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Part 1

PROTECTION OF THE SOLAR POWER SATELLITE

Abstract

This report examines theoretically several features of the interactions
of the Solar Power Satellite (SPS) with its space environment. We calculate
the voltages produced at various surfaces due to space plasmas and the
plasma leakage currents through the kapton and sapphire solar cell blankets.
At geosynchronous orbit (GEO), this parasitic power loss is only 0.7%, and
is easily compensated by oversizing. At low-earth orbit, (LEO), the power
loss is potentially much larger (3%), and anomalous arcing is expected for
the EOTV high voltage negative surfaces. Preliminary results of a three-
dimensional self-consistent plasma and electric field computer program are
presented, confirming the validity of the predictions made from the one-
dimensional models. Lastly, the report considers magnetic shielding of the
satellite, to reduce the power drain and to protect the solar cells from
energetic electron and plasma jon bombardment. We conclude that minor modi-
fications can allow the SPS to operate safely and efficiently in its space
environment. The SPS design employed in this study is the Jan 25, 1978 MSFC
baseline design utilizing GaAs solar cells at CR-2 and an aluminuum structure.
Subsequent design changes will substantially alter the basic conclusions in
this report.



Introduction

Space is by no means empty. It contains light, magne-
tic fields and both neutra) and charged particles. The light
energy is the raison d'etre for space power generation; but
it can also eject photoelectrons from satellite surfaces,
giving the surface a positive charge and giving it an effec-
tive conductivity (Pelizzari and Criswell, 1978).

Magnetic field streng*his in the earth's vicinity range
from 6 x 10°°T (0.6) Gausa) at the earth's poles to 2 x
10° _L ( 2y ) in the neutral sheet in the magnetotail ( 1Y
= 10 ° Gauss). At the geosynchronous orbit, the magnetic
field strength is roughly 1 x 10=7 T (100 ¥ ). A magnetic
field of this strength causes no threat per se to spacecraft
operations; however, it plays a fundamental role in trapping
enerjetic particles. These trapped particles respond not
only to the Earth's magnetic field, but spacecraft fields as
well, especially for spacecraft large in comparison to par-
ticle gyroradii (Reiff, 1975; Reiff and Burke, 1976).

Neutral particles have little effect en spacecraft
operations above ~ 600 km, however, neu-
trals can charge-exchange in the EOTV thruster beam (see
below).

Charged particle populations at synchronous orbit are
)f several types and are illustrated in Figure 1. The inner-
most region is the plasmasphere, a torus-shaped locus of
relatively dense ( ~ 100/cm®), cool (kT ~ 1 eV) plasma that
has evaporated from the ionosphere. Because of the low
energies of the plasmaspheric ions, they are considered harm-
less (Reasoner et al., 1976); however, they can be acceler-
ated by spacecraft electric fields to energies high enough
to do damage (tens of kilovolits). Imbedded in the plasma-
sphere are the radiation belts, regions of very low density
but quite high energy (tens to hundreds of kilovolts) trap-
ped radiation. This radiation can cause hazards to men and
solar cells.

The remaining plasma population that can penetrate to
geosynchronous orbit is ghe plasma sheet (Fig. 1). This
tenuous plasma (0.1-1/cm”) is considerably warmer (kT on the
order of kiloelectron volts) than the plasmasphere (Garrett
and DeForest, 1979). 1In addition, its presence at geosyn-
chronous orbit is 2ssociated with substorm activity, when
both the fluxes and energies are higher. It is this kind of
plasma that contributes most strongly to spacecraft charging
and ;ts concomitant disruption of satellite systems (lnouye,
1976).
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This report concentrates on spacecraft charging and its
effects on solar power satellite (SPS) systems, in parti-
cular the NASA/Marshall Space Flight Center (MSFC) baseline
design (Hanley, 1978). "Worst case" plasma enyvironments are

-used to determine possibie charging hazards. Spacecraft

charging is the principal focus of this paper since its
effects can he severe: arc generation from exceeding break-
down voltages, direct electrical component damage from tran-
sients, disruption of logic and switching circuits from
electromagnetic interference, change of reflective or ther-
mal control surfaces due to the attraction of outgassed con-
taminants or pitting, and shock hazards for extravehicular
and docking activities (see DeForest, 1972; Pike and Bunn,
1976; Shaw et al., 1976).

