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Abstract

The electrical effects of lightning penetration of the outer case of a weapon on internal
structures, such as a firing set housing, and on samples of a fiat, flexline detonator cable
have been investigated experimentally. Maximum open-circuit voltages measured on either
simulated structures (126 V) or the cable (46 V) located directly behind the point of

penetration were well below any level that is foreseen to create a threat to nuclear safety.
On the other hand, it was found that once full burnthrough of the barrier occurred,
significant fractions of the incident continuing currents coupled to both the simulated

• internal structure (up to 300 A) or to the cable sample (69 A) when each was electrically
connected internally to case ground. No occurrence was observed of the injection of large

amplitude currents from return strokes occurring after barrier penetration. Under
" circumstances in which small volumes of trapped gases exist behind penetration sites,

rapid heating of the gas by return strokes occurring after burnthrough has been shown to

produced large mechanical impulses to the adjacent surfaces.
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Measured Responses of Internal Enclosures and Cables
Due to Burnthrough Penetration of Weapon Cases by Lightning

t

• 1.0 Introduction

The electrical consequences of the penetration of a nuclear weapon case by lightning are being
systematically investigated by Department 2753 as part of the Stockpile Lightning Analysis and Test
(SLAT) program [1]. The possibility of charge transfer to components inside a weapon, such as a firing set
housing or flat detonator cable, following bumthrough by lightning of the exterior case is of particular

interest. In principle, if an internal component is electrically isolated from the case and receives sufficient
charge, the result could be deleterious arcing inside the weapon, perhaps at a critical location remote from
the site of the penetration. If the component is electrically grounded to the case, or if an arc occurs between
the component and case, potentially large currents might result within the interior of the weapon.

A set of experiments was conducted to measure the charge transferred to components situated behind
penetrations produced in a metal sheet by simulated lightning currents from the Sandia Lightning Simulator
(SLS). In the experiments, the collector component was either a separate inner cylinder or a piece of fiat
flex detonator cable. The experimental arrangement allowed separate measurements of the voltage and

currents injected onto the collector under conditions that approximated either an electrically open-circuit or
short-circuit state of the component with respect to the exterior case. The responses were measured as a
function of the spacing between the inside of the penetrated wall of the simulated weapon case and the
surface of the collector, and under variations of the incident simulated lightning current parameters.

In these experiments, the fundamental assumption was that full burnthrough of a weapon case could
occur. That is, the focus here was on the resulting electrical effects caused by a bumthrough, and not on
whether or not such a burnthrough would actually occur in any particular situation. The latter question is

being addressed elsewhere within the SLAT program and will be reported on separately [2].

The results of these investigations indicate that, even under quite severe conditions, charging of interior

structures that float electrically with respect to the case is a negligible effect that does not produce voltages
of sufficient magnitude to pose a safety threat to a weapon. On the other hand, under conditions in which
an internal component is grounded to the case, it has been shown to be possible to inject a large fraction of
the incident continuing current onto an internal component at_er penetration of the outer case occurs.

A collateral mechanical effect of some significance was also encountered during the course of these

experiments. The design of the test object was such that a small velume of air was trapped between the
aluminum outer wall of the simulated weapon case and the collector electrode behind it. During testing with
simulated two-stroke flashes, the incidence of the second stroke caused rapid heating and expansion of the

• air behind the barrier plate. The resulting sudden overpressure was sufficient to cause significant outward
deformation of the entire barrier plate. The degree of deformation is indicative of the development of a
substantial mechanical force that could, under certain conditions, conceivably represent a threat to internal

components that might be susceptible to mechanical shock.
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2.0 Objectives

The specific objectives of these tests were

1. Determination of practical upper bounds on open-circuit voltages and short-circuit currents
that can result on an internal component located directly behind the point of a lightning

penetration of a weapon case, and

2. Characterization of the sensitivity of the above quantities to geometric parameters of the

structure and to key parameters of the applied simulated lightning test currents.

