown at threshold via corona. If we increase the voltage between pin and cable to 33.8 kV, a

spark breakdown will occur along Path 0. The breakdown along Path 10 ( = 90
0) occurs at 12.0 kV so

Path 10 is over-volted by a factor of 2.8.

5.3.7 Pin 5 mm above Coupon, Cable 2.5 mm below Coupon

In the next set of simulations we will put the pin at 5 mm above the hole and move the cable 2.5 mm

away from the hole. We already have the results of pin and cable without the coupon, 7.5 mm apart : 14.1

kV along Path 0. Tables 30 and 31 show the effect of placing a coupon with a 5 mm radius hole between

the pin and cable. Paths 0 through 3 are uniform enough that spark breakdown occurs at threshold. The

lowest breakdown voltage is along Path 0 at 12.8 kV which is actually less than the breakdown predicted
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Path  BDV 760 Torr BDV 79.8 Torr

0 00 14.1 kV 2.8 kV

2 100 14.8 kV 2.8 kV

4 200 15.0 kV 2.9 kV

6 300 14.5 kV 2.8 kV

8 400 15.7 kV 3.0 kV

10 500 16.3 kV 3.1 kV

12 600 16.5 kV 3.1 kV

14 700 18.2 kV 3.3 kV

16 800 18.8 kV 3.4 kV

18 900 19.0 kV 3.5 kV

Table 24. Breakdown voltages between pin and cable 7.5 mm apart,  = 0
0

Figure 114. Breakdown paths perpendicular to cable axis, pin at z = 2.5 mm, cable at z = -5.0 mm.

Path  BDV 760 Torr BDV 79.8 Torr

0 00 14.1 kV 2.8 kV

2 100 15.0 kV 2.9 kV

4 200 15.2 kV 2.9 kV

6 300 15.1 kV 2.9 kV

8 400 15.0 kV 2.9 kV

10 500 15.8 kV 3.0 kV

12 600 17.3 kV 3.2 kV

14 700 18.5 kV 3.4 kV

Table 25. Breakdown voltages between pin and cable 7.5 mm apart,  = 90
0
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Figure 115. Paths through coupon hole along cable axis, pin at z = 2.5 mm, cable at z = -5.0 mm.

Path  Path End BDV 760 Torr BDV 79.8 Torr

0 00 cable (14.8 kV) 2.4 kV

1 50 cable (15.0 kV) 2.4 kV

2 100 cable (16.0 kV) 2.4 kV

3 150 cable (18.4 kV) 2.4 kV

4 200 cable (22.8 kV) 2.4 kV

5 250 cable (32.1 kV) (3.4 kV)

6 300 cable (76.6 kV) (8.0 kV)

7 350 coupon back (219 kV) (23.0 kV)

8 400 coupon back (25.8 kV) (2.7 kV)

9 450 coupon back 12.6 kV 2.5 kV

10 500 coupon front 12.4 kV 2.5 kV

14 700 coupon front 14.0 kV 2.7 kV

18 900 coupon front 15.0 kV 2.8 kV

Table 26. Breakdown voltage between pin (2.5 mm above coupon) and cable (5 mm below coupon) or

between pin and coupon,  = 0
0
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Figure 116. Paths through coupon hole perpendicular to cable axis, pin at z = 2.5 mm, cable at z = -5.0

mm.

Path  Path End BDV 760 Torr BDV 79.8 Torr

0 00 cable (14.8 kV) 2.4 kV

1 50 cable (15.0 kV) 2.4 kV

2 100 cable (16.0 kV) 2.4 kV

3 150 cable (18.2 kV) 2.4 kV

4 200 cable (22.1 kV) 2.4 kV

5 250 cable (26.7 kV) (2.8 kV)

6 300 cable (221 kV) (23.2 kV)

7 350 coupon back (218 kV) (22.9 kV)

8 400 coupon back (43.0 kV) (4.5 kV)

9 450 coupon back (11.8 kV) 2.3 kV

10 500 coupon front 12.0 kV 2.4 kV

14 700 coupon front 14.0 kV 2.7 kV

18 900 coupon front 15.0 kV 2.8 kV

Table 27. Breakdown voltage between pin (2.5 mm above coupon) and cable (5 mm below coupon) or

between pin and coupon,  = 90
0
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Figure 117. Paths through coupon hole along cable axis, pin at z = 2.5 mm, cable at z = -7.5 mm.

Figure 118. Paths through coupon hole perpendicular to cable axis, pin at z = 2.5 mm, cable at z = -7.5

mm.
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Path  Path End BDV 760 Torr BDV 79.8 Torr

0 00 cable (33.8 kV) (3.6 kV)

1 50 cable (35.4 kV) (3.7 kV)

2 100 cable (39.7 kV) (4.2 kV)

3 150 cable (48.7 kV) (5.1 kV)

4 200 cable (75.0 kV) (7.9 kV)

5 250 cable (201 kV) (21.1 kV)

6 300 coupon back (256 kV) (26.9 kV)

7 350 coupon back (38.0 kV) (4.0 kV)

8 400 coupon back (13.8 kV) 2.5 kV

9 450 coupon back 12.6 kV 2.5 kV

10 500 coupon front 12.4 kV 2.5 kV

14 700 coupon front 14.0 kV 2.7 kV

18 900 coupon front 15.0 kV 2.8 kV

Table 28. Breakdown voltage between pin (2.5 mm above coupon) and cable (7.5 mm below coupon) or

between pin and coupon,  = 0
0

without the coupon. Breakdown to the coupon front occurs at 13.0 kV. The preferred breakdown path is

along Path 0 to the cable. In this case the coupon is providing no protection to the cable.

5.3.8 Pin 7.5 mm above Coupon, Cable 2.5 mm below Coupon

In the next set of simulations we will move the pin to 7.5 mm above the hole and keep the cable 2.5

mm away from the hole. We already have the results of pin and cable without the coupon, 10 mm apart :

15.7 kV along Path 0. Tables 32 and 33 show that with the coupon in place, all of the paths from pin to

cable breakdown at threshold via corona. If we increase the voltage between pin and cable to 19.2 kV, a

spark breakdown will occur along Path 0. The breakdown along Path 7 ( = 90
0) occurs at 14.6 kV so

Path 7 is over-volted by a factor of 1.3.

5.3.9 Summary

Table 34 summarizes the breakdown results obtained so far. For 760 Torr, as long as the pin electrode

and the cable are more than a hole radius away from the coupon, the pin to coupon gap is over-volted by

more than a factor of two over the pin to cable gap. If the pin violates this criterion but the cable keeps its

distance, the over-volting factor decreases but continues to provide some level of protection . If the cable

violates the criterion, on the other hand and the pin keeps its distance, the protection is lost. At 79.8

Torr, the protection factor is cut roughly in half. At the high temperatures we must then rely on spatial

variation of the temperature (hotter on the outside than on the inside) to maintain the level of protection.

5.4 Experimental Geometry

The geometry used to measure the breakdown levels is slightly different than the geometry analyzed

above. In this section we analyze the breakdown levels of the experimental geometry shown in Figure 123

(oblique view) and in Figure 124 (side view). In this analysis the electrode has a pointed rather than

a hemispherical end and the coupon has a thickness of 048 inches rather than being infinitesimally thin.
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Figure 119. Paths through coupon hole along cable axis, pin at z = 5 mm, cable at z = -2.5 mm.

Figure 120. Paths through coupon hole perpendicular to cable axis, pin at z = 5 mm, cable at z = -2.5

mm.
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Figure 121. Paths through coupon hole along cable axis, pin at z = 7.5 mm, cable at z = -2.5 mm.

Figure 122. Paths through coupon hole perpendicular to cable axis, pin at z = 7.5 mm, cable at z = -2.5

mm.
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Path  Path End BDV 760 Torr BDV 79.8 Torr

0 00 cable (33.8 kV) (3.6 kV)

1 50 cable (35.3 kV) (3.7 kV)

2 100 cable (39.0 kV) (4.1 kV)

3 150 cable (45.5 kV) (4.8 kV)

4 200 cable (67.1 kV) (7.1 kV)

5 250 cable (3600 kV) (381.6 kV)

6 300 coupon back (232 kV) (24.4 kV)

7 350 coupon back (45.3 kV) (4.8 kV)

8 400 coupon back (15.0 kV) 2.4 kV

9 450 coupon back (11.7 kV) 2.4 kV

10 500 coupon front 12.0 kV 2.4 kV

14 700 coupon front 14.0 kV 2.7 kV

18 900 coupon front 15.0 kV 2.8 kV

Table 29. Breakdown voltage between pin (2.5 mm above coupon) and cable (7.5 mm below coupon) or

between pin and coupon,  = 90
0

Rather than a cable underneath the hole we have a disk of metal representing the experimental collector.

The dimensions have changed as well. The collector is a fixed distance 02 inches away from the back of the

coupon. We examined two different diameter holes: 05 and 07 inches. The entire geometry is modeled

as PEC. The mesh used is shown in Figure 125. We start the avalanches near the pin as we did before,

but since the pin is pointed rather than rounded we need to designate the starting points of the paths

differently. A way of defining the starting point is shown in Figure 126. The problem is now axisymmetric

so we can confine our starting locations to the  = 0 plane. The starting points are defined as being on a

line (seen as “x’s” in Figure 126). The line is parallel to the surface of the pin and offset by a user-defined

amount in the − direction. The distance along the line from axis to a particular starting point near the

tip is described by the distance ∆; the distance along the line from the base of the tip to a point near the

side of the pin is described by the distance ∆

5.5 Results for 0.5 diameter hole

Figures 127 - 132 show the paths along which breakdown is predicted to occur for several cases

of electrode tip position relative to the coupon barrier and interior collector. The breakdown is being

predicted for air at 760 Torr. The hole diameter is 05 inches. At the collector or coupon end of the path

in the figures, the predicted breakdown voltage is given in kV. The parentheses around the breakdown

voltage indicates that corona will occur at a lower voltage and that we invoked the streamer sustaining field

criterion to predict this spark voltage. In the middle of each path the path length is given in mm.

5.6 Results for 0.7 diameter hole

Figures 133 - 138 show the paths along which breakdown is predicted to occur for several cases

of electrode tip position relative to the coupon barrier and interior collector. The breakdown is being

predicted for air at 760 Torr. The hole diameter is 07 inches. At the collector or coupon end of the path

in the figures, the predicted breakdown voltage is given in kV. The parentheses around the breakdown

voltage indicates that corona will occur at a lower voltage and that we invoked the streamer sustaining field

criterion to predict this spark voltage. In the middle of each path the path length is given in mm.
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Path  Anode Collision BDV 760 Torr BDV 79.8 Torr

0 00 cable 12.8 kV 2.5 kV

1 50 cable 13.2 kV 2.6 kV

2 100 cable 13.5 kV 2.6 kV

3 150 cable 13.6 kV 2.6 kV

4 200 cable (14.5 kV) 2.6 kV

5 250 cable (18.6 kV) 2.6 kV

6 300 cable (32.1 kV) (3.4 kV)

7 350 coupon back (162 kV) (17.0 kV)

8 400 coupon front 13.7 kV 2.7 kV

9 450 coupon front 14.0 kV 2.7 kV

10 500 coupon front 14.1 kV 2.7 kV

14 700 coupon front 15.9 kV 3.0 kV

18 900 coupon front 17.0 kV 3.1 kV

Table 30. Breakdown voltage between pin (5 mm above coupon) and cable (2.5 mm below coupon) or

between pin and coupon,  = 0
0

Path  Path End BDV 760 Torr BDV 79.8 Torr

0 00 cable 12.8 kV 2.5 kV

1 50 cable 13.2 kV 2.6 kV

2 100 cable 13.6 kV 2.6 kV

3 150 cable 13.7 kV 2.6 kV

4 200 cable (14.3 kV) 2.6 kV

5 250 cable (18.3 kV) 2.6 kV

6 300 cable (26.9 kV) (2.8 kV)

7 350 coupon back (174 kV) (18.3 kV)

8 400 coupon front 13.0 kV 2.6 kV

9 450 coupon front 13.0 kV 2.6 kV

10 500 coupon front 13.7 kV 2.7 kV

14 700 coupon front 16.1 kV 3.0 kV

18 900 coupon front 17.1 kV 3.1 kV

Table 31. Breakdown voltage between pin (5 mm above coupon) and cable (2.5 mm below coupon) or

between pin and coupon,  = 90
0
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Path  Path End BDV 760 Torr BDV 79.8 Torr

0 00 cable (19.2 kV) 2.7 kV

1 50 cable (19.4 kV) 2.8 kV

2 100 cable (20.6 kV) 2.8 kV

3 150 cable (23.5 kV) 2.8 kV

4 200 cable (30.4 kV) (3.2 kV)

5 250 cable (60.0 kV) (6.3 kV)

6 300 coupon front (14.3 kV) 2.8 kV

7 350 coupon front 14.8 kV 2.8 kV

8 400 coupon front 15.3 kV 2.9 kV

9 450 coupon front 15.6 kV 2.9 kV

10 500 coupon front 15.7 kV 3.0 kV

14 700 coupon front 17.3 kV 3.2 kV

18 900 coupon front 18.0 kV 3.3 kV

Table 32. Breakdown voltage between pin (7.5 mm above coupon) and cable (2.5 mm below coupon) or

between pin and coupon,  = 0
0

Path  Path End BDV 760 Torr BDV 79.8 Torr

0 00 cable (19.2 kV) 2.7 kV

1 50 cable (19.4 kV) 2.8 kV

2 100 cable (20.6 kV) 2.8 kV

3 150 cable (23.4 kV) 2.8 kV

4 200 cable (29.9 kV) (3.1 kV)

5 250 cable (49.6 kV) (5.2 kV)

6 300 coupon back (56.5 kV) (5.9 kV)

7 350 coupon front 14.6 kV 2.8 kV

8 400 coupon front 14.5 kV 2.8 kV

9 450 coupon front 14.4 kV 2.8 kV

10 500 coupon front 15.2 kV 2.9 kV

14 700 coupon front 17.5 kV 3.2 kV

18 900 coupon front 18.0 kV 3.3 kV

Table 33. Breakdown voltage between pin (7.5 mm above coupon) and cable (2.5 mm below coupon) or

between pin and coupon,  = 90
0

Pin position (mm) Cable Position (mm) Protection Factor 760 Torr Protection Factor 79.8 Torr

6 6 3.4 1.9

5 5 2.2 1.2

4 4 1.2 none

2.5 2.5 none none

2.5 5 1.2 none

2.5 7.5 2.7 1.4

5 2.5 none none

7.5 2.5 1.3 none

Table 34. Summary of protection
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Figure 125. Mesh of experimental geometry.
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Figure 126. Starting point of avalanche near pin.
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Figure 127. Pin 1/4" above coupon; 0.5" diameter hole.
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Figure 128. Pin 3/16" above coupon; 0.5" diameter hole.
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Figure 129. Pin centered in coupon hole; 0.5" diameter hole.
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Figure 130. Pin 3/16" above collector; 0.5" diameter hole.
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Figure 131. Pin 1/8" above collector; 0.5" diameter hole.
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Figure 132. Pin 1/16" above collector; 0.5" diameter hole.
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Figure 133. Pin 1/4" above coupon; 0.7" diameter hole.

5.7 Arc To Interior Collector

In order to experimentally examine the validity of the threshold calculations we are conducting

experiments where the cathode is brought closer to a predrilled hole in order to induce a discharge to the

collector itself. To think about the electrical transients in these experiments the simplified circuit model

shown in Figure 139 can be considered. The collector to chassis capacitance is in the range

 ≈ 20− 75 pF
depending on whether a strip cable or a piston collector is used. The twisted lead capacitance in parallel

with this is

 = 8 pF

and thus the total is

 =  +  ≈ 28− 83 pF
The transfer capacitance to the collector when the cathode is 025 inches above the plane is approximately

 ≈ 00118 pF
The lead inductance back to the ODL is estimated to be

 ≈ 70 nH
The additional stripline inductance in series with this is estimated as

 ≈ 38 nH
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Figure 134. Pin 3/16" above coupon; 0.7" diameter hole.
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Figure 135. Pin centered in coupon hole; 0.7" diameter hole.
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Figure 136. Pin 3/16" above coupon; 0.7" diameter hole.
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Figure 137. Pin 1/8" above coupon; 0.7" diameter hole.
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Figure 138. Pin 1/16" above coupon; 0.7" diameter hole.
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and thus the total is

 =  +  ≈ 108 nH
The measurement resistance can be taken as large as 1 Mohm (although shunt bypass capacitive reactances

will need to be assessed for high values). Arc resistances are variable (and really consist of a transmission

line or RLC ladder network). Proceeding from streamer phase to a hard arc these variable lumped arc

resistances can drop from 100 Mohms to 1 ohm. The branch labeled with subscript  represents a path to

the collector and the branch labeled with subscript  represents a path to the coupon edge. As we push

the cathode toward the hole we expect the voltage threshold for the discharge to develop will drop for the

collector path until it becomes more favorable for the collector path to develop.

To capture a large portion of the voltage  during the discharge process it is desirable to have

  . However we also need the collector to charge which means that the voltage must be on long

enough compared to the dime constant

  =


 +

( + ) ≈    ≈ 28− 83 ms
This is a very long time compared to the pulser duration. Obviously if the discharge channel impedance

 is comparable to the measurement impedance 1 Mohm, we will not see the discharge. Our hope is that

as the channel resistance falls we achieve low enough values of discharge impedance that we can put this

time constant in the discharge duration range. For the Velonex pulser the duration is a few microseconds

 ≈ 3 s. This means that the channel impedance must fall to 36 − 107 kohms. Thus this seems like a
reasonable goal. If the channel resistance falls to more than an order of magnitude less in resistance of the

measurement system we have a chance to charge up the collector setup and observe it.

Because the voltage on the Nanofast probe needs to be kept below 1 kV and the Velonex pulse puts out

about 4 kV maximum, we may want to design  as a voltage divider circuit. It may be unwise to reduce

the Velonex output below the approximate 4 kV level since we do want an arc to develop to the collector

(and 4 kV will only breakdown a uniform field gap of just over 1 mm in length).

One question is about the observed indirect coupling that could be observed from the Velonex pulser

(this is the coupling if we ignore ). Ignoring the inductance branch of the measurement circuit gives the

range

 


 + 

 ≈ 08− 2 V
where we have used the value of  associated with the 025 inch cathode to coupon gap. Now if we

reduce this gap we expect the capacitance  to increase. However, even a factor of ten increase results

in reasonably small voltages, which should not lead to confusion with regard to the much larger direct

coupling we are seeking.

During the lightning test there is a problem due to the charge time of the interior RC circuit. For a

 = 10 kohm load and with an interior capacitance of  = 80 pF the interior time constant is 08 s.

Also the interior resistance is high enough (10 kohm) that the conductive channel to the collector will take

some time to establish and will have a relatively high impedance. If the establishment of the discharge

path to chassis  is very small due to a high level of overvoltage, then we may never see anything on the

interior.
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Figure 139. Circuit model of nonlinear breakdown process.
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Figure 140. Velonex pulser in foreground with trigger unit on top. Measurement section in background.

5.8 Velonex Pulser Experiment

The Velonex pulser was used as a low level voltage source to gain insight on this measurement before

going to the lightning simulator. The general setup is shown in Figure 140 with the Velonex pulser in

the foreground and the measurement section in the background. Originally we used a 10 kohm to 13

ohm (CVR) resistive divider connected through attenuators to the Nanofast optical data link (ODL) (01

volts and 50 ohms) inside the small testing enclosure. Figure 141 shows the ODL in the foreground, the

attenuator on the shelf inside the enclosure and the resistive divider at the end of the enclosure. The

attenuator is electrically isolated from the enclosure by a rubber pad. Figure 142 shows a close-up of the

resistive divider and Figure 143 shows the details of how the cable from the Velonex pulser is attached

to the outside of the measurement section. Later we used a high voltage (40 kV), high impedance (100

Mohm), Tektronix probe, attached to a storage scope inside a larger screen box. With the Velonex pulser

driving the setup at approximately 4 kV, we proved out both approaches as shown in Figure 144.

156



Figure 141. Inside view of the measurement section.

157



Figure 142. Detail of the CVR.

Figure 143. Outside of the measurement section showing details of the drive cable attachment from the

Velonex pulser.
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Figure 144. Voltage measurements from various sensors in the experiment.

It was also demonstrated that by varying the electrode-to-collector gap when the coupon had a 05

inch pre-drilled hole, we could obtain arcing at various levels along the Velonex pulser’s rising voltage

waveform. This is shown in Figures 145, 146, and 147 for gap spacings of 003 0025 and 00 inches

(touching) respectively.
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Figure 145. Breakdown to collector over a 0.03" gap.
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Figure 146. Breakdown to collector over a 0.01" gap.
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Figure 147. Breakdown to collector over a 0.01" gap.

5.9 Sandia Lightning Simulator Experiment

After gaining experience with the Velonex, which didn’t have a large enough voltage to breakdown the

gaps between the electrode and the coupon, the Sandia Lightning Simulator (SLS) was used. Figure 148

shows the electrode of the SLS and the pre-drilled 05 inch hole in the coupon. Figures 149 and 150 show

close-ups of the electrode outside the hole and pushed into the hole respectively. In all measurement results

shown, the high impedance, high voltage, Tektronix probe was used across a 10 kohm internal resistance to

ground.
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Figure 148. Electrode and coupon of the SLS experiment.

Figure 149. Closeup of electrode positioned outside the hole.
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Figure 150. Closeup of electrode pushed into the hole.

When the electrode was pushed into the pre-drilled hole to distances between 316 and 18 inches from

the collector we observed short (10 ns) high voltage (20 kV) pulses on the collector. This is shown in

Figures 151 through 154. Which show results from gaps of 116 inches and 316 inches.
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Figure 151. High voltage pulse (10 kV) on the collector from an electrode 1/16" away.
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Figure 152. Detail of previous high voltage pulse.

164



Sandia Lightning Simulator Arc to Collector 
0.050" Al(T6061)‐0.5" Hole

1/4" Electrode set 3/16" from Brass Collector

‐25000

‐20000

‐15000

‐10000

‐5000

0

5000

10000

15000

‐700 ‐600 ‐500 ‐400 ‐300 ‐200 ‐100 0 100 200 300 400 500

Time (ns)

V
o
lt
ag
e
 (
V
)

SLS Fiducial
Vcollector

South ( 61 15April2010 Shot 4

Figure 153. High voltage pulse (20 kV) on the collector from an electrode 3/16" away.
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Figure 154. Detail of previous high voltage pulse.

5.9.1 Displacement Current Coupling

Because the responses observed in the lightning facility are so short in time before being quenched by a

side flash to the coupon (and perhaps an internal flash to the coupon from the collector), it is important

to ask if the responses could have been caused by displacement current coupling to the collector (indirect

coupling).

These experiments used an existing collector with a 316 in erosion well at the electrode position

(created during prior continuing current burnthrough tests). A simple estimate of this capacitance can be

obtained by considering a spherical capacitor. The rod tip will be taken as a sphere of radius  = 0125 in

and the erosion well will be taken to have radius  = 316 in. The capacitance between these is found from

 =  =

Z 



 =

Z 





402
 =



40

µ
1


− 1



¶
or

 =
40

1 − 1 ≈ 1 pF
We might have used a hemispherical calculation instead (05 pF), however the sphere should bound the

extra capacitance of the rod side surface to the collector ground plane (limited by screening of the coupon).

This value forms a capacitive divider with the  = 80 pF collector to chassis capacitance. Now

the 10 kohm resistor to chassis ground in parallel with the collector capacitance has a time constant

 =  = (10 kohm) (80 pF) = 800 ns. This means that the capacitor is dominant for times on the order

of 10s of nanoseconds. Hence the capacitive divider

 = 


 + 

≈ 00124
would supply only small collector voltages. For example if we take the coupon side flash to be limited to

  30 kV/cm (1 cm) = 30 kV, we would observe less than 037 kV on the collector. It does not seem

that indirect coupling can supply what we are observing in the experiment unless the electrode voltage
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actually achieves much bigger levels  = 20 kV (00124) ≈ 1600 kV.

These results indicate that the SLS gaps are so overvolted that it is difficult to interpret the results.

Basically, all gaps both to the coupon and to the collector break down and we can’t determine which gap

went first and at what level. We had to get this information from a lower voltage pulser that we could

control the voltage level better. This is why we went to the PTX pulser which we will discuss in the next

section. Prior to using the PTX pulser we attempted to get the breakdown information from a series of

DC tests. Space charge distortion of the field prior to breakdown caused breakdown voltages that were

approximately half of those predicted.

A second result doing this series of SLS tests was that we realized that the field arrived at the electrode

prior to the current. This caused us to look earlier in time for results from indirect electrical coupling and

lead to finding results that were missed when triggering off the current.

5.10 PTX Pulser Experiment

This subsection shows data from electrical breakdown experiments using a pulser with a rise time of

about 100 ns and a maximum voltage under 50 kV. Again, we use a collector rather than a stripline to

do the measurement. The plots show the pulser voltage waveform (black curve), the timing and behavior

of the electric field (red curve), and the interior collector voltage as measured by a high impedance (100

Mohm) Tektronix probe (blue curve). The electric field probe is not calibrated since it was placed at the

base of the aluminum housing rather than at the hole surface and is shown only to give timing information

not actual  field levels. We actually scaled and shifted the red curve down in level to prevent it from

obscuring the other curves. Note also that the time constant of the collector-probe load in this case is very

large   ≈ 84 ms; charge deposited on the collector thus takes a long time to dissipate to the surrounding
Faraday cage if there were no other connection from collector to Faraday cage other than the Tektronix

probe. One can use the initial collapse of the electric field probe (red curve) as an indicator of when a

breakdown has occurred to the metallic barrier and the highest level reached by the voltage measurement

(black curve) to determine the breakdown voltage.

For the case where the tip of the electrode is a distance of 316 in from the outside of the metallic

barrier, shown in Figures 155 and 156, we suspect that the small voltage seen on the collector could

be capacitive in nature. The transfer capacitance for this electrode height (from calculations using the

hemispherical electrode model)

 ≈ 0
2

Ω0
 ≈ 0022 pF

Ω = 2 ln (2
0)− 40

0 = + 

Voltage division using  = 20 kV then gives

 ≈ 

 + 

 ≈ 53 V

We see about twice this level in Figure 155. The capacitance  is reduced somewhat by a cutout in

the aluminum housing (to allow photography of the interior discharge), which would raise the calculated

indirect level somewhat. The rapid fall in signal (in agreement with the exterior electric field (red curve))

also indicates that this might be indirect coupling. This result is in qualitative agreement with the threshold
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Figure 155. Voltage for the case where the electrode is exterior to the coupon barrier.

calculation results of Figure 155, where breakdown to the hole edge occurs at voltages (17− 21 kV) lower
than to the interior collector (33 − 46 kV) indicating that breakdown to the collector is unlikely. The
measured breakdown voltage in Figure 155 (highest Marx voltage) is 20 kV.

Figures 157 and 158 show the case where the tip of the electrode is centered in the hole and midway

through the thickness dimension of the metallic barrier. The measured results in Figure 157 indicate that

we are transferring charge to the collector as evidenced by the large collector voltage (38 kV). In addition,

the long discharge time indicates that the collector becomes isolated from the metallic barrier after the

initial spark. The threshold calculations of Figure 157 indicate slightly smaller breakdown levels to the

collector (11− 13 kV) than to the metallic barrier (15− 17 kV), which is less than the experimental levels:
20 kV to the collector (the Marx voltage when the collector voltage starts to rise) and greater than 20 kV

to the metallic barrier (the highest Marx voltage).

Next the case where the electrode is slightly inside the barrier ( = 02 inches from collector to coupon

surface) but still spaced 316 inches away from the collector is shown in Figures 159 and 160. The interior

voltage is nearly the same as the preceding case. The threshold values are also similar in this case because

of the peculiar geometry involving the 1/4 inch electrode and the 1/2 inch hole.

Finally, Figures 161 and 162 show the case where the electrode tip is inside the barrier and 116 in

from the collector surface. Notice the higher level of voltage on the collector (83 kV). However also notice

the rapid fall time of the interior voltage, indicating that we are likely observing a plasma connection to

either the electrode or to the metallic barrier. An alternative explanation for these results involving indirect

coupling with an increased transfer capacitance to the collector is unlikely since the collector-to-barrier

capacitance will still be much larger than this transfer capacitance (and hence we would expect a much

smaller collector voltage than electrode voltage). In this case the threshold calculations of Figure 161

indicate a larger breakdown voltage to the coupon hole edge (11 − 17 kV) than to the collector (8 − 11
kV). The experimental levels of 9− 10 kV to the collector (the Marx voltage where the collector voltage
starts to rise) and 15− 20 kV breakdown to the metallic barrier hole edge (the highest Marx voltage) are in
reasonable agreement with the calculations.
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Figure 156. Picture of spark discharge in the case where the electrode is exterior to the coupon barrier.
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Figure 157. Voltage in the case where the electrode is even with the center of the coupon barrier.
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Figure 158. Picture of spark discharge in the case where the electrode is centered with respect to the

coupon barrier.
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Figure 159. Voltage for the case where the electrode is interior to the barrier but nearer to the coupon than

to the collector.
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Figure 160. Picture of the case where the electrode is interior to the barrier.
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Figure 161. Voltage for case where electrode is near the collector.
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Figure 162. Picture for case where electrode is near the collector surface.
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Figure 163. Illustration of plasma conduction to the enclosure and to an interior collector.

6 DIRECT PLASMA CONDUCTION MECHANISM

This section examines some of the properties of the ionized gas or plasma and considers direct

conduction to the interior collector.

6.1 Baseline Resistive Coupling and Short Circuit Current

It is instructive first to ask what the previous indirect coupling models can tell us about conduction to

the interior collector by means of a uniform plasma in the gas as illustrated in Figure 163. This is done by

using the correspondence between the capacitance and conductance to determine the amount of current

coupled to the interior versus that injected into the rod electrode. First we return to the capacitive problem

to find the exterior rod-to-plane capacitance and then transition to the conductance.

The cumulative charge along the rod is the integral of the surface charge density  over a surface  ()

on the rod to distance . Using the point charge and semi-infinite line charge model from the indirect

coupling section we write this as

 () =

Z
()

 ≈ 

"
22 + 2

Z 0=arctan((−0))

0

2 sin 

#

¡
42

¢
+

Z 

0
 () 

where the normalized point charge value is (Ω = 2 ln (20) and 0 = + )

µ
20− 1
20− 2

¶ ∙
1− ln (20− 1)

Ω+ 2 ln ()− 2
¸
∼ 

40
The first integral on the right hand side accounts for the proportion of the point charge electric flux included

on the cylindrical and hemispherical surfaces out to distance  from the ground plane. From the indirect

coupling results we can write
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A comparison between this approximate expression and the numerical values of the rod charge are shown in

Figure 164. The formula gives reasonably accurate answers for the accumulated charge along the cylinder.

The numerical values are slightly larger than the analytical formula because the rod is truncated at 10 cm

in the numerical simulation, and hence the charge is increased at the other end (the numerical values for

larger values of  actually drop below the dashed curve if we extend the rod to 1 = 20 cm). The reason

why this capacitance (in the case of the extended rod beyond distance ) is of interest is because we intend

to use it here to estimate the conductance of the rod-to-plane when a conductive plasma exists over a

hemispherical region above the plane. Let us define the capacitance to a distance  by  () =  ().

From the preceding indirect coupling calculations

 ≈
£
0 (0 0) 0

¤
 0

h
−

()

i
≈ − 1


 0


() ≈ 001175 pF

where the final value uses 2 ≈ 05 in,  ≈ 005 in,  ≈ 02 in,  ≈ 025 in, and 2 ≈ 025 in.

Now if a plasma exists in the space about the rod electrode out to a hemispherical distance , with

conductivity  we want to compute an estimate for the current splitting between the outer barrier and the

interior collector. This uniform conductivity case is a first cut to model the highly overvolted very early

time breakdown associated with the arrival of the return stroke. We can use the connection of the current
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Figure 164. Comparison of cumulative charge along rod with hemispherical tip from point charge - line

charge model versus numerical calculation.
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Figure 165. Conductive splitting of interior current versus drive current.

to conductance versus charge to capacitance and write

−0 → 

− → 

−→ 

and thus

 =  ()

 = 
or

 =  () =  ()

which is shown in Figure 165.

In the experiment the second return stroke was taken to have a peak value of  ≈ 100 kA and interior
short circuit (0005 ohm current viewing resistor) coupled currents of up to  ≈ 1 kA were observed. This
implies a ratio  ≈ 001 which falls at a plasma radius of  = 5 cm. This is a relatively large ionization
radius (Figure 166 shows the flash from the second return stroke in the burnthrough experiment) and

variations in conductivity  with radius would tend to reduce the required plasma radius for the same level

of current splitting (this diversion might also be enhanced by virtue of the inductive voltage drop along the
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Figure 166. Flash from return second return stroke at electrode.

interior cabling perhaps driving current from the collector across the interior gap  back to the enclosure

wall).

Note also that the coupled continuing current with a peak drive of  ≈ 500 A was a major fraction
(several hundred amperes in Schnetzer’s original test as well as the recent measurement with the TTI

ODL) and thus is quite different from the preceding uniform conductivity prediction. However, given the

photographic evidence of a narrow plasma jet with enhanced conductivity connected directly to the interior

collector as shown in Figure 167, as well as models in the literature for similar current jets in welding arcs,

this is not surprising.

6.2 Impedance of Continuing Current Channels and Open Circuit Voltage

This subsection considers the impedance of observed continuing current channels between the collector

and enclosure coupon in the case where the collector is attached to a high impedance measurement system.

First it is instructive to consider the transmission line characteristic impedance of the lightning facility

drive system to have an initial feel for what constitutes low or high impedances.