We will show that, under substorm conditions, the kapton
substrate contemplated for use as a support blanket for the
ref lectors and solar cells will be subjected to near-break-
down voltage. Additional kapton insulation seems unfeasible
because of weight considerations. The alternatives, higher
conductivity substrates or conducting leads to the surfaces,
seem more reasonable since the resulting parasitic currents
are not excessive. The paper also will discuss the optimum
point for grounding the spacecraft to the solar panels and
out Tines a method of using judicious routing of bus-bar
currents to shield the satellite from particle bombardment.
Although it is possible to use a similar method to magneti-
cally align the satellite with the Earth's magnetic field
(counteracting gravity-gradient torques), the fields required
seem unreascnably large.

Spacecraft Charging

A body immersed in a plasma will acquire a net charge
from unequal fluxes of plasma particles. For most plasmas,

‘the electron and ion densities No and Nj are roughly equal,

and the electron and ion temperatures Te and Ty are compara-
ble. Thus the electron flux Je (proportional to Ng vkTe/Me)
is generally much larger than the ion flux Jj , and the body
acquires a negative charge sufficient to bring the currents
into balance. For stationary, isothermal, singly-charged
plasmas, *he equilibrium unlit body potential is roughly
(kTe/e)Ln(Je/adi) (Whipple, 1965), where a is a parameter
(of order unity) depending on the thickness of the sheath,
Exposing the body to sunlight causes photoelectrons to be
ejected. For most substances, the phitoelectron current is
on the order of one to four nanoamps per square centimeter,
Since this is comparable to or larger than most space plasma
electron currents, the surface will tend to acquire a small
positive charge. The actual equilibrium potential will



depend on the details of the ion and electron distribution

function, however (Whippie, 1976). The fluxes to a sunlit

plate immersed in a plasma are shown schematically in Fig,

2. The lit side will tend to charge slightly positive, and
the dark side negative.

The NASA MSFC baseline design (Hanley, 1978) is shown
in Fig., 3. The surfaces on the satellite are divided into
two types: active and passive, depending on whether or not
voltages appear on the surface as a result of the satellite's

~own power supply. Passive surfaces include the solar re-
'flectors and structural members. Active surfaces include
the solar cells, interconnects, and bus bars., Active sur-
faces may attract or repel the ambient ions or electrons
depending on the polarity of the surface voltage. Currents
reach the passive surfaces only by photoemission and the
thermal motion of ions and electrons. (We ignore backscat-
tered and secondary electrons.)

Calculation of Potentials

We make the simplifying assumption of a thin sheath (or
1-dimensional) approximation, i.e., the area collecting
plasma is the actual geometrical area of the satellite (no
focussing considered). The ambient electron and ion cur-
rents, therefore are, simply the thermal currents, given by

_ Ne_ , BKT ,1/2
Jie ® 4~ () (1)
where N, e, T, and M are the number density, charge, temper-
ature and mass for electrons or protons, depending on which
current is calculated.

Parker (1979) has addressed the problem of a large flat-
plate solar collector in space. He has found that the thin-
sheath approximation is not valid at geosynchronous orbit
for active structures. However, in the MSFC design, the
passive, grounded reflecting panels form a trough in which
the solar cells lie. Since the reflectors are conducting,
tney have a tendency to confine electric fields from the
sular cells within the trough., This reduces the thick-sheath
focussing effect because the electric fields do not pene-
trate significiantly into space above the trough, and the
ref lectors themselves are barriers against plasma fluxes
entering from the sides of the trough. Later in the paper
we verify this assumption by showing results from a modified
version of Parker's PANEL program for the special geometry :
of the MSFC design. N

The analytic calculations below assume,for simplicity,



an intermediate sheath appreximation; i.e., no focussing of
outside plasma is considered, yet the sheath is large enough
that photoelectrons from the reflectors can impact the solar
cell, and vice versa,

For GEO, our assumed "worst case" plasma conditions
are: Ne = Nj = 2/cm®, kTg = 5 ke and kTj = 10 keV (lnou*e.
1976). This yields Je = 3 x 10! A/cm? and 95 = 1 x 10°1}
A/cm*,

The photoelectron current density was calculated by
integrating the product of the photoelectron yield function
for synthetic sapphire and the solar spegtrum:2 the resul-
ting photocurrent density Jpe is 3 x 107" A/em”“. A similiar
calculation for aluminum yields roughly the same photoelec-
tron current density.