3.0 General Description of the Experiments

The basic experimental arrangement is diagrammed in Figure 3-1 and is shown as it was implemented

in Figure 3-2. It consists of a cylindrical aluminum outer case, which was bonded to the front of an
aluminum instrumentation chamber. The front of the test cylinder was designed to allow the installation and

replacement of an outer barrier plate of 0.047-in thick aluminum. Inside the outer cylinder was mounted a
collector electrode in a manner that permitted adjustment of its separation distance d from the inside surface

of the barrier. The adjustment feature was a threaded stem that screwed into a dielectric plate attached to
the front piece of the instrumentation chamber. A locking nut was used to maintain the designated setting.
The open-circuit voltages and short-circuit currents developed on the collector components were recorded
during separate tests.

The objective of these tests required that full lightning bumthrough of the barrier plate would definitely
occur. The attachment of the arc was, therefore, done in such a way as to ensure a burnthrough of the
barrier plate in each case. For most of the testing, the gap between the pointed 0.156-in diameter output
electrode of the simulator and the barrier was adjusted to be 0.25 in. This short an electrode gap is

understood to result in somewhat of an overtest with respect to real lightning [2]. However, since the point
of the present experiments was the investigation of the effects that occur behind a breach of the barrier, and
not whether or not such a breach occurs in the first place, the fidelity of the burnthrough process itself was
not of primary importance. Only in those cases in which it was found to be possible to inject current
through an existing hole of dimensions comparable to or larger than the electrode separation distance was

there some question that the validity of the results might be compromised by the use of too short an arc
length. That situation was, therefore, revisited using a l-in gap between the machine electrode and the
barrier, an arrangement that has been elsewhere demonstrated to reproduce with good fidelity damage spots
obtained on aluminum samples exposed to real lightning [2]. The results obtained under this second
configuration were virtually the same as the earlier ones.

In addition to the above experiments, similar ones were carried out in which the interior components of
interest were sections of flat, flexline detonator cables. In these tests, it was arranged that the cable samples
lay directly behind the penetration site at a separation distance of 0.2 in from the back of the barrier plate,
and the resulting common-mode voltages and currents that were developed on the samples were measured.

3.1 Open-Circuit Voltage Response Instrumentation 0

Measurement of open-circuit voltages interior to the test object was accomplished as shown in

Figure 3-3. The voltage induced on the collector, Vc, given in terms of the recorded voltage, Vo, is

Vc = 2Vo[(Cs+C l)/(Cs)], (3-1)

8
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and the net charge transferred to the collector is

[, c,c,Q=2V o Cs+Cl) Cc+
Cs Cs + C 1

Q 2Vo[(Cc+c,)(c,+c,)/c,]

Vc and Q reflect the effect of the buildup of any retarding field in the gap between the barrier and

collector during the flow of the test current. The values of Cc and Cs were determined by the design
dimensions of the test object, as shown in Figure 3-4. Capacitance Ce was principally controlled by the
length of the collector cylinder and was chosento be representativeof the typical capacitance of a major
internal weapon component with respect to its surrounding case. Cs was set by the length labeled L in
Figure 3-4. Teflon was usedas the insulator/dielectric material both becauseits relative permittivity, 2.1, is
approximately constant over all frequenciesof interest andbecauseof its high dielectric strength.

The acquirable charge and open-circuit voltages and charges were measuredfor 0.2< d_<1.2 in, where
d is the separationdistancebetweenthe barrier and the collector (Figure 3-4).

The high input impedance amplifier circuit designed for use in making the open-circuit voltage
measurements is shown in Figure 3-5. The values of the capacitances and amplifier input resistance were

Cc = 64.7 pF (measured)

Cs = 19.8 pF (measured)

C 1 = 9.9 nF (measured)

R=2M£)
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From (3-1) these values result in a measurement gage factor of 103 volts per volt output. The linear

working range of the NanoFast FOLs is IVin I ---0.1 volt. The value of C 1 was therefore chosen to maintain
the response voltage at the output of the amplifier to within this range. The overall measurement upper
frequency limit was approximately 25 MHz, which was set by the selected sampling interval of 20 ns on
the Tektronix 7612D recording digitizer. The decay time constant was set by the input RC time constant of

the amplifier, which was about 20 ms.

