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An Atmospheric Limit on
Nuclear-powered Microwave
Weapons

Dan L. Fenstermacher® and Frank von HippelP

We present a simple model that predicts a limit to the microwave energy fluence
(energy per unit area) that can propagate through the atmosphere and show that this
limit falls within levels that can be shielded against. Within the relevant range of
parameters, this model simplifies and extends results reported by Yee et al.l to show
explicitly the dependence of the breakdown time on microwave field strength and alti-
tude above sea level.

With continued nuclear-weapon testing, the possibility that the US and
USSR could develop nuclear-explosion-powered microwave weapons
capable of paralyzing mobile missiles or command systems has complicated
arguments about comprehensive or low-yield-threshold test ban treaties.? In
this note, we explore one physical effect that would limit the capabilities of
such weapons—the rapid (subnanosecond) dielectric breakdown of air under
the high electric fields present in intense microwave pulses.

This limit on the energy fluence deliverable in a microwave pulse, along
with the difficulties of generating and focusing such a beam, leads us to con-
clude that nuclear-powered microwave weapons, like existing counterforce
weapons, would not fundamentally alter the US-Soviet mutual nuclear-hos-
tage relationship. Neither desire for a bloodlessly paralyzing “useable”
weapon nor fear of a possible “gap” in progress toward the development of

a. Congressional Office of Technology Assessment, Washington DC 20510
b. Center for Energy and Environmental Studies, Princeton University,
Princeton NJ 08544
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such a weapon should therefore be used to slow progress toward a nuclear
test-ban treaty.3

ATMOSPHERIC SHIELDING OF INTENSE MICROWAVE PULSES

The physical effect to be described has the result that very powerful electro-
magnetic pulses in the atmosphere are “cut off” in the time required for the
electric field in the leading edge of the pulse to break down the air into a dense
plasma. In effect, the plasma created by the leading edge of the pulse builds
up into a conductor that can block the passage of the remainder of the pulse if
the plasma is thick enough. The required thickness is characterized relative to
a local “skin depth” 8, the exponential attenuation length of an electromag-
netic wave in such a plasma. Since § varies inversely with the plasma electron
density, it rapidly decreases as the electron plasma builds up. When the
plasma becomes dense enough so that the local skin depth is short compared
to the thickness of the ionized plasma, the transmission of the remaining por-
tion of the pulse is blocked (see figure 1). Because the build-up of the ioniza-
tion density is exponential with time, the cut-off time ¢, occurs effectively as
soon as the local plasma density at a distance ct,, behind the leading edge of a
microwave pulse has built up to the point where the skin depth there equals
the length of pulse that has already passed:”

d(z=-cty) =ct, @

Here ¢ = 3-108 m s7! is the speed of light in vacuum, and the distance z is mea-

*  Complete cut-off would occur after just a few more doublings in electron density in addition
to the 40-50 that are typically required to satisfy equation 1. One could also consider “erosion” of
the pulse closer to its leading edge, where the plasma would not be dense enough to cut off the
pulse but where microwave energy would still be transferred to the electrons and dissipated by
collisions. For instance, if 60 ionization doublings occurred prior to ., then the local skin depth in
the middle of the pulse would be about 215 times longer than that at the rear, i.e., 215-ct, (the skin
depth varies as the inverse square root of the electron density), or about 10 kilometers for ¢, = 1
nanosecond. Since we have neglected this erosion effect, pulses propagating horizontally over dis-
tances of tens of kilometers would be somewhat shorter than our model predicts. For vertical
propagation, however, the number of generations in the electron avalanche required to achieve
the cut-off condition is only slightly more than that needed to produce a significant erosion effect
over the narrow range of altitudes in which cut-off occurs, and the erosion effect therefore does
not significantly shorten vertically propagating pulses.
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sured back from the leading edge of the pulse.

In appendix A, we use the simple model expressed by equation 1 to calcu-
late the cut-off time as a function of both pulse electric-field strength and alti-
tude, for cases in which the microwave frequency of the pulse is low compared
to the collision frequencies causing the ionization. In the regimes where the
model i8 well-justified, the results are found to be in remarkably good agree-
ment with numerous experimental results as well as the more detailed
numerical model of Yee et al., which does not make this low-frequency approx-
imation.

We find that, for a field strength E of 1 MV m‘l, the onset of breakdown
occurs just below 50 kilometers in altitude and ultimately results in a pulse no
longer than 1-2 nanoseconds (see figure 2). Using the relationship for the elec-
tromagnetic energy flux or intensity I

E
| I= T 2)

(wheren = 377 for E in V m™! and I in W m™2) this corresponds to a microwave
power flux of about 10° W m™2 and a nanosecond fluence of 1 to 2 J m2." In
theory, stronger pulses can deliver somewhat more energy, but this can only
occur if the rise-time of the electric field at the leading edge of the pulse is con-
siderably shorter than 1 nanosecond. Such fast time-scales would be exceed-
ingly difficult to achieve with a nuclear explosive-powered device, because its
radiation release and hydrodynamic time-scales are on the order of 10 nano-
seconds or more.Furthermore, since stronger pulses are cut off more rapidly
(e, at the altitude of maximum cut-off scales roughly as the inverse of the
electric field), maximum energy fluences through the atmosphere would scale
approximately only as the first power of the electric field rather than as the
square. Thus no matter how powerful or directional the microwave generator,
the energy in the pulse that can be propagated to the lower atmosphere is
quite limited.

