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ABSTRACT

High altitude EMP (HEMP) and its concomitant electromagnetic environmeﬁt
potentially threaten aircraft. HEMP, a short (~0.1 us) pulse of large ampli
tude (~50 kV/m) arrives at aircraft essentialiy as a plane wave. Although
this pulse generally-contains no oscillations (zero crossings), its Fourier

(::> transform shows frequency content over a wide band, with significant content
‘ " up to 100 MHz. For present purposes-we use a well-known public domain HEMP
waveform.

Lightning, another potential threat, can interact with an aircraft in two
essentially different ways. First, for a nearby strike, the electromagnetic
fields generated in and near the stroke channel impinge on the aircraft.
Second, for a direct strike on the aircraft, the stroke current actually
flows on the conducting structure of the aircraft. The first of these
effects may be called field interaction and the second, current injection.

It is reasonable to expect that the latter may have larger effects than the
former because the strike current path is along the aircraft.

Recause of the increasing concerns about these two threats, this study
assessed the differences between the electromagnetic environment associated
with high altitude EMP (HEMP) and that associated with natural lightning,
including the manner in which they affect aircraft.
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The investigation was based on existing data on the currents in Tightning
strokes from measurements on the ground and from aircraft that had experienced
direct strikes. Additional information about the magnitude and pulse shape of
the lightning current was inferred by remote sensing of the electromagnetic
fields of the lightning channel. Examination of the available data indicates
that a reasonable worst case waveform for the lightning discharge current cSn
be described by a maximum current of 105 A, a maximum rate of rise of about
1011 A/s, and a duration of about 50 ps.

The comparison of HEMP and lightning was accomplished for the electromag-
netic environment by using simple models that clearly characterized the sali-
ent features of the electromagnetic environments associated with either light-
ning or HEMP. Analysis of the comparison rendered three regions of the fre-
quency spectrum: below about 1 MHz, the lightning direct strike clearly dom-
inated; above about 10 MHz, HEMP clearly produced larger fields and currents;
between those two frequencies, the electromagnetic interaction of the two
threats with the aircraft structure is so complex that neither threat clearly
dominated.

The consequences of this kind of electromagnetic interference and/or
damage will have serious repercussions during wartime. Although exposure to
Tightning will increase during hostilities; and, although eliminating peace-
time rules governing thunderstorm avoidance will concomitantly increase the
probability of a lightning strike on or near an aircraft, the actuality of a
lightning strike will be significantly less frequent than exposure to HEMP,
Indeed during wartime, there is a high probability that an aircraft will be
exposed to HEMP,

Data presently show that in 37 percent of reported lightning strikes,
after the mishap oécurred the pilot made a precautionary landing that pre-
maturely terminated the mission. Such a high failure rate per lightning event
is tolerable because the incidence of lightning strikes is low (about 1 per
106 flight hours). However, because of the more frequent encounters with
HEMP, a similar abort rate would be catastrophic for fleet efficiency during
wartime.
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I. INTRODUCTION

Although both HEMP and lightning are threats to aircraft in flight, dif-
ferences between them occur on several distinct levels of the interaction pro-
cess. Additionally, the interaction of the external electromagnetic signa]é
with the aircraft's internal electrical systems depends on many factors.
Therefore, to make thé interaction analysis tractable, the entire process is
separated into three approximately independent parts: the external interac-
tion, the mode of penetration to the interior of the aircraft, and the excita-
tion of the elements of the aircraft's internal electrical system. This
procedure assumes that the external electromagnetic field is independent of
the interior system (that is, the system must be at least partially shielded
from the electromagnetic field) and that the mode of penetration is insensi-
tive to the internal components.

Once inside the aircraft, the electromagnetic fields caused either by
lightning or HEMP couple to the system's electronics in a similar manner.
Consequently, this report discusses the electromagnetic environments that
induce currents and charges on the aircraft's surface; it focuses then, on the
first level of the interaction process.

As the aircraft's structure interacts with the external environment, cur-
rents and charges arise on its surface. This external electromagnetic
environment may be generated by the incident fields of HEMP, nearby lightning
or by the current injected by direct strike 1ightn1ng. The electromagnetic
energy in these currents and charges may penetrate the aircraft through aper-
tures, through the aircraft skin, by the diffusion of the magnetic fields, or
through system electrical cables or other conductors that may penetrate the
surface of the aircraft. Once inside, the electromagnetic fields couple to
the system's cables and subsequently cause currents at the pins of various
electronic boxes where they may damage or upset electronic circuits. This
report discusses the electromagnetic environment caused by lightning or HEMP
before the penetration to the internal circu%ts. Field penetration and




interaction with circuits are beyond the scope of this report. These other
aspects of the threat do not first order differ between EMP and lightning for

a given portion of the frequency spectrum, once the electromagnetic environ-
ment is given.

Section II of the report describes the electromagnetic environments
generated by HEMP and lightning. For HEMP, this environment is characterized
by the waveform of a plane wave incident on the aircraft and its Fourier
transform. For lightning, the current conductivity, etc. in the discharge
channel characterizes the environment. Since a nearby strike interacts with
the aircraft less efficiently than a direct strike since the direct strike
current is directly attached to the aircraft, this study concentrated on the
direct strike.

The fundamentals of the interaction of the environment with the aircraft
are presented in Section III. This section describes the simple geometric and
physical models used to characterize the salient features of the interaction
of the currents and fields, with the aircraft. Significantly, because these
simple models are exclusively linear, they omit the nonlinear behavior of the
corona as well as the attached lightning channel. During a lightning strike,
the corona enveloping the aircraft may alter the aperture's transmission of
electromagnetic signals to the aircraft's interior. The attached channel and
aircraft form a nonlinear circuit which, in turn, affects the current in the
lightning discharge.

The interaction models, described in Section II1, are used to compare
lightning and HEMP on the surface of the aircraft, in Section IV. The various
interaction models are used to compare HEMP and 1ightning in several different
frequency regimes. These frequency regimes correspond to: the subresonance,
or below 1 MHz region; the resonance, or 1-10 MHz region; and the greater than
10 MHz region.

Finally, Section V, discusses the operational considerations deduced from
comparing these two threats. During wartime, an aircraft is essentially
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certain of being exposed to HEMP at least once during a mission. Lightning,
however, normally strikes only in thunderstorms and thunderstorms may be
localized geographically and seasonally; consequently during a wartime mis-
sion, HEMP is a more probable threat to aircraft than lightning. Therefore,
similar mission abort probabilities peF event for HEMP and lightning have dis-
similar impacts on fleet efficiency{' Because of the aircraft's more frequent
encounters with EMP, a 37 percent failure probability per event will seriously
erode the number of missions successfully completed. Although it is desirable
to harden aircraft so that both threats can be minimized, aircraft designed to
perform during wartime should be protected against HEMP first so that wartime
missions will not be aborted at significant rates.

11




IT. ELECTROMAGNETIC ENVIRONMENTS (::>

This section discusses the electromagnetic environments produced by high
altitude EMP (HEMP) and lightning. The HEMP generation mechanism, described
first, follows the description for HEMP as an incident plane wave, based on
studies of detailed weapon output calculations, with a waveform specified by
the Air Force Weapons Laboratory (Ref. 1). Next, the data from measurements
of natural lightning are surveyed and a current waveform deduced. The'c&rrent
waveform, a simple function with an analytic Fourier transform, may be used
easily by design engineers. This waveform represents natural lightning's
characteristics inferred by examining the available data.

1. HIGH ALTITUDE EMP ENVIRONMENTS

High altitude EMP (HEMP), a phenomenon of long duration, is caused by the
disturbance of the upper atmosphere by a high altitude nuclear explosion. In !
this paper, only the first microsecond of the disturbance will be considered. (j:)
During this time, high energy gamma rays with an average energy of about 1.6
MeV interact with the atmosphere. The affected region will be 20-40 km above
the earth because the range of this generation mechanism is limited by line of
sight from the weapon to the atmosphere. The effective range for a single
nuclear weapbn exb]oded'over the central United States is shown in Figure 1.
The small circle is for a 100 km height of burst. The large circle is for 500
km height of burst. '

During the first microsecond of HEMP generation, the weapon prompt gamma
rays Compton scatter electrons from air molecules that are then bent by the
earth's magnetic field (Fig. 2). In the early stages of energy production by
the nuclear weapon, the gammas are generated and form an outgoing spherical
shell traveling at the speed of light. The shell is about 10 m (30 ns of
light travel time) thick. Above 50 km altitude, the atmosphere is too thin
for the gammas to interact with it. Below 50 km, the Compton electrons form a
radial current as the electrons leave the more massive atoms behind.
O
The outgoing electrons are bent in the earth's magnetic field to a radius
of about 80 m as shown schematically in Figure 3. The electrons travel
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Figure 1. Limits of coverage for height of burst (HOB) at 100 and 500
located over the central U.S.
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through about 90° of orbit before they are scattered by atoms within the
atmosphere. Electrons traveling at such high velocity radiate perpendicularly
to the direction of travel; thus when they are bent in the earth's magnetic
field, the electrons form a continuum of antennas radiating in phase. Since
the outgoing gammas and the HEMP wave are both traveling at the speed of
Tight, the phase of the EMP signal is preserved; consequently the gammas
reaching lower levels in the atmosphere reinforce the fields from HEMP gener-
ated at higher altitudes. The phase coherence, however, tends to be lost
after about 50 ns, thereby limiting the duration of the early time HEMP.

As the Compton electrons travel in the atmosphere, they scatter off of air
molecules and atoms. This scattering produces about 30,000 secondary elecf
trons per primary electron. By forming a background conductivity, these efec-
trons eventually limit the peak fields of early time HEMP, The limiting value
of the field is known as the saturation field and can be estimated to be about
60 kV/m (Ref. 2). Since the saturation value represents a maximum, it was
used in the calculations for comparing HEMP and lightning. Many authors use
the value of 50 kV/m in representative, unclassified calculations (Ref. 3).

During the 1962 nuclear test series, some early estimates of high altitude
EMP were made in order to set oscilloscopes and other instruméntation to be
used for measuring HEMP. These calculations, though, substantially underesti-
mated the peak fields. Consequently, most of the measurements of HEMP from
the early, above ground nuclear tests were off-scale. However, there were
other more successful measurements; a comparison of one of those measurements
with more modern prediction methods is shown in Figure 4.

The CHAP code, whose results are shown in Figure 4 both with and without
corrections for instrumentation response, exemplifies modern, sophisticated
analysis techniques used to estimate HEMP waveforms for various device types
and weapon geometries (Ref. 4). When the uncertainties in the instrumentation
response (frequency response, dynamic range, etc.) are considered, agreement
of the CHAP prediction, with the instrumentation response folded in, is quite
good.