3.2 Short-circuit Current Response Instrumentation

The instrumentation employed in measuring the current flowing on the interior collector electrode is

shown in Figure 3-6. The collector was tied to the case through a 5-rnf2 current viewing resistor (CVR), the

output of which was transmitted to the recording digitizer over a frequency modulated (FM) fiber optic
data link with a low frequency bandwidth that extended to d.c. The early time higher frequency response
was detected using a current viewing transformer (CVT) installed around the adjustment stem of the
collector assembly as shown in the figure. The high frequency limit of that channel was 0.5 MHz, as set by

the l-_ts sampling interval selected for its associated Tektronix 7612D digitizer.

DIELECTRIC
SUPPORT

COLLECT OR PEARSON 5-m£}

ATTEN. AS

REQUIRED _ LT.J
/i

NANOFAST DYMEC
FOL TRANSMITTER FOL TRANSMITTER

Figure3-6 Instrumentationusedfor measuringshort-circuitcurrents
betweenthecollectorplateandthe outercylinder
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4.0 Test Environment

An illustration is given in Figure 4-1 of a composite simulated lightning flash current of the type that is

available from the SLS. The current consists of two simulated return strokes with continuing current during
the interstroke interval and following the final stroke. This test current is referred to as a "full-flash"

. simulation. The second return-stroke and continuing current can be either separately included or left out as
so chosen for any particular test. Peak amplitudes, rise times, full-width-to-half-maximum (FWHM)
durations, and interstroke intervals can all be independently adjusted over fairly wide ranges that

' correspond to the distributions of their respective counterparts in real lightning.

/- RETURN STROKES .....--_

p-
Z CONTINUING (NOT TO SCALE)
UJ
rr CURRENT
a::: (< 700 A):3

0 ! (.40<T< 1)
T

" ii ' i ii i ii ii - ii -- - ii -

0 $ T "1
TIME (SEC)

Figure4-1 Simulatedfull-flashcurrentwaveformavailablefromthe SLS.Return-stroke
amplitudesandrisetimes,interstrokeintervals,andthe initialamplitudeofthe
continuingcurrentareeachadjustable.

4.1 The Sandia Lightning Simulator

in the SLS, retum-stroke currents are produced by one or more of four individual Marx generators,
which are housed in two separate tanks filled with insulating oil. These high voltage impulse generators can

be operated in various combinations, and each feeds a common oil-filled transmission line connected to the
machine output bushing. The unipolar waveform corresponding to real lightning is produced through the
use of a laser-triggered shorting, or "crowbarring," switch across the Marx capacitors. The function of the
crowbar switch is to short out the Marx voltage at or near the first peak of what would otherwise be an
underdamped oscillating machine output current. This results in a current pulse with a rise time associated
with the resonant frequency of the Marx capacitance and the discharge circuit inductance, followed by a

decaying tail that is governed by the L/R parameters of the output circuit of the machine and test load. The
nominal ranges of output parameters that are available are peak amplitudes from 20 to 250 kA, FWHM
from 25 to 100 laS,and interstroke intervals from about 40 ms to a second. For loads with inductances less
than about 3 tah, 10-to-90 percent rise times from 0.5 to 2 ps can be obtained. Figure 4-2a shows a typical
simulated return-stroke current obtained from the SLS, and Figure 4-2b shows a sequence of return-stroke

' currents measured directly at the base of the lightning channel of a real flash, along with an expanded
presentation of the first of the strokes on a faster time scale for comparison with Figure 4-2a. The ringing
that appears just after the peak of the simulated return stroke is due to residual energy within the Marx4

capacitance and inductance following crowbarring.

Continuing current is provided from a large motor-generator set, the output of which is coupled into the
simulator output circuit through a large pulse isolation inductor. Prior to the test shot, the set is spun up in
the motor mode to a designated spin rate. Just before the shot, the set is switched to the generator mode and

13
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Figure4-2 (a)Simulatedlightningreturn-strokecurrentobtainedfromtheSLS;(b)five

return-strokecurrentsmeasuredatthebaseofa reallightningchannel(top),
andexpandedplotofthefirststrokecurrent(bottom)

is then allowed to spin down under its own inertia during the course of the test event, producing an
approximately exponentially decaying output current. Initial continuing current values of up to 700 A can
be obtained, corresponding to the ninety-ninthpercentile severity in a natural lightningflash [3]. Figure 4-3
shows an example continuing current produced by the SLS.