6.2.1 Biconical Transmission Line Results for SLS

The Sandia Lightning Facility (SLS) supplies an electromagnetic wave along a transmission system

to the drive electrode. To get a feel for the early time impedance of the system we can apply a slender

biconical transmission line model. A biconical region with fields (where  is the reflection coefficient at

 = 0)

 sin  = 00

¡
 + −

¢
 sin  = 0

¡
 − −

¢
0 =

p
00 ≈ 120 ohms

has current

0 () = 2 sin  = 20

¡
 − −

¢
and voltage
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Figure 167. Plasma jet to interior collector during continuing current part of experiment with interior

collector attached to the enclosure through a 0005 ohm load (current measurement).
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0 () =

Z 2

0

 = 00

¡
 + −

¢
ln [cot (02)]

The characteristic impedance of the biconical line is thus

0 =
0
2
ln [cot (02)]

Along the line with electrode radius  and distance  from the load we write 0 = arctan () ∼ , and

for this slender limit

0 ∼ 0
2
ln (2) ≈ ln (2) 60 ohms

The average over and electrode extending from  = 0 to  = 1 is

h0i ≈ 1

1

Z 1

0

ln (2)  60 ohms ≈ [ln (21)− 1] 60 ohms
Now near the test object  ≈ 0125 in and further away this electrode size becomes larger. We see that for
sizes comparable to the test object 1 =  (6 in) and for propagation times  (1 ns) this characteristic

impedance is in the range h0i =  (200 ohms). Thus for load impedances  much smaller than this

range, the total early time voltage appearing at the load is much smaller than the forward traveling wave 

 =

µ
1 +

 − h0i
 + h0i

¶
 ≈ (2 h0i)  ,   h0i

versus the case when the load impedance is much larger than h0i

 ≈ 2,   h0i
In the first case the drive current will be

 ≈ 2 h0i ,   h0i
These two cases are illustrated in Figure 168.

6.2.2 Welding literature

The welding literature can be used to estimate the dimension and temperature of continuing current

discharges. Figure 169 from [11] shows a simulation of a free-burning arc in air with a current of 400 A. The

diameter of the (10 000 K) contour at the axial midpoint is approximately 06 cm with area  ≈ 028 cm2.
6.2.3 Electrical Conductivity

The electrical conductivity of the plasma can be related to the temperature and density. Here we look

at and compare three models for these values: two simple ones using the Born approximation and the WKB

methods for estimating the Coulomb logarithm, and a more elaborate LMD model.

According to [31] the degree of ionization (ratio of electron number to atomic number can be estimated

as
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decreases voltage and field drives

Reflection from high impedance
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E

Figure 168. Reflection of an incident voltage wave from a rod-to-plane gap under open and near shorted

conditions.

Figure 169. Simulation of a steady arc in air with a 400 A current taken from [11].
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µ


2~2

¶32
−( )

where  = 910953 × 10−31 kg is the electron mass, ~ = 1054589 × 10−34 J-s is Planck’s constant and
0 = 8854188×10−12 F/m is the free space permittivity. Suppose we examine a temperature of  = 116045
K and use the ideal gas law to find the atomic density as  ≈ ¡2× 2687× 1025m3¢ 40. Now for an
ionization energy  ≈ 15 eV, a temperature  = 1 eV, where electronic charge is  = 1602189× 10−19 C
and Boltzmann’s constant is  = 138066× 10−23 J/C, and approximating 10 → 1, we find

2
1− 

≈ 000137
or

 ≈ 0037
At this level of ionization (37%) we use Spitzer’s theory to infer the conductivity of the plasma. We set

 =  where  ≈ 1. The conductivity is then

 =
2 (2 )

32

322
12
 lnΛ

(40)
2

We first look at a model using the Born approximation [39]. The Debeye length is [39]

 =

s
0

2 (1 + )
≈ 236 nm (14)

The ion sphere radius is [39]

 = 1

µ
4

3


¶13
≈ 169 nm (15)

 = max ( ) ≈ 236 nm (16)

The Coulomb logarithm is [39]

lnΛ =

µ
ln1 −

1

2

¶
≈ 56 (17)

where

1 = 21 =
21

~
≈ 452 (18)

1 =
p
7 ≈ 111× 106 m/s (19)

The conductivity with the Born approximation is thus
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Temperature (103 K) Density (versus atmospheric) Conductivity (103 S/m)

5 0025 005

10 0025 31

15 0025 91

20 0025 12

30 0025 17

40 0025 22

5 1 001

10 1 15

15 1 75

Table 35. LMD model air conductivities

 ≈ 59× 103 S/m

Next we use the WKB method [40] to estimate the Coulomb logarithm as [41]

lnΛ = ln1 −
1− cos () +  sin ()

2
−Cin () + 1

= ln1 − 164 ≈ 45
where

Cin () =

Z 

0

(1− cos) 


 =


2

01~2
≈ 79

Cin (25) ≈ 25
The conductivity with the WKB method is then

 ≈ 73× 103 S/m

Finally the LMD model is used [46], [38]. The conductivity for the same parameters as above is found

to be  ≈ 52 × 103 S/m. Table 35 shows values for the ranges of interest in the continuing current and
return stroke discharges.

6.2.4 Column Impedance

During the course of burnthrough experiments we have observed plasma jet discharges to the interior

collector during the continuing current phase of the drive. When the collector is grounded to the enclosure

(for current measurements this is through a low impedance 0005 ohm current viewing resistor) we have

observed a single discharge to the collector as shown in Figure 167, but when the collector is floating with

respect to chassis (for voltage measurements this connecting to chassis is through a many megaohm load)

we have observed return discharges to the enclosure as shown in Figure 170. Figure 171 shows some

possible current topologies under high impedance conditions. In the left figure multiple return arcs exist
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Figure 170. High speed photograph of continuing current and second return arc from collector to enclosure

at hole edge under high impedance load conditions (voltage measurement).
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Figure 171. Topology of continuing current return to chassis in experiments with a high impedance load

(voltage measurement).

from collector to enclosure, in the center figure the discharge has been diverted directly to the enclosure

with some current flowing onto the collector, and on the right figure (with a cable collector) we have shown

one return arc to the enclosure. Note that this topology describes one-to-one the coupling to a cable behind

the hole as illustrated in Figure 172.

Now in the right of Figure 171, using information from the preceding two sections we estimate the

return arc resistance as (we take  ≈ 02 in ≈ 051 cm, 0 ≈ 03 cm,  ≈ 03 cm2 and  ≈ 50 S/cm)

 ≈ 


≈ 34 mohms

The inductance of the column would be [42]

 ≈ 0

2
[ln (20)− 34] ≈ 05 nH

At very early times, when the incident voltage wave in the experiment impacts the rod tip, the low

impedance load of the continuing current arc will result in a drive current

 ≈ 2 h0i ≈ 8 kA
and thus an interior resistive voltage

 ≈ 280 V
The rise time of the current is expected to be of  (10 ns) and thus the inductive voltage  (400 V) is of

the same order as the resistive component. These voltage levels are in the observed range during these

experiments.

As the current rises we expect a channel expansion and heating to take place as depicted in Figure 173.

If we use the Braginskii expansion model for the channel we can write
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Figure 172. A cable coupling situation with discharge to interior conductor with return to chassis by means

of second arc.
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and integration yields

 () = 2 () =

µ
4

0

¶13 Z 

0

23 ()  +0

where the undisturbed gas density is found from

 = 

 = 

If we take  = 27315 K,  = 101 325 Pa,  = 138066× 10−23 J/K,  = 2687× 1025 m−3 and average
molecular mass

 = 2× (02× 16 + 08× 14)× 1674× 10−27 kg

0 ≈ 1295× 10−3 gcm3 = 1295 kg/m3
the arc channel conductivity is taken as the fixed value (in the 2− 4 eV temperature range [30], [43]),

 ≈ 200 Scm = 2× 104 Sm
and a constant dependent on gas properties, and somewhat on current rise rate, is taken as

 ≈ 45
The resistance of the arc channel is then

 =



(20)

The initial area constant 0 is chosen as the continuing current area 0 ≈ 03 cm2. If the return stroke
current is taken as a ramp

 () = ( ) 
we have

 () = 

µ
42
0

¶13
3

5
()

53
+0

If we take  = 1 s and  = 100 kA we find at  = 

186



a(t)

l


J

Figure 173. Channel expansion due to return stroke heating.

 () ≈ 06 cm2 +0 ≈ 09 cm2
and

 ≈ 3 mohms
Using  = 100 kA gives a resistive voltage

 ≈ 300 V
and the inductive voltage with the broader channel and slower current rise rate is smaller. Thus the full

return stroke current expands and heats the channel so that the larger return stroke current does not lead

to a larger voltage versus the early time level. Hence we would expect a very early time peak resulting

from the continuing current channel resistance and inductance followed by a rapid reduction in inductive

component and a slower decay in resistive voltage. This behavior is observed in the experimental waveform

and the levels of Figure 174 are in the ballpark of what is observed. Of course multiple return arcs would

reduce these predicted levels.

6.3 Direct Current Measurements of Plasma Distribution

In the previous subsections we either relied on assumptions, photographic evidence, simulations, or

models for the plasma dimensions. This subsection outlines various concepts for measuring the evolution of

the current distribution from the continuing current and second return stroke components on an electrode

surface as a function of time. From video taken in the SLS we only know that when the second return

stroke occurs there is a flash of light that saturates the camera film over one or two frames. It is difficult

to determine the radial extent of the current carrying portion of the return stroke from this visual data.
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Cable Collector Shot 2nd Return Stroke 107kA (8/31/2010_Shot 4)
1/4" electrode 0.050" Coupon

1/4" gap between electrode tip and coupon, d = 0.2"
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Figure 174. Coupled voltage to cable collector during two-return stroke/continuing current experiment.
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Figure 175. Front of two “D” electrodes for measuring plasma radius.

Building an electrode to make this determination is difficult as well. The electrode must withstand the

damage inflicted by the continuing current and then be able to distinguish between current flowing at

various radii but not affect the extent of the current flow (due to it’s impedance and the possibility of

arcing or diversion of the discharge). We came up with three different designs, which we will discuss.

6.3.1 D design

This design was based on a papers by Olsen and Nestor who employed it to examine the extent of a

steady argon arc driven by currents ranging from 200 to 800 amps [26], [27], [10]. They used water-cooled,

thin copper electrodes to measure the amount of current on each side of the split between two “D”

electrodes and from that data backed out the radius of the plasma. They were able to move the electrodes

under the arc and the arc remained steady in extent and location while this was being done. To obtain

the current distribution across the arc, the current has to straddle the split and not move. Our idea was

to start the continuing current at a given location using a starter wire and assume that the return stroke

occurred at the same location and that it didn’t move while it was expanding. From this we would then be

able to back out the current distribution as a function of time. The electrodes are shown in Figure 175.

Instead of copper, we made our electrodes from stainless steel and we did not water cool the electrodes to

keep the experiment simple. The back of the electrodes are shown in Figure 176 where we see that each

“D” has two lugs to connect to. To minimize inductance of the measurement system, the current viewing

resistors (CVRs) are connected directly to the lugs with side copper strips as shown in Figure 177.

Figure 178 shows the SLS electrode and damage to one of the “D” electrodes due to a return stroke

current; note the evidence of arcing across the gap between the “D” electrodes. Damage to the electrodes

from continuing current is clearly shown in Figures 179 and 180.

In order to cause the continuing current to attach to a specified location, we used a starter wire.

Figures 181 through 183 show the continuing current flowing on the two “D” electrodes as the starter wire

is moved toward the split between the two electrodes. When the starter wire is 916 inches away, all of the

current flows on one of the electrodes. This is also the case when the starter wire is 38 inches away except

that there is evidence that breakdown is occurring between the two electrodes at around 220 ms. When the

starter wire is moved to 316 inches away, the current initially splits between the two electrodes, but then

for some reason (either discharge column diameter, discharge movement, or possibly breakdown between
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Figure 176. Back of “D” electrodes.

Figure 177. CVR’s attached to back of “D” electrodes.
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Figure 178. The electrode of the SLS and damage caused to the electrodes by the continuing current.

Figure 179. Damage to electrodes from continuing current.
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Figure 180. Side view of electrode damage.
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Figure 181. Current distribution for arc 9/16" offset from split.

“D” s) the current moves to one electrode; note that 316 inches is 0475 cm, which is in the ballpark of the

radius in Hsu’s calculation shown in Figure 169 (note that there is a point anode rather than point cathode

in this calculation).

The continuing current caused some damage, but the main problem with this measurement was that

there was enough of a voltage difference between the two “Ds” that breakdown would occur between the

two halves and actually in some cases would weld the two halves together. This problem caused us to

abandon this method.

6.3.2 Ring Design

Figure 184 shows another concept for the device consisting of concentric rings of metal separated by

insulators. The front and back view of the actual electrodes are shown in Figures 185 and 186. On the

back, as shown in Figure 187, the rings are connected to chassis ground by CVRs so that the radial current

profile can be sampled. There are issues with the inductance and resistance of the CVR circuits perturbing

the current distribution, particularly for the return stroke profile. Inductance and resistance was reduced as

much as possible by positioning the CVRs (these CVRs are smaller than in the case of the “D” electrodes

because over the duration of the waveform only a portion of the return stroke current is expected to flow

through each) close to the rings and using wide copper strips for connections as shown in Figure 188. Since

each ring is instrumented individually and the CVRs to handle this size current are still physically large,

there is competition for space in this measurement. The signals from the CVRs are brought outside the

measurement box by optical data links (ODLs) which are shown in the measurement box in Figure 189.

Figure 190 shows the ring electrodes with the SLS electrode. These electrodes are not robust enough to

handle the damage of the continuing current so their use was confined to measuring the expansion of the

return stroke. There are questions about whether the rings with their separating insulation perturbs the

current distribution. Because of physical space problems, we are limited to a maximum of four electrodes.

Finally, even with all the care taken to minimize the CVRs inductance and resistance, there was still

enough of a voltage difference to cause arcing between the CVRs as seen in Figure 191. Figure 192 shows

the current on each ring as a function of time. The current starts in the center then moves to ring 3 and

finally divides between ring 3 and 4. For some reason (possibly arcing) it doesn’t seem to flow on ring 2

except at late time after 10 s.
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Figure 182. Current distribution for arc 3/8" offset from split.
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Figure 183. Current distribution for arc 3/16" offset from split.
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Figure 184. Schematic of brass rings placed inside a Teflon holder of the ring probe.

Figure 185. Front view of the ring electrodes. The radii of the ring centers are 1: 0 mm, 2: 475 mm, 3:

95 mm, 4: 143 mm.
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Figure 186. Back view of the ring electrodes of the probe.

Figure 187. CVRs connected to each of the rings of the probe.

196



Figure 188. Detail of the method to minimize inductance of the CVRs.

Figure 189. Layout of the 4 ODL’s used in the measurement.
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Figure 190. SLS electrode and the ring electrodes of the probe.

Figure 191. Evidence of arcing between the electrode rings of probe.
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Figure 192. Current measured on each ring of probe.

6.3.3 Groove Probe

A third concept is to use the metal of the plane itself as a diagnostic for the current profile. A cross

section is shown in Figure 193. The problem with this approach is that heating of the metal during the

continuing current phase changes the properties and thus it was tried at first only with the return stroke

(for which some change in properties due to impulse heating may also interfere with the interpretation).

If a radial volume current  is flowing outward in the rotationally symmetric fixture we can estimate

the transfer voltage generated in the thin regions by using the effective surface current density  and

the transfer impedance of the conductor layer. For simplicity here we look at the case where (in the real

situation current is being injected over a range of  and the radial distribution of  is to be determined)

 =  (2)

as

 ≈  ∗ 
where in the time domain the ∗ represents a convolution. The transfer impedance , in the frequency
domain is

 () =
(1 + )∆

sin [(1 + )∆]
where the skin depth is

 =
p
2 ()

In the case where the metal is sufficiently thin to make the current slowly varying compared to the diffusion

time [44]

 = ∆22
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Figure 193. Cross section of the groove probe geometry.
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this is approximately

 ≈ 



∆
If we use nonmagnetic stainless steel with  = 14× 106 S/m and  = 0 = 4 × 107 H/m, and take ∆ = 1
mm (40 mils) we find that  = 018 s. This is reasonably fast compared to return stroke rise times but the

diffusion may still distort the results slightly (perhaps later we can back out the diffusion effects from the

measurement for greater accuracy). Note that the time [13]

 = ∆2

which is  = 176 s is the time for which the diffusion effect can be ignored. Also the time [44]

  =   − 

where

  = ∆26

which is  = 0115 s, is the time where we begin to see a response on the transfer impedance.

Now if we take  ≈ ∆ we find that for and outer radius  = 1 cm

 ≈
³ 

2∆

´
 ≈ (1137 ohm) 

If the voltage measurement accuracy is 10 millivolts then this indicates it is possible to measure variations

in current of about 1 kA at the outer radius. This resolution would not be too bad for 100 kA return stroke

currents, but we must make sure that any penetrant magnetic fields do not induce comparable voltages in

the interior measurement loops.

Step Height Capacitance-Resistance Solution The capacitance per unit length of a junction

between two heights  and 0 of transmission line can be determined from conformal mapping [45]

 = 0

µ



+

0

0

¶
+

0



∙
1


(1 + )

2
ln (1 + )− 1


(1− )

2
ln (1− )− 2 ln (4)

¸

 = 0  1
and    0  0 are the distances from the height change out to which the capacitance per unit length

is determined on either side of the junction. The first term is the uniform field component and the second

term is the correction. Now by virtue of the two dimensional nature of this problem we want to use this to

determine the correction to the conductance per unit length for current flow in the direction along the plates

(this connection between different quantities is different than the three-dimensional connection between the

capacitance and conductance used in the section below, because this capacitance step correction is for an

electric field between the top and bottom electrodes, whereas we want a conductance for current flow from

left to right between the electrodes). The original conformal mapping problem was set up with a potential

difference between waveguide conductors

 = −
Z


 ·  =  (top)−  (bottom)

where
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 = −∇

 = Im( )

and  is the complex potential in the problem [45]. Then the electric vector potential was take as

 = −0Re ( )

 = 0 = −∇×

and the charge per unit width on the top plate was evaluated using

 =

Z


 ·  = −
I


 ·  =  (left)− (right)

and thus

 =



=

 (left)− (right)

 (top)−  (bottom)
= −0 Re ( (left))−Re ( (right))

Im ( (top))− Im ( (bottom))
However we can also use the complex potential in the problem to evaluate the magnetic field by means of

 = Im( )

 = 0 = ∇×

In this case the magnetic flux per unit width is the normalization

Φ =

Z


 ·  =
I


 ·  =  (top)− (bottom)

The magnetic potential drop in this case can be defined as

 = −
Z


 ·  =  (left)−  (right) =

Z


 = 

where

 = −
1

0
Re ( )

 = −∇
The inductance per unit width can then be written as

 =
Φ


=
Φ


=

 (top)− (bottom)

 (left)−  (right)
= −0

Im ( (top))− Im ( (bottom))

Re ( (left))−Re ( (right))
= 0

0


where the final relation follows from the preceding formula for the capacitance since the complex potential

202



is the same quantity. The conductance per unit width in the current flow problem has the same Neumann

boundary conditions as in the inductance problem and thus we can write

 = 


0
= 

0


The resistance for each section of line is then

 =
1





0
To construct the total resistance at the step we divide this by the transverse width (for varying transverse

width we need to integrate the sections of resistor in series) 

 =



Using the preceding capacitance we thus find that the step resistance is

 =

µ



+

0

0

¶
+
1



∙
1


(1 + )

2
ln (1 + )− 1


(1− )

2
ln (1− )− 2 ln (4)

¸
and therefore the radial voltage drop is

 = 

and where  is an average cross sectional dimension of the device at a certain radius. For the first

uniform field term in this expression we want to allow the transverse width (the perimeter in this case) to

vary with radius

 = 2

and integrate over  = . For the second term a choice for this dimension is

 ≈ 2
where  is the position of the step. Thus if we combine two steps in height with  being is the inner step

radius and  =  + being the outer step radius with thickness  = ∆ between them and distance 0 = 

outside of the step, we can write in the planar case

 =



+
2

0
+
2



∙
1


(1 + )

2
ln (1 + )− 1


(1− )

2
ln (1− )− 2 ln (4)

¸
In an example where  = 1 mm, 0 = 4 mm,  = 14,  = 0046 in = 11684 mm, 2 = 3 mm,  = 14× 106
S/m, we obtained

 = 11684 + 075 + 13

or

 ≈ 23 ohm−m
A numerical simulation of this planar case gave 217 ohm-m, which is 6% below this value, but is still
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reasonably close.

In the cylindrical case

 =
1

2

Z 






+

1

20

"Z 

−




+

Z +







#

+
1

22

µ
1


+
1



¶ ∙
1


(1 + )

2
ln (1 + )− 1


(1− )

2
ln (1− )− 2 ln (4)

¸
or

2 = ln () +  ln

µ




 + 

 − 

¶

+




µ
1


+
1



¶ ∙
1


(1 + )

2
ln (1 + )− 1


(1− )

2
ln (1− )− 2 ln (4)

¸
Now taking  = 1 mm, 0 = 4 mm,  = 14,  = 0046 in = 11684 mm,  +  = 2 = 3 mm,  = 3 mm,

 = 14× 106 S/m, gives

 (879646 kS) ≈ 032892 + 025013 + 037258
or

 ≈ 0108 mohm
A 3D simulation of this circular case gave 0103 mohm, which is about 5% lower but is still reasonably close

to the preceding formula. If we use a current of 100 kA we should expect a response of 108 volts.

Diffusion Effects From Thicker Regions The thicker region with thickness 0 = 4 mm has a

diffusion time of  = 022 = 285 s. Because the preceding static calculation indicates that these

thicker regions, along with the junction corrections, contribute non-negligible resistances, it is of interest to

inquire how much effect this diffusion has for the earlier times in the experiment. In this problem shown in

Figure 194 the total surface current per unit width 0 is specified and the volume current has no normal

component on the free surfaces  = 0. We want to find the local voltage ∆ from one side of the step to

the other.

The following canonical corner geometry shown in Figure 195 can be used to assess this issue when the

skin depth  is assumed to be larger than  = ∆ = 1 mm but smaller than 0 = 4 mm.
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Figure 194. Single step in geometry of groove.
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Figure 195. Single step in groove geometry with electrically thick dimension between grooves treated as

half space.
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Figure 196. Single step in groove geometry with electrically thin dimension treated as a sink point.

We can alternatively simplify the problem by shrinking the thin  = ∆ gap to a point current sink

as shown in Figure 196. The voltage cannot be taken to the sink point but we can truncate the voltage

calculation at an equivalent radius  from the sink point. This simplifies the problem because we can

assume that the skin depth is larger then the right gap  = ∆ = 1 mm, which allows the equivalent radius

 to be determined from static considerations alone.

If we also have the skin depth is smaller than the thicker region 0 = 4 mm, we can eliminate this

boundary as well as shown in Figure 197.

This final simplified picture of Figure 197 is now solved. The equations inside the conductor (for time

dependence −) are

∇× = 0

∇× = 

The volume current density is

 = 

At the boundary we have

 ·  = 0
Thus eliminating the electric field gives

∇×∇× = ∇ (∇ ·)−∇2 = 0

Because the magnetic induction

 = 0
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Figure 197. Single step in groove geometry with both half space and sink point approximations.
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is solenoidal

∇ · = 0

we have

¡∇2 + 2
¢
 = 0

where

 =
p
0 = (1 + ) 

In this two dimensional geometry we can scalarize the problem in terms of the component of the magnetic

field into the page 

¡∇2 + 2
¢
 = 0

If we image the problem about  = 0 we double the sink current. In this two dimensional geometry the

current sink is actually a semi-infinite current sheet above the conductor. Thus the magnetic field on the

surface in the symmetrized problem is given by

 ( 0) = 0sgn ()

Applying the Fourier sine representation in  and taking the decaying solution as  →∞ gives

 ( ) =
2



Z ∞
0

 () 
√
2−2 sin () 

From the sine integral function

Si () =

Z 

0

sin ()



=

Z 1

0

sin ()



and its known limit (→ 0)

Si (∞) = 2

we see that  () = 0. Thus the solution to the problem is

 ( ) = 0

2



Z ∞
0


√
2−2 sin ()




This should satisfy the boundary conditions

 (0 ) =  (0 ) =



(0 ) = 0    0

 ( 0) =  ( 0) = −


( 0) = 0   6= 0

by symmetry. Note that the second condition is obviously true since  ( 0) = 0 sgn(). The first

condition is also true by virtue of the sine transform (convergence is assured by the presence of the

exponential for   0).
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Now we need to find the voltage ∆ . We integrate the surface electric field − (0 ) from the

equivalent radius  to ∞.

∆ = −
Z ∞


 (0 )  =

Z ∞


0

2



Z ∞
0


√
2−2 = 0

2



Z ∞
0


√
2−2p
2 − 2



The branch points of the integrand are at  = ± and the real axis path is below the branch point at  = .

Let us rotate the path of integration to −∞

∆ = 0

2



Z −∞
0


√
2−2p
2 − 2

 = 0

2



Z ∞
0


√
2+2p
2 + 2



Now if we let

 =  sinh 

∆ = 0

2



Z ∞
0

 cosh  = 0

2


0 (−) = 0





(1)
0 ()

Because we assume that   1 we can expand the Hankel function as

∆ ∼ 0





∙
1 + 

2


{ln (2) + 0}

¸
= (0)

"


2
+
2


ln

Ã

√
2


0

!#
where 0 ≈ 05772 is Euler’s constant. If we consider the lightning waveform as a falling exponential

 () = 0
− = 0

1

2

Z +∞

−∞



+ 


As an approximation we could consider averaging the frequency in the above expression  = −

ln (2) = ln
¡p−02¢ = 



2
+ ln

¡√
02

¢

hln ()i = 1

2

Z +∞

−∞

ln () 

+ 


1

2

Z +∞

−∞



+ 


If we take the limit of a step function → 0 the integral is easy

hln ()i = 1

2

Z +∞

−∞
ln () 




= −0 − ln ()

and thus

∆ ∼ 0





∙

2



½
ln
¡√

02
¢
+
1

2
ln () + 0

¾¸
or using the average
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∆ ∼ − (0)
2



½
ln
¡√

02
¢
+
1

2
hln ()i+ 0

¾

∼ − (0)
2



½
ln
¡√

02
¢− 1

2
ln () + 02

¾

∼ − (0)
2


ln

µq


0
02

¶
Going to cylindrical geometry the current per unit length is replace by

0 = 0 (2)

where  is the radius of the step.

2 ∼ −
µ
1


+
1



¶
2


ln

µq


0
02

¶
How should we select ? In the report [45] we have

 = − ( = 2) + (−+ )

where we take    and   2  0.

 =
0



Z 1

−1

s
1 + 2

1 + 1

1

1
+ 0

 = 0

 = − 0


ln |1|

The point 1 = −2 maps to  = . The point 1 = −1 maps to  = 0. The point  = − +  maps to

1 = −1 where

ln (11) ∼ 


+

1


ln

µ
1 + 

1− 

¶
+ ln

µ
1− 2

42

¶
The point  = 2 maps to the point 1 = −1 with (2  1  1)

2 =
0



Z −1
−1

s
1 + 2

1 + 1

1

1
+ 0

We note that if 2 → 0 we want 1  1  2 and thus

2
0 = 1− 1



Z 1

1

s
1 − 2

1− 1

1

1
Substituting
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1 − 2

1− 1
= 2

1 =
2 + 2

2 + 1

1 = 2
1− 2

(2 + 1)
2


s
1 − 2

1− 1
= 1

gives

2
0 − 1 = 2



Z ∞
1

µ
2

2 + 2
− 1

2 + 1

¶


=
2




Z ∞
1



2 + 1
− 2



Z ∞
1



2 + 1

=
2



h
2
− arctan (1)

i
− 2



h
2
− arctan (1)

i

=
2


 arctan (1)− 2


arctan (11)

or

2
0 =

2


 arctan (1) +

2


arctan (1)

Now we want 2  0. This means that we expect 1  1 or 1  1 − 1 or 
2  1  12 and

thus 1 ∼
√
1 and 1 =

p
21  1. Then

2
0 ∼ 2


21 +

2



p
1 ∼ 2



p
1

Thus

 =
0


ln |1 ( = 2)|− 0


ln |1 ( = −+ )|

=
0


ln |1|− 0


ln |1|

=
20


ln

¯̄̄̄
2

20

¯̄̄̄
+

0



∙



+

2


ln (1 + )− 2 ln (2)

¸

∼ 20

ln

¯̄̄̄
2

20

¯̄̄̄
+ 0+

20


[1− ln (2)]
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∼ 20

ln

µ
2

4

¶
+ 0

The final term is the uniform field contribution to the capacitance in the gap  with length from the

junction . The first term is the cylindrical field contribution to the capacitance with outer radius 2 and

inner radius

 =
4


≈ 

21349
Thus we find

2(2) ≈ ln () + 

µ
1


+
1



¶
2


ln

(s
4


0
0



µ
4



¶)
For  = 54991 mm and  = 66929 mm with  = 1 mm and  = 1 s, we find

s
4


0
0

≈ 113 mm

 =
4


≈ 0468 mm

2(2) ≈ 019646 + 018569 = 038215

(2) ≈ 4344 ohm
If we use  = 2 s we find

s
4


0
0

≈ 160 mm

 =
4


≈ 0468 mm

2(2) ≈ 019646 + 025878 = 0455239

(2) ≈ 5175 ohm
These magnitudes are somewhat smaller than the value from static analysis for groove 2 in Table 36 , but

we are finding the side wall term to be equal in magnitude to the thin groove region (the precise selection

of the value of  or  is of some question here, but the preceding averaging procedure seems reasonable).

If we consider the lightning waveform as a rising exponential

 () = 0
¡
1− −

¢
= 0

1

2

Z +∞

−∞

µ
1


− 1

+ 

¶


As an approximation we could consider averaging the frequency in the above expression  = −
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Carrying out the integration (near the pole we let  = ± + )
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+ ln () − = − {−Ei () + ln ()}

or

hln ()i = £−0 − ln ()− − {−Ei () + ln ()}¤  ¡1− −
¢

Now if we have reached the current peak then   1 and this goes to the step result

hln ()i = −0 − ln ()
From these results we can also carry out the double exponential waveform
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∙
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The double exponential waveform has a peak at time 

 =
ln ()

− 1
with value 

0 = (− 1) ()−()(−1)
Now taking the value of  to be approximately given by the fall time  to half maximum value

 ≈ ln (2) 
gives

 ≈ ln ()  ln (2)
− 1

If we take  = 2 s and  = 50 s we find

 ≈ 190

0 ≈ 09675
Thus if  = 50 kA we need 0 = 5168 kA. Thus at the peak time  = 

 ≈ 0027726

Ei () ≈ −2980254

 ≈ 5268

Ei () ≈ 4647

hln ()i = £− {−Ei () + ln ()}− − {−Ei () + ln ()}¤  ¡− − −
¢ ≈ 1275

2(2) ∼ ln ()− 

µ
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+
1
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¶
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½
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¢
+
1

2
hln ()i+ 0

¾

≈ 019646 + 0237 ≈ 0433

(2) ≈ 493 ohm
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Figure 198. Inverted groove probe with protection against radiant heat at groove base.

Inverted Design Note that we might also be concerned about surface heating and consequent

changes in electrical conductivity. This could pose problems in interpretation of the measurement. One

concept for avoiding this effect is shown on the figure. We invert the groove probe so that the discharge

occurs to the teeth and the measurement is made on the smooth side. Sand could be added to partially

block radiant heating of the bottom groove surface.

Thicker Interior Concept Both the groove probe and the inverted groove probe (no sand was tried)

suffer from melting issues of the thinner regions at the end of the continuing current phase of the strike

even when water cooling was tried. Other materials can also be considered (copper was used before in the

split probes [10]). The thermal diffusivity is

 =  ()

where for stainless steel the mass density is  ≈ 7800 kg/m3, the thermal conductivity is  ≈ 15− 20
W/(m-K), and the specific heat is  ≈ 520 J/(kg-K) [34]. The thermal time constant for a layer of
thickness ∆ = 1 mm is then

 = 
£
∆2 (8 )

¤ ≈  (25 ms)

For copper  ≈ 8933 kg/m3,  ≈ 400 W/(m-K),  ≈ 400 J/(kg-K) [34] and thus for a ∆ = 1 mm thick

layer

 =  (11 ms)

Even using water cooling and the higher thermal conductivities associated with copper, and shorter duration

(30 ms) and smaller amplitude (250 A) continuing currents, these issues were shown to destroy the 1 mm

thick coupons (simulating the probe grooves) when the second return stroke hit. Thus we never achieved

measurements of the transition from continuing current to return stroke. Another concept for getting

around this problem is shown in Figure 199. In this case we give up on measuring the continuing current

plasma radius (created by the continuing current generator) and attempt to handle the heat generated

during this initial startup phase of the discharge with a thick probe center. The subsequent transition to

the return stroke now is expected to quickly expand the plasma column over the grooves for which we can

measure the voltages.

Probe Geometry The back of the actual groove probe (the side facing away from the SLS electrode)

is shown in Figure 200, while the front side is shown in Figure 201. Wires that connect the groove centers

to the voltage waveform recorder are shown in Figure 202. The groove probe is mounted to a measurement

box that shields the equipment from the fields produced by the SLS and the voltage waveform recorder is
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Figure 199. Inverted groove probe concept with solid metal center to handle continuing current (CCG)

heating and outer grooves to observe the subsequent return stroke expansion.
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Figure 200. Back side of groove probe.

placed inside the box as shown in Figure 203. The outside of the measurement box with the groove probe

in its side and the SLS electrode is shown in Figure 204. Voltage waveforms as recorded by the waveform

recorder are shown in Figure 205. Figure 206 shows the minor damage to the groove probe caused by a

return stroke.
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Figure 201. Front side of groove probe.

Figure 202. Back side of groove probe wired for voltage measurements.
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Figure 203. Inside of measurement box showing voltage waveform recording equipment.

Figure 204. View of SLS electrode, groove probe and the measuement box.
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Figure 205. Recorded voltage waveforms from between the grooves

Figure 206. Minor damage to the groove probe caused by the return stroke.
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Figure 207. Dimensions of groove probe.

The Table 36 shows the  and  values for each groove taken from Figure 207. Now taking  = 1 mm,

0 = 4 mm,  = 14, () = 
()
 − 

()
 , 2

()
 = 

()
 + 

(−1)
 , 2

()
 = 

(+1)
 + 

()
 , 

(1)
 = 

(1)
 − 0

0

(this value comes about from the effective radius for transfer resistance of a layer with a point drive on

the input side 0
0
, however since it gives a value greater than 1 it means that the region of thickness 

comes into the picture as well, and complicates the problem to the point that we do not have a canonical

value, nevertheless use of this value basically cancels the second term in the expression below meaning that

the resistance comes from the junction effects and the  region alone), 0 ≈ 05772,  = 14 × 106 S/m,
∆ () = (), () = 50 kA, gives

 (01136821 mohm) = ln () +
1

4
ln

µ




 + 

 − 

¶
+

µ
1


+
1



¶
06500 mm

Braginskii Model We now summarize the Braginskii model for the late time spark expansion [30].