The incident HEMP waveform depends on a number of. factors including:
height of burst, device type, atmospheric conditions, and distance from the

15
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Figure 4. Comparisons of experimental and theoretical EMP waveforms (Ref. 2).

explosion. In the HEMP unclassified literature two waveforms are commonly
used to specify the incident waveform. The first is a double exponential
(Ref. 1). Although the equations presented here use the saturation field 60
kV/m, 50 kV/m is often used in the other parts of the HEMP literature (Ref.
4). The double exponential waveform is

-t/'rf -t/tr
E(t) = Eo(e -e ) U(t) (1)
where
Ep = 60 kV/m (saturation field)
Te = 250 ns is the fall time constant
Th = 2 ns is the rise time constant

and U(t) is unit step function (Ref. 1). These time constants are estimated
from an envelope enclosing the results of more complex calculations associated
with specific threat scenarios.
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The disadvantage of the function shown in Equation 1 is that its deriva-
tive is discontinuous at t = 0. Since some interaction processes with
aircraft depend on the time derivative of the incident field, a double expo-
nential function may predict non-physical results at early times. An impro?ed
waveform without this non-physical behavior of a discontinuity in slope is
described by:

0
E =
e t+ e

Although the function in Equation 2 does have nonzero values at negative
times, the error inherent in early time behavior can be made as small as
desired by choosing tg properly. The variables in Equation 2 have the same
values and meanings as those in Equation 1. Plots of Equations 1 and 2 are
shown in Figure 5 while Figure 6 shows the plot of the first time derivatives
of these two functions. The plots clearly demonstrate the spurious behavior
of the slope of the function described by Equation 1. The waveform described
by Equation 2 better approximates the early exponential growth of the HEMP
incident field. Since the early time weapon gamma flux rises with the weapon
energy production, the early time HEMP pulse indeed rises exponentially. In
the: frequency domain (Fig. 7), this behavior is manifested in the exponential
roll-off at high frequency of the Fourier transform of Equation 2 when it is
compared with the 1/f2 roll-off at high frequency of the transform of Equa-
tion 1. The reciprocal double exponential (Eq. 2) better matches the HEMP
waveforms calculated for particular weapons using detailed computer models.

In this comparison of HEMP and 1ighthing, HEMP will be treated as an inci-
dent plane wave with the waveform described by Equation 2. With this wave-
form, the peak amplitude is the predicted saturation value of 60 kV/m with
rise time constant of 2 ns and a fall time constant of 250 ns.

2. LIGHTNING ENVIRONMENT
In this report, the current, that is the electromagnetic environment for

direct and nearby strikes, is assumed to be produced in a: return stroke
because it typically has the largest currents and rates of rise. Detailed
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descriptions of the sequence of events in a lightning discharge and relevant
definitions are contained in Uman (Ref. 5) and Golde (Ref. 6). At this time,
intracloud events make up the NASA F-106R program's (a program designed to
gather data on lightning interaction with aircraft (Ref. 7) data base of
strike measurements, and the sequence of these intracloud events is not as
clear as the sequence developed for cloud to ground strikes, For the airborne
measurements, those currents‘exceeding the instrumentation trigger threshold
are defined as strikes.

The lightning electromagnetic environment, then, consists of the currents
in the discharge channel; this channel may include the aircraft. To determine
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the complete electromagnetic environment to be used as a threat specification, <I:)
it is necessary to find the current in an undiéturbed lightning channel at

aircraft altitudes. Principally, this current is that of the return stroke

since the largest peak currents occur in that phase of the lightning dis-

charge; however, the series of fast leader type processes must also be con-
sidered. ‘

To characterize the lightning threat, three figures of merit are suffi-
cient to specify either of the double exponential waveforms used for HEMP in
Equations 1 and 2. The three figures of merit considered here are:

(1) Peak current
(2) Peak rate of rise of the current
(3) Integral of the pulse

A reciprocal double exponential has these three figures of merit as
parameters, is easy to work with, and has an analytic Laplace transform.
| O
Since the detailed theoretical modeling effort applied to HEMP has not
been applied to lightning, it was necessary to use empirical techniques to
determine the figures’of merit listed above. A1l of the available measure-
ments from which estimates of lightning current parameters are derived may be
divided into three classes:

(1) Tower measurements .
(2) Measurements on aircraft in flight
(3) Radiated field measurements

Data from each of these sources were used to estimate the current in the
Tightning channel. This current within the channel establishes the lightning

current waveform that constitutes the threat.

a. Tower Measurements--Tower measurements of lightning currents are made

using current sensors installed on metal towers located where there is nor-
mally a great deal of lightning activity, generally mountain peaks. Since the <£:)
tower is part of the lightning discharge circuit, the effect of the tower,
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itself, on the measurements must be considered. For those measurements
reported here, only the raw current measurements are included. Correction for
the presence of the tower is omitted because this kind of refinement is not
yet available. Also, in mountainous terrain, the behavior of a lightning dis-
‘charge near the ground's surface is not necessarily the same type of Tightning
discharge experienced by an aircraft even at low altitudes. Despite the
restrictions, tower measurements presently constitute the largest available
data base for direct measurement of lightning return stroke currents. Tower
measurements have been reported by a number of investigators including the
data reported by Uman (Ref. 8), Berger (Ref. 6), and Garbagnati (Refs. 9, 10)
discussed in the following literature review.

Unlike Norinder's and Dahle's (see Fig. 8) data collected from remote mag-
netic field measurements, Uman (Ref. 8) summarizes peak currents primarily
measured on towers through various means (Fig. 8). Berger and Vogelsanger, on
the other hand, 1imit their distribution to those strokes with peak currents
greater than 10 kA. Their distribution is generally higher than those
reported by the other authors and their maximum ﬁegative stroke peak current
was 105 kA. In his research, however, McCann found a peak value of 160 KA.

By installing magnetic links on transmission line towers, Lewis and Foust
(See Fig. 8) collected the largest data set, 2,721 flashes. Their largest
measured current was 218 kA, representing the 0,037 percent point in their
distribution. A peak current of 120 kA exceeded 99 percent of Lewis' and
Foust's measurements. Hagenguth and Anderson, using data‘neasured on the
Empire State Building, found a maximum peak current of 58 kA,

Figure 9 (duplicated from Ref. 8) shows data on the rate of rise for
lightning discharges to towers. These data based on the current waveforms
were also used to produce Figure 8. The rates of rise of the current cannot
be derived from the magnetic link data. Importantly since the data presented
by Berger and Vogelsanger (Ref. 5) represent the maximum rate of rise in the
current waveform, these are typically larger than the data presented by others
who used data based on the time the waveform takes to rise from 10 percent to
90 percent of its peak value. While Berger's and Vogelsanger's measurements
are more recent than the data from the other researchers, their rate of rise
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is calculated differently in that they find the maximum rate of rise of the
current and the other researchers use 10 to 90 percent values; consequently,
their plot is always larger than the maximum rate of rise given by other
researchers. |

More recent data showing peak current and maximum rate of rise of the
lightning current from tower measurements are presented by Garbagnati (Refs.
9, 10). Figure 10 shows the data for the first andmsubéequent strokeg—gguwell
as displaying upward and downward propagating discharges. As this figure
demonstrates, the downward traveling currents are larger and the straight line
fitted to these data assumes a log normal distribution. The largest of the
peak currents presented is slightly above 100 KA.

Data for the maximum rate of rise of Tightning current for first strokes
and subsequent strokes are shown in Figures 1la and 1l1b. Again, upward and
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downward strokes display log normal fits. The author, appropriately, only
displays the range of the data actually collected; he does not extrapolate.

Because graphs should depict only those data actually collected, extrapolating

O

the curve fit beyond the range of data collected is unwarranted. Significantly,

extrapolating curve fits to values exceeding the largest data by a factor .of
three (Ref. 11) is not only not warranted but is scientifically suspect.

Although Garbagnati does not describe his instrumentation in detail in

Reference 10 some limits may be deduced by correlating peak current and peak rate

of rise data reported in his work (Ref. 10) and reproduced here in Figure 12.
characteristic time for the instrumentation may be calculated by dividing the
peak current ka by the correlated peak rate of rise ipk‘ Additionally, the
precise minimum time observed by the instrumentation for a particular I, I
pair indicated by the ratio I/I K? where I is the current at the time ipk is
reached. Since I is not knowp, an overestimate of [ =1 K is used in these
calculations. The ratio ka/ka then represents an upper bound for the mini-
mum time 1nterva1 measurable by Garbagnati's instrumentation. Lines, showing
the ratio ka/ka, have been added to Garbagnati's data in Figure 12. Since
there is a data point above the 100 ns line, Garbagnati's instrumentation
response time was 100 ns or less. The value 100 ns is also verified in a

description of Garbagnati's instrumentation (Ref. 12).

In Figure 13, data from Berger, et al. (Ref. 6) is presented to show a
distribution of the maximum rates of rise for different types of lightning
currents. Once again, the straight lines represent the -assumption of a log
normal distribution. Reference 11, however, extrapolates these same data in
order to calculate a maximum rate of rise of lightning current at the 1 per-
cent level of the distribution. Such extrapolation beyond the range of col-
lected data, though is unwarranted.

At this time, tower measurements constitute the only low altitude, cloud
to ground lightning current measurements available. Although cloud to ground
strikes can threaten aircraft in important flight regimes, such as landing
patterns and penetration exercises, data for these strikes are hard to
obtain. Data to verify or augment tower measurements are difficult to acquire
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because jet engines operate less efficiently at low a]titudes;khowever,
efforts are now underway to improve the data base for these important flight
regimes. Even though tower measurements represent the largest data source for
cloud to ground strikes, the strikes measured at the towers generally have
higher currents than the aircraft measurements (described in the following
section). Despite their limitations, tower measurements do provide data on
one part of the threat envelope against which aircraft must be protected.
Furthermore our concern here is about currents on aircraft moreso than cur-
rents in the 1ightning channel nowhere near a metallic structure; accordingly
the tower data are relatively important for our purposes.

Although recent research has increased the data base, several aspects of
data collection could be improved. For example, if sufficient analysis could
remove the tower's effects from the cloud-1ightning-tower-ground circuit, the
data would not only improve substantially but would also be more applicable.

In addition, quantitatively assessing the instrumentation used in each of the
experiments would also be helpful. Although fast response data on cloud to
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ground lightning is available from the AFWL sponsored program at Langmuir
Laboratory (Ref. 13), it must be fully analyzed before a current waveform
specification can be derived.

b. Aircraft Measurements--Electromagnetic measurements made on an air-
craft in flight represent another useful data base for determining electromag-
netic environment. Since data are generally collected by using fast instru-
mentation at altitudes above 20,000 feet, they represent the intracioud light-
ning threat rather than a cloud to ground strike. The data collected from
these aircraft measurements, then, help describe high altitude threat to air-
craft, just as the tower data help describe the low altitude threat.

Similar to the tower's influence in tower measurements, during aircraft
measurements.the platform for the measurements, thét is, the aircraft, also
affects the current. Because of these probable contributory error sources,
inferences about the currents on different aircraft must be carefully con-
sidered.

Two recent sources provide data on the effects of lightning strikes to
aircraft. The first source, a NOAA C-130 aircraft, instrumented primarily to
record nearby strikes, recorded two direct strikes (Ref. 14). In these
strikes, the maximum rate of rise observed was 3 x 109 A/s for a 3 kA peak
current. These results were not limited by the instrumentation bandwidth and
were smaller than typical values in the tower samples.