The total current applied to a test object is recorded by summing the outputs of three low impedance
coaxial current viewing resistors (CVR) that are insertedinto the current return path to pulser ground. The

' • recording arrangement for fl,ese signals is shown in Figure 4-4.
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5.0 Measured Intemal Voltages

5.1 Retum Strokes to the Site of a Pre-existing Small Hole

It is well documented that return-stroke currents not accompanied by following continuing currents do

not cause penetration of metallic sheets by the mechanism of thermal burnthrough [e.g., 4-6]. (On the other
hand, the forward shockwave of a severe return-stroke current is definitely capable of breaching thin
metallic sheets [7].) Nevertheless, during the present experiments, an initial set of tests was carried out to

investigate the electrical coupling that takes place when a return stroke impinges on the site of a small
existing penetration. This possibility exists because the presence of the hole results in a marginally
enhanced local electric field at that site, and this increased electric field provides inducement for the

attachment to take place at that spot. The charge transferred to the collector through a pre-drilled hole of
0.125-in diameter in the 0.047-in thick aluminum barrier was measured as a function of barrier-collector

distance d. The 0.25-in pointed tungsten output electrode of the SLS was positioned directly over the hole
in the barrier with an electrode-to-surface spacing of 0.25 in. The results are summarized in Table 5-1.

Even when linearly extrapolated to correspond to a very severe return-stroke current in excess of

200-kA peak amplitude, the present results do not indicate any significant threat of coupling to the interior
of a weapon.

Table5-1.
ChargeTransferto a CollectorBehinda 0.125-inHole

Measured. Equivalent

Test Ip I d Charge Peak Voltage
Shot ID (kA) (in) (nC) (V)2 Comments

1971 43.0 '0"2 8.7 0.102 Considerable AI

splatter on collector
1972 49.9 0.4 8.0 0.094 Considerable AI

splatter on collector
1973 50.4 0.8 0.3 0.004 Very little AI splatter

1 Peak amplitude of the applied current

2 Peak voltage between the internal collector and the surrounding case corresponding

to the listed charge

5.2 Single Return Strokes Followed by Severe Continuing Current

Summarized in Table 5-2 are the peak values of charge transferred to the collector electrode and
corresponding collector voltages with respect to the exterior case that were measured in response to applied
single return strokes followed by severe continuing currents. Return strokes of 50-kA and 100-kA peak

amplitudes (with FWHM values of about 50 and 200 kts, respectively) were employed. In each case, the
continuing current had a nominal initial value of 500 A, an exponential decay as shown in Figure 4-3, and a
duration to the self-extinguishing of the arc of more than 1 second. Also, in all cases, a 0.156-in diameter
pointed tungsten electrode was used, with gap length between its point and the aluminum barrier surface of
0.25 in.

16



Table5-2.

CollectorResponsesdueto SingleRet;JrnStrokes
FollowedbySevereContinuingCurrents

Test Initial Measured Equivalent

' Shot Ipl lcc 2 d Charge Peak Voltage

ID (kA) (A) (in) (nC) (V)3
,'.... , , ,", ,,,

' 1978 49 445 0.2 <0135 <4.1
1981 46 426 0.2 1.8 21.4
1982 51 421 0.2 4.0 47.2

1993 49 452 0.4 1.3 18.2
1995 50 453 0.4 1.9 26.6
2003 50 468 0.8 1.0 15.0
2004 50 456 0.8 1.8 27.0
2001 51 468 1.2 1.1 16.0

2002 41 461 1.2 1.8 31.3

1985 98 510 0.2 4.8 56.6
1986 92 430 0.2 6.5 76.7
1987 83 510 0.4 2.0 28.0
1988 92 510 0.4 1.5 21.0
1989 93 500 0.4 0.7 10.5
1990 90 510 0.4 0.5 7.5