*  The fluence is the energy flux integrated over its duration. In our low-frequency model, E is
taken to be the maximum electric field of a sinusoidal wave. 1= (ce,)?, where €, = 8.85-1072 F m™!
is the permittivity of free space.
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Figure 2: Cut-off time 1., plotted against altitude for microwave pulses with various maximum
electric-field sirengths £. The amount of energy fluence remaining in the pulse is given at sev-
eral of the “knees” of the curves. The boundaries of validity imposed by the model’s assump-
tions are indicated for a microwave frequency wo/2r = 0.1 gigaheriz. (The curves for 3
gigahertz would be only about a line’s width to the right of those plotted, but the low-fre-
quency approximation would then be justified only for cut-off times less than about 3 nano-
seconds or, equivalently, for electric fields £ greater than 1 MV m™!)) The dashed boundaries
of reliability are explained in the text.

Figure 1: Schematic diagram illustrating the mechanism of plasma build-up and cut-off as an
idedlized intense electromagnetic puise moves into a fresh region of only very weakly ionized
air. (The vertical scale for skin depth and electron-density is logarithmic.) (@) A pulse of length
L and field strength E approaches the new region of air, whose ambient electron density is n,.
(b) As aresult of dielectric breakdown by the high electric field, a plasma with electron den-
sity n builds up behind the leading edge of the pulse and the local skin depth § decreases.
(c) The front portion of the pulse continues to propagates while the rear portion is partially
absorbed and partially refiected. The cut-off occurs almost immediately after the local skin
depth (at a distance I’ = ct., behind the leading edge of the pulse) becomes short enough
to equal the length of pulse L’ that got through before the ionization had a chance to build

up.
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DAMAGE THRESHOLDS FROM MICROWAVE PULSES

As is well known, electronic components are many orders of magnitude more
susceptible to EMP damage than electrical machinery or ordinary materials.
In general, electronics can be damaged by submicrosecond pulses of micro-
waves with componeﬂt-absorbed energy in the range of only 10~® joules (sensi-
tive microwave diodes), to 103 joules (high-power transistors and rectifier
diodes). Computer chips fall somewhere in the middle of this range (see table
1°

For a microwave pulse with a characteristic wavelength A, components
might be expected to absorb on the order of xg /4m times the energy fluence.®

Table 1: Microwave damage thresholds for electronics®
L ]

EJ.Lernei®  Ricketts etal.° Antinoned

kilojoules
Motors and Transformers 10 - 4,000 - -
millijoules
Vacuum tubes 1 -10,000 - -
Relays 2 -1,000 2 -~100 -
Resistors 1 - 1,000 ~10 -
Rectifier and Zener diodes 05 - 300 ~05 - 1 03 - 100
Medium and high-power transistors 0.1 - 100 ~1 01 - 10
Ge and low-power transistors 0.003- 10 0.02- 1 0.003~ ]
microjoules
Switching diodes - 70 -100 -
Integrated circuits 0.1 - 1,000 ~10 3 -1,000°
Microwave (mixer) diodes 01 - 100 0.7 - 12 02- 20

a.  Columns 2 and 3 are specific threshold energies for 1-microsecond pulses, which would be expected
to be only slightly higher than thresholds for much shorter pulses.

b.  Edc J. Lerner, “Electromagnetic Pulses: Potential Crippler,” IEEE Spectrum, May 1981, p.43.

c. L.W. Ricketts, J.E. Bridges, and J. Milefta, EMP Radiation and Protective Techniques, (New York: Wiley,
1976), pp.28-29, 76.

d. Robert J. Antinone, "How to Prevent Circult Zapping.,” IEEE Spectrum, April 1987, p.38.

o. TlLintegrated circuits are belleved to have a damage threshold from 3-100 microjoules, CMOS from
10-1,000 microjoules, and “linear” integrated circuits frorn 30-1,000 microjoules.
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For subnanosecond pulses, A, < 0.3 meters and hﬁ /4n < 0.01 m2 In the
absence of shielding at the component, atmospheric transmission of 1 J m™2
would therefore translate into a limit on component-absorbed energy of the
order of 1072 joules or less. A subnanosecond pulse with a fluence of 1 J m™2—
which is two to three orders of magnitude greater than the fluences generated
by normal high-altitude EMPs from high-yield nuclear explosions’—might
therefore be a considerable threat to front-end antenna circuitry and certain
types of unshielded electronics.”