The second source of direct strike data for Tightning was an instrumented
F-106B operated by the NASA/Langley Research Center during the years 1980
(Ref. 15), 1981 (Refs. 7, 16), 1982 (Ref. 17), and 1983. The instrumentation
on this aircraft could record data from sensors up to about 50 MHz and was
capable of observing the fast current rates of rise seen on tower measure-
ments. In 1980 and 1981, the i measurements were limited by the instrumenta-
tion's bandwidth; however, in 1982, with the expansion of the bandwidth faster
measurements were available for i. ‘ ‘

The peak rate of rise measured on the boom in front of the aircraft is
particularly interesting. In spite of the low (13.9 kA maximum) peak
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currents, the peak rate of rise found by taking a graphical derivative of the
current records was 1.3 x 1011 A/s. Significantly, the maximum value
closely approximates the 1011 A/s maximum seen in the tower measurements.

Because the discharges were measured primarily at altitudes above 20,000
ft, the strikes believed to be induced by intracloud discharges, may have been
triggered by the presence of the aircraft, itself. Despite efforts to locate
cloud-to-ground strikes, however, there have been no successful measurements
of cloud-to-ground strikes in the F-106B program. Future efforts in the
F-106B program as well as in programs still in the planning stages will be
directed toward acquiring data on cloud-to-ground strikes.

For a reasonable worst case flight regime taking place above 20,000 ft,
the data supplied by aircraft measurements support using the 1011 A/s rate
of rise of the current. However, the peak currents observed in these measure-
ments are nearly an order of magnitude lower than the 100 kA reasonable worst
case seen in the tower measurements. If a method could be found to separate
the effects of the presence of the aircraft from the data, the general appli-
cability of the aircraft measurements would be substantially improved.

c. Currents Inferred from Field Measurements--Another method for deter-
mining the current in a discharge is to derive the current from distant field
measurements (Refs. 18-21). The difficulty with this method is that the
process of unfolding the current in the discharge is complex, nonunique and is

affected by the propagation path. While both tower and aircraft measurements
require complicated and difficult analysis techniques to remove the effects of
either the tower or aircraft from the measurements, the analysis can, in
principle, be accomlished. The electromagnetic response of a tower or an
aircraft can be calculated to any degree of accuracy the researchers choose to
establish. However, in contrast, determining the current in a channel exclu-
sive]j from the band-limited, noisy, far.field measurements of the electromag-
netic emission of the channel is a fundamentally more difficult problem.

The most challenging part of the problem is that it is nonunique. Signi-

ficantly, just because a current may match the measured waveforms exactly does
not mean the correct channel current has been found. Recently, researchers
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(::>‘ applying a method that uses a particularly simple relation between the cur-
rents and radiated fields (Ref. 19) reported a value for the rate of rise of
“the current of 7 x 1011 ays (Ref. 22). These figures substantially exceed
Vthe values of the peak rate of rise of the Tightning current obtained from the

data inferred from the tower and aircraft measurements contained in Reference
22. '

Since the recent research suggests such a fast behavior for the rate of
rise of the current (that is, I = 7 x 1011 A/s), in a return stroke the
methods used will be more closely examined than the methods discussed earlier.

Uman, et al. (Ref. 19) derive the relationship between the electric field
and the current in the Tightning channel under a restrictive set of assump-
tions. For instance, their derivation is based on the current in the return
stroke channel propagating up a straight vertical channel without change in
the shape of the current waveform. Since the wave is propagating at a con-
stant velocity v, and since it is assumed the fields are measured in the

(::) radiation zone of the lightning discharge, the time derivative inside the
source integration over the field Green's function may be replaced with a
spatial derivative. The source integration, then, becomes trivial (See Ref.
19 for the complete derivation). Under these assumptions, the relationship
between the radiated magnetic field and the current waveform is (Ref. 22):

4 . v

Hag(Pst) = 5= i(t = D/e) &, t >D/c (3)

where
i(t - D/c) is the current waveform in retarded time;
D is the distance from lightning channel to observer;
c is the speed of light;
v is the velocity of propagation of the current pu1§e;

is the unit vector in the ¢ direction of a spherical coordinate
system centered at the hase of the lightning channel.

>

_(::> The assumption that a current waveform propagates undisturbed along the
' channel at a constant velocity is equivalent to treating the return stroke
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discharge as a lossless transmission line for the early part of the dis-
charge. In their work for example, Master, et al. (Ref. 21) present a postu-
lated breakdown current waveform that also contains a factor of e~Z/M | where
A = 1500 m to account for the observed decrease in channel brightness with

héight (Ref. 23). This variation with height, however, is not consistent with

the lossless transmission line assumptions of Reference 20 from which the cur-
rent waveform parameters were derived. These parameters are shown in Equation
3 of this paper and Equation 8 of Reference 19. The variation of height is
also not consistent with a resistive transmission line.

As the authors note (Ref. 20) the current obtained from the radiated
fields using any method is not unique{ Consequently, the conclusions about
the current in a lightning discharge made from field measurements can be
refuted merely by determining that an alternate model is consistent with the
physics of the problem. However, when anomalously large values for }(t)
occur (Ref. 22), a search for other possible models is clearly appropriate.

One possible model is based on the diagrams in Figure 14. Assume the
downwardly moving lightning channel initially attaches to an upward streamer
at a height D, the so-called striking distance, typically of the order of =100
m. Before attachment, the voltage, V, on the channel can be represented as
two oppositely directed waves of voltage, V/2 (Fig. 14a). They carry opposite
currents which sum to zero net current. The downwardly propagating wave,
then, is reflected by the open (infinite resistance) termination into the
upward wave.

Upon attachment, however, this reflection changes. For instance if the
characteristic impedances of the channel above and below are the.same, there
is no longer any reflection. At a time t after attachment (Fig. 14b), we have
at distance ct below D a downward wave of current i = V/2Z, where Z is the
characteristic impedance. Above D we have at distance ct an upward wave of
the same current. Thus, because the currents are both directed upward we have
a monopole source. It should be noted that although a current monitor near
the base of the channel (that is, a Rogowski coil on a tower struck by light-
ning) would measure this i, the radiated fields would be double those inferred
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when the current along the striking distance of the channel, due to the con- <::)
tribution of the upwardly propagating wave, is assumed. This doubling is.in
addition to the usual doubling of radiated fields by the ground plane.

At time t = D/c (c is the wave speed), the downward wave reaches the
ground. If this impedance is low, then a wave of voltage -V/2 is reflected,
resulting in the lowest portions of the line being at ground potential. Sub-
sequently, two current waves propagate up the channel, the lower carrying I =
V/Z and the upper one-half that. '

The concept of a downward going leader converging with an upward going
leader are initiating a return stroke has been described by Uman (Ref. 24) and
by Berger (Ref. 25) with a striking distance D (where the two leaders con-
verge) about 100 m reported by both researchers.

Such a model, however, is inappropriate for subsequent strokes because
the dart leader descends smoothly along the previous return stroke channel and
initiates a subsequent stroke at grdund level. A physical description based <1:)
on the mechanics of streamer propagation and subsequent return stroke hehavior
near the ground may be considered. A dart leader channel behaves as a
charged, moving cylindriéa] conductor near a ground plane. As the current
pulse nears the ground plane, fields along the previous return stroke channel
exceed breakdown. Although the breakdown field value is not known, its value
is most likely Tower than that for undisturbed air. Information about the
field exceeding the breakdown level suggests that it travels at the velocity
of light, rather than the sma]]er‘velocities of breakdown waves. Apparently,
near earth, the early behavior of subsequent return strokes may be governed by
the velocity of light rather than the characteristic of v = ¢/3 ushally
associated with return strokes. Furthermore, velocities are known to be
higher in subsequent strokes (Ref. 26).

The effects of the additional factor of two in the relationship hetween
signal and channel current as well as an increased velocity of the return
stroke near the initiation region can be compared to the simple transmission- )
Tine model. Such a comparison may be seen from a reproduction and subsequent ([:)
adaptations shown in Figures 15a-15d, adapted from Reference 27.
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These differences may he seen by comparing Figure 15a with two adapta-
tions. (Fig. 15a is a reproduction of Fig. 7 from Ref. 27. The three adap-
tations are numbered 15b, 15c, and 15d, respectively.) Figure 15b, modified
from Figure 15a, accounts for the factor of two for the first strokes. Figure
15c, another modification of Figure 15a, accounts for an upper limit of a
characteristic velocity of ¢ in the initiation regioﬁ. As these two figures
(15b, 15c) clearly show, these corrections substantially improve the agreement
of the data, shown in the original figure (15a), with the data provided hy
Garbagnati (Ref. 10) and Berger (Ref. 6). Figure 15d combines the changes of
Figures 15b and 15c for clarity. '

Further consideration of the initiation region (Fig. 14) suggests that
perhaps a lossy transmission line model would more adequately describe the
region than the lossless transmission 1ine model used to derive Fquation 3.
Resistivity per unit length of the channel is calculated easily from derived
air conductivity values (Ref. 28).

During the initial stage, the return channel radius is small; consequently
the channel is simultaneously resistive and inductive (Refs. 28, 29). More
recent detailed numerical studies show that the channel diameter is also quite
small, limited only by the mean free path for collisions in the channel. For
the diameter of the return stroke, an initial value of 2 mm is both consistent
with these last three references and with Uman's measurements (Ref. 30). How-
ever after several microseconds, the channel grows larger; as the channel area

increases, the resistivity decreases.

Although the plasma in the return stroke channel is conductive, its con-
ductivity depends on the temperature and density of the channel. The value
(c = 2.2 x 104 S/m) for a hot channel is reached only in the later stages of
the channel's development. This high value of the conductivity, by initially
forming an upper bound on the channel conductivity at early times, allows sim-
ple calculations. A plot of the values of conductivity of hot equilibrium air
for various pressures is shown in Figure 16 (Ref. 31). For highly jonized
air, the electrical conductivity tends to decrease as the temperature
increases. This occurs because collisions of the conducting electrons with
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ions dominate the effect of collisions with neutrals as the source of resis-
tivity. Since this type of plot for the conductivity of air is good for all
hot air regardless of the cause of the heating, it is good for lightning.
Fstimates of the peak internal temperature of lightning are available from

spectroscopic measurements (Ref. 31) and are below the 30 kK shown in Figure
16,

The resistance of a 1 m length of channel then may be calculated. Ysing
the ahove channel radius (a = 1 mm) and electrical conductivity (o = 2.2 x
104 S/m), and assuming a cylindrical channel allows calculation df the
resistance per unit length of the channel, R'.