A side view of this geometry is shown in Figure 208. Current density  () flows through the channel as

indicated by the arrows. The channel radius is given by  (), which increases with respect to time. The

electrical conductivity of the channel is given by  The length of the channel between the two electrodes

is  A top view of the channel is shown in Figure 209. The arrows around the perimeter of the channel

indicate that the channel is expanding.

The assumptions in this model are that the current flowing through a fixed conductivity gas expands

the channel at supersonic velocity driving a cylindrical shock wave. It is thus the expansion of the channel

that reduces the resistance of the arc in this model. The channel radius  () is obtained as
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  (mm)  (mm)  (mm)  (mm)  (mm)  (ohm) ∆ (volts)

1 14986 2667 11684 −07473 141605 143146 7157

2 54991 66929 11938 141605 140335 60683 3034

3 94996 107188 12192 140335 139065 36409 1820

4 135001 146685 11684 139065 141605 28015 1401

5 175006 18669 11684 141605 141605 20003 1000

6 215011 226695 11684 141605 141605 16370 0819

7 255016 266954 11938 141605 140335 13946 0697

8 295021 306705 11684 140335 142240 12003 0600

9 335153 346837 11684 142240 140970 10595 0530

10 375031 386842 11811 140970

Table 36. Analytic ring resistance

a(t)

l


J

Figure 208. Side view of arc channel.
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Figure 209. Top view of the arc channel.
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2 () =

µ
4

20

¶13 Z 

0

23 () 

where the undisturbed gas density is found from

 = 

 = 

If we take  = 27315 K,  = 101 325 Pa,  = 138066× 10−23 J/K,  = 2687× 1025 m−3 and average
molecular mass

 = 2× (02× 16 + 08× 14)× 1674× 10−27 kg

0 ≈ 1295× 10−3 gcm3 = 1295 kg/m3
In this simple arc channel model the channel conductivity is taken as a fixed value [41] (the value taken here

is a factor of two larger than that discussed above, but the density and temperature in the channel may not

be the same as the preceding case since we are not considering an initial steady current here, nevertheless

there is uncertainty about this value)

 ≈ 400 Scm = 4× 104 Sm
and a constant dependent on gas properties, and somewhat on current rise rate, is taken as

 ≈ 45
The resistance of the arc channel is then

 =


2
(21)

For the exponential fall waveform

 () = 0
−

where for a fall time to half maximum of 

 = ln (2 )

2 () =

µ
420
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3
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1− −23
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→
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Taking 0 = 50 kA and  = 50 s

 (∞) =
Ã

20


p
0

!13r
3

2 ln 2
≈ 4202 mm
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Using  = 5 s

 () =

Ã
20


p
0

!13r
3

2 ln 2

£
1− 2−2(3 )¤ ≈ Ã 20


p
0

!13√
 ≈ 893 mm

and at  = 10 s  () = 1249 mm. Note that at  = 50 s  () = 256 mm. Also note that at 1 s (this is

really like 2 s if the rise time is about a microsecond) we find  () ≈ 40 mm and thus it is not surprising

that the voltage of the first groove does not reach the full predicted voltage and that it begins to fall after

a short time. It is also not surprising that the second groove begins to fall after a few microseconds, but

does achieve the peak level.

Note that shot number two has a rise time of about 1 s and a fall time of about 45 s with a peak

amplitude of about 40 kA. If we fit this with a decaying exponential with a step at time zero we can

approximate the rise time by shifting the start time to 05 s.

Taking 0 = 40 kA and  = 45 s

 (∞) =
Ã

20


p
0

!13r
3

2 ln 2
≈ 2046 mm

At time  = 0 we begin at  () = 0 (we would add 05 s for the rise time). Using  = 1 s (we would add

05 s for the rise time)

 () =

Ã
20


p
0

!13r
3

2 ln 2

£
1− 2−2(3 )¤ ≈ Ã 20


p
0

!13√
 ≈ 207 mm

Using  = 4 s (we would add 05 s for the rise time)

 () =

Ã
20


p
0

!13r
3

2 ln 2

£
1− 2−2(3 )¤ ≈ Ã 20


p
0

!13√
 ≈ 41 mm = 

(2)
 − 

(2)


Using  = 9 s (we would add 05 s for the rise time)

 () =

Ã
20


p
0

!13r
3

2 ln 2

£
1− 2−2(3 )¤ ≈ Ã 20


p
0

!13√
 ≈ 608 mm

Using  = 16 s (we would add 05 s for the rise time)

 () =

Ã
20


p
0

!13r
3

2 ln 2

£
1− 2−2(3 )¤ ≈ 80 mm = 

(3)
 − 

(3)


Using  = 42 s (we would add 05 s for the rise time)

 () =

Ã
20


p
0

!13r
3

2 ln 2

£
1− 2−2(3 )¤ ≈ 121 mm = 

(4)
 − 

(4)


Using  = 935 s (we would add 05 s for the rise time)
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Figure 210. Drive current for Shot 2.

 () =

Ã
20


p
0

!13r
3

2 ln 2

£
1− 2−2(3 )¤ ≈ 161 mm = 

(5)
 − 

(5)


The data from shot number two is shown in the following two figures

We next have attempted to sync the data by shifting the voltage data by

− 495 s→ 0

and have windowed the data from the current pulse start at 0 = 0 to  = 50 s. In addition we have scaled
the voltage data by the current and by the average groove perimeter 2 hi =  ( + 0), or by the current

density 0.

From this scaling we wanted to see a flat characteristic to the distant grooves and a fall-off in the closer

grooved data. This is what we see on the figure. We have placed open circles at the beginning of the fall-off

characteristics. In addition we have lined up the Braginskii expansion radius (adding one half microsecond

to a step function excitation with 40 kA peak and 45 s fall to half maximum) with the inner pickoff radius

 −  = hi− 2− . The thinking here is that as the channel radius reaches this point the voltage of

this particular groove region will begin to fall. Note that the Braginskii model is for an arc in gas rather

than a discharge to a surface. To check this assumption we ran an ALEGRA simulation on a channel next

to a surface and it agreed with the Braginskii model near the surface [29].

Another approach to scaling these results is to fit the current injection for each groove by the ratio of

areas function

()0 ≈
³
 hi2

´
 ()  ()0  1

where  = 45 s
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Figure 211. Measured voltage differences on grooves for Shot 2.
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Figure 212. Difference voltages with surface current density scaled out (equal to groove perimeter times

groove resistance). The beginning of the fall of the scaled data (open dots) indicates when the current column

passes the groove radius. The current column radius prediction from a free space Braginskii hydrodynamic

expansion model is shown as the solid dots.
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Figure 213. Manipulation of voltage differences by use of expanding area of discharge predicted by Braginskii

model.

 () = 2 () = ∞
h
1− 2−2(3 )

i
and the constant ∞ might be adjusted in value (in the Braginskii model)

∞ = 

Ã
20


p
0

!23
3

2 ln 2
≈ 205 mm

We see from Figure 213 that the Braginskii front is expanding too slowly at early time (and hence does

not boost the smaller rings sufficiently in this region because the front does not cross the center line of each

early enough, although a continuous transition function based on the numerical cylinder model would do

better than this center-groove step turn-on model) and too rapidly at late time (this boosts the smaller

rings by virtue of the fact that the current density on these rings is becoming too small at late time in this

model). In addition the droop observed in the distant rings (in both this figure and the preceding figure)

seems like it is indicative of an expanding front thickness with time (rather than the sharp Braginskii front).

An expanding front would allow some current beyond these rings at the later times, which when corrected

would slightly boost these values.

The fact that we are measuring surface current rather than the current in the volume, in addition, to

the fact that the electrode gap is only 025 in = 5 mm apart (a 2D spreading effect for large distances) are

probably the drivers for these discrepancies.

Numerical Simulations In this sub-section we will describe the numerical methods used to

determine the resistance between various points on the groove probe and how we used this information to

interpret the measured results. The numerical simulations were done using the static, boundary element

code EIGER_S, which solves for the potential and the normal gradient of the potential on a surface. We

used EIGER_S to solve for the capacitance between two points on the probe and then used the analogy

between capacitance and conductance to calculate the resistance between these two points.
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Figure 214. Cross section of groove n in the groove probe.

If we look at the cross-section of a portion of the groove probe we have the geometry shown in Figure

214. This cross-section is spun around the b axis to form the groove probe. Shown is the region from

pickoff point to pickoff point on either side of one groove.

Let us begin by calculating the resistance across a single groove from the ring-like surface formed by 
to the ring-like surface formed by . This can be done by solving for the capacitance of the cross-section

shown in Figure 215. On the inner () and outer () surface we place a PEC boundary. On the inner

PEC boundary (red) we set the potential to 1 volt and on the outer PEC boundary (yellow) we set the

potential to be 0 volts. To confine the electric displacement
−→
 within the structure (the analog is that the

electric current density  is confined within the conducting structure) we make all surfaces connecting the

inner and outer surfaces — the green surfaces — to be PMC. The normal component of
−→
 is zero on a PMC

surface. Since the problem is rotationally symmetric, we don’t have to rotate the cross section 3600 and

grid the entire structure, rather, we can rotate the cross section a few degrees, place PMC surfaces on the

exposed sides preventing the  field from crossing those surfaces, find the conductance of that structure

and add the conductances in parallel to obtain the conductance of the entire 3600. Initially, when we were

calculating the conductance of single rings we gridded 450 sectors, but as we included more rings in the

problem we went to 50 sectors to reduce the number of unknowns. The total conductance calculated was

independent of the sector size chosen. We also didn’t have to use the charge-balancing procedure. Perhaps

because of the fact that the region was entirely enclosed by either PEC or PMC surfaces, the charge on all

PEC surfaces added to zero implying that no electric flux went to a surface at infinity. The mesh is shown

in Figure 216. Note that the colors of the mesh match the colors in Figure 215.

It is known that capacitance and conductance are analogous quantities so that conductance between

two conductors () is related to the capacitance between two conductors () by

 = 




where  is the conductivity of the actual material between the two electrodes and  is the assumed

permittivity of the material in the problem that we solve [28]. In solving for the capacitance between the

red and yellow electrode, we assume that the permittivity is that of free-space
¡
0 = 8854× 10−12 F/m

¢
.

The  is that of stainless steel,  = 14× 106 (Ω−m)−1 We assumed that the conductance did not vary

spatially. We solve for the capacitance by

 =



where  is the charge on one of the electrodes and  is the voltage difference between the two electrodes
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Figure 215. Cross section of ring with boundary conditions.

Figure 216. Mesh for single ring of groove probe.
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(1 Volt in this case). The quantity that EIGER_S solves for on a PEC is  at the center of each

element where / is the potential and  is the surface normal. This quantity is the normal electric field³
− = b ·−→´on the PEC electrode. Basic electromagnetics says

 =

Z




=

Z


³b ·−→´ 
=

Z



³b ·−→´ 

≈ −
X




∆

where  is the charge density on the electrode, the integral is over a single electrode, the summation is over

all elements on the electrode and ∆ is the area of the 
 element. The summation results are printed for

each electrode by EIGER_S in the file *.chg. Once we obtain  of the gridded sector we get the total

conductance between rings by adding the conductance of the sectors in parallel. Say we gridded a 450

sector then 8 of these sectors would make up the entire electrode ring and

 = 8

Finally, the resistance between the red and yellow electrodes is

 =
1



Finding the resistance between a top electrode and a point on the bottom is slightly more complicated

and is discussed next. Consider the cross-section shown in Figure 217 where we want to find the resistance

between the red disk on the top of the electrode and the point labeled 1 at the bottom of the electrode.

We grid a 450 sector of the geometry as shown in Figure 216. To calculate the capacitance we use the

calculated  on the red electrode as before, but the voltage in the denominator is that between the red

electrode (1 Volt) and the potential at the position 1 The quantity that EIGER_S solves for on a PMC

surface is the electric potential  at nodes, which are at the corners of elements. It is convenient when

generating the grid to position a node at the position of interest. If the potential at the position of interest

is 1 then

 =


1
The remainder of the calculation proceeds as before.

6.3.4 Results

If the radius of the red electrode in Figure 215 is assumed to be 400m and we are interested in the

transfer resistance between the red electrode and the point 1 (on axis but at the bottom of the electrode)

we find that the charge on the red electrode is 1756× 10−40 coulombs. The potential at 1 is 02529 V.
The transfer capacitance between 1 and the outer electrode (at zero potential) of the 450 sector is then

 =
1762× 10−40

02529

= 6967× 10−40
Using the analogy with  = 14× 106 S/m,  = 9754 S and accounting for the 8 sectors that make up the
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Figure 217. Cross section including the center axis of groove probe.
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Figure 218. Mesh for center sector of groove probe.
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 Sector Element Number of Charge/0 V    

Angle Size (m) Elements (Volts) (S) (S) (ohm) (ohm)

1 450 100 139 K 1762× 10−4 02529 972 7803 128 14315

2 450 100 248 K 1558× 10−3 10 2181 17440 573 6068

2 100 100 99 K 3462× 10−4 10 4847 17450 573 6068

3 100 100 126 K 5808× 10−4 10 8131 29270 342 3641

4 100 100 154 K 8261× 10−4 10 11565 41635 240 28015

5 100 100 183 K 1059× 10−3 10 14820 53351 187 20003

5 20 100 46 K 2127× 10−4 10 2978 53600 187 20003

5 20 200 11 K 2130× 10−4 10 2981 53663 186 20003

6 20 100 49 K 2599× 10−4 10 3638 65482 153 16370

7 20 200 14 K 3053× 10−4 10 4274 76936 130 13946

8 20 100 58 K 3533× 10−4 10 4946 89019 112 12003

9 20 100 63 K 3995× 10−4 10 5593 100673 99 10595

Table 37. Comparison of numerical and analytic ring resistance

entire electrode

 = 8

= 78032 S

and  = 128 ohm. Calculations for this center section and each of the rings are given in Table 37 (the

first entry is a transfer resistance but all other entries are radial ring-to-ring resistances just like in the

preceding analysis).

Except for the center section (11% relative error), the numerical resistance results are close to

( 7% relative error), but slightly below the analytical results.

Our next step to interpret the experimental data for the groove probe, namely determine the current

distribution on the top of the probe given measured voltage information on the rings on the bottom of

the probe Figure 219 shows the cross section of the groove probe that we simulated. We calculated the

resistance between the red electrode and the center of each of the rings out to the sixth ring using the

method discussed in the previous subsection. The red electrode, set at 1 volt, represents a uniform disk

of current flowing into the probe. To ensure uniformity of current, we tied all the elements on the red

electrode to a single unknown and all the elements on the yellow electrode to another single unknown. We

didn’t do this in the previous section; each PEC element had an unknown associated with it, so the current

could vary somewhat as a function of position on the electrode (the original PEC electrode would generate

larger currents at the outer edge). The groove probe was meshed out to the mid-point of ring 7 (2809875

m). The current exits the probe at the yellow electrode (set at 0 volts). To determine the distribution

of the current flowing into the probe as a function of time, we calculated the six ring resistances for red

electrodes having six different radii. The radii chosen were at the center of rings 1 - 5 and half-way out

the center cylinder, i.e., 0 = 749 m, 1 = 4083 m, 2 = 8096 m, 3 = 12109 m, 4 = 16085 m and

5 = 20085 m.

Figure 220 shows a mesh of a 50 sector of the cross-section. The red electrode shown is the 1 case.

The green surfaces are PMC. The mesh was constructed so that the potential at the center of each ring

did not have to be interpolated.

Accounting for the fact that it takes 72 of the 50 sectors to make up the 3600 probe, the resistance
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Figure 219. Cross section of simulated 7 ring groove probe.

Figure 220. Mesh for 1 = 4083 m and 50 sector of groove probe.
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  (Volt)  (ohm) ∆ (ohm)

0 06386 16341 −−−
1 03580 29033 12692

2 02312 34766 5733

3 01560 38167 3401

4 01035 40541 2374

5 006268 42386 1845

6 002927 23897 1511

Table 38. Ring resistances for 0 excitation

between the red electrode and the center of ring  is given by

 =
(10− ) 0

72

and difference

∆ =
( − −1) 0

72
Note that the center of the 0 ring is defined to be the axis of the probe.  is the potential calculated at

the center of ring  and  is 14 × 106 (Ω−)−1. As the disk radius becomes larger, voltages that are

greater than 1 volt occur in the region below the red electrode (this could be partly due to the fact uniform

current density produces a varying potential on the electrode with an average of unity). We note these

voltages but set the calculated resistance to zero when this occurs.

If the red electrode has a radius 0  = 21938× 10−50 and the resistances between rings are shown
in Table 38. If the red electrode has a radius 1  = 56288× 10−50 and the resistances between rings are
shown in Table 39. If the red electrode has a radius 2  = 88552× 10−50 and the resistances between
rings are shown in Table 40. If the red electrode has a radius 3  = 12847× 10−40 and the resistances
between rings are shown in Table 41. If the red electrode has a radius 4  = 18545 × 10−40 and the
resistances between rings are shown in Table 42. If the red electrode has a radius 5  = 28203× 10−40
and the resistances between rings are shown in Table 43.

In the experiment a return-stroke current, which is shown in Figure 210 flows into the top of the probe.

As the current flows across the grooves, the resistance of the probe causes a voltage drop between the rings.

Voltage was measured as a function of time between the centers of six consecutive rings of the probe. These

voltages can be expressed in terms of the already-defined voltages in Figure 219 as

∆1 = 1 − 0 (22)

∆2 = 2 − 1

∆3 = 3 − 2

∆4 = 4 − 3

∆5 = 5 − 4

∆6 = 6 − 5

These voltages were plotted previously in Figure 211. To obtain the distribution of current on the top of

the groove probe, we solve the following matrix equation for []

[∆] [] = [∆ ] (23)

where [∆] is a 6× 6 matrix whose columns consist of the last column (labeled ∆) of each of the above
tables from  = 1  6 Column 1 of the matrix is from the 0 table, column 2 from the 1 table, and so

forth. [∆ ] is a 6× 1 vector, whose elements are ∆ as defined in Equation (22) at a given time. [] is a
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  (Volt)  (ohm) ∆ (ohm)

0 10566 000 −−−
1 08792 2129 2129

2 05751 7489 5360

3 03885 10778 3289

4 02851 13077 2299

5 01565 14867 1790

6 007312 16336 1469

Table 39. Ring resistances for 1 excitation

  (Volt)  (ohm) ∆ (ohm)

0 11115 000 −−−
1 10267 000 000

2 08867 1269 1269

3 05985 4498 3229

4 03973 6753 2255

5 02409 8504 1751

6 01126 9941 1437

Table 40. Ring resistances for 2 excitation

  (Volt)  (ohm) ∆ (ohm)

0 11449 000 −−−
1 10457 000 000

2 10142 000 000

3 08732 979 979

4 05739 3291 2312

5 03469 5043 1752

6 01620 6471 1428

Table 41. Ring resistances for 3 excitation

  (Volt)  (ohm) ∆ (ohm)

0 11831 000 −−−
1 10563 000 000

2 10375 000 000

3 10052 000 000

4 08469 819 819

5 05029 2659 1832

6 02336 4100 1441

Table 42. Ring resistances for 4 excitation
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  (Volt)  (ohm) ∆ (ohm)

0 12435 000 −−−
1 10718 000 000

2 10536 000 000

3 10369 000 000

4 09972 010 010

5 07967 715 705

6 0.3593 2254 1549

Table 43. Ring resistances for 5 excitation
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Figure 221. Current at various radii on groove probe.

6× 1 vector whose elements, when solved, are the weighting of each current disk: 0  6 Since the disks
overlap one another, in order to get the current flowing through the various annuluses, we first convert

to current density by dividing each current by the disk area. We then add the current densities that

contribute to each annulus and multiply the area of the annulus to convert back to current. In general,

 = 
¡
2 − 2−1

¢ 6X
=+1



2
for −1    

A plot of  as a function of time is shown in Figure 221. The figure indicates that in the first half a

microsecond the current is confined to the radius less than 408 mm (black and blue lines). Then the

current stops flowing in the center disk and flows principally in the first annulus (blue line) until 10 s

after the start of the risetime., where it flows equally in the first and second annulus (blue and green line).

Some current flows in the third annulus between 810 mm and 121 mm (the light cyan curve). The current

doesn’t seem to flow significantly in regions with radii larger than 121 mm (red and magenta curves). If

the calculated current is added it compares well with the drive current as shown in Figure 222. The drive

current was shifted 507 s later in time to make the comparison. Note that the Braginskii predictions for

the current column radius reaching the center of each groove shown in Figure 212 (note that the color

coding is different in this previous figure) agree reasonably well with the rise of each current band in this

data.

Another configuration that is used experimentally is the groove probe turned upside-down so that the

return stroke attaches to the grooved side of the probe and the voltages are measured on the smooth side.

This is shown in cross-section in Figure 223. Again we are simulating a portion of the full probe out to a

point half-way across the seventh ring. We are calculating the resistance between the red electrode, placed

on one of the rings on its top and at points aligned with the midpoints of six of the grooves. The red

electrode, set at one volt, is put across each of the inner six rings. Figure 223 shows the red electrode at

the 0 ring position. The yellow electrode, set to 0 volt, is at the outer diameter of the simulation. Figure

224 shows the mesh applied to a 50 sector. In this case the red electrode is at the first ring position.

If the red electrode on the 0 ring   = 1601× 10−50 and the resistances between rings are shown in

239



50 70 90 110 130

Time (s)

-50

-40

-30

-20

-10

0
C

ur
re

nt
 (

kA
)

Drive Current (shifted 50.7 microseconds later )
Current from voltage measurement

Drive Current and Total Current Comparison

Figure 222. Comparison of calculated current and drive current.

0 1 2 6 7

V1 V2V0

Figure 223. Inverted groove probe cross-section.
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Figure 224. Mesh for first ring and 50 sector.
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  (Volt)  (ohm) ∆ (ohm)

0 047200 32603 −−−
1 035872 39598 700

2 020846 48876 928

3 013848 53197 432

4 0093068 56001 280

5 0059368 58082 208

6 0032522 59740 166

Table 44. Inverted ring resistances for 0 excitation

Table 44. If the red electrode on the 1 ring   = 5331 × 10−50 and the resistances between rings are
shown in Table 45. If the red electrode on the 2 ring  = 8493× 10−50 and the resistances between rings
are shown in Table 46. If the red electrode on the 3 ring  = 12579× 10−40 and the resistances between
rings are shown in Table 47. If the red electrode on the 4 ring  = 18750 × 10−40 and the resistances
between rings are shown in Table 48. If the red electrode on the 5 ring  = 29885 × 10−40 and the
resistances between rings are shown in Table 49.

The measured voltage between the grooves is shown in Figure 225. Again we fill and solve Equation

(23) and obtain the results for current in Figure 226. This current is wrong in that it predicts a huge,

almost oscillating current from groove to groove. It is reminiscent of results from an ill-conditioned matrix

system. We tried to find what was wrong with this solution but all of our efforts were fruitless and we had

to move on (the problem is left to future work).

7 OBSERVATIONS

We have collected some of the general observations from the previous burnthrough experiments and

analyses in Figure 227. Note that we have observed very large voltage levels (20kV) through predrilled

holes with cathodes protruding inside the barrier (and several kVs when even with the barrier), but not in

burnthrough experiments in this project.

8 CONCLUSIONS

Using the original experiments of 1994 as a starting point, this new project was directed understanding

the coupling mechanisms leading to electrical penetration of a metallic barrier when lightning burnthrough

occurs. These mechanisms included indirect magnetic and electric field coupling, direct discharge

attachment to the interior, and direct plasma conduction to the interior. We thus considered coupling to

interior cables and metallic collectors by means of burnthrough of a metallic barrier using a combination of

high level experiments in the Sandia Lightning Simulator and smaller laboratory scale experiments using a

variety of pulsers. The experimental setup was similar to that used in the original experiments and involved

burnthrough of a 0.05 inch thick aluminum barrier. High speed photography was used to understand what

was taking place during the burnthrough event; these images were correlated in time with the electrical

responses. Predrilled holes were also subjected to return strokes and other lower level drives in an effort to

isolate certain penetration mechanisms.

More severe levels of continuing current charge transfer were used than in the original experiments.

This resulted in higher levels of interior short circuit current and open circuit voltage as well as shorter

current rise times and rise rates. Photography indicated that penetrant holes opened up prior to the second
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  (Volt)  (ohm) ∆ (ohm)

0 086598 2494 −−−
1 086401 2531 00

2 069225 5727 320

3 046004 10048 432

4 030915 12856 281

5 019720 14940 208

6 010802 16599 166

Table 45. Inverted ring resistances for 1 excitation

  (Volt)  (ohm) ∆ (ohm)

0 089254 1255 −−−
1 089059 1278 00

2 088932 1293 00

3 073373 3110 182

4 049319 5920 281

5 031457 8007 209

6 017231 9669 166

Table 46. Inverted ring resistances for 2 excitation

  (Volt)  (ohm) ∆ (ohm)

0 089083 861 −−−
1 088864 878 00

2 088731 889 00

3 088830 881 00

4 073182 2115 123

5 046688 4204 209

6 025571 5870 167

Table 47. Inverted ring resistances for 3 excitation

  (Volt)  (ohm) ∆ (ohm)

0 087740 649 −−−
1 087509 661 00

2 087357 669 00

3 087460 664 00

4 087733 649 00

5 069741 1601 99

6 038208 3270 167

Table 48. Inverted ring resistances for 4 excitation
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  (Volt)  (ohm) ∆ (ohm)

0 084106 528 −−−
1 083787 538 00

2 083630 543 00

3 083716 541 00

4 084000 531 00

5 084380 519 00

6 06103 1294 78

Table 49. Inverted ring resistances for 5 excitation
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Measured Voltage Across Groove Electrode Rings, Shot 2

Figure 225. Measured voltage between the flipped or inverted groove probe.
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Figure 226. Current on the flipped or inverted groove probe.

• Extreme continuing current duration
– Less than one inch diameter hole in fifty mil aluminum

– One kiloampere penetrant current  level with submicrosecond rise  time

• Multiple return strokes

– Enlarge hole size by less than factor of two

• Early time voltage penetration
– Less than one kilovolt penetrant voltage level with less than ten nanosecond  rise time

• Discharge paths and thresholds of single return stroke
– For typical electrode offset  (> 0.25 in) discharge path to barrier hole edge instead of 

interior collector or cable

• Indirect coupling levels from model
– Magnetic levels for extreme  lightning (scaled to extreme  lightning) less than one kilovolt

– Electric levels for extreme  lightning (scaled  to simulator open circuit drive) less than one 
kilovolt

• Continuing current plasma under open circuit load
– Less than one kilovolt penetrant voltage due to continuing current arc resistance

Figure 227. Some observations from the burnthrough experiments and analyses associated with this project.
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return stroke when more severe durations of continuing current were used during the interstroke interval.

The effects of multiple return strokes were explored by initiating the continuing current with a thin starter

wire (which quickly vaporizes) and reserving the two return strokes (the limit of the Sandia Lightning

Simulator) for later in the burnthrough event. Interior open circuit voltages were never observed to be

greater than one kilovolt in any burnthrough experiment (levels in the tens of kilovolts were observed when

predrilled holes were used with rod electrodes protruding through the barrier) and short circuit currents

only slightly exceeded one kiloampere.

Simple models of indirect (magnetic and electric) coupling to the interior conductor were compared and

found to be in reasonable agreement with low level experiments when the injecting electrode was driven

below ionization thresholds. Interestingly it was found that barrier thickness was an important parameter

to include even when it was one tenth of the hole diameter. The indirect magnetic field coupling levels,

when extrapolated to extreme lightning, result in interior open circuit voltage levels in the several hundred

volt range.

Breakdown threshold calculations were made using ionization coefficients and numerical models for

the field through the barrier hole from a rod-to-plane drive configuration (the experimental setup). These

were compared to experimental measurements of interior voltages when the electrode was driven above

breakdown levels. It was found that the threshold calculations could be correlated with the experiments

as far as determining the path of the discharge. Exterior electrode tip positions led to small (ten volts)

indirect interior voltage levels. Interior voltage levels of several kilovolts were reached as the electrode came

into alignment with the barrier surface. Interior voltage levels of just under 10 kV were reached when the

electrode protruded into the interior.

Approximate models were also constructed to examine penetrant current levels and interior voltages

resulting from plasma conduction to the interior collector. These predictions were in the ballpark of the

high level measurements of open circuit voltage and short circuit current.
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10 APPENDICES

Appendices giving details on each of the five experimental rounds are now listed along with a list of

equipment used.
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Experimental Plan (First Round) 
Abstract:  This first round of experiments has three primary goals.  The first is to demonstrate that we 
can repeat the essential voltage and current measurements conducted by Schnetzer [1] in the early 1990s.  
The second is to provide correlated high speed photographic records of the exterior plasma behavior and 
extent for both the return stroke and continuing current phases of the flash.  The third is to conduct some 
additional shots directed at covering any missing characteristics, in the spirit of severe lightning, that 
might impact our understanding of the results and possibly redirect the concurrent and future modeling 
efforts. 
 
The plan follows with extra shots and the photographic efforts separately called out. 
 
0.  Noise Shots 
Conduct 50 kA return stroke shots with solid coupon in place to check integrity of Faraday cage. Repeat 
with bronze wool shorting collector to coupon to assess diffusion coupling to measurement loop.  These 
should be repeated eventually for voltage measurement setup. 
 
Conduct 50 kA return stroke shots with predrilled coupon (0.5 inch hole) in place.  Check response with 
and without cable to Nanofast interrupted (before capacitance C_s on p. 9 of Schnetzer’s report) to make 
sure the signal is that delivered by the cable (and not propagated around the break).  This should be 
repeated eventually for voltage measurement setup. 
 
Notes:  Isolate Nanofast from chassis ground.  Isolate CVT from collector cable. Use 0.005Ω CVR 

 
 

Noise Shots- Current (See Appendix A) 
Date Shot # SLS 

Current 
d Description 

3/25/2009 9 48 kA 0.2 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" 
Electrode Gap. CVR, CVT and cables connected to 
Nanofasts. Collector Current (noise floor ~3 A) 

3/25/2009 10 54 kA 0.2 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" 
Electrode Gap. Cables connected to Nanofasts (no CVR or 
CVT in Circuit). Collector Current (noise floor ~3 A) 

3/25/2009 11 47 kA 0.2 0.050" T6061 Al coupon with 0.5" hole in center, 1/4" 
Tungsten Electrode, 1/4" Electrode Gap. Cables connected to 
Nanofasts (no CVR or CVT in Circuit). Collector Current 
(noise floor ~3 A) 

3/25/2009 12 54 kA 0.2 0.050" T6061 Al coupon with 0.5" hole in center, 1/4" 
Tungsten Electrode, 1/4" Electrode Gap. CVR, CVT and 
cables connected to Nanofasts. Collector Current (700 A) 

3/27/2009 4 46 kA 0.2 0.050" T6061 Al coupon. Bronze wool between coupon and 
brass collector, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofasts with cables connected to CVR and CVT. Collector 
Current (7 A) 

3/27/2009 5 56 kA 0.2 0.050" T6061 Al coupon. #6-32 set screw between coupon 
and brass collector, 1/4" Tungsten Electrode, 1/4" Electrode 
Gap, Nanofasts with cables connected to CVR and CVT. 
Collector Current (40 A) 

4/8/2009 
 

3 52 kA 0.2 0.050" T6061 Al coupon with 0.125" hole in center, 1/4" 
Tungsten Electrode, 1/4" Electrode Gap. CVR, CVT and 
cables connected to Nanofasts. Collector Current (20 A) 

 



Page I-3 of I-42 
 

 
 

Noise Shots- Voltage (See Appendix B) 
Date Shot # SLS 

Current 
d Description 

5/11/2009 
 

3 50 kA 
 

0.2 0.050" T6061 Al, 1/4" Tungsten Electrode, 1/4" 
Electrode Gap, Nanofast with cable connected to 
V50kΩ. Collector Voltage (noise floor 0.9 V) 

5/11/2009 
 

2 53 kA 0.2 0.050" T6061 Al, 1/4" Tungsten Electrode, 1/4" 
Electrode Gap, Nanofast with cable not connected to 
V50kΩ. Collector Voltage (noise floor ~0.3 V) 

5/11/2009 
 

1 
 

49 kA 0.2 0.050" T6061 Al w/0.5" hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with cable not 
connected to V50kohm. Collector Voltage (noise floor 
~0.3 V) 

4/15/2009 8 54 kA 0.2 0.050" T6061 Al coupon with 0.5" hole in center, 1/4" 
Tungsten Electrode, 1/4" Electrode Gap. V50kΩ and 
cable connected to Nanofast. Collector Voltage (45 V) 

4/17/2009 1 59 kA 0.2 0.050" T6061 Al coupon, bronze wool between coupon and 
brass collector,1/4" Tungsten Electrode, 1/4" Electrode Gap, 
V50kΩ and cable connected to Nanofast.  
Collector Voltage (0.8 V)

4/17/2009 
 

2 55 kA 0.2 0.050" T6061 Al coupon, #6-32 set screw between coupon 
and brass collector,1/4" Tungsten Electrode, 1/4" Electrode 
Gap, V50kΩ and cable connected to Nanofast. 
Collector Voltage (1.8 V)

4/16/2009 1 61 kA 0.2 0.050" T6061 Al coupon with 0.125" hole in center, 
1/4" Tungsten Electrode, 1/4" Electrode Gap. V50kΩ 
and cable connected to Nanofast. Collector Voltage 
(9 V) 

 
 
1.  Predrilled Hole - Disk Collector 
Begin with 0.5 inch predrilled hole in 6061 alloy aluminum coupon. 
Conduct 8 shots with 100 kA return strokes only.  These shots relate to Table 5-1 of Schnetzer’s report 
[1] (there a 0.125 inch hole was used). 
Four shots will measure short circuit current using CVT and CVR (0.005Ω) sensors.  Two of these use a 
spacing of 0.2 inches between the collector surface and the back surface of the coupon.  Two use a 
spacing of 0.8 inches from the collector to the back surface of the coupon. Four shots will measure open 
circuit voltage by a technique similar to that described in Schnetzer’s report.  Two of these use a collector 
to coupon spacing of 0.2 inches and two use a spacing of 0.8 inches. 
 
If these shots show currents significantly larger than 300 A or voltages larger than 100 V we will repeat 
measurements with 0.125 inch predrilled hole in coupon. 
 
These shots will consume 1 or 2 coupons. 
 