Depending upon details of geometry, component orientation, and wave
polarization, however, circuitry enclosed by metal structures with only seams,
apertures, or small conduits to the outside world could have a dramatically
decreased susceptibility to such pulses (see figure 3). Shielding factors of 1073
to 1075 in power are not difficult to achieve in practice.® Shielding against
EMP is a well-studied art, and although tighter boxes and faster acting cir-
cuitry may be necessary, many of the same principles used to protect circuits
against nearby lightning bolts or high-altitude EMP would also be applicable
to protection against pulses from a nuclear-explosion-powered microwave gen-
erator. Even front-end receiver circuitry can be shielded to a high degree using
a combination of fast-acting solid-state diodes, which can have turn-on times
of less than 1 nanosecond, and delay lines to switch out unwanted spikes.?
Electronics inside mobile missiles, aircraft, or command posts could therefore
probably be shielded against pulses from nuclear-explosion-powered micro-
wave generators. Certainly, an attacker should not have a high level of confi-
dence that such weapon systems could be incapacitated at the level of fluence
that could be transmitted through the atmosphere.

MODEL RESULTS

The cut-off times, calculated in appendix A, are plotted in figure 2 as a func-
tion of altitude and electric field. In this figure, a microwave pulse entering

*  For comparison, microwave heating of tissue and skin-burns occur only at very high flu-
ences, in the range (0.2-1)-10° J m™2, and melting or cracking of metals requires as much as (10—
100)-10% J m2. See H. Keith Florig, “The Future Battleficld: A Blast of Gigawatts?,” IEEE Spec-
trum, 25, 3 (March 1988), p.53.
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Figure 3: Schematic diagram illustrating the mechanisms of “front- and back-door coupling”
of electromagnetic puises to electronic circuits. “Front-door” coupling involves the pulse
being picked up by an exposed element of receiving circuitry (the “antenna” here). Circuit
protection is provided by a filter or by switching out such pulses using a delay line. “Back-
door” coupling involves the pulse leaking through protective shielding that often surrounds

the circuitry. (Adapted from Florig, “High-Power Microwave Coupling.” p.105.)
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the atmosphere from space—if it were long enough—would first cause break-
down somewhat above and to the right of the top of the angular curve corre-
sponding to its electric field.” It would then become progressively shorter, as
described by the curve, until it encountered the knee of the curve.” Below that
altitude, it would be shortened little if at all during the remainder of its
descent to the earth’s surface.

Above and below the indicated domain of validity, the curves for ¢, would
eventually bend to the right, and cut-off would take longer than what would
be predicted by simply extending the angular curves in figure 2. Far below the
bottom boundary, cut-off would eventually fail to take place at all, because the
electrons would undergo so many elastic and ultimately inelastic collisions
that they would not be accelerated to ionizing energies, and the true curves
would become horizontal .

As figure 2 indicates, a pulse with a power of 1013 W m~2 (= 100 MV m™})
would cut itself off near the earth in about 0.02 nanoseconds, transmitting up
to 200 J m~2 at centimeter wavelengths. However, this fluence would only get
through if the initial rise-time of the pulse was of the order of 0.02 nanosec-
onds or less—an implausibly short time-constant for a nuclear-powered
device. Therefore, it is more likely that the pulse would be cut off at lower val-
ues of its electric field and transmit much less overall energy.

In figure 4, we compare the predictions of our breakdown model with a

*  The angular curves resulting from the model in figure 2 are, of course, approximations for
what in reality would look more like parabolas opening to the right. For a downward-propagating
pulse, one would therefore expect the most rapid decrease in pulse-length (per kilometer of alti-
tude) to occur over a very narrow range of altitudes near the top of each angular curve—where
they meet the boundary eE), = 1,000 eV. This, in fact, is exactly what is seen in numerical simula-
tions of such propagation. Cf. Yee et al., “Theory of Intense Electromagnetic Pulse Propagation,”
p-1242 (figure 5).

t  This knee occurs at the altitude where the mean free path for electrons initially at rest in the
atmosphere is such that they gain just the right amount of kinetic energy from a given electric
field between each collision (about 20 electron volts) so as to cause ionizations most quickly. See
appendix A, equations A-12a and A-12b.

1 In the low-field low-frequency regime, experiments have shown that cut-off does not take
place at all (the cut-off time goes to infinity) when the electric field is so weak that electrons gain
only about 1 eV of energy between elastic collisions, i.e, eEX, = 1 eV. (See Yee et al., figure 5.)