R' = 12 =14 Q/m ﬁ (4)

na o

For a low-loss transmission line, the current is attenuated as e=%Z
(Ref. 32) where: |
R' -1 '

a ?75- 0.02 m ‘ (5)'
and where Zg is the characteristic impedance of the line about 300 2 (Ref.
33). The e-folding distance (distance to 1/e or 37 percent of original peak
value) is then only about 50 m, for the leading edge of the current. As the
channel expands, of course, the resistivity decreases reaching a value equiva-
lent to an e-folding distance of 5 km after ahout 10 us, and then the rate of
expansion slows substantially. Since the e-folding distance is only about 59
m, high frequency components of the discharge are localized. This is in con-
trast with the high frequency components that propagate undistorted for 100 m
or more. This kind of propagation is required by the assumptions used to sup-
port the model of the relation between the fields and current (Ref. 19; Eq.
13).

A physical picture of the early time behavior of the return stroke from a

cloud to ground discharge would depict a charged leader channel from the cloud
meating a channel growing up from the ground. When the two meet, the upper
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channel begins to discharge into the lower channel. The volume where the
channels meet can be called the initiation region. The result is two current

waves traveling in opposite directions from the point of intersection (in a
transmission line analogue sense, the point of switch closure). Both current

waveforms radiate, as in Figure 14, demonstrating the factor of two difference

in the results (Refs. 20, 22, 27). Researchers have typically treated only

the upgoing wave for a first stroke as noted in a discussion earlier in this

section.

I[f the high freqdency fields are generated primarily in this initiation
region as demanded by the arguments associated with Equation 5, rather than
over a long transmission line segment, then the relationship between the cur-
rent and the radiated fields differ significantly from the relationship sug-
gested hy Equation 3. For a local dipole model of the initiation region,the
radiated fields are given by (Ref. 34): '

g - 2 2L o )

rad =~ 2nDc ot

O

where % = characteristic size of the initiation region, and the other vari-
ables are consistent with the definitions in Equation 3. '

Since the radiated fields for this model are proportional to d21/dt rather
than I(t), the integral of the field is appropriate to use for the current
waveforms rather than the field waveform. This argument implies more slowly
rising currents than the results contained in Uman, et al. (Ref. 22).

d. Effect of branching--There is another mechanism that may account for

the fast behavior of the fields measured in the far field of a lightning dis-
charge. The data examined appears in Figure 3 of Reference 35 and is repro-
duced in our Figure 17. Electric field is plotted relative to the correspond-
ing rate of rise of the electric field. The data appears in two clumps, with
about 20 percent of the data appearing with both significantly larger electric
field and rate of rise of the electric field than the centroid of the smaller
c]uﬁp. It seems possible that at least the high level clump the two clumps

O
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Figure 17. A histogram of the maximum rate of rise of the fast transition in
return stroke £ fields from range-normalized to 100 km. Repro-
- duced from Reference 1.

and some of the spread of the data is due to branching of the channel near the
ground. An example of a branched leader is shown in Reference 36 with photo-.
graphs from a television camera for two different times are reproduced in
Figure 18 of this paper. Note that the whole sky camera is located 45 m
North, 16 m East and 6 m above Kiva 1 which is the center of coordinates for
Figure 19. In Figure 19, there is a superposition shown of acoustic trans-
ducer location and an estimape of the positions of the electromagnetic sources
showing the three branches. The branches are not quite simultaneous.

The mechanism by which increased electric fields and corresponding rates
of rise are produced at early times is shown in Figure 20 with the overall
scale of the problem taken from the data of Reference 36. The following
assumptions are used in the attempt to understand the behavior of branched
return strokes.
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Figure 18. A1l sky photographs of a three-branch discharge at two
different times (Ref. 36).
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Figure 18. Concluded.
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21, About 20 us
After Closure

Current 1
P

Figure 20. Possible branched configuration showing closure region where
the transition from leader to return stroke occurs.

(a) There is a region of switch closure as discussed earlier for the
single channel leader-return stroke transition.

(b) The high frequency components of the current are determined exclu-
sively by the local behavior of the closure region, specifically
including the magnitude of that current.

(c) The‘vo1téges at the closure points, the altitude of the closure loca-
tions, and the time of closure are roughly the same for each branch
and independent of the number of branches. ’

Under these assumptions, both the electric field and rate of change of the
electric field are increased by the number of channels. For the three branch
system shown in the photograph (Fig. 18) each of the parameters is increased
by addition of the parameters from all branches, giving at most a factor of 3
increase over the largest. The uppermost data points in Figure 17 correspond
to such a configuration.

The conclusion one should draw from such a model of the branched structure

is that the maximum fields and rates of rise of the fields are not the values
that are indicative of the most hostile conditions local to the strike,

47




particularly in the closure region which produces most of the high frequency (::)
content.

However, this discussion of models of the electromagnetic fields produced
by lightning channels clearly demonstrates that the generation of high fre-
quency fields by lightning channels should not be limited to the very simple
model represented by Equation 3. Since the initiation region of a return
stroke is an extremely complicated and poorly understood part of the lightning
discharge process, a very complicated model must be used to provide a quanti-
tative physical description of the initiation region. This model, however,
must be secure in the inverse processes used to determine the lightning cur-
rent from distant fields, particularly from noisy measurements.

Even though alternative physical descriptions of the lightning channel
exist and even though these may differ from the parameters assumed in Equation
3 and presented in other research (Refs. 19-22), such physical description
should also be used cautiously. Specifically, the values of the parameters,
like the peak rate of rise of the return stroke current that was derived by (I:)
applying inverse processes to Equation 3 should not be assumed to be very \
accurate. The assumption of accuracy is particularly inappropriate when the
results of those calculations diverge from other experimental results.

3. SUMMARY OF THE LIGHTNING THREAT

A review of the available data suggests that at least one waveform is a
severe threat for the lightning return stroke current. This simple waveform
which has an analytic Laplace transform and proper behavior of its derivatives
at its initiation point is a modification of the waveform described by Equa-
tion 2. Although this equation is nonzero at all negatiVe times, the offset
time, tg, may be selected to make the error associated with currents at
negative times as small as desired. The lightning current may he described
by:

kI

pk
-(t-to)/rr (t-tO)/-cf

S O

o | 48
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where

k is 1.025 and I _, = 100 kA

pk

Th is the rise time constant = 2.5 x 10'7, chosen to give a
maximum rate of rise 1011 A/s at t = tp

Te = 50 us is the fall time constant

t0 is an offset time

Figure 21 is a plot of the current described by Equation 7 and Figure 22

shows its derivative. Note the smooth behavior of the derivatives throughout
its range. Figure 23 shows the corresponding frequency spectrum for the wave-
form described by Equation 7. Based on an examination of the tower data, air-
craft data, and inferences from field measurements, the peak current, ka,

for the reasonable worst case waveform is chosen to be 100 kA. The 100 kA
value corresponds to the 2'percent level of the distribution, and to the maxi-
mum value reported by Garbagnati (Ref. 10). Values for peak currents above
100 kA have been rare for other researchers who have reported tower measure-
ments of return stroke currents. The early time characteristics for this
Waveform are chosen to correspond to a maximum rate of rise of 1011 A/s for
the return stroke current. The value of 1011 A/s corresponds to the largest
value of i(t) reported by Berger or Garbagnati and is also very close to the
maximum value (1.3 x 1011 A/s) seen by the 1982 F-106B program (176

strikes). Credibilfty of the larger values derived from field measurements
suffers from a lack of data or theory describing the distribution of the cur-
rent waveform as a function: of position along the return stroke channei. The
characteristics of lightning return stroke currents that occur on long time-
scales are well known and the figure of 50 us for the duration of a single
return stroke current pulse reported by Cianos and Pierce (Ref. 37) and Uman
(Ref. 5) is not disputed in this report.

A nbderate threat may also be defined. A value of 10 kA for the peak cur-
rent is consistent with the maximum value of 13 kA seen on the F-106B aircraft
program in 1980-82, The rate of rise of the current pulse seems more charac-
teristic of the discharge process than of the peak current (Refs. 38-39), so
the maximum rate of rise should remain at } = 1011 A/s for the moderate
threat as well.
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transform of Equation 7.

The waveform of lightning diséharge currents, for discharges near and on
aircraft, varies considerably 1in magnitude, rise time, and duration. The
environment governing the parameters of the initiation of the d1scharge has so
many variables acting over such a large volume of space that the parameters of
the discharge are usually considered random variables. Experimental programs
whose purpose is to measure Tightning parameters are usually designed to
gather empirical evidence on the magnitude and frequency of occurrence of
various parameters important for describing the threat caused by lightning
discharge. The data, from a program of this sort, are then often subjected to
a number of statistical tests. These tests can determine the likelihood that
a particular parameter, such as current rate of rise, will occur during a
given set of circumstances, such as flight level of the aircraft relative to
the freezing level or to the precipitation density at the aircraft's loca-
tion. If there is no coherent theory of the phenomena under study, such as
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lightning initiation, such a procedure is good scientific procedure. The
danger of these empirical techniques, however, is that the limits imposed by
nature on lightning are masked by the statistical manipulation.

In an empirical study, the data are generally fit to a specific proba-
bility distribution for which statistics are understood: a log normal distri-
bution, for example. This distribution is then used to determine the proba-
bility of a given current magnitude. The danger inherent in such manipulation
is that this type of distribution has infinite extent. That is, no matter how
small a likelihood is tolerated for the probability of a given threat current,
the distribution will predict a large current to go with it, even if the cur-
rent greatly exceeds the data range that generated thg distribution.
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ITT. [INTERACTION

In addition to differences in the electrical environment produced by the
lightning and HEMP, differences in the efficiency with which these environ-
ments interact with aircraft also exist. Each threat interacts differently
with objects such as an aircraft to produce currents in their electronics.
Since the high frequency signals of HEMP do not generally produce the large,
low frequency currents that cause the physical damage associated with light-

ning interaction, these low frequency effects (although briefly described)

will not be considered in the comparison of HEMP and lightning. In this sec-
tion, the physical differences between lightning's and HEMP's interactions
with an aircraft are described; some of their differences are also illustrated
by using simple geometric models. This research project, however, did not
consider-all the details associated with a real aircraft interacting with
either Tightning or HEMP because the research required was beyond the scope of
this work. ’

1. PHYSICS OF INTERACTION OF LIGHTNING AND HEMP WITH AIRCRAFT i

a. Direct Strike Lightning--Direct strike lightning and incident electro-
magnetic waves like HEMP and waves from nearby lightning strikes interact with
aircraft in physically different ways. While understanding the basic physics
of the interaction of a lightning strike with an aircraft is still in its very
early stages, a qualitative description of the interaction process with direct
strike lightning can be presented. When an aircraft enters a thunderstorm, it
is under the influence of an electric field which by polarizing the aircraft
induces image charges and causes currents to flow on the aircraft's skin. If
a leader streamer approaches the aircraft, those fields become much larger,

particularly around sharp corners and edges near the streamer. As the local
fields approach a level of about 3 MV/m or lower altitude, the air begins to
break down in the field enhanced region and forms a corona. This corona exhi-
bits nonlinear characterisfics which complicate the electromagnetic behavior
of the aircraft under the influence of the nearby streamer. A very qualita-
tive description of the macroscopic coronal behavior is that it exhibits the
conductivity of wood until the fields begin to exceed approximately 3 MV/m,

At this point, the conductivity of the air is increased substantially by
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electrons produced through avalanching on a time scale that is short when com-

pared to lightning's. The increased conductivity tends to clamp the field at
~the 3 MV/m value.