Note:  We may want to increase the electrode spacing on these shots with the 0.5 inch holes to check the 
proximity and plasma jet effects. 
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Current Shots (See Appendix C) 
Date Shot # SLS 

Current 
d Description 

7/27/2009 2 112 kA 0.2 0.050" T6061 Al w/0.5" hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofasts with cables 
connected to CVR and CVT.  Collector Current (600 A) 

7/27/2009 3 113 kA 0.2 0.050" T6061 Al w/0.5" hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofasts with cables 
connected to CVR and CVT.  Collector Current (600 A) 

7/27/2009 4 105 kA 0.8 0.050" T6061 Al w/0.5" hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofasts with cables 
connected to CVR and CVT.  Collector Current (700 A) 

7/28/2009 2 111 kA 0.8 0.050" T6061 Al w/0.5" hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofasts with cables 
connected to CVR and CVT.  Collector Current (700 A) 

7/28/2009 3 107 kA 0.2 0.050" T6061 Al w/0.125" hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofasts with cables 
connected to CVR and CVT.  Collector Current (100 A) 

 
 

Voltage Shots (See Appendix D) 
Date Shot # Current d Description 

4/16/2009 
 
 

2 119 kA 
 

0.2 0.050" T6061 Al w/0.125" hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, V50kΩ and cable 
connected to Nanofast. Collector Voltage (13 V) 

4/16/2009 
 

6 
 

108 kA 0.2 0.050" T6061 Al w/0.125" hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, V50kΩ and cable 
connected to Nanofast. Collector Voltage (14 V) 

4/16/2009 
 

5 105 kA 0.2 0.050" T6061 Al w/0.5" hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, V50kΩ and cable 
connected to Nanofast. Collector Voltage (80 V) 

4/16/2009 7 103 kA 0.8 0.050" T6061 Al coupon with 0.5" hole in center, 1/4" 
Tungsten Electrode, 1/4" Electrode Gap. V50kΩ and cable 
connected to Nanofast. Collector Voltage (42 V) 

4/16/2009 
 

8 103 kA 0.8 
 

0.050" T6061 Al coupon with 0.5" hole in center, 1/4" 
Tungsten Electrode, 1/4" Electrode Gap. V50kΩ and cable 
connected to Nanofast. Collector Voltage (42 V) 

4/16/2009 9 95 kA 0.8 0.050" T6061 Al w/0.125" hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, V50kΩ and cable 
connected to Nanofast. Collector Voltage (8 V) 
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2.  First Return Stroke and Continuing Current – Disk Collector 
These four shots will use a 50 kA return stroke followed by a 500 A peak continuing current with a 
duration of approximately 2 seconds.  The distance from the collector to the back surface of the coupon 
will be 0.2 inches.  These shots relate to Tables 5-2 and 6-1 of Schnetzer’s report [1]. 
Two shots will measure short circuit current using CVT and CVR (0.005Ω)  sensors.  Two shots will 
measure open circuit voltage. 
 
These shots will consume 4 coupons. 
 

Current Shots (See Appendix E) 
Date Shot # SLS 

Current 
d Description 

7/28/2009 5  53kA 
538A 

0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 
1/4" Electrode Gap, Cables connected to CVR (TTI ODL).  
Collector Current (210A) 

7/28/2009 6  51kA 
532A 

0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 
1/4" Electrode Gap, Cables connected to CVR (TTI ODL).  
Collector Current (80A) 

 
 

Voltage Shots (See Appendix F) 
Date Shot # SLS 

Current 
d Description 

2/12/2010 5 
 

 54kA 
397A 

0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 
1/4" Electrode Gap, V5kΩ and cable connected to (TTI 
ODL). Collector Voltage (5V) 

2/12/2010 6 55kA 
387A 

0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 
1/4" Electrode Gap, V5kΩ and cable connected to (TTI 
ODL). Collector Voltage (10V) 

2/12/2010 7 
 

 53kA 
350A 

0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 
1/4" Electrode Gap, V5kΩ and cable connected to (TTI 
ODL). Collector Voltage ( 7V) 

 
 
3.  First Return Stroke, Continuing Current, Second Return Stroke – Disk Collector 
These eight shots will consist of a 50 kA first return stroke for triggering the arc, a 500 A peak continuing 
current with 2 second duration, and a 100 kA second return stroke occurring at 100 ms after the first 
return stroke.  These shots relate to Tables 5-3 and 6-1 in Schnetzer’s report [1]. 
Four shots will measure short circuit current using CVT and CVR (0.005Ω) sensors.  Two of these use a 
spacing of 0.2 inches between the collector surface and the back surface of the coupon.  Two use a 
spacing of 0.8 inches from the collector to the back surface of the coupon. Four shots will measure open 
circuit voltage by a technique similar to that described in Schnetzer’s report.  Two of these will use a 
collector to coupon spacing of 0.2 inches and two use a spacing of 0.8 inches. No voltage or current 
tests conducted for the above section. 
 
These 8 shots will consume 8 coupons. 
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In addition to these shots four more shots will be conducted with a 500 ms spacing between first and 
second return strokes.  The purpose is to capture second return stroke coupling to the collector with 
extreme continuing current lightning burnthrough parameters [2] (the hole continually enlarges with time 
due to the continuing current).  Two of these shots will measure short circuit current.  One shot will use a 
collector to coupon spacing of 0.2 inches and one shot will use a collector to coupon spacing of 0.8 
inches.  The other two shots will measure open circuit voltage.  Again one shot will use a collector to 
coupon spacing of 0.2 inches and one shot will use a collector to coupon spacing of 0.8 inches. No open 
circuit voltage shots conducted. 
 
These four extra shots will consume another 4 coupons. 
 

Current Shots (See Appendix G)  
Date Shot # SLS 

Current 
d Description 

4/6/2009 10 
100ms 

56kA   
494A 
88kA      

0.2 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" 
Electrode Gap. CVR, CVT and cables connected to 
Nanofasts. Collector Current (86 A_438 A Clipped ) Video 

4/30/2009 5 
100ms 

46kA  
398A  
68kA      

0.2 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" 
Electrode Gap. CVR, CVT and cables connected to 
Nanofasts. Collector Current (25 A) 

4/6/2009 12 
500ms 

 54kA  
449A 

113kA     

0.2 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" 
Electrode Gap. CVR, CVT and cables connected to 
Nanofasts.. Collector Current (538 A) Video 

4/6/2009 14 
500ms 

 54kA    
455A  
71kA      

0.8 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" 
Electrode Gap. CVR, CVT and cables connected to 
Nanofasts. Collector Current (286 A) Video 

4/8/2009 2 
100ms 

55kA    
463A 
71kA      

0.8 
 

0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" 
Electrode Gap. CVR, CVT and cables connected to 
Nanofasts.. Collector Current (101 A) 

 
Visual recording will be carried out during this particular test sequence.  This will consist of high speed 
photography (20 kframes/s) with two views of the exterior surface.  We are after three things in these 
measurements.  First, to correlate hole creation and plasma behavior and extent with electrical 
measurements.  Second, to have a record of plasma spatial extent during the continuing current or free 
burning arc phase.  Third, to capture plasma spatial extent of the return stroke phase.  These three goals 
will require different exposure levels, the return stroke being the brightest (2-6 eV?), the free burning 
continuing arc being the next brightest (1-2 eV?), and the hot metallic hole surface being the dimmest (0.1 
-  0.3 eV).  Because of this different exposures on different shots will likely be required. 
 
4.  First Return Stroke and Continuing Current – Cable Collector 
These four shots will use a 50 kA first return stroke followed by a 500 A peak continuing current with 2 
second duration.  These four shots will use a stripline cable below the coupon as a collector.  The distance 
from the coupon back surface to the cable will nominally be 0.2 inches.  The cable will rest on an 
insulating pad on top of the preceding disk collector.  These shots relate to Table 7-1 of Schnetzer’s report 
[1].  These shots will focus on common mode current and thus all conductors of the stripline will be 
connected in parallel at the measurement end. Two shots will measure short circuit current CVR (0.005Ω) 
and two shots will measure open circuit voltage. No current shots conducted 
 
These four shots will consume 4 coupons and 4 cable samples. 
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Voltage Shots (See Appendix H) 
Date Shot # SLS 

Current 
d Description 

3/4/2010 4 56kA 
No CCG 

0.2 0.050" T6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode 
Gap, V5kΩ and cable connected to TTI(ODL). Cable 
collector not connected to ODL (NOISE SHOT) Collector 
Voltage (<1V) 

3/4/2010 3 42 kA 
361A 

 

0.2 0.050" T6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode 
Gap, V5kΩ and cable connected to TTI(ODL).  Collector 
Voltage (22V clipped) 

3/4/2010 5 32 kA 
347A 

0.2 0.050" T6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode 
Gap, V5kΩ and cable connected to Nanofast.  Collector 
Voltage (40V) 

 
 
 
5.  First Return Stroke, Continuing Current, Second Return Stroke – Cable Collector 
These four shots will use a 50 kA first return stroke, a 500 A peak continuing current with 2 second 
duration, and a 100 kA second return stroke following the first stroke by 100 ms.  The distance from the 
coupon to the cable will be 0.2 inches.  These shots are not repeats of work in the Schnetzer report [1], but 
are included to provide cable data for the full lighting threat waveform. No shots conducted for this 
task. 
 
Two shots will measure short circuit current and two shots will measure open circuit voltage. 
 
These four shots will consume 4 coupons and 4 cable samples. 
 
We also intend to add two extra shots with alternative cable samples provided by Kim Merewether.  
These are intended to see if there are any differences due to cable type.  These two extra shots will use the 
same parameters as the preceding.  One will measure short circuit current and one will measure open 
circuit voltage. No shots conducted for this task. 
 
These extra two shots will consume 2 coupons and 2 alternative cable samples. 
 
6.  Indirect coupling-Magnetic and Electric Field 
The purpose of these shots is to develop an understanding of magnetic and electric field coupling with a 
½” predrilled hole with low level current and voltage sources. Both stripline cable (Velonex only) and 
brass collectors will be used. A commercially available Velonex model 590 will be used for the magnetic 
field tests and an SNL developed Pulse Arrested Spark Discharge PASD pulser with integral voltage 
probe will be used for the electric field tests. Distance between Back of pre-drilled coupon and brass 
collector or strip cable (without brass collector) is 0.2” (d=0.2”). 300MHz and 1GHz bandwidth Nanofast 
fiber optic links will be used to measure the collector voltages for the Velonex and PASD tests 
respectively. 
 

Velonex/Magnetic Field Tests (See Appendix I) 
Test 

# 
Test 
Date 

Coupling 
Mechanism 

Type of 
Noise Shot 

Velonex drive 
relative to coupon 

Cable Orientation 

1 7/31/2009 
Inductive 
Noise shot 

Both clip leads on 
barrel 

Perpendicular to coupon, 
I=3402 A 

Vertical 
Vcable=2.6mV 

2 7/31/2009 
Inductive 
Noise shot 

Both clip leads on 
barrel 

Parallel to coupon (Horizontal), 
I=3354 A 

Vertical  
Vcable=2.6mV 

3 7/31/2009 Inductive Both clip leads on 1/4" full radius brass electrode, Vertical 
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Noise shot barrel 1/4" from coupon, V=3890 V Vcable=3.0mV 

4 7/31/2009 
Inductive 
Noise shot 

Both clip leads on 
barrel 

Perpendicular to coupon, 
I=3422 A 

Horizontal 
Vcable=2.5mV 

5 7/31/2009 
Inductive 
Noise shot 

Both clip leads on 
barrel 

Parallel to coupon (Horizontal), 
I=3424 A 

Horizontal 
Vcable=2.5mV 

6 7/31/2009 
Inductive 
Noise shot 

Both clip leads on 
barrel 

1/4" full radius brass electrode, 
1/4" from coupon, V=3873 V 

Horizontal 
Vcable=2.8mV 

7 7/31/2009 Inductive Test Shot  
1/4" full radius brass electrode, 
1/4" from coupon, V=3810 V 

Horizontal 
Vcable=2.7mV 

8 7/31/2009 Inductive  Test Shot 
Parallel to coupon (Horizontal),  
I=3437 A 

Horizontal 
Vcable=105mV 

9 7/31/2009 Inductive Test Shot  
Perpendicular to coupon, 
I=3372 A 

Horizontal 
Vcable=67mV 

10 7/31/2009 Inductive  Test Shot 
Perpendicular to coupon, 
I=3342 A 

Vertical 
Vcable=149mV 

11 7/31/2009 Inductive  Test Shot 
Parallel to coupon (Horizontal), 
I=3408 A 

Vertical 
Vcable=656mV 

12 7/31/2009 Inductive  Test Shot 
1/4" full radius brass electrode, 
1/4" from coupon, V=3868 V 

Vertical 
Vcable=2.5mV 

 

PASD Electric Field Tests (See Appendix J) 
Test 

# Test date 
Coupling 
Mechanism Type of Shot 

PASD drive relative to 
coupon Cable orientation 

Cal 8/11/2009 
PASD 

Calibration 
Shot 

PASD Calibration  PASD Calibration Shot 
VPASD=2190 V 

Vprobe=2190 V 

1 8/11/2009 Capacitive 
Both clip leads on 
barrel 
(Collector/Noise) 

1/4" full radius brass electrode, 
1/4" from coupon, 
VPASD=4056 V

Horizontal 
Vcollect=53 mV 

2 8/11/2009 Capacitive 
 Collector Shot 1/4" full radius brass electrode, 

1/4" from coupon, 
VPASD=4390 V

Horizontal 
Vcollect=358 mV 

3 8/11/2009 Capacitive 
Both clip leads on 
barrel 
(Cable/Noise) 

1/4" full radius brass electrode, 
1/4" from coupon, 
VPASD=9222 V

Horizontal 
Vcable=88 mV 

4 8/11/2009 Capacitive 
 Cable Shot 1/4" full radius brass electrode, 

1/4" from coupon, 
VPASD=9054 V

Horizontal 
Vcable=1316 mV 

2 9/3/2009 
PASD 

Calibration 
Shot 

PASD Calibration  PASD Calibration Shot 
VPASD=2650 V 

Vprobe=2650 V 

3 9/3/2009 Capacitive 
Both clip leads on 
barrel 
(Cable/Noise) 

1/4" full radius brass electrode, 
1/4" from coupon 
VPASD=8000 V

Horizontal 
Vcable=80 mV 

1 9/3/2009 Capacitive 
Cable Test Shot 1/4" full radius brass electrode, 

1/4" from coupon 
VPASD=10000 V

Horizontal 
Vcable=2.2 V 

4 9/3/2009 Capacitive 
Both clip leads on 
barrel 
(Collector/Noise) 

1/4" full radius brass electrode, 
1/4" from coupon 
VPASD=10000 V

Brass Collector 
Vcollect=86 mV 

5 9/3/2009 Capacitive 
Collector Test Shot 1/4" full radius brass electrode, 

1/4" from coupon 
VPASD=10500 V

Brass Collector 
Vcollect=645 mV 
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Appendix A (Page 1of 7) 
 
 
Task 0: Noise Shots-Current 

 
Description: 
 
Solid 0.050" 6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofasts with cables 
connected to CVR and CVT 
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Appendix A (Page 2 of 7) 
 
 
Task 0: Noise Shots-Current 

 
Description: 
 
Solid 0.050" 6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofasts with cables 
connected. CVR and CVT not connected 
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Appendix A (Page 3 of 7) 
 
 
Task 0: Noise Shots-Current 

 
Description: 
 
0.050" 6061 Al w/0.5" hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofasts 
with cables connected. No CVR and CVT 
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Appendix A (Page 4 of 7) 
 
 
Task 0: Noise Shots-Current 

 
Description: 
 
0.050" 6061 Al w/0.5" hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofasts 
with cables connected to CVR and CVT 
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Task 0: Noise Shots-Current 

 
Description: 
 
0.050" 6061 Al w/bronze wool between coupon and brass collector, 1/4" Tungsten Electrode, 
1/4" Electrode Gap, Nanofasts with cables connected to CVR and CVT 
 
 

 
 
 

 
 
 
 
 
 
 
 



Page I-15 of I-42 
 

Appendix A (Page 6 of 7) 
 
 
Task 0: Noise Shots-Current 

 
Description: 
 
0.050" 6061 Al w/#6-32 set screw between coupon and brass collector, 1/4" Tungsten Electrode, 
1/4" Electrode Gap, Nanofasts with cables connected to CVR and CVT 
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Appendix A (Page 7 of 7) 
 
 
Task 0: Noise Shots-Current 

 
Description: 
 
0.050" Aluminum Coupon (No grid) 1/8" hole in center of coupon, 1/4" Tungsten Electrode, 1/4" 
Electrode Gap, Nanofasts with cables connected to CVR and CVT. (0.2" between Coupon and 
collector) 
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Appendix B (Page 1 of 4) 
 
 
Task 0: Noise Shots-Voltage 

 
Description: 
 
0.050" T6061 Al , 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with cable connected to 
V50kohm. (0.2" between Coupon and collector) 
 

 
 
 

Description: 
 
Noise-0.050" T6061 Al w/0.5" hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofast with cable not connected to V50kohm. (0.2" between Coupon and collector) 
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Appendix B (Page 2 of 4) 
 
 
Task 0: Noise Shots-Voltage 

 
Description: 
 
Noise-0.050" T6061 Al w/0.5" hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofast with cable not connected to V50kohm. (0.2" between Coupon and collector) 
 

 
 

 
Description: 
 
Noise-0.050" T6061 Al w/0.5" hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofast with cable connected. to V50kohm  
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Appendix B (Page 3 of 4) 
 
 
Task 0: Noise Shots-Voltage 

 
Description: 

 
Solid 0.050" T6061 Al, Bronze wool between coupon and brass collector, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with cable connected to V50kohm (0.2" between 
Coupon and collector)  

 

 
 

Description: 
 
Solid 0.050" T6061 Al, #6-32 set screw between coupon and brass collector,1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with cable connected to V50kohm (0.2" between 
Coupon and collector)  
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Appendix B (Page 4 of 4) 
 
 
Task 0: Noise Shots-Voltage 

 
Description: 
 
Noise-0.050" T6061 Al w/0.125" hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofast with cable connected to V50kohm  
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Appendix C (Page 1 of 5) 
 
 
Task 1: Predrilled Hole-Disc collector- Current 

 
Description: 
 
0.050" Thick 6061 Al w/0.5" hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofasts with cables connected to CVR and CVT  
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Appendix C (Page 2 of 5) 
 
 
Task 1: Predrilled Hole-Disc collector- Current 

 
Description: 
 
0.050" Thick 6061 Al w/0.5" hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofasts with cables connected to CVR and CVT  
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Appendix C (Page 3 of 5) 
 
 
Task 1: Predrilled Hole-Disc collector- Current 

 
Description: 
 
0.050" Thick 6061 Al w/0.5" hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofasts with cables connected to CVR and CVT  
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Appendix C (Page 4 of 5) 
 
 
Task 1: Predrilled Hole-Disc collector- Current 

 
Description: 
 
0.050" Thick 6061 Al w/0.5" hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofasts with cables connected to CVR and CVT  
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Appendix C (Page 5 of 5) 
 
 
Task 1: Predrilled Hole-Disc collector- Current 

 
Description: 
 
0.050" Thick 6061 Al w/0.125" hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofasts with cables connected to CVR and CVT  
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Appendix D (Page 1 of 3) 
 
 
Task 1: Predrilled Hole-Disc collector- Voltage 

 
Description: 
 
Noise-0.050" T6061 Al w/0.125" hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofast with cable connected to V50kohm  
 
 

 
 

Description: 
 
Noise-0.050" T6061 Al w/0.125" hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofast with cable connected to V50kohm  
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Appendix D (Page 2 of 3) 
 
 
Task 1: Predrilled Hole-Disc collector- Voltage 

 
Description: 
 
Noise-0.050" T6061 Al w/0.5" hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofast with cable connected to V50kohm  
 
 

 
 

Description: 
 
Noise-0.050" T6061 Al w/0.5" hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofast with cable connected to V50kohm  
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Appendix D (Page 3 of 3) 
 
 
Task 1: Predrilled Hole-Disc collector- Voltage 

 
Description: 
 
Noise-0.050" T6061 Al w/0.5" hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofast with cable connected to V50kohm  

 
 

 
 
 

Description: 
 
Noise-0.050" T6061 Al w/0.125" hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofast with cable connected to V50kohm  
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Appendix E (Page 1 of 1) 

 
 

2.  First Return Stroke and Continuing Current – Disk Collector-Current 
 

Description: 
 
0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Cables 
connected to CVR (TTI ODL).   

 

 
 

Description: 
 
0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Cables 
connected to CVR (TTI ODL).   
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Appendix F (Page 1 of 2) 

 
 

2.  First Return Stroke and Continuing Current – Disk Collector-Voltage 
 

Description: 
 
0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, V5kΩ and 
cable connected to (TTI ODL). 
 

 
 
 

Description: 
 
0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, V5kΩ and 
cable connected to (TTI ODL). 
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Appendix F (Page 2 of 2) 

 
 

2.  First Return Stroke and Continuing Current – Disk Collector-Voltage 
 

Description: 
 
0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, V5kΩ and 
cable connected to (TTI ODL). 
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Task 3 First Return Stroke, Continuing Current, Second Return Stroke – Disk Collector - Current 

 
Description: 

 
Double Pulse Photometric Current Shot 
0.050" Aluminum Coupon (1"grid), 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofasts with 
cables connected to CVR & CVT. 100ms inter-pulse period.  (0.2" between Coupon and 
collector)  
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Appendix G (Page 2 of 5) 
 
 
Task 3: First Return Stroke, Continuing Current, Second Return Stroke – Disk Collector - Current 

 
Description: 

 
Double Pulse Photometric Current Shot 
0.050" Aluminum Coupon (1"grid), 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofasts with 
cables connected to CVR & CVT. 100ms inter-pulse period.  (0.2" between Coupon and 
collector)  
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Task 3: First Return Stroke, Continuing Current, Second Return Stroke – Disk Collector - Current 

 
Description: 

 
Double Pulse Photometric Current Shot 
0.050" Aluminum Coupon (1"grid), 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofasts with 
cables connected to CVR & CVT. 500ms inter-pulse period.  (0.2" between Coupon and 
collector)  
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Task 3: First Return Stroke, Continuing Current, Second Return Stroke – Disk Collector - Current 

 
Description: 

 
Double Pulse Photometric Current Shot 
0.050" Aluminum Coupon (1"grid), 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofasts with 
cables connected to CVR & CVT. 500ms inter-pulse period.  (0.8" between Coupon and 
collector)  
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Task 3: First Return Stroke, Continuing Current, Second Return Stroke – Disk Collector - Current 

 
Description: 

 
Double Pulse Photometric Current Shot 
0.050" Aluminum Coupon (1"grid), 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofasts with 
cables connected to CVR & CVT. 100ms inter-pulse period.  (0.8" between Coupon and 
collector)  

 
 

 
 
 

 
 
 

 
 
 



Page I-37 of I-42 
 

Appendix H (Page 1 of 2) 
 
 
4.  First Return Stroke and Continuing Current – Cable Collector-Voltage 

 
Description: 
 
0.050" T6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, V5kΩ and cable connected to 
TTI(ODL). Cable collector not connected to ODL (NOISE SHOT) 
 
 

 
 

Description: 
 
0.050" T6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, V5kΩ and cable connected to 
TTI(ODL) 
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4.  First Return Stroke and Continuing Current – Cable Collector-Voltage 

 
Description: 
 
0.050" T6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, V5kΩ and cable connected to 
TTI(ODL) 
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6.  Indirect coupling-Magnetic and Electric Field 
The purpose of these shots is to develop an understanding of magnetic and electric field coupling with a 
½” predrilled hole with low level current and voltage sources. Both stripline cable and brass collectors 
will be used. A commercially available Velonex model 590 will be used for the magnetic field tests and 
an SNL developed Pulse Arrested Spark Discharge PASD pulser with integral voltage probe will be used 
for the electric field tests. Distance between Back of pre-drilled coupon and brass collector or strip cable 
(without brass collector) is 0.2” (d=0.2”). 300MHz and 1GHz bandwidth Nanofast fiber optic links will 
be used to measure the collector voltages for the Velonex and PASD tests respectively.  
Velonex 590 Noise Shots 
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6.  Indirect coupling-Magnetic and Electric Field 
The purpose of these shots is to develop an understanding of magnetic and electric field coupling with a 
½” predrilled hole with low level current and voltage sources. Both stripline cable and brass collectors 
will be used. A commercially available Velonex model 590 will be used for the magnetic field tests and 
an SNL developed Pulse Arrested Spark Discharge PASD pulser with integral voltage probe will be used 
for the electric field tests. Distance between Back of pre-drilled coupon and brass collector or strip cable 
(without brass collector) is 0.2” (d=0.2”). 300MHz and 1GHz bandwidth Nanofast fiber optic links will 
be used to measure the collector voltages for the Velonex and PASD tests respectively. 
 Velonex 590 Test Shots 
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6.  Indirect coupling-Magnetic and Electric Field 
The purpose of these shots is to develop an understanding of magnetic and electric field coupling with a 
½” predrilled hole with low level current and voltage sources. Both stripline cable and brass collectors 
will be used. A commercially available Velonex model 590 will be used for the magnetic field tests and 
an SNL developed Pulse Arrested Spark Discharge PASD pulser with integral voltage probe will be used 
for the electric field tests. Distance between Back of pre-drilled coupon and brass collector or strip cable 
(without brass collector) is 0.2” (d=0.2”). 300MHz and 1GHz bandwidth Nanofast fiber optic links will 
be used to measure the collector voltages for the Velonex and PASD tests respectively. PASD Shots 
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6.  Indirect coupling-Magnetic and Electric Field 
The purpose of these shots is to develop an understanding of magnetic and electric field coupling with a 
½” predrilled hole with low level current and voltage sources. Both stripline cable and brass collectors 
will be used. A commercially available Velonex model 590 will be used for the magnetic field tests and 
an SNL developed Pulse Arrested Spark Discharge PASD pulser with integral voltage probe will be used 
for the electric field tests. Distance between Back of pre-drilled coupon and brass collector or strip cable 
(without brass collector) is 0.2” (d=0.2”). 300MHz and 1GHz bandwidth Nanofast fiber optic links will 
be used to measure the collector voltages for the Velonex and PASD tests respectively. PASD Shots 
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Experimental Plan (Second Round) 
Abstract:  This second round of experiments has five primary goals.  The first is to repeat the 
double return stroke coupling experiments carried out in the first round but with the interior 
cable shorted to chassis at one end (this forms the nonlinear analog of the magnetic indirect 
coupling shots).  The second is to gather interior photographic evidence for the timing of the 
initial barrier penetration by the continuing current, as well as information on the spatial extent 
of the interior plasma.  The third is to examine near worst case hole size and coupling by 
initiating the continuing current arc with a starter wire (which rapidly vaporizes), allowing  the 
twin return strokes from the Sandia lightning simulator to enlarge the hole dimensions, and 
mimic a severe lightning flash.  The fourth is to lay the groundwork for examining arc 
attachment probabilities to the interior collector (or cable) by examining breakdown paths when 
the source electrode is moved closer to a predrilled coupon.. The fifth goal is to demonstrate the 
late time coupling observed in the original 1990s tests by exploiting an alternative optical data 
link (ODL), with frequency responses to DC (these were not captured in round one because the 
high frequency ODL used there was directed at the time regime around the return stroke and did 
not have the DC response to look at the entire burnthrough record). 
 
The plan follows with extra shots and the photographic efforts separately called out. 
 
0.  Noise Shots 
There are a couple of new issues to address in the noise shots.  First we will have a slot cut in the 
Faraday cage which can result in field penetration and coupling to the interior cabling and ODL.  
Second, we plan to do a few experiments with the ODL having DC response (TTI ODL).  We 
need to check for late time diffusion voltages (some of which could have been filtered in prior 
experiments.  In addition, the TTI ODL is unshielded.   
 
Conduct 50 kA return stroke shots with solid coupon in place to check coupling levels from the 
slot in the Faraday cage. Repeat with bronze wool shorting collector to coupon to assess 
diffusion coupling to measurement loop.  These should be repeated eventually for voltage 
measurement setup. 
 
The TTI measurements for late time penetration may require the complete Faraday cage setup, 
depending on the what the noise shots show.   
 
Conduct 50 kA return stroke shots with predrilled coupon (0.5 inch hole) in place.  Check 
response with and without cable to Nanofast interrupted (before capacitance C_s on p. 9 of 
Schnetzer’s report) to make sure the signal is that delivered by the cable (and not propagated 
around the break).  This should be repeated eventually for voltage measurement setup. 
 
Notes:  Isolate Nanofast from chassis ground.  Isolate CVT from collector cable. 
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Noise Shots- Current (See Appendix A) 
Date Shot # SLS 

Current 
d Description 

9/8/2009 2 58kA 0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 
1/4" Electrode Gap, Nanofasts with cables connected to CVR 
and CVT Respectively. (0.2" between Coupon and collector) 
1" x 1.5" slot in barrel near coupon. Collector Current (3A) 

9/8/2009 4 53kA 0.2 0.050" T6061 Al, with 0.5" hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofasts with cables 
connected to CVR and CVT Respectively. (0.2" between 
Coupon and collector) 1" x 1.5" slot in barrel near coupon. 
Collector Current (500A) 

9/8/2009 5 47kA 0.2 0.050" T6061 Al, with 0.5" hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofasts with cables 
disconnected from CVR and CVT Respectively. (0.2" 
between Coupon and collector) 1" x 1.5" slot in barrel near 
coupon. Collector Current (50mA) 

9/9/2009 9 38kA 0.2 Solid 0.050" T6061 Al, Bronze wool between coupon and 
brass collector, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofasts with cables connected to CVR and CVT 1" x 1.5" 
slot in barrel near coupon. Collector Current (20A) 

 
Noise Shots- Voltage (See Appendix B) 

Date Shot # SLS 
Current 

d Description 

9/9/2009 2 55kA 0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 
1/4" Electrode Gap, Nanofast with cable disconnected from 
V50k Ω. (0.2" between Coupon and collector) 1" x 1.5" slot 
in barrel near coupon. Collector Voltage (0.25V) 

9/9/2009 3 48kA 0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 
1/4" Electrode Gap, Nanofast with cable connected to 
V50kΩ. (0.2" between Coupon and collector) 1" x 1.5" slot in 
barrel near coupon. Collector Voltage (3.5V) 

9/9/2009 4 57kA 0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 
1/4" Electrode Gap, Nanofast with cable connected to 
V50kΩ. (0.2" between Coupon and collector) 1" x 1.5" slot in 
barrel near coupon Repeat of Shot 3.  
Collector Voltage   (4V)

9/9/2009 5 36kA 0.2 0.050" T6061 Al, with 0.5" hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with cable 
connected to V50kΩ. (0.2" between Coupon and collector) 1" 
x 1.5" slot in barrel near coupon. Collector Voltage (30V) 

9/9/2009 6 49kA 0.2 0.050" T6061 Al, with 0.5" hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with cable 
disconnected from V50kΩ. (0.2" between Coupon and 
collector) 1" x 1.5" slot in barrel near coupon.  
Collector Voltage (0.25V)
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9/9/2009 7 44kA 0.2 Solid 0.050" T6061 Al, Bronze wool between coupon and 
brass collector, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofast with cable connected to V50kΩ (0.2" between 
Coupon and collector) 1" x 1.5" slot in barrel near coupon. 
Collector Voltage (3.6V)

9/9/2009 8 47kA 0.2 Solid 0.050" T6061 Al, Bronze wool between coupon and 
brass collector, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Nanofast with cable connected to V50kΩ (0.2" between 
Coupon and collector) 1" x 1.5" slot in barrel near coupon 
Repeat of Shot 7. Collector Voltage (5.4V) 

 
1.  First Return Stroke, Continuing Current, Second Return Stroke – Cable Collector – 
Visible High Speed Photograph of Exterior Side of Coupon 
These four shots will use a 50 kA return stroke followed by a 500 A peak continuing current with 
a duration of approximately 2 seconds.  A second return stroke with a peak of 100 kA will be 
fired 100 ms from the first return stroke on two of the shots and at 500 ms from the first return 
stroke on the other two.  The distance from the strip cable to the back surface of the coupon will 
be 0.2 inches.  These shots will measure open circuit voltage on the strip cable with the other end 
of the cable shorted to chassis at the side wall of the instrumentation barrel.  We will use the 
barrel without the slot on these shots since only exterior photography will be carried out.  The 
interior collector must be replaced by an insulator for holding the cable in place to correspond to 
the indirect measurements. No tests were conducted for this task. 
 
The purpose of these four shots is to record cable voltage when the other end of the cable is 
shorted to chassis as a companion of nonlinear coupling shots to be compared to the linear 
indirect coupling measurements done on a lab setup. 
 
Visual recording will be carried out during this particular test sequence.  This will consist of high 
speed photography (20 kframes/s) with two views of the coupon surface. 
 
These four shots will consume 4 coupons. 
 
2.  First Return Stroke, Continuing Current, Second Return Stroke – Disk Collector – 
Visible High Speed Photograph of Interior Side of Coupon 
These eight shots will use a 50 kA return stroke followed by a 500 A peak continuing current 
with a duration of approximately 2 seconds.  A second return stroke with a peak of 100 kA will 
be fired 100 ms from the first return stroke on four of the shots and at 500 ms from the first 
return stroke on the other four.  The distance from the collector to the back surface of the coupon 
will be 0.2 inches for two shots and 0.8 inches for two shots.  These shots will measure open 
circuit voltage.  Noise shots will indicate whether voltage measurements are possible with the 
slot present.  If pickup is large we may have to switch to current measurements. 
High speed photograph will be carried out with images from the front of the coupon where the 
lightning current is incident as well as on the interior of the coupon.  These may only be possible 
with the 0.8 inch spacing.  The purpose of the interior photography is to clearly establish the 
timing of the first coupon puncture by looking for interior visible light (of course some light may 
result from coupon heating).  
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Visual recording will be carried out during this particular test sequence.  This will consist of high 
speed photography (20 kframes/s) with two views of the coupon surface.  We are after three 
things in these measurements.  First, to correlate hole creation and plasma behavior and extent 
with electrical measurements.  Second, to have a record of plasma spatial extent during the 
continuing current or free burning arc phase.  Third, to capture plasma spatial extent of the return 
stroke phase.  These three goals will require different exposure levels, the return stroke being the 
brightest (2-6 eV?), the free burning continuing arc being the next brightest (1-2 eV?), and the 
hot metallic hole surface being the dimmest (0.1 - 0.3 eV).  Because of this different exposures 
on different shots will likely be required. 
 