For verg' high field strengths of around 30,000 MV m™! (corresponding to a pulse energy flux
of about 10'®* W m™2), far to the left of the curves shown in figure 2, electrons would begin to tun-
nel out of air molecules and the ionization would occur much faster than even this model predicts,
thus providing another constraint on the total electromagnetic energy flux that can be propagated
through air.
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Figure 4: Universal plot of the electric field of a microwave pulse (normalized by the pressure)
vs. the product of pressure and cut-off time—for our model and various experimental results.
The indicated values of electron energy (5, 20, and 1,000 eV) at points along the curves cor-
respond to three points along each constant-electric-field curve plotted in figure 2: 5 and
1,000 eV correspond to the electron energies achieved in one elastic or ionizing mean free
path, respectively, at the lowest and highest altitudes justified by the model’s assumptions; 20
eV is the energy gained in one elastic mean free path at the knee of the curves. For one-
mean free path electron energies below 5 eV, the cut-off times are longer than would be pre-
dicted by simply extending the lower straight line predicted by our model. The difference
between the lower (0.03 MV m™'; 0.1 gigahertz) and upper (30 MV m™; 3 gigahertz) curves is
primarily due to the large variation in the ambient “seed” electron density at the altitudes
where these curves apply and, to a lesser extent, the difference in microwave frequency.
(References for experimental data points: P. Felsenthal and J.M. Proud, Phys. Rev., 139,
p.A1796 (1965); S.F. Tetenbaum, A.D. MacDonald, and H.W. Bandel, J. Appl. Phys., 42, p.5861
(1971); and L. Gould and L.W. Roberts, “Breakdown of Air at Microwave Frequencies,” J. Appl.
Phys., 28, p.1167 (1956). Livermore data is from Yee et al., p.1243 (figure 9). All experimental
data were obtained at 2.8 gigahertz.)
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number of experimental results, which fall near a “universal curve” when plot-
ted using the composite variables E/p and pt.,, where p is the atmospheric
pressure. The agreement is quite good over a wide range of electric fields and
pressures. Indeed, we find that our model predicts the correct behavior of the
cut-off time even somewhat into the regimes where the low-frequency approx-
imation or the sufficient-energy assumption (eEA, 2 5 eV) are not strictly satis-
fied."

CONCLUSIONS

The predictions of our model can be used to arrive at bounds on the potential
fluences of pulses produced by microwave generators exploding both within
and above the atmosphere.

Explosion of a Microwave Generator in the Atmosphere

Even if a pulse with a strength of 200 J m™2 were short enough to be able to
survive atmospheric breakdown at 10 meters from a detonation—and we have
not been able to come up with any mechanism that would produce a micro-
wave pulse short enough to have such a fluence—the r2 fall-off of the energy
flux would result in that pulse having a strength of only 0.02 J m2 by the time
it had propagated 1 kilometer, where other nuclear effects would still be
extremely lethal, and 0.0002 J m~2 by 10 kilometers. Therefore, nuclear-pow-
ered microwave generators of potential military significance would require
that their microwave flux be generated in space and directed downward, so
that the energy could spread out over a large area before it entered the atmo-
sphere.

Exo-atmospheric Directed-microwave Weapons
An exo-atmospheric nuclear-explosive~powered EMP weapon might be able to
produce a directed microwave pulse by sending a beam of neutrons or gamma

*  For instance, the low-frequency approximation (wty < 1) would not apply to the curve corre-
sponding to an electric field E = 0.03 MV m™! at a frequency of 3 gigahertz. But the predictions of
our model—if plotted—would fall between the two (angular) curves from the model that are plot-
ted in figure 4, and would thus still fit the experimental results shown there. One can also see
from the figure that extending the curves below the point where eE), = 5 eV would also fit the
data fairly well down to a value of about 2-3 eV.

311
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rays into the atmosphere using a nuclear shaped-charge, generating an EMP
at altitudes between 20 and 40 kilometers that would then propagate down to
the ground,l® or it might generate and focus a microwave beam using the
device itself.11

If 0.1-radian directivity and 10 to 1073 efficiency are assumed, then a 1-
kiloton device exploded at an altitude of 200 kilometers could illuminate a 20-
kilometer diameter circle on the ground with an average fluence of 0.1-10
Jm~2 in the absence of atmospheric breakdown or attenuation.!? One might
guess that, with a more efficient design, a higher-yield device, or by exploding
the device at lower altitude, higher fluences might be delivered to the earth’s
surface. However, according to our model, unless the energy could be com-
pressed into a pulse much shorter than 1 nanosecond—which is implausible
since the radiation release and hydrodynamic expansion from fission and
fusion explosive processes occur over time-scales of about 10 nanoseconds—air
breakdown occurring within 1 nanosecond at electric fields around 1-3 MV m~™
1 would limit the fluence of any such electromagnetic pulse propagating down
through the atmosphere to considerably less than 10 J m™2. If the rise-time
were several nanoseconds, the fluence that passed through the atmosphere
would be less than 1 J m™2 (see figure 2). Thus, 1-10 J m™2 is a rough upper
limit on the microwave fluence that can propagate through the atmosphere
from any plausible nuclear device, independent of the altitude of burst, effi-
ciency, yield, frequency, or directivity.”