It is apparent, then, that the photoelectron current
will usually dominate for all sunlit surfaces at GEO. The
equi Hbriun potential for such surfaces will be on the order
of a few times the average photoelectron energy, from about
1 to 100 V positive, such as is found on the dayside of the
moon (Reasoner and Burke, 1972; Freeman and [brahim, 1975),
Passive sunlit surfaces will attain this voltage; however,
for active surfaces, the finite conductivity of the cover
surfaces (kapton and sapphire) will prevent this voltage
from being obtained, i.e., the surface potential will more
nearly follow that of the underlying solar cell.

Nightside potentials are estimated from Chopra's (1961)
equation:

kT MNiTe
~‘1’_ e In { MoTs ) (2)
For the "worst case" described above, this implies a dark-
side potential of -17,000 V. Secondary electron emission or
backscattering will reduce this potential somewhat. Again,
passive surfaces will attain this voltage, but most active
surfaces will be more nearly the potential of the underlying
solar cell.

The most vulnerable active surfaces on the satellite
are the sociar cells because the ohmic contacts are separated
from the plasma by only tens of micrometers of shielding.
Figure 4 shows the dimensions and structure of the solar
cell selected in the MSFC design. The GaAlAs cell is sup-
ported from below by a kapton blanket and is covered with
synthetic sapphire. The sapphire coverglass is 20 um thick
and the kapton blanket is 25 um thick.



For our study, the solar cell was idealized as a sap-
phire - active regfon - kapton sandwich as shown in Fig. 5.
Plasma ions were assumed to be attracted to the negatively
biased porton of the solar array and plasma electrons to the
positively biased portion. Photoelectrons were assumed to
leave the negative surface and be attracted to the positive
surface. Secondaries were neglected. The currents used
were those described previously; we assume a steady state
condition. 1In this case the voltages across the sapphire
and kapton dielectrics are the photoelectron and plasma cur-
rents multiplied by the resistance of Ehe dielectrics. The
assumed resistivity of sapphire is 10'% ohm-cm. Based on
the measurements of Kennerud (1974) we have approximated the
resistivity of kapton by

o=9.2 x 10" exp -[E/1.1 KV/mi1] ohm-cm,

where E is the electric field across the kapton in KV/mil.
The transcendental equation for the potential difference, V,
through the 1-mil kapton layer is In [V/K] 5 .-V/1100, where
K <§s proportional to tne current (K = 9 x10°" x thickness
(cm) x current (A/cm ). This equation was solved numeri-
cally. The resulting voltages are shown on Fig. 5: a drop of
949 V through the jon-attracting side, and a drop of 3.3 KV
through the electron-attracting side. In no case are the
breakdown voltages exceeded; however, the voltage on the
positive array is within a factor of 2 of the breakdown volt-
age. For an electron current ten times larger (which can
certainly occur within the satellite's life-span), the voit-
age drop is 5.4 kV, which is near breakdown. For this
reason, we recommend replacing kapton with a higher conduc-
tivity material, or else providing a current path from the
solar cell to the back side. Conductive coatings will also
help reduce spot arcing (McCoy and Konradi, 1979).

Kennerud (1974) and others have found aromalous arcing
when solar panels are held at high voltage negative in a
plasma. Typical voltages and currents required for sucp
anomalous arcing to take place are 400 volts at 1 x 10~
A/cm?, Our expected ion currents {9 the negative portion of
the solar array at GEO are 1 x 107" A/cm® . Therefore, we
do not anticipate anomalous arcing in the GEQ environment.