.... ,, , ,

1 Peak amplitude of the applied return-stroke current

2 Initial amplitude of the exponentially decaying continuing current

3 Peak voltage of interior collector electrode with respect to the outer cylinder

Typical waveforms of the responses are given in Figure 5-1, in which a progression of recorded
collector voltages are presented for various barrier-to-collector spacings, d. It is noted that penetration of
the aluminum barrier, as marked by the onset of the collector voltage signal, occurs significantly later with
respect to the initiation of the test current for d = 0.2 in than it does for d = 0.4 or 0.8 in. Why this is the

case has not been quantitatively investigated, since time to penetration was not an issue of interest in the
present investigation. Qualitatively, it is thought to be related to the tighter thermal coupling between the
barrier and the collector mass that accompanies a separation of only 0.2 in. With the increased thermal
relief provided by the collector under this condition, a longer time to full melt-through of the barrier might
be expected.

Of primary interest are the levels of the peak voltages, the maximum of which was of the order of
80 V. This value occurred during shot S 1986, which was conducted with d = 0.2 in. The explanation for

, the observed voltages and their characteristic wavefbrms appears to be as follows. Initially following the
breach of the barrier, charge is freely transported across the intervening space to the collector electrode.
The collector then begins to increase in potential with respect to the outer case. However, this process is

• quickly interrupted as the arc plasma, which is highly electrically conducting due to its ionized state, fills
the intervening space and, in effect, produces an electrical short between the collector and the barrier. In
accordance with this explanation, the periods of oscillating signal appearing at later times in the records
corresponding to 0.4- and 0.8-in spacings probably reflect plasma variations within the volume between the
barrier and the collector. As these changes occur, the collector is alternately permitted to receive charge and

17
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isthendischargedonceagainastheplasmare-establishescontactwithbothsurfaces.The factthatthese

latetimevariationsaremoreprominentintherecordscorrespondingtothelargerinterclectrodespacings
appearstobeconsistentwiththeproposedinterpretation.

IntherecordsshowninFigure5-l,thedetailsofthecollapseofthevoltageareundoubtedlydistorted
, duetothe20-mstimeconstantofthemeasurementcircuit.However,thefastchangingportions,including

therisetopeak,arewellcharacterized.

5.3 Effects of Subsequent Strokes and Barrier to Collector Separation

The typical time history of the major current components of a two-stroke lightning flash is illustrated in
Figure 5-2. In such a flash, continuing current oRen accompanies one or more of the component return
strokes. Following cessation of the continuing current, a quiescent period of duration of tens of milliseconds

occurs before the initiation of the next stroke. This pattern may be repeated many times throughout the
course of the flash, as is illustrated in Figure 5-2, which is a plot of the current measured directly at the
base of the channel of a real lightning flash. The sensitivity of the recording channel in this particular
instance was adjusted to capture the details of the low amplitude continuing current components, so the
return-stroke components appear as fast spikes that exceed the saturation point of the instrumentation at

about 1 kA. Of specific interest in the next set of tests was what happens electrically behind a penetration
site when a subsequent stroke occurs.
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Figure 5-2 Examplelightningcurrentmeasuredatthebaseof a rocket-triggeredlightning
flash;sensitivitywassetto capturedetailsof thecontinuingcurrents,resulting
in instrumentationsaturationbythe muchhigheramplitudereturnstrokes

This scenario was simulated by applying simulated two-stroke flash currents comprised of a sequence

of 50- and 100-kA amplitude strokes with 500-A intervening continuing current. The interstroke interval
. was 100 ms, which ensured that full penetration of the barrier plate would take place prior to initiation of

the second stroke. Two test shots of this kind were conducted with the barrier-to-collector spacing adjusted

to each of three distances: 0.2, 0.4 and 1.2 in.._The resulting measured voltages obtained during this
. sequence are listed in Table 5-3, and the associated waveforms are given in Figure 5-3. In that figure, the

responses to the second stroke occur at or about 100 ms into each of the records. The smaller responses
occurring earlier at or about 10 to 20 ms are those corresponding to the initial penetration of the barrier

following the first stroke. It is evident that for d = 0.4 in (and presumably less), the voltage transients
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Table5-3.