Since such a fluence could require precautionary measures or additional
expense for shielding beyond that already incorporated for protection against
ordinary EMP effects and conventionally-produced microwaves,!3
microwave devices aimed at achieving these levels might remain of at least
marginal interest for some strategic planners and weapon designers and could
contribute to the continuation of the nuclear arms race. However, their use
would bring the same risk of escalation to all-out nuclear war as any other

nuclear

*  To produce higher fluences one would have to create very long pulses with much lower (non-

ionizing) electric fields, whose accumulated fluence over microseconds or milliseconds could then
exceed these limits. However, such long pulses would be much easier to shield against—especially
if they were low-frequency (long-wavelength) as well—and would be less lethal to electronics even
if they penetrated the shielding because of heat dissipation over these time-scales.
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nuclear weapon, without having a decisive effect. For all practical purposes,
they should therefore be considered no more useable nor any less dangerous
than other nuclear weapons.

ACKNOWLEDGEMENTS

The authors would like to acknowledge the support of grants from the Carn-
egie Corporation, the John D. and Catherine T. MacArthur Foundation, and
the Rockefeller Brothers Fund.

APPENDIX A: THE ATMOSPHERIC BREAKDOWN MECHANISM AND f.,

We describe here a model of atmospheric dielectric breakdown by electromagnetic
pulses in which the microwave frequencies are assumed to be small in comparison to
electron collision frequencies. This low-frequency model sufficiently covers the regime
of interest for our purposes.

Because of the effects of cosmic rays, natural radioactivity, and (at higher alti-
tudes) ultraviolet rays, the atmosphere contains an ambient densitz' of free electrons
n, that increases very rapidly in the lower region of the ionosphere:!

~ 100 m™ below 36 kllometers
= 10%(h/60 km)'® m™3, for A = 36 to 100 kilometers. (A-1)

If the electric field of a microwave pulse accelerates one of these electrons to an energy
U, sufficient to ionize an air molecule (U; = 10 eV" on average for air), then it can colli-
sxonally eject another electron. If the colhdmg electron’s energy is high enough (above
40 eV), then such an ionizing collision is more probable than an elastic collision. In this
case, both the initial and ejected electrons can quickly cause additional ionizations,
leading to an exponential avalanche that creates a plasma of conducting (free) elec-
trons.

Such an exponential electron avalanche can be characterized by a doubling time
14:
AN

n=n2 (A-2)

The doubling time depends upon the strength of the accelerating electric field and the
“mean free path” of the electrons between collisions with air molecules.

*  The electron volt (eV) is a unit of energy equal to 1.6-107? joules. An electron would gain 1
eV of kinetic energy if accelerated in a vacuum over a distance of 1 meter by a constant electric
field of 1 Vm™!
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Electron Acceleration
The mean free path A is given by

A= (A-3)

1
No

where 0 is the (energy-dependent) total equivalent “cross section” or target area repre-
sented by an average air molecule, and N is the number density of air molecules. N
decreases exponentially with height k& and can be approximated up to about 100 kilo-
meters above sea level by:1°

N=2.7-10%exp ( 7'1:;1 ) m™3 (A-4)

Non-ionizing or elastic scattering dominates in air at electron energies U below about
10 eV and has an associated cross section!6
6,=10"m? (U<10eV) (A-5)
Tonizing collisions dominate above an electron energy of about 40 eV* with a
roughly constant cross section thereafter up to an energy of about 1,000 eV having a

value!

6,~0.3-10° m?(40< U< 1,000 eV) (A-6)

The elastic and ionization mean free paths in these regimes are therefore

~04-107° h < -
A,=04-107 exp ( T meters, (U<10eV) (A-Ta)
A, =12-10%exp ( Z tm ) meters, (40SU<1,000eV) (A-Tb)

If the electric field strength E in the microwave pulse is high enough so that an
electron will be accelerated to at least 20 eV in an elastic mean free path, i.e.,

* g0, =(1/30, 1/3, 1, 3) at U = (10, 20, 40, 80) eV, respectively. o; decreases by a factor of about
3 between 80 eV and 1,000 eV. The value we use for the wider range (40 eV to 1,000 V) is an
intermediate one.
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7 km

E), 220 Vor E 250 exp ( ) MVm™ (A-8)

then collisions in an electron avalanche are likely to be ionizing rather than elastic.” If
the time between collisions is short compared to microwave frequency—i.e., 0wty < 1,
the low-frequency approximation—then the time between electron doublings for this
high-field case t{* (in which electrons undergo no elastic collisions) may be approxi-
mated by the time required for an accelerating electron, starting at rest, to travel an
jonization mean free path A;:'

0 _ ZmCli - 3.7- 10_9
Td =

B eE JE

exp ( 1 4’;(m )seconds (EA,220V) (A-9)

where we have used equation A-7b and E is in V m™.* At very high electric fields (EA; >
1,000 V), the ionization cross section decreases appreciably and doubling times would
be longer than that given by the right-hand side of equation A-9. Thus equation A-9
applies only up to EA; = 1,000 V.