As the leader attaches to the aircraft, coronal activity increases and a
channel forms. As current flows through the channel, the air gets hotter and
the number of active physical processes increases dramatically. Hydrodynamic
expansion, radiative transfer, thermal conduction, joule heating, and field
emission from the metal surfaces all play a part in developing the channel
that in turn forms the current carrier for the lightning direct strike.

The system of clouds, channel, and aircraft should be viewed as an elec-
trical circuit. Initially, because the channel is cool and narrow, it is both
resistive and inductive; consequently it limits both the current and its rate
of rise. As the lightning channel forms and as the return stroke current
flows, the channel becomes hotter and larger in diameter. These increases, in
turn, diminish the resistance and inductance of the channel, allowing more
current to flow more rapidly. The channel expansion obeys a complex set of
~simultaneous differential equations that determine channel growth that is con-
trolled by phenomena like radiative heat conduction and complex air chemis-
try. Since the aircraft, itself, is part of the electrical circuit under
examination, it must be considered when developing an understanding of the
entire interaction problem. Consequently, researchers must include both the
effect of the aircraft on the formation of the lightning channel as well as
the effects of the channel formation and the corona surrounding the aircraft
when they analyze the current flow's effect on the aircraft, itself. In other
words, the complete interaction of direct strike lightning with an aircraft is
a nonlinear fnteraction of a large current with the air, the aircraft and the
region of the thunderstorm local to the aircraft. Many of the details of the
physical processes, however, are not completely understood because of the
range of length scales in the problem and the large variation in the physical
variables. The problem is not susceptible to either brute force numerical or
to empirical techniques.

One way the surrounding corona and the attached channels manifest them-
selves is by altering the resonant frequencies of the aircraft. These reso-
nant (or natural) frequencies of a structure are useful in describing the
electromagnetic response of a conducting or partiaﬁly conducting body. In
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a normal electromagnetic scattering problem, such as HEMP, the natural
frequencies are functions solely of the geometry and the material of the scat-
terer. This functionality neatly separates the natural f}equencies of the
scatterer from those of the exciting field which, of course, results in a
linear problem. Since the corona and channel shift (which in some approxima-
tion may be treated as conductors loading the aircraft) the resonant frequen-
cies, (as will be shown later in the section), in a way that depends on the
current in the channel, that separation is no longer valid and the problem
becomes nonlinear. Because the natural frequencies (the geometry of the con-
ducting body in question) now depend on the driving current, that is, the
lightning, the analysis techniques used for the direct strike problem must be
used with care.

The difficulty caused by the large range of length scales deserves further
comment. The interaction of electrical conductivity produced by the charged
particle densities and the local electric field, that produces the collisional
ionization dominating the production of the electrical conductivity, occurs on
length scales of the order of 0.0001 m (Ref; 40). The macroscopic interaction
problem determining those local electric fields is of the order of tens of
meters and includes the aircraft and the lightning channel, as well as the
charge stored in the sarrounding clouds. This combination gives a range of
length scale of at least 10° per dimension. Electromagnetics codes designed
to solve less difficult linear electromagnetics problems can handle length
scale variation ratios on the order of 102 per dimension. However, even
with subgridding techniques, the problem requires more zones for its solution
than are now available in the state-of-the-art finite difference codes. Addi-
tionally, the problem would also require simple analytical or semi-empirical
methods to circumvent the remaining numerical problems.

In a comparison of HEMP and lightning, high frequency signals affecting
system electronics should also be considered. It must be noted, however, that
the total enefgy content delivered to an aircraft by a lightning direct strike
is much larger than that delivered by HEMP. Lightning's energy is mostly in
the sub-MHz frequency band and consequently does not couple to system elec-
tronics as efficiently as higher frequency signals. Although low frequency
energy can significantiy damage an aircraft, that damage is likely to be
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structural or direct, rather than indirect effects on electronics. However,
indirect effects, usually associated with super-MHz frequencies, can cause far
more subtle difficulties such as upset and damage to individual electronic
components. Direct damage from Tightning, of course, may be quite severe;
there are, in fact, documented cases of fuel tank explosion and complete loss
of flight control systems (Ref. 41). Since the interaction of HEMP seldom
directly affects the aircraft, the subject of direct effects does not need to
be explored further for a complete comarison of HEMP and lightning.

b. Free Field HEMP Interaction--HEMP will be experienced by an aircraft
as an electromagnetic wave. For all intents and purposes, HEMP will occur as
a plane wave and hence will be uniform in amplitude and phase. The amplitude
of the time-varying electric and magnetic fields will be related by
E/H = Zg, where Zg is the impedance of free space (377 Q), and will be
transverse to the wave's propagation direction. These varying fields will

induce currents on the aircraft making it act as an antenna. Additionally,
cables and electronic equipment in the aircraft will also act as antennae and
will develop voltages due to fields penetrating the apertures (seams, dielec-
tric windows, radomes, etc.). Generally, these internal fields will be
reduced by the shielding effects of the conducting aircraft. Particularly for
the lower -frequencies, the surface currents induced on the metallic skin will
produce fields that will tend to cancel the HEMP fields which caused them.
However, for higher frequencies (that is, wavelengths that are small compared
to the aperture in question), this shielding is minimal. Cables might pick up
fields from a number of apertures; all of which can, for particular angles of
incidence, drive the cable in phase because of the plane wave nature of HEMP.
This in-phase drive is.in contrast to direct strike lightning where the phase
of the fields driving the aperture fields is determined by the flow of 'current
along the fuselage.

In its basic behavior, the interaction of an unattached, but otherwise
nearby, lightning strike will be generally similar to that of HEMP. The elec-
tromagnetic wave will be less planar, but otherwise similar if the aircraft is
in the far or radiation zone. If the lightning strike is both closer to the
aircraft and in the inductive zone of the channel fields, then the analysis
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becomes more complicated and would require a multipole expansion to compute
the fields.

The complex nature of air reacting to high electromagnetic fields is
important in the interaction of incident electromagnetic waves produced either
by HEMP or by nearby lightning strikes with an aircraft; these are nonlinear
processes. They are not as integral to the interaction phenomenology as they
are in the direct strike problem. Examination of the literature of HEMP, for
example, (Ref. 42) reveals a high concentration of work on the purely electro-
magnetic aspects of the interaction problem. Such problems, of course, must
be addressed. Later in this chapter, illustrations of the interaction of
plane (and one example of nonplanar) illumination of simple objects are used
to show how such interaction problems may be solved. However, the problem of
HEMP or lightning interaction with a real aircraft has not yet been solved.

After establishing the existence of nonlinear behavior in certain free
field interaction problems, the interaction of free field electromagnetic
waves involves only a solution of Maxwell's equations for the boundary value
problem of interest. While this solution may be a very difficult undertaking,
it is certainly a different problem from the solution of the equations
required to describe natural lightning. The natural lightning procedure
involves simultaneously solving: Maxwell's equations along with fluid equa-
tions; equations governing air chemistry; and, the equations of radiative
transfer. Even numerical solution of all of these equations have been
achieved only for very limited problem geometries. (See, for example, Ref.
43, for a survey of the air breakdown literature.) ‘

c. Rationale for use of D and H in the comparison--When comparing elec-

tromagnetic threats to aircraft it necessary to compare those fields which are
important in determining the penetration of the fields into the aircfaft.
Those fields are the normal electric field or equivalently the surface charge
density and the tangential magnetic field or equivalently the surface current
density (Ref. 44). Certainly, it is desirable to choose only the dominant
threat for the comparison if one exists. The relative effectiveness of the
two types of threats at penetrating the aircraft is indicated by the wave
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impedance Z = E/H at the surface of the aircraft and the surface charge and
current are of equal importance when Z = 377 @, the impedance of free space.
For an incident plane wave, like HEMP or nearby lightning, the wave impedance
is always 377 Q. For direct strike lightning the impedance may vary and must
be estimated for the particular problem. '

In the upper limits of the parameters describing direct strike lightning
the impedance may be calculated directly by dividing the largest expected
value of E by the largest expected value of H. The upper limit of E is the
breakdown value for air, E = 3E6 V/m. For the largest expected value of H we
are forced to use the reasonable worst case current, 100 kA described in sec-
tion II, subsection C and assume it is propagating along a 1 m radius cylin-
der. The resu]ting‘impedance is about 200 @, indicating a dominance of the
surface charge density. A review of the natural lightning data gathered on
the surface of the F-106B (Ref. 16) indicates that the impedance is about
2,000 @, indicating a dominance of the surface charge.

Since both surface charge and current are important to the process of
coupling energy into the aircraft both must be considered when comparing elec-
tromagnetic fields.

In summary, HEMP and Tightning can interact with aircraft differently.
Both can interact through an electromagnetic wave, which may be viewed as a
displacement current J = dD/dt = & dE/dt. In addifion, lightning, for a
direct strike, can pose a qualitatively different threat be;ause of the con-
duction current. This effect is most important at lower frequencies, since
the strength of the displacement current effects are proportional to the time
derivative of the fields; consequently they are unimportant at low frequen-
cies. Significantly, this expectation is confirmed by a detailed analysis
that will quantify what “high'frequency" means in this regard.

2. SAMPLE INTERACTION PROBLEMS

The remainder of this chapter is a compendium of interaction models for
both the free field environment and the direct strike problem. The compendium
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has several canonical problems representing the interaction of HEMP and light-
ning direct strikes. These problems possess certain simple geometric objects

that model certain salient characteristics of aircraft. These models used to

quantify the threats caused by HEMP and 1lightning have three frequency ranges

of interest:

»+ Low frequencies, those below the resonant frequencies of an aircraft,
typically below 2 MHz;

+ Intermediate or resonant frequencies; typically 2-20 MHz;

* High frequencies, those in which the fine details of aircraft geometry
(such as the shape and size of apertures, become important), typically
above 20 MHz.

In the resonant or intermediate frequency range between 1 and 20 MHz, the
response of the aircraft is dominated by the gross structural resonances of

the aircraft and may be quite complicated. The various models to be used are
shown in Table 1. ‘

TABLE 1. INTERACTION MODELS TO BE PRESENTED.

Model
Frequency Domain
Effect Variable Low Medium High
HEMP /Nearby Current . Slab Sassman Slab, GTD
Direct Strike Current Continuity T-Line
Charge Ellipsoid T-Line

3. MODELS FOR HEMP AND NEARBY LIGHTNING STRIKES

a. Slab Model--In other research (Ref. 22), it was assumed that the
fields produced by HEMP on the surface of an aircraft were just the incident
fields themselves. However, a better approximation, that still requires very
little calculational effort, is to allow for the reflection of those incident
fields from the aircraft surface. In the optical or high frequency
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approximation, only local reflection is important; consequently, the surface
of the aircraft may be modeled as a perfectly conducting slab. The problem of
a plane electromagnetic wave reflecting from a plane surface is, of course, a
typical textbook problem.in electromagnetics (Ref. 32). The magnetic field on
the conductor surface is just twice the incident field. This simple model
follows the waveform and therefore has the same spectrum as the incident
pulse. The magnitude is only doubled. From the results of more complex
analysis used to work a more detailed problem (Ref. 45), it is found the ratio
of incident field to surface field of two is correct for the low frequency
limit. However, in the resonant region of the structure under consideration
the ratio is a very complicated function of frequency. (These complicated
functions will be fully discussed in the next subsection.)

b. Sassman Model--For the intermediate, or resonant frequency regime the

charges and currents on a finite cylinder are computed using the solution of
Sassman (Ref. 46). Incident fields are computed using both HEMP plane waves
and the incident fields from a tortuous lightning channel (Refs. 47, 48). In
particular, the 1ightninngavef0rm introduced at the end of Section Il is used
to maintain a reasonable high frequency behavior of the lightning current.