CollectorVoltagesProducedbySubsequentReturnStrokes
FollowingBarrierPenetration1

Test Shot Second Stroke d

ID Response2(V) (in) Comments
i

,IT _ , ,..... 11_ ,

1994 i½6 0.4 Significant outward bulging
of the barrier plate

1996 109 0.4 Same

lO91 23 0.8 No bulging of plate

1992 30 0.8 Same

1999 16 1.2 No bulging of plate
2000 64 1.2 Same

, ,, , , ,, , , , ,,, , ..... , .... , ,, , , , , ,,,,,, n

1 In each case, the applied test current consisted of a two-stroke
sequence of 50/100-kA strokes with continuing current of 500-A
initial amplitude; interstroke interval was 100 ms

2 Peak collector voltage with respect to the outer case

developed on the collector due to the second strokes are substantially larger than those resulting from
penetrations following single strokes and their associated continuing currents. On an absolute basis,
however, the maximum transient of 126 V (S 1994) is still about a factor of ten below a level that would

begin to raise significant concerns over weapon safety.

The behavior of the data shown in Figure 5-3 appears to be consistent with the proposed interpretation
given in Section 5.2. That is, following initial penetration, plasma variations within the intervening space
between the barrier and the collector result in periodic charging and discharging of the collector with

respect to the case. At the smallest separation distance of 0.4 in, the shockwave accompanying the second
return stroke evidently blew aside or otherwise altered the existing plasma and permitted a rela:ively large
amount of charge to transit the gap before the intervening space was once again shorted out by the ionized
arc plasma. At the larger separation distances of 0.8 and 1.2 in, it is speculated that the increased volume

of gas in the space apparently acted as a buffer of some sort, so that the existing plasma was not fully
swept out and was therefore capable of continuing to hold the collector and case at nearly the same
potential, even during the stroke itself.

This view of the phenomena taking place within the barrier-to-collector volume is further supported by
the observed mechanical responses of the barrier plate. In each case following a test with the spacing set at
d = 0.4 in, the barrier plate was found to have bulged out significantly towards the SLS electrode
(Figure 5-4), thereby indicating the development of a considerable sudden overpressure behind the barrier

caused by heating of the trapped gases there. This effect only occurred during the double-stroke
simulations, and it was only significant in the 0.4-in spacing configuration.

This mechanical response raises the possibility of an additional weapon safety threat mechanism. That
is, should lightning attachment occur at a particular site on a weapon case behind which there exists a small
volume of confined space, a severe mechanical shock could be imparted to adjacent components.
Quantitative evaluation of the consequences of such a scenario would appear to be possible only on a case-
by-case basis, but such an outcome is something that should be taken into account during lightning
assessments of individual weapons.
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Figure5-4 Outwarddeformationof barrierplateoccurringonsecondstrokeof two-
strokeflashsimulat)_nswithbarrier-to-collectorspacingof 0.4in

6.0 Measured Internal Currents

Using the instrumentation discussed in Section 3.2 for measuring currents internal to the simulated

weapon case, a sequence of test shots was conducted as listed in Table 6-1. The applied current in each

case consisted of either one or two retum strokes with severe continuing current. The initial amplitudes of
the continuing currents were nominally 500 A.

Examples of the early-time short-circuit response current flowing between the collector electrode and

the outer cylinder are given in Figure 6-1. In each case, t = 0 corresponds approximately to the start of the
second return stroke. The same data are displayed in Figure 6-2 on a much longer time scale that covers the

entire response. In the longer time scale plots, the time of the first return stroke was at approximately
t = 100 ms. As is evident from the data, no significant current flow was detectecl prior to the onset of the
second stroke.