At lower field strengths (EA, < 20 V), the doubling time between ionizations will be
lengthened not only because of slower electron acceleration but also because elastic col-
lisions interrupt the acceleration process and randomize the electron velocity direction.
In a constant electric field E, the average time needed for an electron initially at rest to
gain an energy U by a collisional random walk in velocity-space is

rand /2'"‘)“ 4r U™ _ 1\ prusemn A-10
U SN eE '(ﬁ[emj '5)(“ zeEL) (A-10)

*  Although an electron accelerating from rest is more likely to be scattered elastically than
cause an ionization while its energy is less than 20 eV, most electrons in an ionizing cascade will
begin with energies of 10 eV or more, since most ionizations will occur at energies above 20 eV
and lose only about 10 eV of energy to the ionization. Therefore, the condition in equation A-8 is
sufficient for the avalanche to be dominated by ionizing collisions.

t  Since most electrons created by ionizing collisions do not start at rest, this estimate of ioniza-
tion time is an upper bound.

t  For electric fields just satisfying the condition EA, = 20 V in equation A-9, the doubling time
is given by ‘té ) = 5.10~* exp(hA7 km]) nanoseconds. (This condition is satisfied at the knees of the
curves in figure 2.) This means that the low-frequency approximation wtg < 1 would hold at these
points for microwave frequencies up to about 15 gigahertz at an altitude of 20 kilometers, and up
to 50 megahertz at 60 kilometers. For higher electric fields at any given altitude, the low-fre-
quency approximation would be satisfied for even higher frequencies.
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where A, is again the mean free path between elastic collisions.” If we sett/™d =1(®
(from equation A-9) at the transitional field strength of E = 20 V/A,—to obtain a contin-
uous transition of the doubling time between the low-field random collisional regime
and the high-field direct route to an ionization—we find that U = 26.8 eV is the appro-
priate value to use in equation A-10.

Now, if the electric field is so weak that three or more collisions occur as an elec-
tron passes through the energy range from 9-11 eV—where there is a strong probabil-
ity that the electron will lose its energy to an internal resonant excitation or
dissociation of diatomic oxygen or nitrogen'®—then most electrons would not acceler-
ate to an ionizing energy because the inelastic collisions would keep draining that
energy away.? From equation A-10, we can derive an expression relating the number of
collisions undergone by an electron before reaching its final energy

2

Number of elastic collisions = 2 (—l- -1 (A-11)
eEA,

Using equation A-11, we find that an electron will undergo three collisions while in the
energy range 9-11 eV when eEA, = 5 eV. We therefore take eEA, = 5 eV as a lower
bound on the range of electric field strengths over which our model is valid.

The doubling times in our model are summarized from equations A-9 and A-10 as
follows:

For 20 V/A, < E < 1,000 V/);, ionization occurs at the first collision (after an electron
traverses };), and

*  After an elastic collision randomizes the velocity direction to an average of 90° to the electric
field, the average energy gained before the next collision-time Aty = A(2U/m,)"2 is AU =
m(Av)Y/2 = (eEAL)Y2m,. Setting AU = dU/dt-At gy, substituting for Af,y, and integrating over U
from the first collision, when U = eE\, and ¢ = (2m\/eE)'?, to the final energy gives the result in
equation A-10. This can be compared with the time for an electron to accelerate without collisions
from rest to an energy U: 1:'[’]"'“’" = (2mAJeEWHU/EA)Y?. (e/m, = 1.76-10" C kg™)

1t  In reality, an accelerating electron would ionize an atom on average as soon as it has trav-
eled the integrated A; appropriate to its energy U, where A; decreases with energy up to U = 40 eV.
Our criterion of random-walking to U = 26.8 eV before ionization, rather than traveling an
energy-dependent A, is a conservative approximation, erring on the side of predicting cut-off
times slightly too long. At the transitional field in our model (EX, = 20 V, or at the knees of the
curves), electrons take the same time to cause an ionization either by reaching 26.8 eV after about
2.6 collisions of length A, or by reaching 60 eV after a straight acceleration over a distance A;.

1  The cross section for such energy-absorbing collisions is more than 20 times smaller than the
elastic cross section below 9 eV, but is only about 3 times smaller in the range 9-11 eV. See for
example Yee et al., figure 1.