The Sassman model assumes a right circular cylinder; and although end
effects are not neglected, they are approximately treated. The model further
assumes that the incident electromagnetic field is a plane wave incident nor-
mal to the surface, with the E vector parallel to the cylinder axis. This
situation constitutes the most dangerous polarization threat. This ‘model also
requires that the lightning or the HEMP source is sufficiently far away so
that the exciting field may be considered uniform over the cylinder. It would
be simple to generalize the model to include non-normal incidence. This was
not discussed in Sassman, however, and is not necessary for the purposes of
this study because normal incidence would generally constitute the worst case
threat scenario. Results of the model were compared with those reported by
Sassman and the agreement was excellent and are shown in Figure 24.

The solution of Sassman (Ref. 46) is not presented in closed form; rather,
a system of finite difference equations for positions along the cylinder and
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Figure 24. Our calculation of cylinder response function which is virtually
identical to that calculated by Sassman.
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at the end of the cylinder is given. These must be solved for the current (in
the frequency domain) flowing at these positions.

4. HIGH FREQUENCY APPROXIMATION--GEOMETRIC THEORY OF DIFFRACTION

In order for this study to be complete, a model illustrating the behavior
of fields with wavelengths of the order of the diameter of the aircraft fuse-
lage is included for incident plane waves. This model is useful for under-
standing the effects of shadowing on measurements of high frequency fie]ds,
For subresonant frequencies, the surface currents and charges are relatively
independent of the angle of incidence. For wavelengths shorter than the fuse-
lage diameter shadowing occurs and the Geometric Theory of Diffraction can be
used to calculate the effect of shadowing on the measured fields (Ref. 49),

As shown in Figube 25, a cylinder illuminated broadside has an illuminated
and shadowed side, as in ordinary optics. There is also a diffracted or
creeping ray contribution. Consequently, although the fields are smaller on
the shadowed side, they are not absent as one might expect for an illumination
at frequencies associated with light. In Figure 25, the cylinder is illumi-
nated broadside by a source; and, using GTD, the field at point P in the opti-
cal shadow region may be calculated. A ray might travel along L1,Abe dif-
fracted along L2 and reach P over path L3. In GTD the “"creeping" ray is
assumed attenuated exponentially along L2, that is through angle y3. The
exponential attenuation per unit length L2 is given by e™*p L2 where:

Im(p.q) .
Xy = - (9)

where pp is a solution of (Ref. 50):

Hl;(l) (ka) + i fHél) (ka) = 0 (10)

where C bar is the normalized surface impedance of the cylinder and the Hél)

(ka) is a Hankel function of the first kind. Results for the surface current

on the surface of a perfectly conducting cylinder illuminated by a plane wave
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Figure 25, Geometrical interpretation of field in shadow region (Ref, 50).

for a cylinder of radius a =A/3 is shown in Figure 26, The illuminated and
shadow sides are distinguished by the lack of significant surface current on
the shadow side. Diffraction accounts for the smooth transition between the
shadowed and illuminated regions.
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Figure 26. Normalized surface current on a cylinder illuminated by a plane
wave at ¢ = 180° (Ref. 51). ' .




5. MODELS FOR DIRECT STRIKE LIGHTNING INTERACTION

For direct strike lightning, a current is injected onto the aircraft skin
and the lightning strike current actually flows along the aircraft skin. The
simplest model (the one used in Refs. 11 and 22) assumes a continuous current
density around the circumference of a cylinder. In this static field approxi-
mation, the lightning current is assumed to flow uniformly on the surface of a
cylinder. Therefore, the current density, J(t), is related to the incident
lightning current I(t) by:

a(e) = 4L (11)

The surface magnetic field is then given in magnitude by:
H(t) = J(t) (12)

and is perpendicular to the surface current.

On an actual aircraft, the low freduency current would be divided by gaps
in the skin. The current would then flow along the least resistive path,
causing high surface currents and, consequently, high magnetic fields in those
regions where the surface current is constrained. As the frequency of the
current rises and approaches the resonance region, reflections from various
parts of the aircraft become more important in the interaction problem. As
shown in a later section discussing transmission line theory, these reflec-
tions can be modeled by using this theory. However, the unipolar nature of
the Tightning channel current leads to the buildup of charges on parts of the
aircraft. The magnitude of the local charge density is typically related to
the Tocal radius of curvature as may be seen by examining the following simple
model.

Consider an ellipsoid with overall length 20 m and diameter 1 m. These
dimensions are roughly those of the fuselage of an F-106B. Such an ellipsoid
with a given charge on it has a surface charge density as a function of posi-
tion described by (Ref. 52) as:
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= q
N drabc T (13)

q is the total charge on the ellipsoid

b =1 mare the smaller radii

1]
]

¢ = 10 m is the long radius of the ellipsoid

o is the surface charge density
The related normal electric field is given by:

En = o/eo (14)
The total charge on the ellipsoid may be computed by integrating the current
injected onto the ellipsoid minus the current leaving the ellipsoid. In this
case, the entering and leaving currenf are assumed to be the current of Equa-
tion 7 of the previous chapter; however, the current reducing the charge is
delayed by the time it takes light to travel from one end of the ellipsoid to
the other, or about 60 ns. The reéu]ting normal electric fields are shown in
Figure 22 where values for the beltline of the ellipsoid and the end of the
ellipsoid are given as functions of time. The result of a hand integration

of the b measurement for flight 80-018 of the NASA F-106B is also provided for
comparison. Note that the measured value is limited by the value at which air
breaks down in a uniform field. The results of this simple model clearly show
that nonlinear or corona effects can occur on the F-106B.

Note, also, that the charge density at the beltline is proportional to
(ac)"1 and the charge density at the end of ellipsoid is proportional to
(cz)'l. The proportionality of the charge density to the square of the local
radius of curvature is a general result, indicating that coronal effects are
most Tikely to occur near sharp points or. edges.

Also shown in Figure 27 are a number of important values for b, as well as
the time rate of change of D. The maximum values for b attained in the simple
model of this section are given for both the beltline and the end prediction,
The maximum value in the sample waveform is also given. This sample waveform
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was chosen because it had the largest area, or was likely to give the largest
D rather than the largest D. Finally, values for the confidence limits for

the maximum of D, are derived from the measurements on the F-106B taken in
1980-1982.

Although an ellipsoid is a poor model of an aircraft, the following simple
analysis of a set of transmission lines allows a better assessment without

resorting to a iarge numerical calculation. A discussion of this model
follows.

6. TRANSMISSION-LINE MODEL FOR LOW AND INTERMEDIATE FREQUENCIES

A transmission-line model may be developed for the direct strike case
which is valid for intermediate as well as low frequencies. This model is
especially simple in the case of the F~106B because of its delta-wing configu-
ration. The wings and tail may be modeled as transmission lines attached to
the end of the transmission line representing the fuselage; this model is an
excellent representation of the natural modes of the aircraft. This simple
model may be justified a posteriori by comparison with the results of more
sophisticated but costly models. For example, the models of Taylor and Crow
(Ref. 53) solve a linear system after numerically evaluating the Sommerfeld
integrals for a representation of the aircraft as an assemhly of cylinders.
The Singularity Expansion Method (SEM) formalism is then employed to discuss
the natural modes of the system. A glance at the figures depicting the modes
found show that they are qualitatively as would be expected on a system of
transmission-lines, the currents being nearly sinusoidal aloné individual
structures (wings or fuselage). Similar sinusoidal current distribution is
seen, for example, in the work of Linkand Cardaro (Ref. 54) and we may assume
that this behavior is both typical and general.

Therefore, it should not surprise anyone that a model that represents a
wing by one or two transmission-line elements gets answers that differ only
slightly from a model that employs many cylinders whose properties require
numerical integration for determination. Given the uncertainties introduced
by corona discharges, the extra complexity of these more sophisticated models
is not justified for the present problem.




The multi-transmission line may be conveniently analyzed through the for-
malism developed in the well-known "BLT" paper (Ref. 55); once the topology is
determined, the usual transmission-line impedance matrices may be incorporated
into the supermatrix along with the connectivity matrix and the system solved
for voltage and current supermatrix. From these branch currents and node vol-
tages, the voltages and currents at any point may then be found, and from
charge continuity the surface charge density at any cross section may then be
calculated. If analytic results are not required, any circuit code such as
SCEPTRE or SPICE may be used, treating the transmission lines as either two-
ports or else using current-dependent voltage sources.

Following King (Ref. 56), the current at any point along the aircraft
fuselage (represented here as the main transmission 1ine) is given by:

s =V (exp (-gz) - r'[2]exp(-g(2L-2)))
{Z[aJ+z[2 B{1-r[2] r[t]exp(-2qL )}

(15)

where L = 21.55 m is the length of the aircraft fuselage (Ref. 57); Z(a) and
Z(%) are the impedances of the aircraft and Tightning channel, respectively;
rfal = (2021 - z[al)/(z[2] + 2[al), the reflection coefficient at the attach-
ment point; T[t] = (Z[t] - z[al)/(z[t] + z[a]) is the reflection coefficient
at the termination into an impedance Z[t]; and V is the voltage source driving
the system. The current in the lightning channel, in the absence of the air-
craft, I, may be related to V by V = 2I/{Z[2] + z[t]}, with z[t] = Z[2] if
Z[2] is the channel characteristic impedance. Depending on the assumed stroke
path along the aircraft, various expressions for Z[t] occur. For example,

1/2[t] = 1/7Z[exit] + 1/Z[wing] + 1/2[wing] + 1/2[tail] (16)

for an attachment to the nose boom with an exit from the fuselage tail. Often
the exit is from the tip of the tail or a wing. The fin in question is, then,
in series with the exit channel, for example:

1/2(t] = 1/{Zlexit] + Z[wingdt + 1/Z[wing] + 1/Z[tail] (17)

for an exit from a wingtip. Also Z[exit] = Z[2] can be expected.
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This simple model does a surprisingly good job of reproducing the aircraft
resonances. The lowest resonances are (Ref. 58) at 8, 13.5, 16, 19.4, and
23.6 MHz, attributed alternately to fuselage (8, 16, 23.6 MHz) and wings and
tail (13.5, 19.4 MHz). In the transmission line model, the fuselage length of
21.55 m gives a resonance at 7.8 MHz, with higher harmonics at 15.6 and 23.4
MHz. Similarly, when the span of the F-106B is 11.68 m (Ref. 57), the full-
span resonance is 12.84 MHz, and the fuselage plus wing resonance at 20.6
MHz. To include the lowest spanwise resonance, the simple model described
above would have a transmission line extending from wingtip to wingtip, as
sketched in Figure 28a. This corresponds to a folded-~dipole model for the
wings. Similarly, Figure 28b shows a model that takes better account of the
delta-wing planform, and should more accurately depict the higher frequency
resonances if this is required. Here S denotes the span and & the fuselage
length, while Tw; TF, TL’ TS denote the transmission line corresponding to the
wing, fuselage, lightning channel, and rear wing span, respectively. This
model allows differential-mode propagation along the fuselage as well as the
common mode of the simple model, thus allowing the estimation of current
density variation around the fuselage and on the wing surfaces. With the aid
of computer algebra programs, the six-coupled-transmission-line model may be
solved analytically for use in computer codes.