The data plotted on the long time scale make it clear that, following penetration of the barrier, a
significant fraction, if not all, of the continuing current attached to the collector through the hole created by
current flowing between the first and second strokes. The data of Figure 6-2 also reveal that, in most cases,

the continuing current flow was interrupted at an acoustic rate which is thought to be related to the
characteristics of the cavity between the barrier plate and the collector electrode. This interaction produced
a clearly audible sound during the test shots on which it occurred. During two test shots (3835 and 3855), a

layer of 0.063-in thick silicone rubber was installed over the face of the collector plate, held tightly in place
against the collector by the lip of the Teflon insulator between the collector and the outer case (see
Figure 7-1). No detectable current beyond measurement noise was observed on either shot.

As was discussed in Section 5.3, during the two-stroke simulations, sudden heating of the gases
trapped in this cavity by the second return stroke resulted in a bulging out of the barrier plate towards the
pointed tip of the output electrode of the SLS. Since the typical diameter of the hole that was burned in the

barrier plate during these tests was between 0.4 to 0.6 in, the result of this outward deformation of the plate
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Table6-1.
MeasuredShortCircuitCurrentsBetweenthe CollectorElectrodeandtheOuterCase

Test Shot dl EBGAP 2 lstRS 2.dRS Icc3 Meas. lsc 4

. ID (in) (in) (kA) (kA) (A) (A) Comments

' 3426 ..... 0.2 .... 0.25 53 '_'....... /_A 472.... 139........

• 3427 0.2 0.25 56 NA --- 77 Cont. current data lost
3428 0.2 0.25 53 NA 482 52
3832 0.2 0.25 50 NA 519 39

2056 0.4 0.25 51 107 490 75 Interstroke int. = 100 ms
2057 0.4 0.25 54 109 480 105
3833 0.4 1.0 46 NA 534 53
3834 0.4 1.0 55 NA 556 122

3844 0.2 1.0 55 94 550 238
3848 0.2 1.0 55 89 500 169
3853 0.2 1.0 50 88 500 307
3854 0.2 1.0 49 83 500 55

2058 0.8 0.25 50 92 500 95
2059 0.8 0.25 52 111 500 25
2060 0.8 0.25 50 109 500 83

2061 0.8 0.25 54 108 500 102

2064 1.2 0.25 55 116 500 65

2062 1.2 0.25 46 120 500 <2

3835 0.4 1.0 56 NA 541 0 Rubber layer installed
3855 0.2 0.25 53 88 500 0 Rubber layer installed

.... , , , , ...... , ..... _.,,. :: .......

1 Barrier-to-collector spacing

2 SLS electrode-to-barrier gap

3 Initial amplitude of continuing current

4 Maximum recorded collector-to-case short circuit current

was that the tip of the SLS electrode ended up positioned inside the hole itself This outcome raised the

issue as to whether the continuing current flowing after the second return stroke had been artificially
directed to attach to the inner collector as an artifact of the initially short gap (0.25 in) between the SLS
electrode and the aluminum barrier plate. This portion of the testing was therefore repeated with a 1-in
electrode spacing, which has been shown elsewhere in the SLAT program to replicate well damage spots
obtained on metallic samples that had been exposed to artificially triggered natural lightning [2,6]. As
indicated in Table 6-1, the results obtained using this longer electrode spacing show that, even under these

conditions, coupling of current onto the intemal collector electrode still occurred. It is therefore concluded
• that the injection of a significant fraction of the continuing current incident on the weapon into its interior

following a burnthrough is a possibility that must be taken into account under certain weapon/lightning
interaction scenarios. Further, additional return strokes may also have some fraction of current injected
through the existing path to the weapon interior.
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7.0 Coupling to a Flat Detonator Cable Beh;nd the Penetration Site

In order to investigate how much current couples onto a flat, flexline detonator cable located directly
behind a lightningpenetration site in the outer case of a weapon, the experimental fixture of Figure 3-4 was
modified slightly as shown in Figure 7-1. The changes included the addition of a 0.063-in thick layer of
silicone rubber over the exposed face of the brass collectorcylinder to prevent any direct coupling to it
from the penetrating arc. This coupling suppression approach was shown to be effective in separate tests
with flash simulations comprised of both one and two return strokes and continuing currents. (Refer to the
last two entries in Table 6-1.) A cross section of the test cable is shown in Figure 7-2. A short piece of
braided conductor was soldered to each of the conductors of the cable, and, for the short-circuit current
measurements, these were clamped to the supporting stem of the inner cylinderas indicatedin Figure 7-1.