#  The average number of collisions is simply the total distance travelled divided by A,. The
total distance is A, (from the first collision) plus the integral over time of electron velocity, I(ZU/
m)V2 dt, from ¢ = @mAJfeE)"2 to t = £ given by equation A-10. (This integral is most easily
performed by changing the integration to dU by substituting for dU/d¢ = AU/At ), from a previous
footnote.) Inverting equation A-11 results in the well-known “random walk” in kinetic energy
space U, where the energy gained is proportional to the square root of the number of elastic colli-
sions or “steps.”
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3.7.-10°°
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1g=1¥ =

) seconds (A-12a)

For 5 V/A, < E < 20 V/A,, ionization occurs after a series of elastic collisions (from 56 to
2.6 such collisions), and

. 108 - 2m
1g= 1 = 1'5;210 exp ( 7 k’;n )—% ’ = ° seconds (A-12b)

The knees in the curves in figures 2 and 4 correspond to electron energies of eE), = 20
eV, where the models of electron acceleration expressed by equations A-12a and A-12b
are joined.

Number of Electron Doublings

We must now compute the number of electron doublings required to raise the plasma
frequency and thereby reduce the skin depth to the cut-off length given by equation 1.
At any particular local electron density n, the associated “plasma frequency”!? is

P

2
o = / R 56.44/n s (wheren is in m=3) (A-13)
€,

It is shown in appendix B that, when the plasma becomes dense enough to satisfy the
condition

®? > v (A-14)

P ¢

where v, is the collision frequency, the local skin depth § can be approximated in
terms of w,, using the simple formula

/26
5= [T (A-15)
(Dp W

Here o is the characteristic frequency of the microwave pulse, ¢ is the speed of light,
and

*  Note that we have set U = 26.8 eV in equation A-10 to obtain equation A-12b. Within the
given range of E, the second term in equation A-12b is always small compared to the first.
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_ 2
h ) siforleVsUs= TQ"_ <1,000 eV (A-16)

Ve =Nv (Ge +Ui) =5 1012exp (m

is the approximate average collision frequencg" for electron collisions with air mole-
cules over the entire energy range of interest.?

If we require from equation 1 that 8 < ¢t for cut-off, and substitute & from equa-
tion A-15, we can express the cut-off condition in terms of the plasma frequency:

w2>—2 (A-17)
P oot

When o < 1/, according to the Heisenberg uncertainty principle the pulse that
sneaks through the ionized region will be dominated by higher frequencies, making it
appropriate to substitute w = 1/£, as a typical frequency of the pulse. Since this substi-
tution is then conservative when o > 1/¢, (leading to an overestimate of @, in that case
and hence of the cut-off time), we will therefore use w = 1/¢,, in equation A-17. In this
approximation, equation A-17 becomes

Vc

(subject to ®? > w¥,) (A-18)

2
w22
L 4

co

To obtain an expression for the cut-off time itself, we must express the exponen-
tially increasing @, in terms of ¢ and solve equation A-18 for ¢ = ¢, Using equation A-
13 for @, and equation A-2 for n, we obtain

t/t,

0l = 564> n, 2 (A-19)

Using equation A-18 with this expression and taking the natural log results in

2v, _
max [~—- ; (ov ):I .
o feo : (A-20)
®  In(2) 56.4%n

where the max function has been used for notational convenience in order to incorpo-
rate both conditions from equation A-18. We then use equations A-12a and A-12b to

* v is, of course, dominated by elastic collisions below 10 eV and by ionizing collisions above
40 V. Note that, although the approximation for the collision frequency \7c in equation A-16 is
different from the more exact approximation used previously of constant o; and o, within certain
limited energy ranges, the approximation here is adequate for the purposes of equation A-15 and
is therefore chosen as a matter of computational convenience.
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express the doubling time 14 in terms of E and h, equation A-16 for the collision fre-
quency V,_, and equation A-1 to express the ambient electron density n,(k), and solve
equation A-20 for ¢, as a function of E and A.

Dependence on Microwave Frequency

Equation A-20 holds in the low-frequency approximation w74 < 1 and for electric fields
satisfying the conditions in equations A-12a and A-12b. For electric fields outside this
range (i.e., E < 5 V/A, and E > 1,000 V/A), breakdown is inhibited by nonionizing
inelastic collisions and by the decreasing ionization cross section, respectively, and ¢,
would be correspondingly greater than the value that would be predicted by our formu-
las. For very low fields (EA, << 5 volts), ¢, would increase dramatically and the cut-off
process would eventually be squelched completely.

Values of ¢, that satisfy equation A-20, along with the domain of validity of the
model’s assumptions, are shown in figure 2, as a function of altitude and the electric
field strength of the pulse, for a microwave frequency of 0.1 gigahertz. At 3 gigahertz,
the low-frequency approximation causes the wtyq < 1 boundary to move left by a factor
of 30 along the ¢.,-axis and the &/V, < 1 boundary to move down by 7-In(30) = 24 kilo-
meters. Cut-off times were computed for this frequency as well and, where different,
- were found to be only about a line’s width larger at each electric field than those plot-
ted for 0.1 gigahertz. (This is due to the relative insensitivity of the model to frequency
as long as the low-frequency approximation is satisfied and to the natural-log factor in
equation A-20.) Thus, the curves on figure 2 for t., < 3 nanoseconds (£ 2 1 MV m™) are
also justified and very nearly correct for 3-gigahertz microwave frequencies as well.