These eight shots will consume 8 coupons. 
 

Voltage Shots (See Appendix C) 
Date Shot # SLS 

Current 
d Description 

9/10/2009 4 S(55kA)    
CCG(479A) 

100ms      
N(102kA) 
 

0.8 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with V50k Ω. 
(0.8" between Coupon and collector) 
1" x 1.5" slot in barrel near coupon. 
Collector Voltage (35V) Photometric Data 

9/11/2009 1 S(58 kA)    
CCG(471A) 

100ms      
N(107kA) 

0.8 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with V50k Ω. 
(0.8" between Coupon and collector) 
1" x 1.5" slot in barrel near coupon. 
Collector Voltage (10V) Photometric Data 

9/11/2009 2 S(46 kA)    
CCG(438A) 

500ms      
N(109kA) 

0.8 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with V50k Ω. 
(0.8" between Coupon and collector) 
1" x 1.5" slot in barrel near coupon. 
Collector Voltage (28V) Photometric Data  

9/11/2009 3 S(33 kA)    
CCG(475A) 

500ms      
N(106 kA) 

0.8 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with V50k Ω. 
(0.8" between Coupon and collector) 
1" x 1.5" slot in barrel near coupon. 
Collector Voltage (25V) Photometric Data 

9/14/2009 1 S (40 kA)   
CCG(463A) 

500ms      
N(71 kA) 

0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with V50k Ω. 
(0.2" between Coupon and collector) 
1" x 1.5" slot in barrel near coupon. 
Collector Voltage (20V) Photometric Data 

9/14/2009 2 S (51 kA)   
CCG(495A) 

500ms      
N(78 kA) 

0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with V50k Ω. 
(0.2" between Coupon and collector) 
1" x 1.5" slot in barrel near coupon. 
Collector Voltage (38V) Photometric Data 
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9/14/2009 3 S( 51kA)    
CCG(467A) 

100ms      
N(86 kA) 

0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with V50k Ω. 
(0.2" between Coupon and collector) 
1" x 1.5" slot in barrel near coupon. 
Collector Voltage (50V) Photometric Data 

9/14/2009 4 S(41 kA)    
CCG(496A) 

100ms      
N(76 kA) 

0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with V50k Ω. 
(0.2" between Coupon and collector) 
1" x 1.5" slot in barrel near coupon. 
Collector Voltage (8V) Photometric Data 

 
3.  First Return Stroke, Continuing Current, Second Return Stroke – No Collector – Axial 
(Normal Angle) Visible Interior Photography  
These four shots will consist of a 50 kA first return stroke for triggering the arc, a 500 A peak 
continuing current with 2 second duration, and a 100 kA second return stroke occurring at either 
100 ms after the first return stroke (two shots) or 500 ms after the first return stroke (two shots).  
There will be no electrical measurements.  High speed photography will be used from both the 
exterior and interior sides of the coupons.  The purpose is to get a high angle view of the coupon 
interior with the collector and all other instrumentation removed to clear up any confusion about 
the grazing angle images on the preceding shots. Photometric shots only, No electrical data 
collected. 

Photometric Shots 
Date Shot # SLS 

Current 
d Description 

9/17/2009 7 S(61kA)    
CCG(467A) 

100ms      
N(90kA) 

 

0.8 0.050" T6061 Al, No Hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, (0.2" between Coupon and 
collector) Solid barrel. 100ms interpulse spacing. 
Photometric Data 

9/17/2009 8 S(48kA)    
CCG(524A) 

500ms      
N(114kA) 

0.8 0.050" T6061 Al, No Hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, (0.2" between Coupon and 
collector) Solid barrel. 500ms interpulse spacing.  
Photometric Data 

 
These 4 shots will consume 4 coupons. 
 
In addition to these shots two more may be carried out with the starter wire arrangement 
discussed next. No starter wire shots conducted. 
 
These two extra shots will consume another 2 coupons. 
 
4.  Starter Wire, Continuing Current, First Return Stroke, Continuing Current, Second 
Return Stroke – Disc Collector – High Speed Photography 
These eight shots will use a thin starter wire to initiate the continuing current, a 500 A peak 
continuing current with 2 second duration, a 50 kA first return stroke 400 ms following the 
fusing of the starter wire, and a 100 kA second return stroke following the first stroke by 100 ms.  
The distance from the coupon to the collector will be 0.2 inches for two shots and 0.8 inches for 
two shots.  The attempt here is to provide the worst-case hole size within natural lightning 
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statistical parameters at the time of the second return stoke.  We are attempting to first melt and 
perforate the coupon, blow a bigger hole in it with the first return stroke, and couple voltage and 
current in with the second return stroke.  Natural lightning may have several return strokes, but 
by providing near worst case continuing current duration and amplitude, followed by a large 
return stroke, and an extreme return stroke, we hope to capture near maximum penetrant levels. 
Four shots will measure short circuit current and four shots will measure open circuit voltage. 
 
These eight shots will consume 8 coupons. 
 
 
 

Current Shots (See Appendix D) 
Date Shot # SLS 

Current 
d Description 

9/16/2009 4 Starter 
400ms 

S(56kA)    
CCG(530A) 

100ms      
N(101kA) 

0.8 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with 5mΩ CVR. 
Starter wire CCG for 400ms Spulse CCG for 100ms Npulse 
(0.8" between Coupon and collector) 
1" x 1.5" slot in barrel near coupon. 
Collector Current (S350A, N110A) Photometric Data 

9/16/2009 5 Starter 
400ms 

S(55 kA)    
CCG(506A) 

100ms      
N(99kA) 

0.8 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with 5mΩ CVR. 
Starter wire CCG for 400ms Spulse CCG for 100ms Npulse 
(0.8" between Coupon and collector) 
1" x 1.5" slot in barrel near coupon. 
Collector Current (S200A, N1150A) Photometric Data 

9/17/2009 1 Starter 
400ms 

S(58 kA)    
CCG(522A) 

100ms      
N(109kA) 

0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with 5mΩ CVR. 
Starter wire CCG for 400ms Spulse CCG for 100ms Npulse 
(0.2" between Coupon and collector) 
Solid barrel 
Collector Current (S300A, N1100) Photometric Data 

9/17/2009 2 Starter 
400ms 

S(50 kA)    
CCG(514A) 

100ms      
N(109 kA) 

0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with 5mΩ CVR. 
Starter wire CCG for 400ms Spulse CCG for 100ms Npulse 
(0.2" between Coupon and collector) 
Solid barrel 
Collector Current (S300A, N1150) Photometric Data 

 
Voltage Shots (See Appendix E) 

Date Shot # SLS 
Current 

d Description 

9/16/2009 2 Starter 
400ms 

S(36kA)    
CCG(477A) 

100ms      
N(106kA) 
 

0.8 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with V50k Ω. 
Starter wire CCG for 400ms Spulse CCG for 100ms Npulse 
(0.8" between Coupon and collector) 
1" x 1.5" slot in barrel near coupon. 
Collector Voltage (S5V, N15V) Photometric Data 
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9/16/2009 3 Starter 
400ms 

S(59 kA)    
CCG(486A) 

100ms      
N(99kA) 

0.8 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with V50k Ω. 
Starter wire CCG for 400ms Spulse CCG for 100ms Npulse 
(0.8" between Coupon and collector) 
1" x 1.5" slot in barrel near coupon. 
Collector Voltage (S13V, N38V) Photometric Data 

9/17/2009 3 Starter 
400ms 

S(55 kA)    
CCG(502A) 

100ms      
N(108kA) 

0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with V50k Ω. 
Starter wire CCG for 400ms Spulse CCG for 100ms Npulse 
(0.2" between Coupon and collector) 
Solid barrel 
Collector Voltage (S13V, N36V) Photometric Data 

9/17/2009 4 Starter 
400ms 

S(56 kA)    
CCG(551A) 

100ms      
N(91 kA) 

0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with V50k Ω. 
Starter wire CCG for 400ms Spulse CCG for 100ms Npulse 
(0.2" between Coupon and collector) 
Solid barrel 
Collector Voltage (S19V N85) Photometric Data 

 
High speed photography will be needed on these shots to document hole size chronology and 
timing of the strokes.  If the normal incidence photography proves valuable on the preceding 
series we will conduct two extra shots with this angle of photography and the instrumentation 
removed from the interior. Two extra shots with instrumentation removed were not 
conducted. 
 
These extra shots will consume an additional 2 coupons. 
 
We may add two additional shots with a cable present.  The cable spacing will be 0.2 inches.  
One shot will have the cable floating and one shot will have the cable shorted to chassis on one 
end. No floating cable tests were conducted. 
 
These additional shots will consume 2 coupons and 2 cables. 
 
5.  Predrilled Hole - Disk Collector – Closer Spaced Electrode – Precursor to Collector 
Attachment Experiments 
Use 0.5 inch predrilled hole in 6061 alloy aluminum coupon. Conduct 6 shots with 50 kA return 
strokes only.  These shots will look at open circuit voltage in this series.  The first two will be at 
0.25 inch electrode spacing.  These will be compared to previous predrilled hole levels (10 V - 
50 V).  The next two shots will use 0.125 inch electrode spacing.  Depending on the increases in 
the levels observed we will or will not proceed to 0.0625 inch spacing. 
 

Voltage Shots (See Appendix E) 
Date Shot # SLS 

Current 
d Description 

9/18/2009 1 S(31kA)    
 

0.2 0.050" T6061 Al, with 0.5" hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with cable 
connected to V50kΩ. (0.2" between Coupon and collector) 
Collector Voltage (50V)
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9/182009 2 S(53kA)    
 

0.2 0.050" T6061 Al, with 0.5" hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofast with cable 
connected to V50kΩ. (0.2" between Coupon and collector) 
Collector Voltage (52V) 

9/18/2009 3 S(60kA)    
 

0.2 0.050" T6061 Al, with 0.5" hole in center, 1/4" Tungsten 
Electrode, 1/8 Electrode Gap, Nanofast with cable 
connected to V50kΩ. (0.2" between Coupon and collector) 
Collector Voltage (69V) 

9/18/2009 4 S(60kA)    0.2 0.050" T6061 Al, with 0.5" hole in center, 1/4" Tungsten 
Electrode, 1/16" Electrode Gap, Nanofast with cable 
connected to V50kΩ. (0.2" between Coupon and collector) 
Collector Voltage (90V) 

9/18/2009 5 S(52kA)    0.2 0.050" T6061 Al, with 0.5" hole in center, 1/4" Tungsten 
Electrode, 1/16" Electrode Gap, Nanofast with cable 
connected to V50kΩ. (0.2" between Coupon and collector) 
Collector Voltage (91V)

 
In FY10 we plan to continue this experiment until we achieve arc attachment to the collector.  
This will require either the use of a sacrificial ODL (older, possibly expendable, units we have in 
hand need some refurbishment for use) or some form of protection on the newer nanofast ODL.  
The purpose of these shots is to experimentally test the arcing threshold predictions for collector 
attachment versus attachment to the chassis (coupon).  This type of information is important in 
establishing how probable interior arc attachments are. 
 
These shots will consume 1 or 2 coupons. 
 
6.  First Return Stroke and Continuing Current – Disc Collector – Late Time Voltage and 
Current 
These four shots will use a 50 kA first return stroke followed by a 500 A peak continuing current 
with 2 second duration.  These four shots will use a disc collector below the coupon.  The 
distance from the coupon back surface to the cable will nominally be 0.2 inches on two shots and 
0.8 inches on two shots.  Two shots will measure short circuit current and two shots will measure 
open circuit voltage.  The TTI ODL will be used to capture late time penetrations which were 
filtered out in round one experiments. 
 

Current Shots (See Appendix G) 
Date Shot # SLS 

Current 
d Description 

2/17/2010 5 S(53kA)    
CCG 

(400A) 

0.8 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, TTI F/O with 5mΩ CVR. 
 (0.8" between Coupon and collector) 
Collector Current (25A) 

2/17/2010 6 S(61 kA)    
CCG 

(386A) 

0.8 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, TTI F/O with 5mΩ CVR. 
 (0.8" between Coupon and collector) 
Collector Current (43A) 

 
Voltage Shots (See Appendix H) 
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Date Shot # SLS 
Current 

d Description 

2/23/2010 5 S(27 kA)    
CCG 

(375A) 

0.8 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, TTI F/O with 5kΩ Resistor. 
 (0.8" between Coupon and collector) 
Collector Voltage (10V) 

2/23/2010 7 S(55kA)    
CCG 

(363A) 

0.8 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, TTI F/O with 50kΩ Resistor. 
 (0.8" between Coupon and collector) 
Collector Voltage (35V) 

2/26/2010 7 S(45 kA)    
CCG 

(379A) 
 

0.8 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, TTI F/O with 50kΩ Resistor. 
 (0.8" between Coupon and collector) 
Collector Voltage (15V) 

3/3/2010 3 S(58 kA)    
CCG 

(351A) 
 

0.8 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, NF Hi-Z probe. 
 (0.8" between Coupon and collector) 
Collector Voltage (20V)

2/26/2010 5 S(51 kA)    
CCG 

(375A) 

0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, TTI F/O with 50kΩ Resistor. 
 (0.2" between Coupon and collector) 
Collector Voltage (10V) 

2/26/2010 6 S(59 kA)    
CCG 

(388A) 

0.2 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, TTI F/O with 50kΩ Resistor. 
 (0.2" between Coupon and collector) 
Collector Voltage (10V) 

 
Battery life (one hour) is a critical issue with these ODLs. 
 
These four shots will consume 4 coupons and 4 cable samples. 
 
References: 
[1] G. H. Schnetzer, R. J. Fisher, and M. A. Dinallo, “Measured Responses of Internal 
Enclosures and Cables Due To Burnthrough Penetration of Weapon Cases by Lightning,” 
SAND94-0312, August 1994. 
 
[2] R. J. Fisher and M. A. Uman, “Recommended Baseline Direct-Strike Lightning Environment 
for Stockpile-to-Target Sequences,” SAND 89-0192, May 1989. 
 
[3]  L. K. Warne, L. E. Martinez, and R. E. Jorgenson, “Experimental Plan (First Round),” 
Internal Sandia Memorandum, March 27, 2009. 
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Appendix A (Page 1 of 2) 
 
 
Task 0: Noise Shots-Current 

 
Description: 
Solid 0.050" 6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with cable 
connected to 5mΩ CVR. Distance from back of coupon to collector is 0.2” 
1" x 1.5" slot in barrel near coupon 
 

 

 
 

Description: 
0.050" 6061 Al with 0.5” hole, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with cable 
connected to 5mΩ CVR. Distance from back of coupon to collector is 0.2” 
1" x 1.5" slot in barrel near coupon 
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Appendix A (Page 2 of 2) 
 
 
Task 0: Noise Shots-Current 

 
Description: 
0.050" 6061 Al with 0.5” hole, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with cable 
disconnected to 5mΩ CVR. Distance from back of coupon to collector is 0.2” 

1" x 1.5" slot in barrel near coupon 
 

 

 
 

Description: 
Solid 0.050" T6061 Al, Bronze wool between coupon and brass collector, 1/4" Tungsten 
Electrode, 1/4" Electrode Gap, Nanofasts with cables connected to 5mΩ CVR. Distance 
from back of coupon to collector is 0.2” 

1" x 1.5" slot in barrel near coupon 
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Appendix B (Page 1 of 4) 
 
 
Task 0: Noise Shots-Voltage 

 
Description: 
Solid 0.050" 6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with cable 
disconnected from V50k probe. Distance from back of coupon to collector is 0.2” 
1" x 1.5" slot in barrel near coupon 

 

 
 

Description: 
Solid 0.050" 6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with cable 
connected to V50k probe. Distance from back of coupon to collector is 0.2” 
1" x 1.5" slot in barrel near coupon 
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Appendix B (Page 2 of 4) 
 
 
Task 0: Noise Shots-Voltage 
 

Description: 
Solid 0.050" 6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with cable 
connected to V50k probe. Distance from back of coupon to collector is 0.2” 
1" x 1.5" slot in barrel near coupon 

 
 
 

 
 

Description: 
0.050" 6061 Al with 0.5” hole, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with 
cable connected to V50k probe. Distance from back of coupon to collector is 0.2” 
1" x 1.5" slot in barrel near coupon 
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Task 0: Noise Shots-Voltage 
 

Description: 
0.050" 6061 Al with 0.5” hole, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with 
cable disconnected from V50k probe.  Distance from back of coupon to collector is 0.2” 
1" x 1.5" slot in barrel near coupon 
 

 
 

Description: 
0.050" 6061 Al with 0.5” hole, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with 
cable connected to V50k probe. Distance from back of coupon to collector is 0.2” Bronze wool 
between coupon and collector 
1" x 1.5" slot in barrel near coupon 
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Task 0: Noise Shots-Voltage 
 

Description: 
0.050" 6061 Al with 0.5” hole, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with 
cable connected to V50k probe. Distance from back of coupon to collector is 0.2” Bronze wool 
between coupon and collector 
1" x 1.5" slot in barrel near coupon 
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Task 2: First Return Stroke, Continuing Current, Second Return Stroke – Disk Collector – 
Visible High Speed Photograph of Interior Side of Coupon 
 

Description: 
Solid 0.050" 6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with cable 
connected to V50k probe. Distance from back of coupon to collector is 0.8”, 100ms interpulse 
1" x 1.5" slot in barrel near coupon 

 
 

 
 

Description: 
Solid 0.050" 6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with cable 
connected to V50k probe. Distance from back of coupon to collector is 0.8”, 100ms interpulse 
1" x 1.5" slot in barrel near coupon 
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Task 2: First Return Stroke, Continuing Current, Second Return Stroke – Disk Collector – 
Visible High Speed Photograph of Interior Side of Coupon 
 

Description: 
Solid 0.050" 6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with cable 
connected to V50k probe. Distance from back of coupon to collector is 0.8”, 500ms interpulse 
1" x 1.5" slot in barrel near coupon 

 

 
 

Description: 
Solid 0.050" 6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with cable 
connected to V50k probe. Distance from back of coupon to collector is 0.8”, 500ms interpulse 
1" x 1.5" slot in barrel near coupon 
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Task 2: First Return Stroke, Continuing Current, Second Return Stroke – Disk Collector – 
Visible High Speed Photograph of Interior Side of Coupon 
 

Description: 
Solid 0.050" 6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with cable 
connected to V50k probe. Distance from back of coupon to collector is 0.2”, 500ms interpulse 
1" x 1.5" slot in barrel near coupon 

 

 
 

Description: 
Solid 0.050" 6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with cable 
connected to V50k probe. Distance from back of coupon to collector is 0.2”, 500ms interpulse 
1" x 1.5" slot in barrel near coupon 
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Task 2: First Return Stroke, Continuing Current, Second Return Stroke – Disk Collector – 
Visible High Speed Photograph of Interior Side of Coupon 
 

Description: 
Solid 0.050" 6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with cable 
connected to V50k probe. Distance from back of coupon to collector is 0.2”, 100ms interpulse 
1" x 1.5" slot in barrel near coupon 

 

 
 

Description: 
Solid 0.050" 6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with cable 
connected to V50k probe. Distance from back of coupon to collector is 0.2”, 100ms interpulse 
1" x 1.5" slot in barrel near coupon 
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Task 4: Starter Wire, Continuing Current, First Return Stroke, Continuing Current, 
Second Return Stroke – Disc Collector – High Speed Photography 

 
Description: Long time scale-current 
Solid 0.050" 6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with 5mΩ CVR. 
Starter wire CCG for 400ms Spulse CCG for 100ms Npulse. Distance from back of coupon to 
collector is 0.8”, 1" x 1.5" slot in barrel near coupon. 
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Task 4: Starter Wire, Continuing Current, First Return Stroke, Continuing Current, 
Second Return Stroke – Disc Collector – High Speed Photography 

 
Description: Long time scale-current 
Solid 0.050" 6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with 5mΩ CVR. 
Starter wire CCG for 400ms Spulse CCG for 100ms Npulse. Distance from back of coupon to 
collector is 0.2”, Solid barrel 
 

 
 
 
Description: Short time scale-current for Shot 2 above 
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Task 4: Starter Wire, Continuing Current, First Return Stroke, Continuing Current, 
Second Return Stroke – Disc Collector – High Speed Photography 

 
Description: Long time scale-voltage 
Solid 0.050" 6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with 50kΩ 
resistor. Starter wire CCG for 400ms Spulse CCG for 100ms Npulse. Distance from back of 
coupon to collector is 0.8”, 1" x 1.5" slot in barrel near coupon. 
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Task 4: Starter Wire, Continuing Current, First Return Stroke, Continuing Current, 
Second Return Stroke – Disc Collector – High Speed Photography 

 
Description: Long time scale-voltage 
Solid 0.050" 6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast with 50kΩ 
resistor. Starter wire CCG for 400ms Spulse CCG for 100ms Npulse. Distance from back of 
coupon to collector is 0.2”, 1" x 1.5" solid barrel 
 

 
 

 
 

Description: Short time scale-voltage for Shot 4 above 
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5.  Predrilled Hole - Disk Collector – Closer Spaced Electrode – Precursor to Collector 
Attachment Experiments 

 
Description:  
0.050" T6061 Al, with 0.5" hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, Nanofast 
with cable connected to V50kΩ. (0.2" between Coupon and collector) 

 

 
Description:  
0.050" T6061 Al, with 0.5" hole in center, 1/4" Tungsten Electrode, 1/8" Electrode Gap, Nanofast 
with cable connected to V50kΩ. (0.2" between Coupon and collector) 

 

No Data 

 
Description:  
0.050" T6061 Al, with 0.5" hole in center, 1/4" Tungsten Electrode, 1/8" Electrode Gap, Nanofast 
with cable connected to V50kΩ. (0.2" between Coupon and collector) 
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5.  Predrilled Hole - Disk Collector – Closer Spaced Electrode – Precursor to Collector 
Attachment Experiments 

 
Description:  
0.050" T6061 Al, with 0.5" hole in center, 1/4" Tungsten Electrode, 1/16" Electrode Gap, 
Nanofast with cable connected to V50kΩ. (0.2" between Coupon and collector) 
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6.  First Return Stroke and Continuing Current – Disc Collector – Late Current 

 
Description:  
0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, TTI F/O with 
5mΩ CVR. (0.8" between Coupon and collector) 

 

 
6.  First Return Stroke and Continuing Current – Disc Collector – Late Time Voltage 

 
Description:  
0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap 
(0.8" between Coupon and collector) 
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6.  First Return Stroke and Continuing Current – Disc Collector – Late Time Voltage 

 
Description:  
0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 1/4" Electrode Gap, TTI F/O with 
V50kΩ. (0.2" between Coupon and collector) 
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Experimental Plan (Third Round) 
Abstract:  This third round of experiments has five primary goals plus planning for 
round four experiments later in the year.  The first is to understand the plasma extent and 
current distribution in the continuing current arc and in the return stroke.  In particular we 
want to understand what happens to the radial plasma and current distribution when a 
continuing current arc is established and then transitions into a return stroke.  This 
information will help to establish the reasons for why the observed voltages on interior 
collectors do not rise to high levels during this sequence of events.  (We do not know 
whether interior collector impedances play any role in diverting the return stroke to 
chassis ground at the edge of the coupon.  This issue may be addressed further in round 
four).  The second goal is to demonstrate the voltage that can be induced in indirect 
coupling to a round wire rather than the strips investigated in preceding experiments.  
The third goal is to examine the nonlinear burnthrough coupling to the differential mode 
in a multi-conductor stripline.  It is of interest here to establish any further shielding to be 
gained versus the common mode coupling.  The fourth goal is to “test to arc attachment,” 
demonstrating that under certain conditions a discharge can be established to the interior 
collector.  The idea here is to use a predrilled hole and show that as the injection 
electrode is brought closer to the electrode we eventually establish a discharge path to the 
collector.  This data can be compared to arcing threshold calculations, which have been 
performed on cables behind holes.  The fifth goal is to examine the effect of interior 
insulation on barrier hole size.  As part of this fifth goal interior cables resting on 
insulating layers will be measured as well.  The final goal is to perform planning for the 
round four experiments, which will include an attempt at spectral measurements in the 
discharge that have the potential of providing volumetric resolution rather than the 
surface profile alone. 
 
The plan follows with extra shots and the photographic efforts separately called out. 
 
0.  Noise Shots 
We anticipate that some noise shots may be required for the current profile measurements 
to assess magnetic (or electric) coupling to the measurement circuitry.  Because the 
differential mode coupling measurements are new we also anticipate noise shots being 
required.  On the “test to failure” experiment we will need to have an idea of how the 
ODL will respond to large input signals to know what to expect on the test. Noise shots 
conducted in Rounds 1 & 2 were used as baseline configurations for all tests in 
Round 3. No differential mode coupling tests were conducted; therefore no 
differential mode noise shots were needed. 
 
1.  Radial Current Distribution Measurements – Starter Wire and Continuing – 
Visible High Speed Photograph of Exterior Side of Coupon 
This task will require near DC response and hence the use of TTI optical data links. 
 
A.  SPLIT ANODE PROBE 
A technique used in the welding literature is to purposely move the arc discharge over a 
split anode while monitoring the two split anode currents.  An inversion technique is then 
applied to back out the radial current profile.  The arc movement is induced either by 
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mechanical movement of the cathode electrode or by application of magnetic fields.  The 
detail of how this movement might be carried out here still needs to be worked out.  One 
idea is to use a set of fixed normal displacement positions of the cathode electrode with 
respect to the cut between “D” shaped electrodes.  This approach seems the most 
promising for the short term and also offers the possibility of gathering data on the return 
stroke current distribution.  The “D” electrodes are designed large enough (~ 3 inch 
diameter) to collect all the current in the arc. 
 
The experiments will begin with cathode positions near the center of the split anode 
probe to see if near equal current splitting occurs.  Next cathode positions will attempt to 
see if nearly all current can be displaced to each individual half of the split anode.  These 
experiments will initially use the same one quarter inch electrode spacing used by 
Schnetzer and our previous experiments (although in round four we may go to large 
electrode spacing to ascertain the behavior of the arc root). 
 

South and North Currents (See Appendix B) 
Date Shot # CCG 

Current 
d 

Split 
Description 

4/6/2010 3 477A 0.020” 304 SS Split Anode Probe 0.020" between halves.  1/4" 
tungsten electrode positioned 1 ¼” left of vertical on South 
electrode. Cu tape starter wire (1/16" wide by 0.003" thick) 
connecting tungsten electrode to South SS electrode. 
Photometric data Collector Current (S 341A, N 0A) 

4/6/2010 4 471A 0.020” 304 SS Split Anode Probe 0.020" between halves.  1/4" 
tungsten electrode positioned ½” left of vertical on South 
electrode. Cu tape starter wire (1/16" wide by 0.003" thick) 
connecting tungsten electrode to South SS electrode. 
Photometric data Collector Current (S 341A, N 0A) 

4/6/2010 5 463A 0.010” 304 SS Split Anode Probe 0.010" between halves.  1/4" 
tungsten electrode positioned ½” left of vertical on South 
electrode. Cu tape starter wire (1/16" wide by 0.003" thick) 
connecting tungsten electrode to South SS electrode. 
Photometric data. Collector Current (S 333A, N 0A) 

4/6/2010 6 514A 0.005” 304 SS Split Anode Probe 0.005" between halves.  1/4" 
tungsten electrode positioned ½” left of vertical on South 
electrode. Cu tape starter wire (1/16" wide by 0.003" thick) 
connecting tungsten electrode to South SS electrode. 
Photometric data  Collector Current (S 212A, N 157A) 

4/9/2010 1 486A 0.020” 304 SS Split Anode Probe 0.020" between halves.  1/4" 
tungsten electrode positioned ¾" left of vertical on South 
electrode. Cu tape starter wire (1/16" wide by 0.003" thick) 
connecting tungsten electrode to South SS electrode. CCG 
fused with NLS-30 fuse. Photometric data  
Collector Current (S 330A, N 0A) 
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4/9/2010 2 461A 0.020” 304 SS Split Anode Probe 0.020" between halves.  1/4" 
tungsten electrode positioned 9/16" left of vertical on 
South electrode. Cu tape starter wire (1/16" wide by 0.003" 
thick) connecting tungsten electrode to South SS electrode. 
CCG fused with NLS-30 fuse.  Photometric data  
Collector Current (S 330A, N 0A) 

4/9/2010 3 453A 0.020” 304 SS Split Anode Probe 0.020" between halves.  1/4" 
tungsten electrode positioned 3/8" left of vertical on South 
electrode. Cu tape starter wire (1/16" wide by 0.003" thick) 
connecting tungsten electrode to South SS electrode. CCG 
fused with NLS-30 fuse. Photometric data Collector 
Current (S 282A, N 100A)

4/9/2010 4 486A 0.020” 304 SS Split Anode Probe 0.020" between halves.  1/4" 
tungsten electrode positioned 3/16" left of vertical on 
South electrode. Cu tape starter wire (1/16" wide by 0.003" 
thick) connecting tungsten electrode to South SS electrode. 
CCG fused with NLS-30 fuse. Photometric data  
Collector Current (S 350A, N 123A) 

 
B.  CVR RING PROBE 
The ring probe consists of four separate circular rings resting in an insulating support.  
The rings are tied to chassis through CVRs so that the current injected in each ring can be 
backed out of the measurements.  These shots will use a starter wire and a 500 A 
continuing current.  The objective is to estimate the arc radial current distribution and 
thereby gain insight on the extent of the arc plasma.  Results will be compared to welding 
literature data (although currents of 200 A are typical).  TTI DC ODLs would be required 
here for the late time response expected with the continuing current. No tests were 
conducted for this task. 
 
Visual recording will be carried out during this particular test sequence.  This will consist 
of high speed photography (20 kframes/s) with two views of the coupon surface.  This 
recording will help correlate any arc wander with the measurements. 
These shots will consume coupons and possibly ring probe metallic elements.  It is hoped 
that the split anode can be polished and restored after shots. 
 
2.  Radial Current Distribution Measurements – Single Return Stroke – Visible 
High Speed Photograph of Exterior Side of Coupon 
In this experiment a 50-100 kA return stroke will be used.  The objective is to measure 
the radial current distribution during the return stoke.   
 
A.  SPLIT ANODE PROBE 
As discussed in the preceding task, fixed electrode displacement positions may allow this 
technique to be used for the faster return stoke. 
 
 
 
 
 



Page III-5 of III-19 
 

South and North Currents (See Appendix C) 
Date Shot # SLS 

Current 
d 

Split 
Description 

4/5/2010 2 52kA 0.010” 304 SS Split Anode Probe 0.010" between halves. 1/4" 
tungsten electrode positioned 1 ¼” left of vertical on South 
electrode. Arcing at 0.010" gap. CVR grounds were loose! 
Photometric data. Collector Current (S 32kA, N 30A) 

4/5/2010 4 42kA 0.050” 304 SS Split Anode Probe 0.050" between halves. 1/4" 
tungsten electrode positioned 1 ¼” left of vertical on South 
electrode. Photometric data. 
Collector Current (S 27kA, N 22A) 

 
B.  METAL RING PROBE (Grooved SS Probe) 
A metal ring probe is being designed to provide small voltages from the return stroke 
current that can be monitored.  The probe consists of a thick stainless steel coupon with 
circular rings milled out to a thickness of approximately 1 mm. The groove width would 
also be of order of 1 mm to allow sufficient radial resolution, with spacing between rings 
of 2-3 mm.  Current flowing through the thinner metallic regions induces a voltage on the 
interior side, which can be monitored.  A document exists discussing the design issues 
(including diffusion time constants).  This technique may suffer problems when exposed 
to the continuing current due to metallic heating (changing the resistance of the groove 
regions) but should be applicable to the return stroke.  A twelve channel data recorder is 
available for measuring the array of voltages here. 
 

Voltages (See Appendix D) 
Date Shot # SLS 

Current 
Description 

4/12/2010 2 30kA 304 SS Grooved Probe. Photometric data. P1 is center 
(P1=1.9V, P2=2.6V, P3=1.4V, P4=1.0V, P5=0.75V, P6=0.6V) 

4/12/2010 3 57kA 304 SS Grooved Probe. Photometric data. P1 is center 
(P1=2.3V, P2=3.2V, P3=1.75V, P4=1.4V, P5=1.0V, P6=0.75V) 

4/12/2010 4 42kA 304 SS Grooved Probe. Photometric data. P1 is center 
(P1=2.7V, P2=2.4V, P3=1.3V, P4=0.9V, P5=0.75V, P6=0V)  

 
C.  CVR RING PROBE (Brass concentric rings) 
Inductance issues in the wiring to the CVRs will need to be addressed.  Also the effect of 
the CVR impedances on the current distribution is unknown. 
 

Currents (See Appendix E) 
Date Shot # SLS 

Current 
Description 

4/8/2010 2 42kA 304 SS Grooved Probe. Photometric data. P1 is center 
(Center Pin=40kA, Ring 1=20kA, Ring 2=10kA, Ring 3=10kA

 
Visual recording will be carried out during this particular test sequence in hope of gaining 
insight on the discharge path and distribution.  This will consist of high speed 
photography (20 kframes/s) with two views of the coupon surface. 
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3.  Radial Current Distribution Measurements – Starter Wire Continuing Current 
and Single Return Stroke – Visible High Speed Photograph of Exterior Side of 
Coupon  
The purpose of these final shots is to investigate the current profile transition between 
continuing current with amplitude of 500 A and a subsequent return stroke with an 
amplitude of 100 kA.  The continuing current interval in this case can be shortened to 
prevent damage to the probe, but long enough to eliminate the starter wire and set up the 
plasma.  We are thinking of a time interval of 50 – 100 ms, although the continuing 
current will do damage after the measurement window (unless fusing can mitigate the 
long continuing current interval).  The measurement focus is on the transition and return 
stroke time interval. No tests were conducted for this task. 
 
Visual recording will be carried out during this particular test sequence.  This will consist 
of high speed photography (20 kframes/s) with two views of the coupon surface. 
 
A.  SPLIT ANODE PROBE 
As discussed in the preceding task, fixed electrode displacement positions may allow this 
technique to be used for the faster return stoke as well as the continuing current.  
Therefore this technique may be the most robust to use with both continuing current and 
return stroke currents present (the thicker metal allowed would make damage from the 
continuing current minimal and CVR sensors can be used which will not change 
calibration with metal surface temperatures as might happen with the metallic ring probe 
design). No tests were conducted for this task. 
 