One measurementof short-circuit current was conductedusing the instrumentation arrangement shown
in Figure 3-6. Thus, configuration is different from that shown in Figure 3-4, specifically, the high
impedancebuffer amplifier was not required. In the present test, the barrier-to-cable distance was 0.2 in,
and the applied current consisted of a 50-kA return stroke followed by continuing current of about 500-A
initial amplitude. A response current of 69 A was recorded, a value nearly the same as was obtained during
the similar tests in which current to the brass collector cylinder was measured. (See 3826, 3827, and 3832
in Table 6-1.) In actual weapons, the detonator circuit is typically tied to case ground at the firing set end,
but floats at the detonator end. Under those conditions, any current injectedonto the cable by means of the
penetrating lightningarc would flow to case ground towards the firing set e_._of the cable and away from
the detonator end. In situations where the firing circuit is entirely isolated from case ground, the maximum
cable voltages that were obtained during the tests described below are so much lower than the kapton
breakdown voltage that the probability of formation of a shorting arc to ground anywhere on the cable is
diminishinglysmall.

BRASSCOLLECTOR
ELECTRODE

-_"_ (WIRESSOLDEREDTO
II BOTH CONDUCTORSAND TO SENSORS 7
II CLAMPEDTO STEM)_ i : //"

SLSELECTRODE II ___ _ ....... •___; _ _.......... _
CABLESAMPLE _]_ /

_ , _-- ,

Figure7-1 Experimentfixtureconfiguredfortestsontheflatdetonatorcable
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Figure7-2 Crosssectionof fiatdetonatortestcable

Voltages developed on the test sample were recorded using the instrumentation arrangement shown in
Figure 7-3. Several test shots were made with the non-grounded end of the cable fed directly into the 50-f2

input resistance of the FOL transmitter. One shot was made with a 510-_ resistor added in series as shown

in Figure 7-3, which produced a result within about 16 percent of the average value obtained with the 50-C2
load. From this it was concluded that the source impedance of the voltage produced by the cable was

considerably smaller than 50 _, and that the measurement into a 50-f2 load did not significantly perturb the
open-circuit voltage developed on the cable. The data are summarized in Table 7-1. From these results it is

apparent that the highest obsereed common-mode voltage was approximately 40 to 45 V, a level well below
what would be required to initiate an exploding bridgewire detonator, even if applied as a differential
source directly across the two conductors of the cable. Forty volts is also several orders of magnitude
below the dielectric breakdown value of the kapton insulating layers of the cable, which is of the order of
5 -7kV.

Table7-1.
VoltagesRecordedon DetonatorCables

FollowingBarrierPenetrationbySimulatedLightning

Meas.

Test Shot dI RS lcc 2 Voltagei

ID (in) (kA) (A) (V) Comments

3433 0.2 53 464 Noise Differential mode

3434 0.2 54 463 37 Common mode into 5(3,f)
3435 0.2 454 455 41

. 3840 0.2 56 494 39
3841 0.2 42 497 41
3842 0.2 52 509 46 Common mode into 560 f2

1 SLS electrode-to-barrier distance

2 Initial amplitude of continuing current
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Figure7-3 Instrumentationusedinmeasuringvoltagescoupledto a fiatdetonatorcable
behindthesiteof a lightningpenetration

8.0 Conclusion

Open-circuit voltages measured on either simulated structures or samples of flat detonator cables
located behind the point of penetration of a metallic barrier penetrated by lightning are well below any level
that is foreseen to create a threat to nuclear safety. On the other hand, it has been shown that a significant
fraction of the incident continuing current flowing after barrier penetration has occurred can be injected

onto either an internal structure or cable that is electrically grounded to the case. No occurrence of the
injection of currents from return strokes occurring alter barrier penetration was observed. Under
circumstances in which small volumes of trapped gases exist behind penetration sites, rapid heating of the
gas by subsequent return strokes has been shown to produce large mechanical impulses to the adjacent
surfaces.
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