Because of this ability of the transmission Tine model to reproduce the
principal resonances of the wire-mesh aircraft models, it should do a simi-
larly capable job of field and current prediction.

7. SUMMARY

In this chapter a series of simple models were used to describe the
salient concepts involved in the interaction of HEMP and direct strike light-
ning with aircraft. Physically, these two threats interact with aircraft in
different ways. HEMP as an incident plane wave causes currents to flow and
charge to collect on the aircraft primarily by polarization of the aircraft by
the incident fields. For direct strike lightning, the current actually flows
on the skin of the aircraft. In addition, large charge densities form in the
direct strike lightning case because of the unipolar nature of the injected
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a) Simple transmission line model of F-106B.

This model accurately
reproduces the fuselage resonances.

T

b) More complicated transmission line model to include the wing
resonances. Tail could be included in a similar fashion

Figure 28. More sophisticated transmission-line model for Tightning direct

strike. The models show attachment to the nose (boom) of air-

craft and channel exiting tail region; other cases vould be
similar.
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current. Consequently, an enveloping corona plays a much larger role in the
interaction of lightning with aircraft than it does in HEMP with aircraft.
Finally, since the attached lightning channel affects the electrical response
of the aircraft, it must also he considered in a model of the interaction of
lightning with an aircraft.

The various models used to describe the important features of lightning
and HEMP with an aircraft are summarized in Table 1 (Section II, paragraph
2). These models are needed in the various frequency ranges of the interac-
tion process. Their important figures of merit are the current and charge
densities on the model surface as functipns of position. The simple models
will be used to compare lightning and HEMP in the next chapter.
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IV. COMPARISON

The electromagnetic environments in the form of an incident plane electro-
magnétic wave for HEMP and an incident wave and injected current for lightning
were established in Section II, while Section III discussed computing the air-
craft's response to electromagnetic waves and injected currents. In this sec-
tion, the results of Section II will be combined with the methods of Section
[IT to characterize the threats of HEMP and lightning.

Below 1 MHz, the aircraft reacts as it would to a static field or cur-
rent. Although indirect affects on system electronics do occur, direct
effects like pitting, radome penetration, or flashover in fuel tanks are more
Tikely sources of physical damage than aircraft upset. Since the energy con-
tent of lightning is considerably greater than HEMP, the likelihood of direct
(physical) damage is, of course, far greater for lightning than for HEMP,

The resonant region is charactérized by certain frequencies (the natural
frequencies) very efficiently interacting with the aircraft. For a typical
electromagnetic scattering problem, where a plane's electromagnetic wave
interacts with a conductihg body, the natural frequencies are functions only
of the geometry of the scatterer. However, as the discussion in this section
will clearly show, the natural frequencies are shifted by the presence of the
corona and the lightning channel. Such a shift complicates the comparison of
lightning and HEMP in the resonant frequency regime. .

The high frequency region, above about 10 MHz, is characterized by wave-
lengths comparable to small structural features of the aircraft. In other
words, details of the aircraft's geometry, such as aperturés, fuselage cross
section, and engines are comparable in size to the threat wavelengths. To be
valid in this frequency range, then, electromagnetic scattering solutions
must be capable of treating these details. For plane wave interaction,
numerical solutions capable of resolving 1 m (wavelength of 300 MHz) while
treating some specific details have been accomplished by using special numeri-
cal techniques. However, these numerical techniques are usually limited to
early times, while the analytic solutions have been limited to solutions of
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particular parts of the overall geometry, such as a solution for an isolated
aperture. For direct strike lightning, the high frequency characteristics of
a lightning discharge are not fully understood; consequently, the combined
interaction of direct strike lightning and aircraft at high frequencies is
also not understood.

This section discusses some evidence for the shift in resonant frequencies
and assesses the importance of the shift in natural frequencies necessary for
the comparison of HEMP and lightning. fwo conparisohs'of HEMP and direct
strike lightning are, then, shown. The first presentation uses the continuous
current model for direct strike lightning (Section III, paragraph 1) and the
slab model (Section III, paragraph 4a) for HEMP. These simple models are per-
tinent because they are similar to those used by other researchers (Ref. 24).
In this comparison a region of uncertainty is also shown to indicate the dif-
ficulty in assessing the resonance region of the spectrum.

The second comparison of surface currents will apply the Sassman model for
HEMP (Section III, paragraph 4b) to a simple cylinder and the transmission
line model (Section III, paragraph 6) for direct strike lightning. Finé]]y,
at the end of the section, conclusions about the relative threats to aircraft
by HEMP and lightning are presented.

1. EFFECT OF NATURAL FREQUENCY SHIFT ON THE COMPARISON

The natural frequencies of the F-106B, used in a series of lightning
experiments, have been determined from a variety of of methods (Ref. 58). One
of the methods is to use Prony analysis to extract the natural frequencies
from measured waveforms. This analysis fits an electromagnetic sensor wave-
form f(t) with a series of the form:

N st
Ft) = Z A e (18)

i=1

where the sj represents the complex natural frequencies. Such a method was
used to extract the F-106B natural frequencies from nearby strike data and

portrays the natural frequencies of the aircraft with no attached channel.

These data are plotted (Refs. 58, 59) with the circles in Figure 29. In
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Figure 29, in order to show these shifts, the results of a Prony analysis of
the data for an aircraft having an attached channel and surrounding corona are
plotted as the squares. The natural frequencies are shifted to represent a
more dissipative structure than a bare aircraft.

To reproduce this phenomena in the laboratory, a simple scale model of the
F-106B was constructed; wires were attached to represent the effects of the
channel (Ref. 59). In Figure 29, measurements of the natural frequencies of
the model system are shown by the triangles. The results shown in Figure 29
demonstrate qualitatively that the natural frequencies and, therefore, the
electromagnetic response of the aircraft is distorted by the presence of the
channel and the corona.

The importance of this shift in natural frequencies may be seen by exam-
ining the curves in Figure 30. This figure shows a hypothetical transfer
function from one exterior environment to an interior system. Two possible
exterior environments are superimposed on the transfer function. The threat
to the system is found by multiplying the transfer function with the threat
environment. For example, suppose environment A is HEMP and environment B is
lightning. Because environment A has peaks at theAsame frequencies as the
transfer function, and environment B has peaks near the minima of the transfer
function, environment A results in far higher currents at the interior
system. For the choice of environments given above, HEMP would be the
dominant threat. The opposite conclusion, however, would be drawn if environ-
ment A were lightning and environment B, HEMP. Since there is no way to know
beforehand which environment will couple most efficiently to a particuylar
electronic system, it is not clear which threat will dominate for a particular
electronics box within the resonant region of the aircraft. Examination of
data acquired by measurements of current densities and charge densities on
aircraft in HEMP simulators (Ref. 60) or exposed to lightning (Refs. 15-17)
reveals that the electromagnetic variables do swing significantly in the reso-
nant region of the aircraft. ‘ '

When the threats of HEMP and lightning are compared, the uncertainty in
the dominant threat shows up as a region of uncertainty.
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Figure 30. Transfer function products.
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2. COMPARISON OF SIMPLE MODELS

The first comparison of HEMP and lightning to be presented uses the simple
models of the slab model (Section III, paragraph 4a) for HEMP and the simple
continuity of current model (Section III, paragraph 5) for lightning. 1In
Figure 31, the two models are used to compare the surface magnetic field, on a
1 m radius cylinder, generated by HEMP and by direct strike lightning., HEMP
is calculated from the incident waveform in Equation 2 with a peak field of 60
kV/m, as the saturation field. The surface magnetic field is then doubled to
account for reflection. Direct strike lightning is calculated using the con-
tinuity equation (Eq. 7) with the reasonable worst case current of 100 kA. A
moderate threat waveform may be found by using the Fourier transform of Equa-
tion 7 with a peak current of 10 kA, but with ‘the same 1011 A/s peak rate of

1 IIIHII IR IIIIHI 1 T I EREL

100 kA Lightning

10 kA Lightning

Amplitude

HEMP

L LllHJL I \llnnul Ll Pt
5 6 7 8 9
10 10 10 10 10

Frequency (Hz)

Figure 31. Spectrum of H for two waveforms for direct strike lightning and
(i:) for HEMP. The uncertainty envelopes show the effect of the
resonant region.
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rise as the reasonable worst case current. This spectrum is also shown in
Figure 31.

From these graphs, a different conclusion is apparent for the three fre-
quency bands: 1) subresonant, 2) resonant, and 3) superresonant. Below about
1 MHz, the lightning threat is clearly dominant. In this spectral region,
lightning is far more likely to cause physical damage to the aircraft or to
penetrate the aircraft by diffusion than HEMP. Within the resonant region,
(described in Section IV, paragraph 1) it is not clear which threat domi-
nates. However, above 10 MHz or so, HEMP is much larger. Significantly, this
indicates that apertures, even smaller than those required for adequate pro-
tection against lightning, must be considered when hardening aircraft against
HEMP.

Figure 31 reveals a singular feature of the double exponential function of
Equation 2. The high frequency characteristics of this function are uniquely
- determined by the value of the rate of rise of the function which occurs at
t = 0. For the reciprocal doubTe exponential this is not true since the high
frequency fall.off is exponential rather than 1/f2. For this reason the
moderate threat, when described by the reciprocal double exponential, actually
is a more severe threat at high frequencies than the reasonable worst case
threat, as described by the reciprocal double exponential.

Clearly, the two threats as described by these simple models are differ-
ent; each requires that a different hardening technique be developed in order
to adequately protect aircraft.

Only the surface current is compared in this comparison of simple models
since calculating even a first order estimate of the charge requires a finite
tength model.

3. MORE COMPLEX MODELS

Since the models used in the comparison above are very simple and since
the electromagnetic response of aircraft to actual lightning and HEMP threats
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is very complicated, an illustration of more complicated analysis techniques
is needed. While the two methods used in the comparison below are still very

" simple compared to the phenomena of the real interactions they attempt to

model, they represent a more comlete comparison than previously shown
(Section IV, paragraph 2). In this section, the Sassman model (Ref. 46)
determining the response of a finite length cylinder is compared to a trans-
mission line model that assesses the response of a finite cylinder to an
injected lightning current.