B.  METAL RING PROBE 
This will be the same as the preceding except using the metal ring probe discussed in the 
preceding test.  The difficulty with this probe is metallic heating during the continuing 
current interval resulting in changes to probe sensitivity.  Also late time continuing 
current could melt the sensor regions and cause large internal voltages and damage (say 
to the data recorder). No tests were conducted for this task. 
 
C.  CVR RING PROBE 
This is the same as discussed in previous experiments. No tests were conducted for this 
task. 
 
4.  Indirect Coupling Experiment for Circular Wire – Velonix Pulser – Wire Cable 
Collector 
These experiments are the same as the indirect magnetic coupling experiments performed 
previously on strips except that we will be using a circular wire.  A predrilled coupon 
with a 0.5 inch hole will be used.  One end of the interior wire will terminate on chassis 
ground and the voltage at the other end will be measured.  We anticipate using a 0.08 
inch diameter conductor with an insulating jacket.  A standoff distance of 0.2 inches from 
the plane will be used.  
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Current (See Appendix F) 
Date Shot # Velonex 

Current 
d  Description 

5/20/2010 1 4245A 0.260” Drive perpendicular to coupon-Horizontal Magnet Wire 
(0.043" diameter). Distance from back side of coupon to 
front of wire = 0.260" Cable Voltage (0.210V) 

5/20/2010 2 2545A 0.285” Drive perpendicular to coupon-Horizontal Magnet Wire 
(0.081" diameter). Distance from back side of coupon to 
front of wire = 0.285" Cable Voltage (0.110V) 

5/20/2010 3 4159A 0.260” Drive perpendicular to coupon-Vertical Magnet Wire 
(0.043" diameter). Distance from back side of coupon to 
front of wire = 0.260" Cable Voltage (0.032V) 

5/20/2010 4 2555A 0.285” Drive perpendicular to coupon-Vertical Magnet Wire 
(0.081" diameter). Distance from back side of coupon to 
front of wire = 0.285" Cable Voltage (0.012V) 

 
These experiments are planned for the last week in March. 
 
5.  Test to Arc Attachment 
The plan here is to use a predrilled hole of 0.5 inch diameter and move the injecting 
electrode in toward the hole until an arc from the return stroke (50-100 kA) attaches to 
the collector.  The interest is in measuring the largest interior voltage that can be attained.  
The smallest interior collector spacing of 0.2 inches will be used.  This will be compared 
to arc threshold calculations to establish confidence in such predictions.  It will also 
confirm the severity of the drive if conditions are allowed to develop to such an extreme 
geometrical configuration. 
 

Velonex Pulser-Voltage (See Appendix G) 
Date Shot # Velonex 

Voltage 
d 
 

Coll.  
gap 

Description 

4/14/2010 7 3.8kV 0.2” 
 

0.000” 0.050" T6061 Al, with 0.5" hole in center, 1/4" 
Tungsten Electrode, 9540Ω between collector 
and ground, Tektronix HV Probe 
Touching collector

4/14/2010 3 3.1kV 0.2” 
 

0.025” 0.050" T6061 Al, with 0.5" hole in center, 1/4" 
Tungsten Electrode, 9540Ω between collector 
and ground, Tektronix HV Probe 
Touching collector 

4/14/2010 6 3.4kV 0.2” 
 

0.025” 0.050" T6061 Al, with 0.5" hole in center, 1/4" 
Tungsten Electrode, 9540Ω between collector 
and ground, Tektronix HV Probe 
Touching collector 

4/14/2010 8 3.4kV 0.2” 
 

0.025” 0.050" T6061 Al, with 0.5" hole in center, 1/4" 
Tungsten Electrode, 9540Ω between collector 
and ground, Tektronix HV Probe 
Touching collector 
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4/14/2010 9 4.0kV 0.2” 
 

0.030” 0.050" T6061 Al, with 0.5" hole in center, 1/4" 
Tungsten Electrode, 9540Ω between collector 
and ground, Tektronix HV Probe 
Touching collector 

 
SLS-Voltage (See Appendix H) 

Date Shot # SLS 
Current 

d 
 

Description 

4/20/2010 8 41kA 0.2” 
 

0.050" T6061 Al, with 0.5" hole in center, 1/4" 
Tungsten Electrode 1” Electrode to coupon gap, 9351Ω 
between collector and ground, Tektronix HV Probe 

Vcollector=20V 

4/20/2010 2 61kA 0.2” 
 

0.050" T6061 Al, with 0.5" hole in center, 1/4" 
Tungsten Electrode 1/4” Electrode to coupon gap, 
9351Ω between collector and ground, Tektronix HV 
Probe Vcollector=60V 

4/20/2010 3 57kA 0.2” 
 

0.050" T6061 Al, with 0.5" hole in center, 1/4" 
Tungsten Electrode 0” (Centered) Electrode to coupon, 
9351Ω between collector and ground, Tektronix HV 
Probe Vcollector=350V 

4/20/2010 4 60kA 0.2” 
 

0.050" T6061 Al, with 0.5" hole in center, 1/4" 
Tungsten Electrode 3/16” Electrode to collector gap, 
9351Ω between collector and ground, Tektronix HV 
Probe Vcollector=1,344V 

4/15/2010 5 61kA 0.2” 
 

0.050" T6061 Al, with 0.5" hole in center, 1/4" 
Tungsten Electrode 3/16” Electrode to collector gap 
9351Ω between collector and ground, Tektronix HV 
Probe Vcollector=20,000V 

4/20/2010 5 36kA 0.2” 
 

0.050" T6061 Al, with 0.5" hole in center, 1/4" 
Tungsten Electrode 3/16” Electrode to collector gap 
9351Ω between collector and ground,  Tektronix HV 
Probe Vcollector=2,800V 

4/20/2010 6 60kA 0.2” 
 

0.050" T6061 Al, with 0.5" hole in center, 1/4" 
Tungsten Electrode 1/8” Electrode to collector gap 
9351Ω between collector and ground, Tektronix HV 
Probe Vcollector=12,670 

4/20/2010 7 52kA 0.2” 
 

0.050" T6061 Al, with 0.5" hole in center, 1/4" 
Tungsten Electrode 1/16” Electrode to collector gap 
9351Ω between collector and ground,   Tektronix HV 
Probe Vcollector=20,000V 

4/15/2010 3 51kA 0.2” 
 

0.050" T6061 Al, with 0.5" hole in center, 1/4" 
Tungsten Electrode 1/16” Electrode to collector gap 
9351Ω between collector and ground, Tektronix HV 
Probe Vcollector=13,000V 

 
We anticipate using the Nanofast high impedance probe for this experiment.  However 
time constant issues need to be examined further to make sure we do not filter out early 
time voltage spikes (occurring before a side flash to the coupon edge).  These issues have 
to do with the early time discharge impedance, collector capacitance (which could be 
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reduced by using a strip cable), and the measurement impedance (larger the better so that 
it does not compete with the discharge impedance). 
 
A second issue in this experiment is collector to coupon standoff voltages.  We need to 
examine further how big this is and whether insulation extending to, and slightly interior 
to, the coupon edges might be another useful experiment to achieve largest interior 
voltages.  
 
This experiment is planned for last week of March or first week in April. 
 
6.  Interior Insulation Effects and Cable  
This set of experiments will measure coupling to a strip cable placed on an insulating 
layer as well as documenting the change in coupon damage resulting from the change in 
interior collecting structure from that of a large metallic collector to a cable and to an 
insulating layer. No tests were conducted for this task. 
 
We anticipate an experiment with a strip cable collector on an insulating layer as well as 
an experiment with an insulating layer alone. 
 
A spacing of 0.2 inches will be used and photography is required to pick out hole size and 
discharge path (coupon edge versus cable collector). 
 
7.  Planning for Round Four  
During the round three experiments some planning for round four will be done.  In 
particular, the possibility of using a plasma diverter (to eliminate the plasma jet from the 
cathode) and of making spectral measurements will be explored.  The issue of internal 
impedance (inductive reactance) diverting the path of a return stroke attachment from the 
collector to the coupon rim will also be examined further and future experiments planned 
to minimize this effect.  Also arc root current distribution for larger electrode spacing is 
of interest to relate results to longer lightning discharges.  In addition the possibility of 
polarity changes will be discussed (anode electrode?). No tests were conducted for this 
task. 
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Appendix B (Page 1 of 2) 
 
1.  Radial Current Distribution Measurements – Starter Wire and Continuing – 
Visible High Speed Photograph of Exterior Side of Coupon-Split Anode Probe 

 
Description:  
304 SS Split Anode Probe 0.020" between halves.  1/4" tungsten electrode positioned on 
South electrode (left of vertical). Cu tape starter wire (1/16" wide by 0.003" thick) 
connecting tungsten electrode to South SS electrode. Photometric data 
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Appendix B (Page 2 of 2) 
 
 
1.  Radial Current Distribution Measurements – Starter Wire and Continuing – 
Visible High Speed Photograph of Exterior Side of Coupon-Split Anode Probe 

 
Description:  
304 SS Split Anode Probe 0.020" between halves.  1/4" tungsten electrode positioned on 
South electrode (left of vertical). Cu tape starter wire (1/16" wide by 0.003" thick) 
connecting tungsten electrode to South SS electrode. Photometric data. CCG fused with 
Littlefuse model NLS 30. 
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Appendix C (Page 1 of 1) 

 
2.  Radial Current Distribution Measurements – Single Return Stroke – Visible 
High Speed Photograph of Exterior Side of Coupon 
In this experiment a 50-100 kA return stroke will be used.  The objective is to measure 
the radial current distribution during the return stoke.   
 

Description: Split Anode 
304 SS Split Anode Probe 0.010” and 0.050" between halves. 1/4" tungsten electrode 
positioned 1 ¼” left of vertical on South electrode 
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Appendix D (Page 1 of 1) 

 
 
2.  Radial Current Distribution Measurements – Single Return Stroke – Visible 
High Speed Photograph of Exterior Side of Coupon 
In this experiment a 50-100 kA return stroke will be used.  The objective is to measure 
the radial current distribution during the return stoke.   
 

Description: Metal Ring Probe 
304 SS Grooved Probe. 
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Appendix E (Page 1 of 1) 

 
 
2.  Radial Current Distribution Measurements – Single Return Stroke – Visible 
High Speed Photograph of Exterior Side of Coupon 
In this experiment a 50-100 kA return stroke will be used.  The objective is to measure 
the radial current distribution during the return stoke.   
 

Description: CVR Ring Probe 
Brass Concentric Rings 
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Appendix F (Page 1 of 1) 

 
 
4.  Indirect Coupling Experiment for Circular Wire – Velonex Pulser – Wire Cable 
Collector 
 

Description: Drive perpendicular to coupon-Horizontal and Vertical Magnet Wire 
orientations (0.043" and 0.081” diameters). Velonex Pulser 
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Appendix G (Page 1 of 1) 

 
 
5.  Test to Arc Attachment 
The plan here is to use a predrilled hole of 0.5 inch diameter and move the injecting 
electrode in toward the hole until an arc from the return stroke (50-100 kA) attaches to 
the collector.   
 

Description: 0.050" T6061 Al, with 0.5" hole in center, 1/4" Tungsten Electrode, 9540Ω 
between collector and ground, Tektronix HV Probe. 0”, 0.025”, and 0.030” gap between 
electrode and brass collector. Velonex Pulser 
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Appendix H (Page 1 of 2) 

 
 
5.  Test to Arc Attachment 
The plan here is to use a predrilled hole of 0.5 inch diameter and move the injecting 
electrode in toward the hole until an arc from the return stroke (50-100 kA) attaches to 
the collector.  Tektronix HV probe 
 

Description: 0.050" T6061 Al, with 0.5" hole in center, 1/4" Tungsten Electrode, 9351Ω 
between collector and ground, Tektronix HV Probe Sandia Lightning Simulator 
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Appendix H (Page 2 of 2) 

 
 
5.  Test to Arc Attachment 
The plan here is to use a predrilled hole of 0.5 inch diameter and move the injecting 
electrode in toward the hole until an arc from the return stroke (50-100 kA) attaches to 
the collector.  Tektronix HV probe 
 

Description: 0.050" T6061 Al, with 0.5" hole in center, 1/4" Tungsten Electrode, 9351Ω 
between collector and ground,   Tektronix HV Probe Sandia Lightning Simulator 
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Experimental Plan (Fourth Round) 
Abstract:  This fourth round of experiments has three primary goals.  The first goal is to 
“test to arc attachment” during the standard burnthrough sequence, either ruling out or 
demonstrating that under certain conditions a discharge can be established to the interior 
collector.  (We do not know yet whether interior collector impedances play any role in 
diverting the return stroke to chassis ground at the edge of the coupon.)  The idea here is 
repeat the original two-return-stroke plus continuing-current-burnthrough and voltage-
coupling experiment, but examine the early time region to see if any interior voltage 
pulses (resulting from a discharge path to the collector) were missed during the second 
return stroke Marx bank voltage-erection time-interval.  These data (along with predrilled 
hole discharge data, discussed below) can be compared to arcing threshold calculations, 
which have been performed on cables behind holes.  We also plan to measure the Sandia 
Lightning simulator incident electric field (or voltage) waveform to calibrate the drive for 
the test to arc attachment experiment.  The second goal is to understand what happens to 
the radial plasma and current distribution when a continuing current arc is established and 
then transitions into a return stroke.  This measurement will make use of water cooled 
probes.  The information gathered will help to establish the reasons for why the observed 
voltages on interior collectors have not in the past risen to high levels during this 
sequence of events.  In addition, we also plan to use the inverted current distribution 
(groove) probe arrangement to see if heating of the outer surface of the probe played any 
role in the groove probe voltage levels, from a single return stroke measured in round 
three.  The third goal is to examine the effect of interior insulation on barrier hole size.  
Finally we intend to explore further the possibility of doing spectral measurements in 
FY11 and some other planning as well.  These spectral measurements have the potential 
of providing volumetric resolution rather than the surface profile alone. 
 
The plan follows with extra shots and the photographic efforts separately called out. 
 
0.  Noise Shots 
The noise shots on the “test to arc attachment” experiments with the predrilled hole could 
involve the same setup but with a solid coupon.  The noise shots on the SLS burnthrough 
and “test to arc attachment” experiment could involve a return stroke without continuing 
current (and a solid coupon).  
 

Incident Electric Field Noise Shots- Voltage (See Appendix A) 
Date Shot # SLS 

Current 
d Description 

8/19/2010 3 56kA 0.45” 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1" Electrode Gap, Tektronix P6015 HV probe 
(0.45" between Coupon and collector)                        
Vcollector=1V 

8/25/2010 7 60kA 0.2” 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1" Electrode Gap, Tektronix P6015 HV probe 
(0.2" between Coupon and collector)                          
Vcollector=2V 

 



Page IV-3 of IV-34 
 

 
1.  Calibration of Voltage Wave from Lightning Simulator 
The plan here is to measure the electric field (probably with a monopole probe mounted 
in a ground plane at the test object plane) during the early time associated with the Marx 
bank voltage erection.  This measurement is important to calibrate the discharge to 
collector experiments, since this voltage wave determines the incident field in those 
experiments.  If a monopole probe is used, we can locate it on the ground plane, but off 
center from the cathode rod of the simulator.  This will allow us to measure the field with 
both open (before arcing, with a one or two inch gap) and short circuit conditions.  For 
the predrilled hole experiments the load looks like an open circuit, whereas for the 
established arc during the continuing current burnthrough event, the load may look more 
like a short circuit.  The time focus here is prior to current rise, during the Marx voltage 
erection process. 
 

Incident Electric Field Shots- Volts/meter (See Appendix B) 
Date Shot # SLS 

Current 
d Description 

8/19/2010 3 56kA 0.45” 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1" Electrode Gap, Tektronix P6015 HV probe 
(0.45" between Coupon and collector)                        
Electric Field=400kV/m 

8/25/2010 7 60kA 0.2” 0.050" T6061 Al, no hole in center, 1/4" Tungsten 
Electrode, 1" Electrode Gap, Tektronix P6015 HV probe 
(0.2" between Coupon and collector)                          
Electric Field=422kV/m 

 
 
2.  Test to Arc Attachment 
The plan here is to repeat the original two-return stroke plus continuing current 
experiments conducted at the beginning of the project, but examine the early time regime 
during Marx bank voltage erection to see if any discharge paths form to the interior 
collector during the transition from continuing current to second return stroke. 
 
The one quarter inch spacing from cathode electrode to collector will be used.  The first 
return stroke to initiate the arc will be about 50 kA.  The continuing current will have a 
level of 500 A.  The interstroke interval will be taken as 500 ms, so that a clear 
burnthrough hole exists and a plasma jet can be established to the collector electrode, 
before the second return stroke.  If evidence of large voltage discharges to the collector is 
found, it would be of interest to examine the 100 ms interstroke interval used in the 
original tests on this problem.  No tests with 100ms interstroke interval were 
conducted. The second return stroke should be nominally 100 kA.  The interest is in 
measuring the largest interior voltage that can be attained, focusing on the very early time 
associated with the Marx voltage erection associated with the second return stroke.  The 
smallest interior collector spacing from coupon of 0.2 inches will be used.  The data will 
be compared to arc threshold calculations.  This data will also give more confidence that 
nothing has been missed at early time.  We anticipate using the Tektronix high 
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impedance, high voltage, probe for this experiment (with a range up to 50 kV), and the 
digital strip chart recorder inside the large shield box. 
 
There is an issue with collector to chassis grounding in this experiment.  We anticipate 
one measurement with the collector floating (actually there will be a very high impedance 
connection through the Tektronix probe).  But the establishment of a plasma jet 
connection to the collector either may not be possible in this floating case or it might lead 
to a jet to the collector and another series jet from collector to coupon to establish the 
current return (and we have observed this phenomenon in side view interior 
photography).  Consequently it makes sense to add a case where a lower impedance 
connection to chassis (in parallel to the Tektronix probe) is also present.  This could have 
the form of a low value resistance (to allow a voltage measurement) or it could take the 
form of a known inductance (for example, a length of wire).  This latter connection 
would provide a low impedance path to ground for the continuing current to establish the 
plasma jet to the collector, but it would isolate the collector for the faster subsequent 
return stoke.  It also would mimic a grounded cable situation.  With a return stroke 
current derivative of order 100 kA/microsecond an inductance of 100 nH would provide 
10 kV.  For example, the inductance could be generated by a 0.2 inch diameter rod 
(inside a 4 inch diameter case) with a length greater than 6 inches.  The resistance should 
be kept to less than 0.1 ohms.  This still results in 25 kW of power being delivered by a 
500 A continuing current (we do not want wire fusing). 
 

Voltage (See Appendix C) 
Date Shot # SLS 

Current 
d Description 

8/30/2010 5 S (34kA)     
CCG(496A)  

N(83kA) 

0.2” Solid 0.050" T6061 Al, 1/4" Tungsten Electrode, 1/4" 
Electrode Gap, Tektronix P6015 HV probe. 500ms 
between pulses Vcollector=120V Clipped 

8/30/2010 6 S (54 kA)    
CCG(471A)  
N (99 kA) 

0.2” Solid 0.050" T6061 Al, 1/4" Tungsten Electrode, 1/4" 
Electrode Gap, Tektronix P6015 HV probe. 500ms 
between pulses Vcollector=120V 

8/31/2010 2 S (58 kA)    
CCG(500A)  
N (98 kA)    

 

0.2” Solid 0.050" T6061 Al, 1/4" Tungsten Electrode, 1/4" 
Electrode Gap, collector inductive setup 
LS=132nH,Lp=146nH, R=27.3mOhm Parameters 
measured with Agilent 4263B LCR Meter @100kHz, 
Tektronix P6015 HV probe. 500ms between pulses 
Vcollector=20V 

 
 
If large discharge voltages are observed on the collector it would be desirable to increase 
the cathode to collector spacing to one inch to see if the effect is reduced. No large 
discharge voltages were observed, so collector spacing was not increased. 
 
A second issue in this experiment is collector to coupon standoff voltages.  We need to 
examine further how big this is and whether insulation extending to, and slightly interior 
to, the coupon edges might be another useful experiment to achieve largest interior 
voltages. 
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Visual recording will be carried out during this particular test sequence in hope of gaining 
insight on the discharge path.  This will consist of high speed photography (20 kframes/s) 
with two views of the coupon surface 
 
3.  Predrilled Hole Discharge Penetration 
In this set of experiments we plan to repeat the Velonex predrilled hole “discharge to 
collector” experiments but using higher voltage equipment.  We will use a 0.5 inch hole 
in the coupon.  The collector spacing will initially be 0.2 inches from the coupon, but we 
may back this off to 0.4 inches and 0.8 inches depending on what we find in the 
experiment.  First we plan to use a slow ramp source with a range from 0-200 kV and 
initial cathode spacing to coupon of 0.25 inches.  The cathode spacing will be varied to 
generate an array of data.  First the cathode spacing will be reduced until a discharge is 
formed to the collector.  Next the spacing will be increased and the indirect coupling 
levels will be noted.  If a discharge appears at 0.25 inches, the spacing will be increased 
until only indirect levels appear. 
 
 

Velonex Voltage Tests (See Appendix D) 
Date Test # Velonex (V) d Description 

8/16/2010 1 3326 0.2” 1/4" electrode, 0.020" gap from electrode tip to solid 
0.050" T6061 Al. coupon. NOISE SHOT Tektronix 
P6015 HV probe Vcollector=2V noise  

8/16/2010 2 4696 0.2” 1/4" electrode, T6061 Al. coupon with 0.5" hole in 
center. Electrode center of hole. No gap from electrode 
tip to Aluminum coupon. Tektronix P6015 HV probe 
Vcollector=4.6V 

8/16/2010 3 5031 0.2” 1/4" electrode, T6061 Al. coupon with 0.5" hole in 
center. Electrode through and center of hole. 3/16" gap 
from electrode tip to internal brass collector. Tektronix 
P6015 HV probe Vcollector=7.1V 

8/16/2010 4 4686 0.2” 1/4" electrode, T6061 Al. coupon with 0.5" hole in 
center. Electrode through and center of hole. 1/8" gap 
from electrode tip to internal brass collector. Tektronix 
P6015 HV probe Vcollector=11.1V 

8/16/2010 5 4844 0.2” 1/4" electrode, T6061 Al. coupon with 0.5" hole in 
center. Electrode through and center of hole. 1/16" gap 
from electrode tip to internal brass collector. Tektronix 
P6015 HV probe Vcollector=15.8V 

8/16/2010 6 4911 0.2” 1/4" electrode, T6061 Al. coupon with 0.5" hole in 
center. Electrode through and center of hole. 0.017" gap 
from electrode tip to internal brass collector. Tektronix 
P6015 HV probe Vcollector=4930V 
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DC Voltage Tests (See Appendix E) 
Date Test # kVDC  d Description 

7/22/2010 1 8.2 0.2” 1/4" electrode, 1/4" gap from electrode tip to solid 0.050" 
T6061 Al. coupon. Still Photo-open shutter. Tektronix 
P6015 HV probe  Vcollector=0V 

7/22/2010 2 7.8 0.2” 1/4" electrode, 1/4" gap from electrode tip to 0.050" 
T6061 Al. coupon with 0.5" hole in center. Still Photo-
open shutter. Tektronix P6015 HV probe 
Vcollector=125V 

7/22/2010 3 7.8 0.2” 1/4" electrode, T6061 Al. coupon with 0.5" hole in 
center. Electrode center of hole. No gap from electrode 
tip to Aluminum coupon. Still Photo-open shutter. 
Tektronix P6015 HV probe   Vcollector=1.44kV 

7/22/2010 4 6.8 0.2” 1/4" electrode, T6061 Al. coupon with 0.5" hole in 
center. Electrode through and center of hole. 3/16" gap 
from electrode tip to internal brass collector. Still Photo-
open shutter. Tektronix P6015 HV probe 
Vcollector=6.4kV 

7/22/2010 5 7.6 0.2” 1/4" electrode, T6061 Al. coupon with 0.5" hole in 
center. Electrode through and center of hole. 3/16" gap 
from electrode tip to internal brass collector. Still Photo-
open shutter. Tektronix P6015 HV probe 
Vcollector=7.0kV 

8/3/2010 6 5.8 0.2” 1/4" electrode, T6061 Al. coupon with 0.5" hole in 
center. Electrode through and center of hole. 1/8" gap 
from electrode tip to internal brass collector. Still Photo-
open shutter. Tektronix P6015 HV probe 
Vcollector=5.8kV 

8/3/2010 7 6.2 0.2” 1/4" electrode, T6061 Al. coupon with 0.5" hole in 
center. Electrode through and center of hole. 1/8" gap 
from electrode tip to internal brass collector. Still Photo-
open shutter. Tektronix P6015 HV probe 
Vcollector=6.2kV 

8/3/2010 8 5.2 0.2” 1/4" electrode, T6061 Al. coupon with 0.5" hole in 
center. Electrode through and center of hole. 1/16" gap 
(0.066") from electrode tip to internal brass collector. 
Still Photo-open shutter. Tektronix P6015 HV probe 
Vcollector=5.2kV

8/3/2010 9 4.9 0.2” 1/4" electrode, T6061 Al. coupon with 0.5" hole in 
center. Electrode through and center of hole. 1/16" gap 
(0.066") from electrode tip to internal brass collector. 
Still Photo-open shutter. Tektronix P6015 HV probe 
Vcollector=4.9kV 

8/3/2010 10 6.4 0.2” 1/4" electrode, T6061 Al. coupon with 0.5" hole in 
center. Electrode center of hole. No gap from electrode 
tip to Aluminum coupon.  Still Photo-open shutter. 
Tektronix P6015 HV probe   Vcollector=940V 
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8/3/2010 11 8.7 0.2” 1/4" electrode, 1/4" gap from electrode tip to 0.050" 
T6061 Al. coupon with 0.5" hole in center. Still Photo-
open shutter. Audible and visual corona at 10 kV. 
Tektronix P6015 HV probe   Vcollector=100V 

8/3/2010 12 10.2 0.2” 1/4" electrode, 1/4" gap from electrode tip to 0.050" 
T6061 Al. coupon with 0.5" hole in center. Still Photo-
open shutter. Audible and visual corona at 9 kV. 
Tektronix P6015 HV probe   Vcollector=150V 

8/4/2010 13 11.6 0.2” 1/4" electrode, 1/2" gap from electrode tip to 0.050" 
T6061 Al. coupon with 0.5" hole in center. Still Photo-
open shutter. Tektronix P6015 HV probe 
Vcollector=300V 

8/4/2010 14 NA 0.2” 1/4" electrode, 1/2" gap from electrode tip to 0.050" 
T6061 Al. coupon with 0.5" hole in center. Still Photo-
open shutter. Tektronix P6015 HV probe        
Vcollector= NO DATA

8/4/2010 15 17.7 0.2” 1/4" electrode, 3/4" gap from electrode tip to 0.050" 
T6061 Al. coupon with 0.5" hole in center. Still Photo-
open shutter. Tektronix P6015 HV probe 
Vcollector=150V 

8/4/2010 16 17.2 0.2” 1/4" electrode, 3/4" gap from electrode tip to 0.050" 
T6061 Al. coupon with 0.5" hole in center. Still Photo-
open shutter. Tektronix P6015 HV probe 
Vcollector=170V 

8/4/2010 17 16.1 0.2” 1/4" electrode, 3/4" gap from electrode tip to 0.050" 
T6061 Al. coupon with 0.5" hole in center. VIDEO 
RECORDING #1. Tektronix P6015 HV probe 
Vcollector=150V 

8/5/2010 18 5.9 0.2” 1/4" electrode, T6061 Al. coupon with 0.5" hole in 
center. Electrode through and center of hole. 3/16" gap 
from electrode tip to internal brass collector. VIDEO 
RECORDING #3. Tektronix P6015 HV probe 
Vcollector=5.9kV 

 
After this array of data is recorded a set of pulsed discharge experiments will be 
conducted using the Pantex pulser.  This pulser has a minimum level is 130-150 kV and a 
maximum of 450 kV.  The cathode rod spacing will be selected after a review of the slow 
voltage drive data. The Pantex pulser was modified to produce a 0-60kV pulse for 
these tests. 
 

Pantex Voltage Tests (See Appendix F) 
Date Test # kVDC  d Description 

9/24/2010 22 30 0.2” 1/4" electrode, 1/4" gap from electrode tip to solid 0.050" 
T6061 Al. coupon. Still Photo-open shutter. Tektronix 
P6015 HV probe  Vcollector=1.5V 

9/23/2010 11 20 0.2” 1/4" electrode, T6061 Al. coupon with 1/2" hole. 1/16" 
gap from electrode tip to Brass collector. Still Photo-open 
shutter. Brass collector is 0.2" away from back side of Al. 
coupon. Tektronix P6015 HV probe Vcollector=7kV 
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9/23/2010 12 20 0.2” 1/4" electrode, T6061 Al. coupon with 1/2" hole. 1/16" 
gap from electrode tip to Brass collector. Still Photo-open 
shutter. Brass collector is 0.2" away from back side of Al. 
coupon. Tektronix P6015 HV probe   Vcollector=7kV 

9/23/2010 13 15 0.2” 1/4" electrode, T6061 Al. coupon with 1/2" hole. 1/8" gap 
from electrode tip to Brass collector. Still Photo-open 
shutter. Brass collector is 0.2" away from back side of Al. 
coupon. Tektronix P6015 HV probe Vcollector=3.3kV 

9/23/2010 14 17 0.2” 1/4" electrode, T6061 Al. coupon with 1/2" hole. 1/8" gap 
from electrode tip to Brass collector. Still Photo-open 
shutter. Brass collector is 0.2" away from back side of Al. 
coupon. Tektronix P6015 HV probe Vcollector=4.7kV 

9/23/2010 15 25 0.2” 1/4" electrode, T6061 Al. coupon with 1/2" hole. 3/16" 
gap from electrode tip to Brass collector. Still Photo-open 
shutter. Brass collector is 0.2" away from back side of Al. 
coupon. Tektronix P6015 HV probe Vcollector=3.4kV 

9/23/2010 16 15 0.2” 1/4" electrode, T6061 Al. coupon with 1/2" hole. 3/16" 
gap from electrode tip to Brass collector. Still Photo-open 
shutter. Brass collector is 0.2" away from back side of Al. 
coupon. Tektronix P6015 HV probe Vcollector=2.2kV 

9/23/2010 17 21 0.2” 1/4" electrode, T6061 Al. coupon with 0.5" hole in 
center. Electrode center of hole. No gap from electrode 
tip to Aluminum coupon. Still Photo-open shutter. Brass 
collector is 0.2" away from back side of Al. coupon. 
Tektronix P6015 HV probe Vcollector=2.5kV 

9/23/2010 18 25 0.2” 1/4" electrode, T6061 Al. coupon with 0.5" hole in 
center. Electrode center of hole. No gap from electrode 
tip to Aluminum coupon. Still Photo-open shutter. Brass 
collector is 0.2" away from back side of Al. coupon. 
Tektronix P6015 HV probe Vcollector=3.5kV 

9/24/2010 19 27 0.2” 1/4" electrode, T6061 Al. coupon with 0.5" hole in 
center. 3/16" gap from electrode tip to Aluminum 
coupon. Still Photo-open shutter. Brass collector is 0.2" 
away from back side of Al. coupon. 
Tektronix P6015 HV probe   Vcollector=16V 

9/24/2010 20 22 0.2” 1/4" electrode, T6061 Al. coupon with 0.5" hole in 
center. 3/16" gap from electrode tip to Aluminum 
coupon. Still Photo-open shutter. Brass collector is 0.2" 
away from back side of Al. coupon. 
Tektronix P6015 HV probe   Vcollector=15V 

 
Electric field probe data will be taken to calibrate the incident voltage wave? Due to the 
test configuration e-field data was only used as a fiducial to identify incoming pulse. 
 
Several open shutter photos will be taken for publication purposes.  
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One additional shot at the Sandia Lightning Simulator with a ½” pre-drilled hole with the 
¼” electrode placed 1/16” from brass collector. High speed photography will be used on 
this shot. 
 

SLS Arc to Failure Voltage (See Appendix G) 
Date Shot # SLS  

Current (kA) 
d Description 

8/27/2010 2 42 0.2” 0.050" T6061 Al coupon with 0.5" hole in center, 1/4" 
Tungsten Electrode, 1/16" gap from electrode tip to Brass 
Collector. High speed photography.  
Tektronix P6015 HV probe  Vcollector=5kV 

 
4.  Radial Current Distribution Measurements – Single Return Stroke – Visible 
High Speed Photograph of Exterior Side of Coupon 
In this experiment a 50-100 kA return stroke will be used.  The objective is to measure 
the radial current distribution during the return stoke.   
 
Visual recording will be carried out during this particular test sequence in hope of gaining 
insight on the discharge path and distribution.  This will consist of high speed 
photography (20 kframes/s) with two views of the coupon surface. 
 
B.  INVERTED METAL RING PROBE 
An inverted metal ring probe is being fabricated to check whether surface flash heating, 
and consequent changes in electrical conductivity, could have had an effect in round three 
experiments with the original groove probe.  This probe consists of a thick stainless steel 
coupon with circular rings milled out to a thickness of approximately 1 mm. The groove 
width is also of order of 1 mm to allow sufficient radial resolution, with spacing between 
rings of 2-3 mm.  Current flowing through the thinner metallic regions induces a voltage 
on the interior side, which can be monitored.  A document exists discussing the design 
issues (including diffusion time constants).  We intend to attach to the center region with 
the grooves facing the return stroke.  The idea here is to use the thinner stainless steel 
regions as low inductance current viewing resistors (hopefully displaced away from the 
hot arc plasma).  
 

Voltage (See Appendix H) 
Date Shot # SLS  

Current (kA) 
Description 

9/2/2010 4 112 1/4" Tungsten Electrode, 1/4" Gap to SS Inverted 
Grooved Probe, Yokogawa (6 Channel),  

 
There is a concern about radiant heating reaching the bottoms of the grooves and raising 
the temperature of the thin stainless steel region at the base.  It is thought that a possible 
fix for this is to pour ceramic beads into the grooves to block the photons from reaching 
the base; however this will require that the probe be arranged in a horizontal position to 
contain the beads. 
 