APPENDIX B: DERIVATION OF THE ELECTROMAGNETIC “SKIN DEPTH”

In order to understand the features of intense electromagnetic wave propagation
through an ionizing gas or plasma, we employ a one-dimensional plasma-fluid model
combined with Maxwell’s equations to describe plane-wave propagation in the z-direc-
tion:

-3B
\Y = —_— -
,XE > (B-1)
)
V,xB = pJ+c r (B-2)
TV, (v = vyn (B-9)
AW P (g yuxB)-niu (B-4)

dat

*  When the first term in square brackets is the maximum, the solution for t, is actually
implicit. However, because of the insensitivity of the natural-log factor, a few numerical iterations
quickly converge on a self-consistent value for ¢,

319
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where —e, m,, and n are respectively the electron charge, mass, and number density, u
is the electron fluid velocity, p, = V(e,c?) = 4710~ H m™ in MKSA units, J = —neu is
the current density, V, = % 0/dz, v; is the electron ionization frequency (implicitly
dependent on air density), and v_ is the momentum-transfer collision frequency aver-
aged over the electron energies of interest.?! Frequencies (although low compared to
the rate of electron collisions) can be assumed to be high enough so that ions contribute
only as an immobile charge-neutralizing background. The energy equation—which
would include the u-E term as well as terms for the air-molecule-exciting inelastic col-
lisions and the energy transfer associated with the ionization rate v;—is omitted here,
because it decouples from the transverse waves in the linearized approximation to fol-
low.” Without loss of generality, we may also assume that the electric and magnetic
fields of the transverse waves are polarized in the X and ¥ directions, respectively.

We now linearize equations B-1 to B-4, ignoring products of the first-order quanti-
ties E,, E,, B,, u,, u,, and n, while taking the zeroth-order electron density from equa-
tion B-3 to be:

n,(t) = n,exp (v,t) ' (B-5)
where n, is the ambient (“seed”) electron density. Assuming plane waves with fre-
quency ® propagating in the % -direction, the space and time variation can be repre-
sented by exp(ilkz — wt]), where i is the square root of —1. Equations B-1 to B-4 then
become

ikE, = ioB,

—ikB, = —ejignou, — ((0/cHE,
0 = —-epynou, - (iw/c®)E,
—ion + ikngu, = vin
—iongu, = (~en/m)E, - ngv u;

—ion,u, = (-en/m)E, —n,v u,

in which the B,, E,, and u, components (in the first, second, and fifth of these six equa-
tions) decouple from the others to give the dispersion relation k(w) for the transverse
(electromagnetic) waves. This can be written in the form of a complex dielectric func-

tion g() as:

*  See, for example, Yee et al., pp.1238-1240. The pressure term, V,(nU) is also omitted from
the momentum equation, equation B-4, for the same reason; it affects only the longitudinal
plasma waves.

+  Comparing this with the notation in equation A-2, we see that the ionization frequency is
simply v; = In(2)/14, where 14 is the “doubling time” in our model.
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2

£(w) = (M) = 1_L:_ (B-6)
® 0?+iv, 0

The imaginary part of the wavenumber k incorporates the loss of energy due to
electron collisions with air molecules, causing the electromagnetic fields of the wave to
decay exponentially in a characteristic plasma length 8, called the “skin depth”:

1

c
Sk 3./e(w)

The wave’s power, which is proportional to the square of the field strength, thus decays
by a factor of e? = 7 in each skin depth along the direction of propagation.
Using the relation

§=

(B-7)

(2, 32
S(Jarib) = [VE *b-a

2

along with the low-frequency approximations v, >>wand 0): >> @V, , we obtain®

2v
£ | (B-8)
0N o

8

n

Since w, grows exponentially with time, other multiplicative factors involving ® and
v, that come out of the exact expression for 3 have only an extremely small effect on
the cut-off time and need not be included here. For the same reason, the condition ®>
>> wv, is guaranteed to occur, if not before, then almost simultaneously with the cuf-
off time. (See discussion at equation A-18.)

*  These approximations also satisfy the definition of a good conductor, S(e[w]) >> ! R(g[w])].
Alternatively, but with less insight into the plasma dynamics, equation B-8 can be derived from
equation 7.49 (with the electron binding frequency set to zero), and equations 7.58, 7.68, and 7.77
of J.D. Jackson, Classical Electrodynamics, (New York: Wiley & Sons, 1975), pp.284-298.

Note that since there cannot be fewer overall collisions than ionizing collisions (V_ 2 Yy,
the low-frequency condition 1/t4 2 o also implies that V_ > @ If we were to examine the other
regime—the collisionless regime where GC /0 << 1, then the plasma skin depth would simply be &
= c/w,, under the conditions o2 > o? and " R(e) << ~1. However, in this high-frequency regime our
model is not appropriate.
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