Figure 32 shows a comparison of the nhgnetic field strength H frequency
components for the specified threat waveforms at the aircraft's surface.
Since plots for linear current density (A/m/Hz) and magnetic field are essen-
tially the same, Figure 32 compares the net surface currents as well. The
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Figure 32, Comparison of magnetic field intensity H for HEMP and lightning
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"sampling point" is one-fourth the distance from the nose to the fuselage;
however, even if the point is varied, the spectrum is only marginally
affected. The F-106B is assumed to be a 1 m radius cylinder in all cases.

For the nuclear EMP case, the threat waveform is taken from simple formulas,
(Ref. 61). If H is known, these simple formulas can give the other desired
fields. Also, using MKS units, B = pH, and E = ZoH for an electromagnetic
wave, can yield the other fields. For both lightning cases, the reciprocal
sum-of-exponentials given in Section I can be used for the current versus time
behavior. |

In Figure 33, a similar comparison is presented, but Dnorma] = g, the sur-
face charge density rather than the surface current as shown in Figure 32 is
presented. The nearby strike and the direct strike lightning waveforms are
computed using the transmission line model of Section ITI, paragraph 6 as was
developed for Figure 32. The calculation of the charge on a cylinder with
dinensfons as above for HEMP was accomplished using a simple extension to the
work of Sagsnan (Ref. 46) to include the calculation of surface charge using
the continuity equation. In addition, the surface charge was calculated using
a simple prolate spheroidal model (Ref. 61), with the eccentricity chosen to
obtain agreement with the Sasssman type model.

4. CONCLUSIONS

The general conclusions, the results shown in Figures 32 and 33, then,

are:

_(1) For all frequencies of interest, a direct strike constitutes a far
greater threat than a nearby lightning strike. Indeed, the latter
may be generally ignored.

(2) Below a frequency of approximately 2 MHz, a direct strike is a
greater threat for aircraft than HEMP; above this frequency, though,
HEMP is the greater threat. Details of the HEMP and lightning threat
models as well as the response models affect this conclusion only
when the crossover frequency is changed.
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Since the direct strike currents effectively inhibit nearby strike
effects, we may dismiss the latter from consideration. Although the results
are approximate, it is clearly not possible to consider HEMP effects less
severe than those of lightning.

Significantly, then, at the lowest frequencies, the lightning threat is
more serious than the threat of HEMP. The reverse is true, however, for
higher frequencies. Although the cross over point in frequency depends on the
detailed assumptions of lightning currents and waveforms, etc., it is typi-
cally between 0.2 and 10 MHz; the latter value for the crossover point applies
to a comparison for direct strike effects versus HEMP, while the former
applies to a nearby strike.
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V. OPERATIONAL ENVIRONMENTS <::)

A comparison of HEMP and lightning is not complete without considering the
differences in the operational environments for aircraft exposed to these two
threats. In this final section, then, the differences in the way aircraft are
operated in the presence of HEMP and lightning threats are described; and the
differences in the way the probability of failure data can be interpreted for
the two threats is assessed. This operational philosophy, of course, differs
“in wartime and peacetime. Although HEMP is exclusively a wartime threat, air-
craft are susceptible to lightning strikes in both wartime and peacetime.
Consequently, the hardening philosophy for lightning is hased on peacetime
operational experience and that for HEMP is based on postulated wartime
scenarios. Consequently, a failure rate that is tolerated in peacetime for
lightning cannot be tolerated during wartime for HEMP.

1. OPERATIONS IN A LIGHTNING ENVIRONMENT

Aircraft must be protected from lightning during the peacetime operational <::>
environment, that is, for training flights and normal cargo and passenger
runs. During peacetime the schedules for these missions are not usually
critical; therefore delays due to thunderstorm avoidance are regularly per-
mitted and in most cases required. Such avoidance procedures help keep the
incidence of reported lightning strike down to one in approximately 100
flight hours. Commercial aircraft have about an order of magnitude higher
incidence of lightning strikes because of a stricter adherence to schedule
(Ref. 62); consequently, a somewhat high incidence of lightning strikes to
military aircraft might be expected during wartime.

If a strike occurs, there is a relatively high probability of an effect on
mission accomplishment. The summary of the Air Force data base on lightning
strikes given by Corbin (Ref. 63), shows that 37 percent of the reported
lightning strikes resulted in at least a precautionary landing that became a
missfon abort. In less than 1 percent of the reported mishaps, there was a
forced landing; additionally, in less than 1 percent of the mishaps, the air- <::)
craft was lost. As these data indicate, for each reported lightning strike
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mishap there was: a 37 percent chance of a mission abort; less than 1 percent
(0.8 percent chance from Ref. 63) chance of a forced landing; and less than 1
percent chance (0.8 percent chance from Ref. 63) of an aircraft loss. In
addition, there is about an 8 percent probability of damage to system elec-
tronics. Experiénce for electrical outages for civilian aircraft is similar
with 11 percent of 783 strike reports requiring ground crew maintenance of
particular eTectronic components (Ref. 64). Coupled with the small proba-
bility of a mishap, approximately 10-6 per flight hour, these various

degrees of mishap are rarely observed in peacetime.

Although, there are unreported strikes as well as damage to aircraft by
lightning that have been attributed to other causes. Occurrence of a strike
defined here is an actual report of a strike. However, the reported statisti-
cal base available for this study represents at least qualitatively the actual
probability of a particular occurrence during a lightning strike.

2. OPERATION IN A HEMP ENVIRONMENT

A HEMP environment is experienced by an aircraft during wartime. In all
probability an aircraft will experience HEMP environment at least once during
each mission. In fact, some scenarios indicate that the Soviets may use
mu]tiple high altitude bursts; each burst would expose essentially all the
aircraft with{n an area the size of the continental U.S. to HEMP. Signifi-
cantly, unlike the relative complete data base for 1ightning, no statistics on
the probability of a certain type of failure per HEMP exposure are presently
available. However, the data base for 1ightning does provide some guidance
for estimating the probability of failure per HEMP event.

For lightning, the damage to aircraft is skewed toward structural damage.
Of 877 mishaps analyzed (Ref. 63), 78 percent reported structural damage and 8
percent reported damage to electronic components. Of course one should be
cautious since the reported mishaps and damage are not necessarily complete.
Since HEMP's peak frequency is higher than lightning's, it is expected that
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HEMP would cause more damage to eTectronics than to the aircraft's structure.
Since so many wartime missions depend on sophisticated electronics for
accurate delivery of weapons, the effect on the fraction (that is, 37 percent
for lightning) of missions aborted per event would not necessarily change.

3.  SUMMARY

If 37 percent of the aircraft exposed to each HEMP event aborted its mis-
sion, the Air Force inventory would be quickly depleted with the expenditure
of only a few nuclear weapons by an advérsary. This argument holds for 37
percent mission abort or for the 8 percent rate of damage to electronic
systems. Figure 34 summarizes the results for Tightning. These statistics,
however, are missing several important physical variables necessary for deter-
mining the probability of failure for lightning.

(1) Data is taken on a variety of systems so that the probability of
failure for a given aircraft cannot be determined.

(2) Lightning varies considerably in intensity and waveform, so that
there is a variation in threat environment for lightning.

(3) The system response is not necessarily proportional to the threat
. intensity, so that if the intensity of the threat is increased the
degree of damage may increase drastically, if a threshold is
exceeded.

Because of the differences in the way aircraft are operated in wartime and
peacetime, hardening programs must be designed .to ensure the survival of mis-
sion capable aircraft in both war and peace. Failure rates tolerated in
peacetime for 1ightning, because threat exposure may be avoided, may not be
tolerable in a wartime situation when such a threat environment may not be
avoided. '
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VI. CONCLUSIONS <::)

In this report a number of different aspects of lightning and HEMP have
been discussed. The electromagnetic environments were established for HEMP
from Air Force documents and for lightning currents from available experimen-
tal data. The HEMP waveforms are described by a reciprocal double exponen-
tial; this form was chosen because of the waveform's exponential rise at very
early time. The curve fit used a rise time constant of 2 ns (a 10-90 percent
rise time of about 5 ns); a fall of 250 ns; and a peak field value of the
saturated HEMP field, 60 kV/m. A similar reciprocal double exponential wave-
form is suggested after attempting to make experimental data fit a typical
lightning return stroke current. While there are limited data available and a
large span of lightning characteristics, the reciprocal double exponential
with a peak rate of rise of 1011 A/s, a 50 pus duration and peak current of
100 kA forms an envelope for a reasonable worst case current waveform. The
Tightning current also radiates electromagnetic fields that interact with an
aircraft in much the same way as HEMP. However, because the nearby strike <::)
interacts with an aircraft far less efficiently than the direct strike, the
direct strike constitutes a more severe threat. Therefore, the direct strike
was the basis for comparing the interaction of HEMP and lightning with ajr-
craft.

Lightning and HEMP interact with aircraft differently because HEMP is an
incident plane wave and because in direct strike lightning, current actually
flows on the aircraft skin. For direct strikes, large charge densities appear
at locations of small radii of curvature on the aircraft skin. Additionally,
brush corona also exist neér the regions as well as near the edges of aper-
tures. For the return stroke, the attached channel responds to the current
flowing through it in a nonlinear way because the narrow dimensions of channel
make it resistive and inductive at early times; but at later times it hecomes
a good conductor.

When direct strike lightning and HEMP are compared in terms of the
currents each produces on the surface of a finite length cylinder, and when <::)
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nonlinear effects are ignored, systematic differences are revealed. At fre-
quencies lower than the resonances of the aircraft, the static region of the
‘electromagnetic spectrum, lightning currents are much larger than those
produced by HEMP. This low frequency dominance is demonstrated by the fact
that lightning produces structural damage and HEMP generally does not. At
frequencies above about 10 MHz, the higher frequency content of the generation
mechanisms of HEMP causes the currents on the the test cylinder to be con-
siderably larger than those of lightning in the same band. Between 1 and 10
MHz, the response of even a finite ]engﬁh cylinder is so complicated and so
configuration dependent that neither threat is dominant across the band.

Because the responses of a cylinder to a plane wave and to current injec-
tion differ ultimately, and the threats differ significantly in different fre-
quency regimes, each threat will require a different approach in order to
sufficiently harden aircraft.

Finally, operational differences also require different ‘approaches for
hardening aircraft against HEMP or against 1ightning. Since lightning seldom
strikes an aircraft (about once per million flight hours) a high failure rate
per event can be tolerated. However of the reported lightning strikes, 37
percent resulted in mishaps ranging in severity from a precautionary landing
to the loss of the aircraft. Since it is essentially certain that during war
an aircraft will be exposed to HEMP at least once each mission, a similar
abort rate would seriously erode fleet efficiency.

Since lightning and HEMP present different electromagnetic threats to air-
craft, each requires a different hardening technique. By correctly assessing
the ramifications of the threat and by developing hardening techniques
tailored for each threat, researchers can ensure that advanced aircraft can
successfully complete their missions in both peace and war.
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