A twelve channel data recorder is available for measuring the array of voltages here. 
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5.  Radial Current Distribution Measurements – Starter Wire/Return Stroke 
Continuing Current and Second Return Stroke – Visible High Speed Photograph of 
Exterior Side of Coupon  
 
Tests conducted with double pulse (no starter wire) 
 
The purpose of these shots is to investigate the current profile transition between 
continuing current with amplitude of 500 A and a subsequent return stroke with an 
amplitude of 100 kA.  The continuing current interval in this case can be shortened to 
prevent damage to the probe, but long enough to (eliminate the starter wire and) set up 
the plasma.  We are thinking of a time interval of 50 – 100 ms, although the continuing 
current may do damage after the measurement window (unless fusing can mitigate the 
long continuing current interval).  The measurement focus is on the transition and return 
stroke time interval. 
 
Visual recording will be carried out during this particular test sequence.  This will consist 
of high speed photography (20 kframes/s) with two views of the coupon surface. 
 

A. WATER COOLED METAL GROOVE PROBE  
A cooling attachment has been designed to establish a flow of de-ionized water into the 
groove region and inhibit melting of the probe during the continuing current phase of this 
transition experiment.  The cooling will also help mitigate heating of the thin stainless 
steel groove regions but may not prevent the outer surface from being raised in 
temperature.  Consequently the inverted probe will also be used to check this effect. No 
tests conducted. 
 
B.  WATER COOLED INVERTED METAL GROOVE PROBE 
This will be the same inverted groove probe as described in the preceding section except 
it will include a water cooling attachment.  These results will be compared to the 
preceding setup to see if flash heating of the thin groove regions changed the results. 
 

Voltage (See Appendix I) 
Date Shot # SLS  

Currents 
Description 

9/7/2010 7 S53kA 
CCG(443A) 

N18kA 

0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" 
Gap between electrode and coupon, the water cooled  
groove  probe inverted(the groove side faces electrode) 
(0.2"between Coupon and brass collector)NLS-30 fuse in 
series with CCG Simulator malfunction only 18kA 
ringing waveform on output. Probe wall breached by 
current. Yokogawa (6 Channel) 
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C.  WATER COOLED CVR RING PROBE 
The plan here was to examine if it made any sense to replace the rings with hollow tubes 
having an attachment to a water inlet and outlet.  This would be an addition to the 
grooved probes. No tests were conducted. 
 
6.  Interior Insulation Effects and Cable Coupling 
This set of experiments will measure coupling to a strip cable placed on an insulating 
layer as well as documenting the change in coupon damage resulting from the change in 
interior collecting structure from that of a large metallic collector to a cable and to an 
insulating layer. Interpulse period for these tests was 500ms. 
 
We anticipate an experiment with a strip cable collector on an insulating layer as well as 
an experiment with an insulating layer alone. A test without an insulating layer was 
used instead of an insulating layer alone. 
 

Strip Cable Voltage Tests (See Appendix J) 
Date Shot # SLS  

Currents 
d Description 

8/31/2010 3 S48kA       
CCG(459A) 

N100kA)     

0.2” 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" 
Gap between electrode and coupon. Cable collector: 
0.5" x 0.0025" thick copper sheet between 0.7" x 
0.003" thick Kapton sheets set on 1/16" thick x        
3 1/2" diameter rubber gasket. Cable and rubber 
gasket covering brass collector.  V5K probe 
(LOOSE SMA CONNECTOR?) Vcollector= 700V   

8/31/2010 4 S54kA)       
CCG(467A) 

N107kA)     

0.2” 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" 
Gap between electrode and coupon. Cable collector: 
0.5" x 0.0025" thick copper sheet between 0.7" x 
0.003" thick Kapton sheets set on 1/16" thick x 3 
1/2" diameter rubber gasket. Cable and rubber 
gasket covering brass collector. V5K probe 
Vcollector= 400V   

9/1/2010 1 S46kA)       
CCG(486A) 

N96kA)      

0.2” 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" 
Gap between electrode and coupon. Cable collector: 
0.5" x 0.0025" thick copper sheet between 0.7" x 
0.003" thick Kapton sheets set on 1/16" thick x 3 
1/2" diameter rubber gasket. Cable and rubber 
gasket covering brass collector. V5K probe 
Vcollector= 400V   

9/1/2010 3 S48kA       
CCG 

(450-500A*) 
North 99kA   

0.2” 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" 
Gap between electrode and coupon No CCG acquired* 
No cable collector or Rubber gasket covering brass 
collector. Vcollector= 100V   

 
A spacing of 0.2 inches will be used and photography is required to pick out hole size and 
discharge path (coupon edge versus cable collector).  
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7.  Planning for FY11  
During the round four experiments some planning for FY11 will be done.  In particular, 
the possibility of using a plasma diverter (to eliminate the plasma jet from the cathode) 
and of making spectral measurements will be explored.  The issue of internal impedance 
(inductive reactance) diverting the path of a return stroke attachment from the collector to 
the coupon rim will also be examined further and future experiments planned to minimize 
this effect.  Also arc root current distribution for larger electrode spacing is of interest to 
relate results to longer lightning discharges.  In addition the possibility of polarity 
changes will be discussed (anode electrode?). No Tests were conducted for this task. 
 
 
 
References: 
[1] G. H. Schnetzer, R. J. Fisher, and M. A. Dinallo, “Measured Responses of Internal 
Enclosures and Cables Due To Burnthrough Penetration of Weapon Cases by Lightning,” 
SAND94-0312, August 1994. 
 
[2] R. J. Fisher and M. A. Uman, “Recommended Baseline Direct-Strike Lightning 
Environment for Stockpile-to-Target Sequences,” SAND 89-0192, May 1989. 
 
[3]  L. K. Warne, L. E. Martinez, R. E. Jorgenson, and K. O. Merewether, “Experimental 
Plan (First Round),” Internal Sandia Memorandum, March 27, 2009. 
 
[4]  L. K. Warne, L. E. Martinez, R. E. Jorgenson, and K. O. Merewether, “Experimental 
Plan (Interim Low Level),” Internal Sandia Memorandum, June, 2009. 
 
[5]  L. K. Warne, L. E. Martinez, R. E. Jorgenson, and K. O. Merewether, “Experimental 
Plan (Second Round),” Internal Sandia Memorandum, September 8, 2009. 
 
[6]  L. K. Warne, L. E. Martinez, R. E. Jorgenson, and K. O. Merewether, “Experimental 
Plan (Third Round),” Internal Sandia Memorandum, March 15, 2010. 
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Appendix A (Page 1 of 1) 

 
 
0.  Noise Shots 
The noise shots on the “test to arc attachment” experiments with the predrilled hole could 
involve the same setup but with a solid coupon.  The noise shots on the SLS burnthrough 
and “test to arc attachment” experiment could involve a return stroke without continuing 
current (and a solid coupon).  
 

Description: 0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 1" Electrode 
Gap, Tektronix P6015 HV probe (0.45" between Coupon and collector) 
 
        

 
              
 
Description: 0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 1" Electrode 
Gap, Tektronix P6015 HV probe (0.2" between Coupon and collector) 
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Appendix B (Page 1 of 1) 

 
 
1.  Calibration of Voltage Wave From Lightning Simulator 
This measurement is important to calibrate the discharge to collector experiments, since 
this voltage wave determines the incident field in those experiments. 
 

Description: 0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 1" Electrode 
Gap, Tektronix P6015 HV probe (0.45" between Coupon and collector) 
 

 
 
 
Description: 0.050" T6061 Al, no hole in center, 1/4" Tungsten Electrode, 1" Electrode 
Gap, Tektronix P6015 HV probe (0.2" between Coupon and collector) 
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Appendix C (Page 1 of 1) 

 
 
2.  Test to Arc Attachment 
The plan here is to repeat the original two-return stroke plus continuing current 
experiments conducted at the beginning of the project, but examine the early time regime 
during Marx bank voltage erection to see if any discharge paths form to the interior 
collector during the transition from continuing current to second return stroke. 

 
Description: Solid 0.050" T6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
Tektronix P6015 HV probe. 500ms between pulses. Hole sizes after 500ms of CCG. 
 

  
  

Description: Solid 0.050" T6061 Al, 1/4" Tungsten Electrode, 1/4" Electrode Gap, 
collector inductive setup LS=132nH,Lp=146nH, R=27.3mOhm Parameters measured 
with Agilent 4263B LCR Meter @100kHz, Tektronix P6015 HV probe. 500ms between 
pulses 
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Appendix D (Page 1 of 2) 

 
 
3.  Predrilled Hole Discharge Penetration 
In this set of experiments we plan to repeat the Velonex predrilled hole “discharge to 
collector” experiments but using higher voltage equipment. Velonex arc to collector 
Tektronix P6015 HV probe 
 

Description: Shot 1: 1/4" electrode, 0.020" gap from electrode tip to solid 0.050" T6061 
Al. coupon. NOISE SHOT 

 

 
Description: Shot 2: 1/4" electrode, T6061 Al. coupon with 0.5" hole in center. Electrode 
center of hole. No gap from electrode tip to Aluminum coupon. 

 

 
Description: Shot 3: 1/4" electrode, T6061 Al. coupon with 0.5" hole in center. Electrode 
through, and center of hole. 3/16" gap from electrode tip to internal brass collector. 
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Appendix D (Page 2 of 2) 

 
 
3.  Predrilled Hole Discharge Penetration 
In this set of experiments we plan to repeat the Velonex predrilled hole “discharge to 
collector” experiments but using higher voltage equipment. Velonex arc to collector 
Tektronix P6015 HV probe 

 
Description: Shot 4: 1/4" electrode, T6061 Al. coupon with 0.5" hole in center. Electrode 
through, and center of hole. 1/8" gap from electrode tip to internal brass collector. 

 

 
Description: Shot 5: 1/4" electrode, T6061 Al. coupon with 0.5" hole in center. Electrode 
through, and center of hole. 1/16" gap from electrode tip to internal brass collector. 

 

 
Description: Shot 6: 1/4" electrode, T6061 Al. coupon with 0.5" hole in center. Electrode 
through, and center of hole. 0.017" gap from electrode tip to internal brass collector. 
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Appendix E (Page 1 of 6) 

 
 
3.  Predrilled Hole Discharge Penetration- DC ramp tests 
In this set of experiments we plan to use a slow ramp source with a range from 0-200 kV 
Tektronix P6015 HV probe  

 
Description: Test 1: 1/4" electrode, 1/4" gap from electrode tip to solid 0.050" T6061 Al. 
coupon.  Still Photo-open shutter  
 

 
Description: Test 2: 1/4" electrode, 1/4" gap from electrode tip to 0.050" T6061 Al. 
coupon with 0.5" hole in center. Still Photo-open shutter 
 

 
Description: Test 3: 1/4" electrode, T6061 Al. coupon with 0.5" hole in center. Electrode 
center of hole. No gap from electrode tip to Aluminum coupon. Still Photo-open shutter 
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Appendix E (Page 2 of 6) 

 
3.  Predrilled Hole Discharge Penetration- DC ramp tests 
In this set of experiments we plan to use a slow ramp source with a range from 0-200 kV 
Tektronix P6015 HV probe  

 
Description: Test 4: 1/4" electrode, T6061 Al. coupon with 0.5" hole in center. Electrode 
through, and center of hole. 3/16" gap from electrode tip to internal brass collector. Still 
Photo-open shutter 
 

 
Description: Test 5: 1/4" electrode, T6061 Al. coupon with 0.5" hole in center. Electrode 
through, and center of hole. 3/16" gap from electrode tip to internal brass collector. Still 
Photo-open shutter 
 

 
Description: Test 6: 1/4" electrode, T6061 Al. coupon with 0.5" hole in center. Electrode 
through, and center of hole. 3/16" gap from electrode tip to internal brass collector. Still 
Photo-open shutter 
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Appendix E (Page 3 of 6) 

 
3.  Predrilled Hole Discharge Penetration- DC ramp tests 
In this set of experiments we plan to use a slow ramp source with a range from 0-200 kV 
Tektronix P6015 HV probe  

 
Description: Test 7: 1/4" electrode, T6061 Al. coupon with 0.5" hole in center. Electrode 
through, and center of hole. 1/8" gap from electrode tip to internal brass collector. Still 
Photo-open shutter 
 

 
Description: Test 8: 1/4" electrode, T6061 Al. coupon with 0.5" hole in center. Electrode 
through, and center of hole. 1/16" gap (0.066") from electrode tip to internal brass 
collector. Still Photo-open shutter 
 

 
Description: Test 9: 1/4" electrode, T6061 Al. coupon with 0.5" hole in center. Electrode 
through, and center of hole. 1/16" gap (0.066") from electrode tip to internal brass 
collector. Still Photo-open shutter 
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Appendix E (Page 4 of 6) 

 
3.  Predrilled Hole Discharge Penetration- DC ramp tests 
In this set of experiments we plan to use a slow ramp source with a range from 0-200 kV 
Tektronix P6015 HV probe  

 
Description: Test 10: 1/4" electrode, T6061 Al. coupon with 0.5" hole in center. 
Electrode center of hole. No gap from electrode tip to Aluminum coupon.  Still Photo-
open shutter 
 

 
Description: Test 11: 1/4" electrode, 1/4" gap from electrode tip to 0.050" T6061 Al. 
coupon with 0.5" hole in center. Still Photo-open shutter. Audible and visual corona at 
10 kV 
 

 
Description: Test 12: 1/4" electrode, 1/4" gap from electrode tip to 0.050" T6061 Al. 
coupon with 0.5" hole in center. Still Photo-open shutter. Audible and visual corona at 
9 kV 
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Appendix E (Page 5 of 6) 

 
3.  Predrilled Hole Discharge Penetration- DC ramp tests 
In this set of experiments we plan to use a slow ramp source with a range from 0-200 kV 
Tektronix P6015 HV probe  

 
Description: Test 13: 1/4" electrode, 1/2" gap from electrode tip to 0.050" T6061 Al. 
coupon with 0.5" hole in center. Still Photo-open shutter 
 

 
Description: Test 14: 1/4" electrode, 1/2" gap from electrode tip to 0.050" T6061 Al. 
coupon with 0.5" hole in center. Still Photo-open shutter 
 

 
Description: Test 15: 1/4" electrode, 3/4" gap from electrode tip to 0.050" T6061 Al. 
coupon with 0.5" hole in center. Still Photo-open shutter 
 

 
 
 

No DC or collector data 
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Appendix E (Page 6 of 6) 

 
3.  Predrilled Hole Discharge Penetration- DC ramp tests 
In this set of experiments we plan to use a slow ramp source with a range from 0-200 kV 
Tektronix P6015 HV probe  

 
Description: Test 16: 1/4" electrode, 3/4" gap from electrode tip to 0.050" T6061 Al. 
coupon with 0.5" hole in center. Still Photo-open shutter 
 

 
Description: Test 17: 1/4" electrode, 3/4" gap from electrode tip to 0.050" T6061 Al. 
coupon with 0.5" hole in center. VIDEO RECORDING #1 
 

 
Description: Test 18: 1/4" electrode, T6061 Al. coupon with 0.5" hole in center. 
Electrode through, and center of hole. 3/16" gap from electrode tip to internal brass 
collector. VIDEO RECORDING #3 
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3.  Predrilled Hole Discharge Penetration- Pantex Pulser 
In this set of experiments we will use the Pantex impulse test bed. 
 

Description: Test 22: 1/4" electrode, T6061 solid Al. coupon with no hole. 3/16" gap 
from electrode tip to Aluminum coupon. Still Photo-open shutter. Brass collector is 0.2" 
away from back side of Al. coupon. NOISE SHOT 
 

 
Description: Test 11: 1/4" electrode, T6061 Al. coupon with 1/2" hole. 1/16" gap from 
electrode tip to Brass collector. Still Photo-open shutter. Brass collector is 0.2" away 
from back side of Al. coupon. 
 

 
 

Description: Test 12: 1/4" electrode, T6061 Al. coupon with 1/2" hole. 1/16" gap from 
electrode tip to Brass collector. Still Photo-open shutter. Brass collector is 0.2" away 
from back side of Al. coupon. 
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3.  Predrilled Hole Discharge Penetration- Pantex Pulser 
In this set of experiments we will use the Pantex impulse test bed. 
 

Description: Test 13: 1/4" electrode, T6061 Al. coupon with 1/2" hole. 1/8" gap from 
electrode tip to Brass collector. Still Photo-open shutter. Brass collector is 0.2" away 
from back side of Al. coupon. 
 

 
Description: Test 14: 1/4" electrode, T6061 Al. coupon with 1/2" hole. 1/8" gap from 
electrode tip to Brass collector. Still Photo-open shutter. Brass collector is 0.2" away 
from back side of Al. coupon. 
 

 
Description: Test 15: 1/4" electrode, T6061 Al. coupon with 1/2" hole. 3/16" gap from 
electrode tip to Brass collector. Still Photo-open shutter. Brass collector is 0.2" away 
from back side of Al. coupon. 
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3.  Predrilled Hole Discharge Penetration- Pantex Pulser 
In this set of experiments we will use the Pantex impulse test bed. 
 

Description: Test 16: 1/4" electrode, T6061 Al. coupon with 1/2" hole. 3/16" gap from 
electrode tip to Brass collector. Still Photo-open shutter. Brass collector is 0.2" away 
from back side of Al. coupon. 
 

 
Description: Test 17: 1/4" electrode, T6061 Al. coupon with 0.5" hole in center. 
Electrode center of hole. No gap from electrode tip to Aluminum coupon. Still Photo-
open shutter. Brass collector is 0.2" away from back side of Al. coupon. 
 

 
 
Description: Test 18: 1/4" electrode, T6061 Al. coupon with 0.5" hole in center. 
Electrode center of hole. No gap from electrode tip to Aluminum coupon. Still Photo-
open shutter. Brass collector is 0.2" away from back side of Al. coupon. 
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3.  Predrilled Hole Discharge Penetration- Pantex Pulser 
In this set of experiments we will use the Pantex impulse test bed. 
 
Description: Test 19: 1/4" electrode, T6061 Al. coupon with 0.5" hole in center. 3/16" gap from 
electrode tip to Aluminum coupon. Still Photo-open shutter. Brass collector is 0.2" away from 
back side of Al. coupon. 
 

 
Description: Test 20: 1/4" electrode, T6061 Al. coupon with 0.5" hole in center. 3/16" gap from 
electrode tip to Aluminum coupon. Still Photo-open shutter. Brass collector is 0.2" away from 
back side of Al. coupon. 
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3.  Predrilled Hole Discharge Penetration- Sandia Lightning Simulator 
In this set of experiments we will use the Sandia Lightning Simulator. 
 
Description: 0.050" T6061 Al coupon with 0.5" hole in center, 1/4" Tungsten Electrode, 1/16" 
gap from electrode tip to Brass Collector. High speed photography. Tektronix P6015 HV probe   
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4.  Radial Current Distribution Measurements – Single Return Stroke – Visible 
High Speed Photograph of Exterior Side of Coupon 
In this experiment a 50-100 kA return stroke will be used.  The objective is to measure 
the radial current distribution during the return stoke.   
 
 
Description: 1/4" Tungsten Electrode, 1/4" Gap to SS Inverted Grooved Probe from Round 3, 
Yokogawa (6 Channel) 
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5.  Radial Current Distribution Measurements – Starter Wire/Return Stroke 
Continuing Current and Second Return Stroke – Visible High Speed Photograph of 
Exterior Side of Coupon 
This will be the same inverted groove probe as described in the preceding section except 
it will include a water cooling attachment. 
 
Description: 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" Gap between electrode and 
coupon, the water cooled  groove  probe inverted(the groove side faces electrode) (0.2"between 
Coupon and brass collector)NLS-30 fuse in series with CCG Simulator malfunction only 18kA 
ringing waveform on output. Probe wall breached by current. Yokogawa (6 Channel) 
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6.  Interior Insulation Effects and Cable Coupling 
This set of experiments will measure coupling to a strip cable placed on an insulating 
layer 
 

Description: 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" Gap between 
electrode and coupon. Cable collector: 0.5" x 0.0025" thick copper sheet between 
0.7" x 0.003" thick Kapton sheets set on 1/16" thick x 3 1/2" diameter rubber 
gasket. Cable and rubber gasket covering brass collector, V5K probe (LOOSE SMA 
CONNECTOR?) Hole size after 500ms of CCG. 
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6.  Interior Insulation Effects and Cable Coupling 
This set of experiments will measure coupling to a strip cable placed on an insulating 
layer 
 

Description: 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" Gap between 
electrode and coupon. Cable collector: 0.5" x 0.0025" thick copper sheet between 
0.7" x 0.003" thick Kapton sheets set on 1/16" thick x 3 1/2" diameter rubber 
gasket. Cable and rubber gasket covering brass collector, V5K probe, Hole size 
after 500ms of CCG. 
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6.  Interior Insulation Effects and Cable Coupling 
This set of experiments will measure coupling to a strip cable placed on an insulating 
layer 
 

Description: 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" Gap between 
electrode and coupon. Cable collector: 0.5" x 0.0025" thick copper sheet between 
0.7" x 0.003" thick Kapton sheets set on 1/16" thick x 3 1/2" diameter rubber 
gasket. Cable and rubber gasket covering brass collector, V5K probe, Hole size 
after 500ms of CCG. 
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6.  Interior Insulation Effects and Cable Coupling 
This set of experiments will use no insulating layer to cover the brass collector. 
 

Description: 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" Gap between 
electrode and coupon, No CCG acquired, No cable collector or Rubber gasket 
covering brass collector. Hole size after 500ms of CCG. 
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Experimental Plan (Fifth Round) 
Abstract:  This fifth round of experiments has two primary goals and a secondary goal.  
The first and most important primary goal is to carry out experiments directed at pinning 
down the largest open circuit early time penetrant voltage.  We have observed that early 
time recording is essential to capturing this coupling and that the cable versus the piston 
collector seems to give the largest levels.  We plan to exercise variations in the hole size 
in starter wire double return stroke/continuing current experiments using the Sandia SLS 
and compare with indirect and direct predictions of coupled voltage to get more insight 
on this issue. 
 
The second primary goal is to assess the dynamic source impedance to the cable by 
conducting experiments with different load impedances in the measurement system.   
 
The third (secondary) goal is to collect data on a larger spacing between the electrode and 
the coupon.  This data may include early time voltage, current and load impedance. 
 
Because the cable experiments resulted in higher voltages it seems preferable to use the 
cable where available. 
 
Because the Tektronix high impedance – high voltage probe seems like the cleanest open 
circuit voltage measurement setup we prefer to go this route on these experiments.  
However in the first experiment we must check to see if we obtain the same results as 
previously observed with the 5 kohm setup (400-700 V) with a 500 ms CCG current 
duration between return strokes. 
 
The second experiment is directed at the time evolution of the source impedance, and will 
use lower impedance measurement loads. 
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0.  Noise Shots and incident electric field measurement 
Noise shots for Tektronix P6015A HV probe and incident electric field measurement. 
 

Noise Shot/Incident E-field (See Appendix A) 
Date Shot # SLS  

Currents 
d Description 

5/24/2011 8 S56kA       0.45”  0.050" T6061 Al coupon w/ 0.5" Hole, 1/4" Tungsten 
Electrode, 1" Gap (Open Circuit) between electrode and 
coupon (0.45" between Coupon and brass collector), 
Calibration of SNL 4.3mm Monopole (scale factor = 2 x 
AD10 scale factor) with Prodyn AD-10 E-field probe. 
Incident E-field = 488kV/meter 
Tektronix P6015 noise shot (Vcollector=5V) 

 
1.  Double return stroke with starter wire 
The plan here is to repeat the original two-return stroke plus continuing current 
experiments but initiate the discharge with a starter wire.  We expect about 400 ms to the 
first return stroke of 50 kA and 500 ms to the second return stroke (after the beginning of 
the continuing current) of 100 kA.  We expect this to achieve hole sizes similar to the 
first item above but with a more defendable extreme lightning waveform.  Tektronix high 
impedance load should be used.  The spacing to the cable or piston collector will be 0.2 
inches.  Two shots on the cable and two shots on the piston collector should be done. 
Tests conducted with 500ms (simulator timing error) of CCG before 1st return 
stroke and 100ms between 1st and 2nd return strokes. 
 

Voltage (See Appendix B) 
Date Shot # SLS  

Currents 
d Description 

8/4/2011 4 CCG (416A)   
S50kA       

N140kA 

0.2”  Cu Starter wire (0.008" dia.) First return stroke 500ms 
from start of CCG, second return stroke 100ms later. 
0.050" T6061 Al coupon,  1/4" Tungsten Electrode, 1/4" 
Gap between electrode and coupon (0.2" between 
Coupon and Piston Collector)  Tektronix P6015 HV 
probe Vcollector (1st)= 60V, Vcollector (2nd)=230V 

8/4/2011 5 CCG (404A)   
S48kA       

N134kA 

0.2” Cu Starter wire (0.008" dia.) First return stroke 500ms 
from start of CCG, second return stroke 100ms later. 
0.050" T6061 Al coupon,  1/4" Tungsten Electrode, 1/4" 
Gap between electrode and coupon (0.2" between 
Coupon and Piston Collector)  Tektronix P6015 HV 
probe Vcollector (1st)= 50V , Vcollector (2nd)= 225V 

8/10/2011 2 CCG (391A)   
S54kA       

N110kA 

0.2” Cu Starter wire (0.008" dia.) First return stroke 500ms 
from start of CCG, second return stroke 100ms later. 
0.050" T6061 Al coupon,  1/4" Tungsten Electrode, 1/4" 
Gap between electrode and coupon (0.2" between 
Coupon and Cable Collector)  Tektronix P6015 HV probe 
Vcollector (1st)= 100V,  Vcollector (2nd)= 650V 
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8/10/2011 3 CCG (400A)   
S47kA       
N97kA 

0.2” Cu Starter wire (0.008" dia.) First return stroke 500ms 
from start of CCG, second return stroke 100ms later. 
0.050" T6061 Al coupon,  1/4" Tungsten Electrode, 1/4" 
Gap between electrode and coupon (0.2" between 
Coupon and Cable Collector)  Tektronix P6015 HV probe 
Vcollector (1st)= 98V,  Vcollector (2nd)= 217V 

 
Next to capture very extreme charge transfer levels (350 C) the CCG interval to the first 
return stroke of 50 kA will be extended to 600-700 ms, with 100 ms additional time to the 
second return stroke of 100 kA.  A piston collector with 0.2 inch spacing will be used. 
Interval extended to 900ms to achieve 350 coulombs of charge transfer before 1st 
return stroke.  
 

Voltage (See Appendix C) 
Date Shot # SLS  

Currents 
d Description 

8/12/2011 2 CCG (391A)   
S46kA       

N136kA 

0.2”  Cu Starter wire (0.008" dia.) First return stroke 900ms 
from start of CCG, second return stroke 100ms later. 
0.050" T6061 Al coupon,  1/4" Tungsten Electrode, 1/4" 
Gap between electrode and coupon (0.2" between 
Coupon and Piston Collector)  Tektronix P6015 HV 
probe Vcollector (1st)= 60V, Vcollector (2nd)=230V 

8/24/2011 7 CCG (440A)   
S47kA       

N109kA 

0.2” Cu Starter wire (0.008" dia.) First return stroke 900ms 
from start of CCG, second return stroke 100ms later. 
0.050" T6061 Al coupon,  1/4" Tungsten Electrode, 1/4" 
Gap between electrode and coupon (0.2" between 
Coupon and Piston Collector)  Tektronix P6015 HV 
probe Vcollector (1st)= 50V , Vcollector (2nd)= 225V 

8/25/2011 2 CCG (471A)   
S47kA       

N107kA 

0.2” Cu Starter wire (0.008" dia.) First return stroke 900ms 
from start of CCG, second return stroke 100ms later. 
0.050" T6061 Al coupon,  1/4" Tungsten Electrode, 1/4" 
Gap between electrode and coupon (0.2" between 
Coupon and Piston Collector)  Tektronix P6015 HV 
probe Vcollector (1st)= 50V , Vcollector (2nd)= 225V 

 
Finally using the starter wire, the original CCG durations of 400 ms and an additional 100 
ms the return strokes will be increased to 100 kA and 200 kA.  A piston collector with 0.2 
inch spacing will be used. No Tests Were Conducted 
 
2.  Dynamic source impedance experiment  
The plan here is to vary the source impedance in the measurement system from a short 
circuit (0.005 ohm CVR), to a nominal load (0.5-1 ohm CVR), to an open circuit 
(Tektronix probe).  The purpose is to assess the load effect on the source impedance fall 
in time.  This will use 50 kA return stroke, 500 ms CCG current, and 100 kA return 
stroke.  The collector spacing will be 0.2 inches. No 0.5-1 ohm Tests Were Conducted 
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Voltage (See Appendix D) 
Date Shot # SLS  

Currents 
d Description 

8/26/2011 2 CCG (445A)   
S49kA       
N77kA 

0.2”  First return stroke, 500ms CCG, second return stroke.  
0.050" T6061 Al coupon,  1/4" Tungsten Electrode, 1/4" 
Gap between electrode and coupon  (0.2" between 
Coupon and Piston Collector)  Tektronix P6015 HV 
probe Vcollector (2nd)=71V 

8/26/2011 3 CCG (441A)   
S47kA       

N102kA 

0.2”  First return stroke, 500ms CCG, second return stroke.  
0.050" T6061 Al coupon,  1/4" Tungsten Electrode, 1/4" 
Gap between electrode and coupon  (0.2" between 
Coupon and Piston Collector)  Tektronix P6015 HV 
probe Vcollector (2nd)=90V 

9/13/2011 3 CCG (443A)   
S47kA       
N73kA 

0.2”  First return stroke, 500ms CCG, second return stroke.  
0.060" T6061 Al coupon,  1/4" Tungsten Electrode, 1/4" 
Gap between electrode and coupon  (0.2" between 
Coupon and Piston Collector)  5mΩ CVR          
Vcollector (2nd)=0.5V 

9/13/2011 4 CCG (432A)   
S49kA       

N112kA 

0.2”  First return stroke, 500ms CCG, second return stroke.  
0.050" T6061 Al coupon,  1/4" Tungsten Electrode, 1/4" 
Gap between electrode and coupon  (0.2" between 
Coupon and Piston Collector)  5mΩ CVR          
Vcollector (2nd)=1.3V 

 
A final set of shots will use 0.8 inch spacing and the slotted fixture with interior 
photography.  Both 0.5-1 ohm loads and open and short circuit measurements will be 
conducted. No Tests Were Conducted 
 
3.  Cable connection removed from piston 
The plan here is to repeat the original two-return stroke plus continuing current 
experiments with 500 ms duration but remove the connection of the cable to the piston 
and leave the piston floating.  Tektronix high impedance load.  It will be good to see how 
large the open circuit voltage becomes.  Two shots with 0.2 inch cable spacing will be 
done. 
 

Voltage (See Appendix E) 
Date Shot # SLS  

Currents 
d Description 

8/26/2011 4 CCG (441A)   
S52kA       
N93kA 

0.2”  First return stroke, 500ms CCG, second return stroke.  
0.050" T6061 Al coupon,  1/4" Tungsten Electrode, 1/4" 
Gap between electrode and coupon  (0.2"  between 
Coupon and  isolated cable collector)  Tektronix P6015 
HV probe Vcollector (2nd)= 156V 

8/26/2011 5 CCG (440A)   
S58kA       
N93kA 

0.2”  First return stroke, 500ms CCG, second return stroke.  
0.050" T6061 Al coupon,  1/4" Tungsten Electrode, 1/4" 
Gap between electrode and coupon  (0.2"  between 
Coupon and  isolated cable collector)  Tektronix P6015 
HV probe Vcollector (2nd)= 176V 
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4.  Bigger hole size The plan here is to repeat the original two-return stroke plus 
continuing current experiments with a longer fictitious (700 ms?) duration between return 
strokes to mimic the larger hole size of test 2, and associated with the cable experiments.  
Tektronix high impedance load. No Tests Were Conducted 
 
5.  Smaller hole size  
The plan here is to repeat the original two-return stroke plus continuing current 
experiments with a shorter (300 ms) duration between return strokes to achieve a smaller 
hole size in the cable experiments.  Tektronix high impedance load.  Repeat 500 ms 
spacing first to see if we obtain the same voltage levels as observed with the 5 kohm load 
(400-700 volts). No Tests Were Conducted 
 
6.  Larger discharge gap 
The plan here is to increase the discharge gap to one inch and measure the discharge 
radial development.  One inch cathode spacing will also be used to examine effect of 
plasma jet.  These will involve the usual double return stroke 50 kA and 100 kA levels 
with 500 ms CCG current in between.  The piston collector will be used with 0.2 inch 
spacing.  Both short circuit current and open circuit voltage will be measured. 
 

Voltage (See Appendix F) 
Date Shot # SLS  

Currents 
d Description 

9/7/2011 5 CCG (396A)   
S31kA      
N52kA 

0.2” First return stroke, 500ms CCG, second return stroke.  
0.050" T6061 Al coupon,  1/4" Tungsten Electrode, 1" 
Gap between electrode and coupon  (0.2" between 
Coupon and Piston Collector)  Tektronix P6015 HV 
probe Vcollector (2nd)=73V 

9/12/2011 3 CCG (416A)   
S46kA       
N82kA 

0.2” First return stroke, 500ms CCG, second return stroke.  
0.050" T6061 Al coupon,  1/4" Tungsten Electrode, 1" 
Gap between electrode and coupon  (0.2" between 
Coupon and Piston Collector)  Tektronix P6015 HV 
probe Vcollector (2nd)=72V 

9/12/2011 4 CCG (432A)   
S46kA       
N81kA 

0.2” First return stroke, 500ms CCG, second return stroke.  
0.050" T6061 Al coupon,  1/4" Tungsten Electrode, 1" 
Gap between electrode and coupon  (0.2" between 
Coupon and Piston Collector)  5mΩ CVR          
Vcollector (2nd)=3.3V 

9/13/2011 2 CCG (412A)   
S40kA       
N94kA 

0.2” First return stroke, 500ms CCG, second return stroke.  
0.050" T6061 Al coupon,  1/4" Tungsten Electrode, 1" 
Gap between electrode and coupon  (0.2" between 
Coupon and Piston Collector)  5mΩ CVR          
Vcollector (2nd)=2.4V 

 
 
7.  Differential mode cable experiment The plan here is to examine differential mode 
voltage in bi and tri-foil striplines.  Open circuit voltage measurements will be made with 
0.2 inch spacing to the cable.  Double return stroke 50 kA and 100 kA levels with 500 ms 
CCG current will be used. No Tests Were Conducted 
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8.  Insulation investigation  
The plan here is to measure the coupled voltage when a layer of Kapton insulation is 
added to the top of the piston collector.  The spacing of 0.2 inches will be used (0.8 inch 
spacing would only be considered if unusually high levels are recorded with this spacing 
on number 2 above).  Kapton insulation will be added to the top of the piston leaving a 
0.5 inch hole at the burnthrough location.  Double return stroke 50 kA and 100 kA levels 
with 500 ms CCG current will be used. No Tests Were Conducted 
 
9.  Predrilled hole experiments (PTX or SLS?) performed at SLS 
The plan here is to repeat the predrilled hole experiments using the SLS with early time 
recording.  In addition some shots with maximum hole dimensions (0.7 in) will be 
conducted with either the PTX pulser and/or the SLS.  Another goal of this experiment is 
to see if attached electrons surrounding the continuing current plasma play a role in the 
uniform ioinization taking place when the return stroke voltage wave hits.  With the 
predrilled hole these should not be present.  Finally, it would be useful to vary the load 
impedance of the measurement system on the collector.  High impedance voltage 
measurements (megaohms), low impedance current measurements (<<1 ohm), and one 
ohm loads would be of interest to track the development of the discharge channel.  
Variations in the cathode distance to the coupon will be necessary (0.25 in, 0 in, 1 in) are 
good candidates. Only 100MΩ loads were used in these tests. 
 

0.5” Pre-drilled Voltage (See Appendix G) 
Date Shot # SLS  

Current (kA)
d Description 

5/25/2011 2 50 0.2” 0.050" T6061 Al coupon w/ 0.5" Hole, 1/4" Tungsten 
Electrode, 1" Gap (Open Circuit) between electrode and 
coupon (0.2"  between Coupon and brass collector) 
Tektronix P6015 HV probe Vcollector=30V 

5/25/2011 3 56 0.2” 0.050" T6061 Al coupon w/ 0.5" Hole, 1/4" Tungsten 
Electrode, 1" Gap (Open Circuit) between electrode and 
coupon (0.2"  between Coupon and brass collector)  
Tektronix P6015 HV probe Vcollector=40V 

5/25/2011 4 57 0.2” 0.050" T6061 Al coupon w/ 0.5" Hole, 1/4" Tungsten 
Electrode, 1/4" Gap (Open Circuit) between electrode 
and coupon (0.2"  between Coupon and brass collector)     
Tektronix P6015 HV probe Vcollector=55V 

5/25/2011 5 56 0.2” 0.050" T6061 Al coupon w/ 0.5" Hole, 1/4" Tungsten 
Electrode, 1/4" Gap (Open Circuit) between electrode 
and coupon (0.2"  between Coupon and brass collector) 
Tektronix P6015 HV probe Vcollector=60V 

5/25/2011 7 54 0.2” 0.050" T6061 Al coupon w/ 0.5" Hole, 1/4" Tungsten 
Electrode, 0" Gap (Open Circuit) between electrode and 
coupon (0.2"  between Coupon and brass collector) 
Tektronix P6015 HV probe Vcollector=1,075V 

5/25/2011 8 51 0.2” 0.050" T6061 Al coupon w/ 0.5" Hole, 1/4" Tungsten 
Electrode, 0" Gap (Open Circuit) between electrode and 
coupon (0.2"  between Coupon and brass collector) 
Tektronix P6015 HV probe Vcollector=635V 
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5/25/2011 10 50 0.2” 0.050" T6061 Al coupon w/ 0.5" Hole, 1/4" Tungsten 
Electrode, 0.125" Gap (Open Circuit) between electrode 
and brass collector (0.2"  between Coupon and brass 
collector) Tektronix P6015 HV probe 
Vcollector=4,125V

5/25/2011 11 56 0.2” 0.050" T6061 Al coupon w/ 0.5" Hole, 1/4" Tungsten 
Electrode, 0.125" Gap (Open Circuit) between electrode 
and brass collector (0.2"  between Coupon and brass 
collector) Tektronix P6015 HV probe 
Vcollector=2,900V 

5/25/2011 12 58 0.2” 0.050" T6061 Al coupon w/ 0.5" Hole, 1/4" Tungsten 
Electrode, 0.125" Gap (Open Circuit) between electrode 
and brass collector (0.2"  between Coupon and brass 
collector) Tektronix P6015 HV probe 
Vcollector=5,600V 

5/25/2011 13 54 0.2” 0.050" T6061 Al coupon w/ 0.5" Hole, 1/4" Tungsten 
Electrode, 0.0625" Gap (Open Circuit) between electrode 
and brass collector (0.2"  between Coupon and brass 
collector) Tektronix P6015 HV probe 
Vcollector=11,270V 

5/25/2011 14 56 0.2” 0.050" T6061 Al coupon w/ 0.5" Hole, 1/4" Tungsten 
Electrode, 0.0625" Gap (Open Circuit) between electrode 
and brass collector (0.2"  between Coupon and brass 
collector) Tektronix P6015 HV probe 
Vcollector=10,835V 

 
 

0.7” Pre-drilled Voltage (See Appendix H) 
Date Shot # SLS  

Current (kA)
d Description 

6/1/2011 2 48 0.2” 0.050" T6061 Al coupon w/ 0.7" Hole, 1/4" Tungsten 
Electrode, 1" Gap (Open Circuit) between electrode and 
coupon (0.2"  between Coupon and brass collector) 
Tektronix P6015 HV probe Vcollector=33V 

6/1/2011 3 44 0.2” 0.050" T6061 Al coupon w/ 0.7" Hole, 1/4" Tungsten 
Electrode, 1" Gap (Open Circuit) between electrode and 
coupon (0.2"  between Coupon and brass collector) 
Tektronix P6015 HV probe Vcollector=41V 

6/1/2011 4 52 0.2” 0.050" T6061 Al coupon w/ 0.7" Hole, 1/4" Tungsten 
Electrode, 1/4" Gap (Open Circuit) between electrode 
and coupon (0.2"  between Coupon and brass collector)     
Tektronix P6015 HV probe Vcollector=555V 

6/1/2011 5 48 0.2” 0.050" T6061 Al coupon w/ 0.7" Hole, 1/4" Tungsten 
Electrode, 1/4" Gap (Open Circuit) between electrode 
and coupon (0.2"  between Coupon and brass collector) 
Tektronix P6015 HV probe Vcollector=912V 

6/2/2011 2 53 0.2” 0.050" T6061 Al coupon w/ 0.7" Hole, 1/4" Tungsten 
Electrode, 0" Gap (Open Circuit) between electrode and 
coupon (0.2"  between Coupon and brass collector) 
Tektronix P6015 HV probe Vcollector=18,362V 
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6/2/2011 3 49 0.2” 0.050" T6061 Al coupon w/ 0.7" Hole, 1/4" Tungsten 
Electrode, 0" Gap (Open Circuit) between electrode and 
coupon (0.2"  between Coupon and brass collector) 
Tektronix P6015 HV probe Vcollector=17,118V 

6/2/2011 4 59 0.2” 0.050" T6061 Al coupon w/ 0.7" Hole, 1/4" Tungsten 
Electrode, 0.125" Gap (Open Circuit) between electrode 
and brass collector (0.2"  between Coupon and brass 
collector) Tektronix P6015 HV probe 
Vcollector=12,666V 

6/2/2011 5 48 0.2” 0.050" T6061 Al coupon w/ 0.7" Hole, 1/4" Tungsten 
Electrode, 0.125" Gap (Open Circuit) between electrode 
and brass collector (0.2"  between Coupon and brass 
collector) Tektronix P6015 HV probe 
Vcollector=10,230V 

6/2/2011 6 52 0.2” 0.050" T6061 Al coupon w/ 0.7" Hole, 1/4" Tungsten 
Electrode, 0.0625" Gap (Open Circuit) between electrode 
and brass collector (0.2"  between Coupon and brass 
collector) Tektronix P6015 HV probe 
Vcollector=20,000V 

6/2/2011 7 48 0.2” 0.050" T6061 Al coupon w/ 0.7" Hole, 1/4" Tungsten 
Electrode, 0.0625" Gap (Open Circuit) between electrode 
and brass collector (0.2"  between Coupon and brass 
collector) Tektronix P6015 HV probe 
Vcollector=7,203V 

 
10.  Cable sticking out of hole The plan here is to epoxy the cable to the rubber insulator 
to prevent distortion during the experiment? No Tests Were Conducted 
 
11.  Outer radius current probe experiment  
The idea here is to construct another current probe with a thick interior region and 
grooves only at the outer radii.  The goal is to have the CCG current terminate on the 
inner thicker region (without measurement) and to see if the transition into the return 
stoke rapidly expands the current column to the out grooves. Tests were conducted to 
evaluate burnthrough of 0.040” copper and stainless steel coupons at variety of 
currents and durations. These tests were conducted with starter wires and 
commercial fuses to limit current durations. Thicker coupons were not evaluated to 
determine minimum thickness required to burnthrough of proposed current probe. 
 

Outer radius current probe evaluation (See Appendix I) 
Date Shot # CCG  

Current (A) 
Description 

2/25/2011 2 283A 
(90ms) 

Water cooled copper coupon test. 0.040" thick x 5" dia 
copper disc. 1/4" tungsten electrode with 1/4" gap 
between electrode tip and copper coupon. 1/16" wide 
copper tape starter wire. Littelfuse Class K5 NLS-20 
fuse. Post shot inspection revealed that the fuse had 
blown, Fuse Time=90ms 
Small pin hole in copper plate (water shooting out) 
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2/28/2011 2 175A 
(160ms) 

Water cooled copper coupon test. 0.040" thick x 5" dia. 
copper disc. 1/4" tungsten electrode with 1/4" gap 
between electrode tip and copper coupon. 1/16" wide 
copper tape starter wire. Bussman NOS-15 fuse. Post shot 
inspection revealed that the fuse had blown, Fuse Time= 
160 ms. No hole in copper plate 

2/28/2011 3 161A 
(215ms) 

Water cooled coupon test. 0.040" thick x 5"x5" Stainless 
Steel plate. 1/4" tungsten electrode with 1/4" gap between 
electrode tip and SS coupon. 1/16" wide copper tape 
starter wire. Bussman NOS-15 fuse. Post shot inspection 
revealed that the fuse had blown, Fuse Time=215ms 
Small pin hole in SS plate (water shooting out) 

3/23/2011 3 126A 
(400ms) 

Non cooled coupon test. No cooling fixture used.0.040" 
thick x 5" dia. copper disc. 1/4" tungsten electrode with 
1/4" gap between electrode tip and Cu coupon. 1/16" 
wide copper tape starter wire (Cu tape adhesive side on 
Tungsten, Cu tape at coupon-copper side to coupon taped 
on with Kapton tape. Bussman NOS-15 fuse. Post shot 
inspection revealed that the fuse had blown, Fuse 
Time=400ms. A small (0.100" diameter) copper bubble 
formed on the back side of the copper coupon. 
No visible puncture  

3/23/2011 5 216A 
(28ms) 

Non cooled coupon test. No cooling fixture used.0.040" 
thick x 5" dia. copper disc. 1/4" tungsten electrode with 
1/4" gap between electrode tip and Cu coupon. 1/16" 
wide copper tape starter wire. (Cu tape adhesive side on 
Tungsten, Cu tape at coupon-copper side to coupon taped 
on with Kapton tape. Littelfuse Class K5 NLS-15. Post 
shot inspection revealed that the fuse had blown, Fuse 
Time=28ms 
No visible puncture 

 
 
12.  Outer radius voltage probe experiment 
The idea here is to do the same thing as in the previous setup but instead of measuring the 
current distribution by means of the groove CVRs we intend to have a series of holes in 
the barrier with small plates behind each for which a high impedance measurement will 
be made to record the early time voltage. No Tests Were Conducted 
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Additional Comments In Round Five Planning: 
This fifth round of experiments has two primary goals.  The first and most important goal 
is to carry out experiments directed at understanding why the round four cable coupling 
experiment resulted in much larger interior voltages than previously observed.  In 
particular, several differences between the previous “piston” collector and the cable 
collector that may be relevant to this issue have been identified.  The next two figures 
show the piston topology and the cable topology.  So far five issues have been identified. 
 
1.  Bigger hole size. We know that the hole existing at the end of the burnthrough 
experiment was larger in the cable setup versus the piston setup (50% bigger?).  At the 
time of the second return stroke (500 ms after continuing current initiation) we may be 
able to identify from the movies how much bigger.  Is the short duration voltage spike  in 
the cable setup a consequence of direct or indirect coupling?  Can a calculation supply 
evidence for one or the other?  Should we try more predrilled hole tests in the SLS with 
bigger holes based on the movie results for the cable?  Is forced erosion the reason for the 
hole size difference (or is there some other reason)? 
 
2.  Insulation and suppression of clamping.  We have observed in previous 
burnthrough experiments with the piston collector a return discharge between the 
collector and the chassis (coupon).  Is this plasma connection responsible for clamping 
the voltage between the collector and chassis to low levels (50 V)?  Would an insulation 
layer (Kapton) between the piston and the coupon mimic the effect of the cable insulation 
and give evidence for this being a contributor to the large voltages in the cable 
experiments? 
 
3.  Smaller capacitance.  We know that the piston collector to chassis capacitance (85 
pF) is considerably larger than the cable to chassis capacitance (15 pF).  Could the 
change in time constant resulting from this difference have filtered out the early time 
voltage spike? 
 
4.  Cable sticking out of hole.  We know that the cable burns through at the attachment 
point.  Is there any force present that could cause the cable end to protrude through the 
hole at the time of the second return stroke?  The resulting increase in antenna effective 
height could be a large contributor to the coupling. 
 
5.  Smaller inductance.  We know that the routing of the cable with respect to the can 
wall reduces the inductance somewhat in the cable experiment versus the piston 
experiment.  Could the increased inductance in the piston have lead to a filtering effect? 
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0.  Noise Shots and incident electric field measurement 
Noise shots for Tektronix P6015A HV probe and incident electric field measurement 

 
Description: 0.050" T6061 Al coupon w/ 0.5" Hole, 1/4" Tungsten Electrode, 1" Gap (Open 
Circuit) between electrode and coupon (0.45" between Coupon and brass collector), Calibration 
of SNL 4.3mm Monopole (scale factor = 2 x AD10 scale factor) with Prodyn AD-10 E-field 
probe. 
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1.  Double return stroke with starter wire-Piston collector 
The plan here is to repeat the original two-return stroke plus continuing current 
experiments but initiate the discharge with a starter wire. 
 
Description: Cu Starter wire (0.008" dia.) First return stroke 500ms from start of CCG, second 
return stroke 100ms later. 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" Gap between 
electrode and coupon (0.2" between Coupon and Piston Collector) Tektronix P6015 HV probe 
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1.  Double return stroke with starter wire-Piston collector 
The plan here is to repeat the original two-return stroke plus continuing current 
experiments but initiate the discharge with a starter wire. 
 
Description: Cu Starter wire (0.008" dia.) First return stroke 500ms from start of CCG, second 
return stroke 100ms later. 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" Gap between 
electrode and coupon (0.2" between Coupon and Piston Collector) Tektronix P6015 HV probe 
 

 
 
 
 



Page V-17 of V-38 
 

Appendix B (Page 3 of 4) 

 
1.  Double return stroke with starter wire-Cable collector 
The plan here is to repeat the original two-return stroke plus continuing current 
experiments but initiate the discharge with a starter wire. 
 
Description: Cu Starter wire (0.008" dia.) First return stroke 500ms from start of CCG, second 
return stroke 100ms later. 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" Gap between 
electrode and coupon (0.2" between Coupon and Cable Collector) Tektronix P6015 HV probe 
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1.  Double return stroke with starter wire-Cable collector 
The plan here is to repeat the original two-return stroke plus continuing current 
experiments but initiate the discharge with a starter wire. 
 
Description: Cu Starter wire (0.008" dia.) First return stroke 500ms from start of CCG, second 
return stroke 100ms later. 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" Gap between 
electrode and coupon (0.2" between Coupon and Cable Collector) Tektronix P6015 HV probe 
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1.  Double return stroke with starter wire-Piston collector 
The plan here is to repeat the original two-return stroke plus continuing current 
experiments but initiate the discharge with a starter wire. 
 
Description: Cu Starter wire (0.008" dia.) First return stroke 900ms from start of CCG, second 
return stroke 100ms later. 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" Gap between 
electrode and coupon (0.2" between Coupon and Piston Collector) Tektronix P6015 HV probe 
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1.  Double return stroke with starter wire-Piston collector 
The plan here is to repeat the original two-return stroke plus continuing current 
experiments but initiate the discharge with a starter wire. 
 
Description: Cu Starter wire (0.008" dia.) First return stroke 900ms from start of CCG, second 
return stroke 100ms later. 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" Gap between 
electrode and coupon (0.2" between Coupon and Piston Collector) Tektronix P6015 HV probe 
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1.  Double return stroke with starter wire-Piston collector 
The plan here is to repeat the original two-return stroke plus continuing current 
experiments but initiate the discharge with a starter wire. 
 
Description: Cu Starter wire (0.008" dia.) First return stroke 900ms from start of CCG, second 
return stroke 100ms later. 0.050" T6061 Al coupon, 1/4" Tungsten Electrode, 1/4" Gap between 
electrode and coupon (0.2" between Coupon and Piston Collector) Tektronix P6015 HV probe 
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2.  Dynamic source impedance experiment-Tektronix 100MΩ probe 

The plan here is to vary the source impedance in the measurement system from a short 
circuit (0.005 ohm CVR), to a nominal load (0.5-1 ohm CVR), to an open circuit 
(Tektronix probe). 
 
Description: First return stroke, 500ms CCG, second return stroke.  0.050" T6061 Al coupon,  
1/4" Tungsten Electrode, 1/4" Gap between electrode and coupon  (0.2" between Coupon and 
Piston Collector)  Tektronix P6015 HV probe 
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2.  Dynamic source impedance experiment-Tektronix 100MΩ probe 

The plan here is to vary the source impedance in the measurement system from a short 
circuit (0.005 ohm CVR), to a nominal load (0.5-1 ohm CVR), to an open circuit 
(Tektronix probe). 
 
Description: First return stroke, 500ms CCG, second return stroke.  0.050" T6061 Al coupon,  
1/4" Tungsten Electrode, 1/4" Gap between electrode and coupon  (0.2" between Coupon and 
Piston Collector)  Tektronix P6015 HV probe 
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2.  Dynamic source impedance experiment-5mΩ CVR 

The plan here is to vary the source impedance in the measurement system from a short 
circuit (0.005 ohm CVR), to a nominal load (0.5-1 ohm CVR), to an open circuit 
(Tektronix probe). 
 
Description: First return stroke, 500ms CCG, second return stroke.  0.060" T6061 Al coupon,  
1/4" Tungsten Electrode, 1/4" Gap between electrode and coupon  (0.2" between Coupon and 
Piston Collector)  5mΩ CVR 
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2.  Dynamic source impedance experiment-5mΩ CVR 
The plan here is to vary the source impedance in the measurement system from a short 
circuit (0.005 ohm CVR), to a nominal load (0.5-1 ohm CVR), to an open circuit 
(Tektronix probe). 
 
Description: First return stroke, 500ms CCG, second return stroke.  0.050" T6061 Al coupon,  
1/4" Tungsten Electrode, 1/4" Gap between electrode and coupon  (0.2" between Coupon and 
Piston Collector)  5mΩ CVR  
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3.  Cable connection removed from piston 
The plan here is to repeat the original two-return stroke plus continuing current 
experiments with 500 ms duration but remove the connection of the cable to the piston 
and leave the piston floating.   
 
Description: First return stroke, 500ms CCG, second return stroke.  0.050" T6061 Al coupon,  
1/4" Tungsten Electrode, 1/4" Gap between electrode and coupon  (0.2"  between Coupon and 
isolated cable collector)  Tektronix P6015 HV probe 
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3.  Cable connection removed from piston 
The plan here is to repeat the original two-return stroke plus continuing current 
experiments with 500 ms duration but remove the connection of the cable to the piston 
and leave the piston floating.   
 
Description: First return stroke, 500ms CCG, second return stroke.  0.050" T6061 Al coupon,  
1/4" Tungsten Electrode, 1/4" Gap between electrode and coupon  (0.2"  between Coupon and 
isolated cable collector)  Tektronix P6015 HV probe 
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6.  Larger discharge gap 
The plan here is to increase the discharge gap to one inch and measure the discharge 
radial development. 
 
Description: First return stroke, 500ms CCG, second return stroke.  0.050" T6061 Al coupon,  
1/4" Tungsten Electrode, 1" Gap between electrode and coupon  (0.2" between Coupon and 
Piston Collector)  Tektronix P6015 HV probe 
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6.  Larger discharge gap 
The plan here is to increase the discharge gap to one inch and measure the discharge 
radial development. 
 
Description: First return stroke, 500ms CCG, second return stroke.  0.050" T6061 Al coupon,  
1/4" Tungsten Electrode, 1" Gap between electrode and coupon  (0.2" between Coupon and 
Piston Collector)  Tektronix P6015 HV probe 
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6.  Larger discharge gap 
The plan here is to increase the discharge gap to one inch and measure the discharge 
radial development. 
 
Description: First return stroke, 500ms CCG, second return stroke.  0.050" T6061 Al coupon,  
1/4" Tungsten Electrode, 1" Gap between electrode and coupon  (0.2" between Coupon and 
Piston Collector)  5mΩ CVR 
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6.  Larger discharge gap 
The plan here is to increase the discharge gap to one inch and measure the discharge 
radial development. 
 
Description: First return stroke, 500ms CCG, second return stroke.  0.050" T6061 Al coupon, 
1/4" Tungsten Electrode, 1" Gap between electrode and coupon (0.2" between Coupon and Piston 
Collector)  5mΩ CVR 
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9.  Predrilled hole experiments (PTX or SLS?) performed at SLS 
The plan here is to repeat the predrilled hole experiments using the SLS with early time 
recording. 0.5” pre-drilled holes 
 
Description: 0.050" T6061 Al coupon w/ 0.5" Hole, 1/4" Tungsten Electrode, 1" Gap (Open 
Circuit) between electrode and coupon (0.2" between Coupon and brass collector) Tektronix 
P6015 HV probe 
 

 
Description: 0.050" T6061 Al coupon w/ 0.5" Hole, 1/4" Tungsten Electrode, 1/4" Gap (Open 
Circuit) between electrode and coupon (0.2" between Coupon and brass collector)                       
Tektronix P6015 HV probe 
 

 
Description: 0.050" T6061 Al coupon w/ 0.5" Hole, 1/4" Tungsten Electrode, 0" Gap (Open 
Circuit) between electrode and coupon (0.2" between Coupon and brass collector) Tektronix 
P6015 HV probe 
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9.  Predrilled hole experiments (PTX or SLS?) performed at SLS 
The plan here is to repeat the predrilled hole experiments using the SLS with early time 
recording. 0.5” pre-drilled holes 
 
Description: 0.050" T6061 Al coupon w/ 0.5" Hole, 1/4" Tungsten Electrode, 0.125" Gap (Open 
Circuit) between electrode and brass collector (0.2" between Coupon and brass collector) 
Tektronix P6015 HV probe 
 

 

 
Description: 0.050" T6061 Al coupon w/ 0.5" Hole, 1/4" Tungsten Electrode, 0.0625" Gap (Open 
Circuit) between electrode and brass collector (0.2" between Coupon and brass collector) 
Tektronix P6015 HV probe 
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9.  Predrilled hole experiments (PTX or SLS?) performed at SLS 
The plan here is to repeat the predrilled hole experiments using the SLS with early time 
recording. 0.7” pre-drilled holes 
 
Description: 0.050" T6061 Al coupon w/ 0.7" Hole, 1/4" Tungsten Electrode, 1" Gap (Open 
Circuit) between electrode and coupon (0.2" between Coupon and brass collector) Tektronix 
P6015 HV probe 
 

 
Description: 0.050" T6061 Al coupon w/ 0.7" Hole, 1/4" Tungsten Electrode, 1/4" Gap (Open 
Circuit) between electrode and coupon (0.2" between Coupon and brass collector)                       
Tektronix P6015 HV probe 
 

 
Description: 0.050" T6061 Al coupon w/ 0.7" Hole, 1/4" Tungsten Electrode, 0" Gap (Open 
Circuit) between electrode and coupon (0.2" between Coupon and brass collector) Tektronix 
P6015 HV probe 
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9.  Predrilled hole experiments (PTX or SLS?) performed at SLS 
The plan here is to repeat the predrilled hole experiments using the SLS with early time 
recording. 0.7” pre-drilled holes 
 
Description: 0.050" T6061 Al coupon w/ 0.7" Hole, 1/4" Tungsten Electrode, 0.125" Gap (Open 
Circuit) between electrode and brass collector (0.2" between Coupon and brass collector) 
Tektronix P6015 HV probe 
 
 

 
 
Description: 0.050" T6061 Al coupon w/ 0.7" Hole, 1/4" Tungsten Electrode, 0.0625" Gap (Open 
Circuit) between electrode and brass collector (0.2" between Coupon and brass collector) 
Tektronix P6015 HV probe 
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11.  Outer radius current probe experiment  
The idea here is to construct another current probe with a thick interior region and 
grooves only at the outer radii.  The goal is to have the CCG current terminate on the 
inner thicker region (without measurement) and to see if the transition into the return 
stoke rapidly expands the current column to the out grooves. Tests were conducted to 
evaluate burnthrough of 0.040” copper and stainless steel coupons at variety of 
currents and durations. 
 
Description: Water cooled copper coupon test. 0.040" thick x 5" dia copper disc. 1/4" tungsten 
electrode with 1/4" gap between electrode tip and copper coupon. 1/16" wide copper tape starter 
wire. Littelfuse Class K5 NLS-20 fuse. Post shot inspection revealed that the fuse had blown, 
Fuse Time=90ms Small pin hole in copper plate (water shooting out) 
 

 
Description: Water cooled copper coupon test. 0.040" thick x 5" dia. copper disc. 1/4" tungsten 
electrode with 1/4" gap between electrode tip and copper coupon. 1/16" wide copper tape starter 
wire. Bussman NOS-15 fuse. Post shot inspection revealed that the fuse had blown, Fuse Time= 
160 ms. No hole in copper plate 
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11.  Outer radius current probe experiment  
The idea here is to construct another current probe with a thick interior region and 
grooves only at the outer radii.  The goal is to have the CCG current terminate on the 
inner thicker region (without measurement) and to see if the transition into the return 
stoke rapidly expands the current column to the out grooves. Tests were conducted to 
evaluate burnthrough of 0.040” copper and stainless steel coupons at variety of 
currents and durations. 
 
Description: Water cooled coupon test. 0.040" thick x 5"x5" Stainless Steel plate. 1/4" tungsten 
electrode with 1/4" gap between electrode tip and SS coupon. 1/16" wide copper tape starter wire. 
Bussman NOS-15 fuse. Post shot inspection revealed that the fuse had blown, Fuse Time=215ms 
Small pin hole in SS plate (water shooting out) 
 

 
Description: Non cooled coupon test. No cooling fixture used.0.040" thick x 5" dia. copper disc. 
1/4" tungsten electrode with 1/4" gap between electrode tip and Cu coupon. 1/16" wide copper 
tape starter wire (Cu tape adhesive side on Tungsten, Cu tape at coupon-copper side to coupon 
taped on with Kapton tape. Bussman NOS-15 fuse. Post shot inspection revealed that the fuse had 
blown, Fuse Time=400ms. A small (0.100" diameter) copper bubble formed on the back side of 
the copper coupon. No visible puncture 
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11.  Outer radius current probe experiment  
The idea here is to construct another current probe with a thick interior region and 
grooves only at the outer radii.  The goal is to have the CCG current terminate on the 
inner thicker region (without measurement) and to see if the transition into the return 
stoke rapidly expands the current column to the out grooves. Tests were conducted to 
evaluate burnthrough of 0.040” copper and stainless steel coupons at variety of 
currents and durations. 
 
Description: Non cooled coupon test. No cooling fixture used.0.040" thick x 5" dia. copper disc. 
1/4" tungsten electrode with 1/4" gap between electrode tip and Cu coupon. 1/16" wide copper 
tape starter wire. (Cu tape adhesive side on Tungsten, Cu tape at coupon-copper side to coupon 
taped on with Kapton tape. Littelfuse Class K5 NLS-15. Post shot inspection revealed that the 
fuse had blown, Fuse Time=28ms. No visible puncture 
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Lightning Parameters vs. Sandia Lightning Simulator Capabilities 
 

Lightning 
Parameters 

Typical system  requirements Cianos, Pierce [1] Sandia Lightning 
Simulator 
capabilities 

Most severe 50% level 2% level 50% level 

Peak current 200 kA 20 kA 140 kA 20 kA 200 kA, max 

Time to peak 
current 

0.2 us 2.0 µs 12 µs 1.8 µs 1 to 5 µs 

Current rate of 
rise 

100 kA/us 20 kA/µs 100 kA/µs 22 kA/µs 200 kA/µs, max 

Pulse width 200 us 50 µs 170 µs 45 µs 50 – 500 µs 

Continuing 
current 
amplitude 

700 A 140 A 520 A 140 A 100s A 

Continuing 
current 
duration 

500 ms 160 ms 400 ms 160 ms 100s  ms 

Number of 
strokes 

1 - 12 2 10 -11 2 - 3 1 - 2 

Interval 
between 
strokes 

500 ms 50 ms 320 ms 60 ms variable 

Total flash 
duration 

1 s 200 ms 850 ms 180 ms variable 

Total charge 
transfer 

350 C 15 C 200 C 15 C variable* 

Action integral 3E6 A2 s 5E4 A2 s ------- ------ 
3E6 A2 s, max, 

single pulse 

 
 
 
 
 
 
[1] N. Cianos, E. T. Pierce, “A Ground Lighting Environment for Engineering Usage,” Technical Report 1, 
Contract L.S. 2817A3, SRI Project 1834, for McDonnell-Douglas Astronautics Corp., Stanford Research 
Institute, Menlo Park, California, August 1972.  
 
* Charge = 40 C for single pulse, 200 kA peak and 250 C for 500 A / 0.5 s duration continuing current 
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Sandia Lightning Simulator 
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Lightning Voltage Pulser 
 
 

Pantex Impulse Tester
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Pantex Lightning Parameters. 
 

 Operating Charge Voltage : 25kV-90kV DC 
 Pulse Output/Duration: 125kV-450 kV Peak/800 nS risetime x 50 uS FWHM 
 Trigger Generator: TG-70, 70 kV Peak 
 Gas Pressure: 0-250 psig, Air and SF6 
 Transformer Oil for high voltage insulation: 1000 gals 
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Velonex 590 
 

 

 



VI-6 of VI-37 

Pulse Arrested Spark Discharge (PASD) Pulser (Page 1 of 1) 
 

 
PASD Chargeline Pulser (PASD) unit 25kV 1ns risetime 

capability. 
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Chargeline Pulse (PASD) 30ns pulse width configuration 
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Tektronix TDS-7054 Oscilloscope (Page 2 of 4) 
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Tektronix TDS-7054 Oscilloscope (Page 3 of 4) 
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Tektronix TDS-7054 Oscilloscope (Page 4 of 4) 
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Tektronix TDS-694C Oscilloscope (Page 1 of 1) 
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Tektronix TDS-3054C Oscilloscope (Page 1 of 1) 
 

 
 
 
 
 



VI-13 of VI-37 

Yokagawa DL750 ScopeCorder (Page 1 of 1) 
 

 
 



VI-14 of VI-37 

Nanofast Fiber Optic Link OP300-2A (Page 1 of 5) 
 

 
 
 
 
 



VI-15 of VI-37 

Nanofast Fiber Optic Link OP300-2A (Page 2 of 5) 
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Nanofast Fiber Optic Link OP300-2A (Page 3 of 5) 
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Nanofast Fiber Optic Link OP300-2A, 200MHz (Page 4 of 5) 
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Nanofast Fiber Optic Link OP300-2A, 1000MHz (Page 5 of 5) 
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Terahertz Technologies Inc. LTX-5510 Fiber Optic Link 12.5MHz (Page 5 of 6) 
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Terahertz Technologies Inc. LTX-5510 Fiber Optic Link 12.5MHz (Page 6 of 6) 
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T&M Current Viewing Resistor (CVR) (Page 2 of 6) 
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T&M Current Viewing Resistor (CVR) (Page 3 of 6) 
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T&M Current Viewing Resistor (CVR) (Page 4 of 6) 
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T&M Current Viewing Resistor (CVR) (Page 5 of 6) 
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T&M Current Viewing Resistor (CVR) (Page 6 of 6) 
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Tektronix P6015A High Impedance Voltage Probe (Page 2 of 2) 
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50kΩ and 5kΩ Voltage Probes 
 
 

50kΩ Voltage Probe (-60dB, 5Hz-1MHz) terminated into 50Ω 
 
 
 

50kΩ Voltage Probe (-40dB, 5Hz-1MHz) terminated into 50Ω 
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Prodyn Model AD-10  
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Electric Field Probes, SNL 4.3mm Monopole (Page 1 of 1) 
 

1SNL 4.3mm Monopole (S.F. = AD-10 x 2.0) 
 

Reference plane

This section
machined off

 
 

                                                 
1 Constructed with APC-3.5 precision connector, Monopole (Mating Pin) extends 4.3mm beyond reference plane 
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Photometric Camera, Phantom V7 (Page 1 of 1) 
 

 
 



VII-1 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Intentionally Left Blank



VII-2 
 

DISTRIBUTION 
 
Number  Mail Stop Name   Dept. 
1 (electronic) MS0492 K. C. Chen  0411 
1 (electronic) MS0492 T. Hall   0411 
1 (electronic) MS0405 J. L. Means  0433 
1  MS0405 K. O. Merewether 0433 
1 (electronic) MS1139 E. Bystrom  1535 
1 (electronic) MS1181 L. X. Schneider 1650 
1 (electronic) MS1152 M. Caldwell  1652 
1 (electronic) MS1152 R. M. Coats  1652 
1  MS1152 R. E. Jorgenson 1652 
3  MS1152 L. K. Warne  1652 
1 (electronic) MS1178 M. L. Kiefer  1653 
1 (electronic) MS1152 J. M. Jojola  1653 
2  MS1152 L. E. Martinez  1653 
1 (electronic) MS1152 S. L. Montoya  1653 
1 (electronic) MS0447 P. D. Hoover  2111 
1 (electronic) MS0447 E. G. Garavaglia 2111 
1 (electronic) MS0447 M. E. Morris  2111 
1 (electronic) MS0438 T. R. Jones  2810 
 
1 (electronic) MS0899 RIM - 
    Reports Management 9532 
1 (electronic) MS0359 D. L. Chavez  1911 
 



 
 

  



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 