The MSFC design calls for the reflecturs to be con- o
structed from 0.5 mil (12.5 um) kapton covered with a 400 A
film of aluminum. We expect the aluminized front side
potential to be fixed at 1 to 100 vcits positive by photo-
electron emission. Using the same analysis that was applied
to the kapton solar cell blanket, we calculate the reflector
back side voltage to be approximately -1.7 kV for our stan-
dard "worst case" condition, and-2.7 kV for a ten times



larger electron current. The breakdown voltage for 1/2 mil kapton is 3.1 kV,
which could be reached with only slightly more severe plasma conditions.
Ci.arly, the backside must also be conducting and electrically connected to

the front, or the kapton must be replaced with a higher conductivity material.

A summary of the expected voltages on various surfaces during sunlit and eclipse
conditions is shown on Fig. 6. Note that during eclipse the entire satellite
may charge to high voltage negative. This should be countered by the use of a
hot filament electron emitter to bleed electrons from the spacecraft.

Optimizing the Grounding Point

The currents between the satellite and the plasma will
adjust until the net current is zero. This means that the
flow of current to the positively biased areas must equal
that from the negatively biased areas. In a flate plate
collector, the balance is between plasma electron currents
to the positive portions and plasma ion currents to the
negative portions of the array. Since the plasma electron
currents are so large, the plate will "float" substatially
negative, I+e.~ the-area of the collector with negative
potential is much larger than the corresponding positive
potential area (Parker, 1979).

In the MSFC design, however, the large aluminum reflec-
tors are also sources and sinks of photoelectrons. Photo-
electrons from the reflectors will be attacted to positive
portions of the solar cell array and photoelectrons from the
negative portions of the solar cell array will be attracted
to the neighboring reflector (Figure 7). These electrons
will "hop" along the surface (Pelizarri and Crisweli, 1978),
adding to the power drain., Thus the photoelectron current
becomes the dominant parasitic current, at least in all but
the most intense substorm environments,

The large aluminum reflectors make a convenient space-
craft ground, since the sunlit sides will remain a few volts
positive with respect to space. To minimize the power drain,
the solar cell array should drive no new currents through
the reflectors to the plasma. Thus the reflector "ground"
should be tied to the solar cells in an optimium way. Accu-
rate calculation of the 3-dimensional electric field pattern
and resultant power drain including effects of the space
charge and secondaries is a formidable task; an oversimplifed
argument follows. If A- is the solar celi area that is
negative and A+ is the solar cell area that is positive,
current balance requires

(A') (Jpe + 2Ji) = (A+) (Jpe + 2"’3) (3)
(dpe *+ 20)/(Jpe + 2%).

or, A-/A+



Here we assume that the photoelectron flux from the reflec-
tors to the positive segments is approximately the same as
the photoelectron flux from the negative segments to the
reflectors. For low plasma-current regions, (e.g., the
plasmasphere or the quiet plasmasheet) or for cases in which
the plasma current is shielued from the surfaces magneti-
cally, the ratio approaches unity, Even for our "worst
case," the ratio is only 1.17. Therefore, we recommend
grounding the midpoint of the string to the reflectors. On
the other hand, at low Earth orbit plasma electron and ion
ram fluxes dominate, and the grounding point must be more
carefully calculated.

With the ground point determined, the parasitic load
can be calculated. The principal parasitic current at GED
is from photoelectrons (Fig. 7), and is calculated to be
about 3000 A . Coupled with an average potential drop of
11375 V, this implies a power loss of 34 M4, which is only
0.7% of output power, and is easily manageable by slight
oversiziny. This percentage power loss is comparabie to
that ( ~ 0.1%) from a flat-plate collector (Parker, 1979).
Thus optimizing the grounding point at GEQ is not critical.
As discussed later, however, at LEO optimization could be
very important.

Currents at Low-Earth Orbit

An integral part of the SPS concept is the Earth-Orbit
Transfer Vehicle (EOTV) which will transfer the SPS to GEO.
It is expected to employ a high-voltage solar cell array and
to operate primarily in the low-Earth orbit (LEO) environ.
ment where the plasma currents are considerably diffgrent
than GEO. At 400 km_altitude, the dominant ion is 0 with a
number density of 10%/cm® and a temperature of 2000 K
{Johnson, 1965). Thus the thermal ion current will be 7 x
10~% A/cm and the thermal electron current will be 3 x 1077
A/cm . For these currents, the potentials on the EOTV will
be comparable those for which Kennerud (1974) found arcing;there-
fore, one must expect arcing to take place on negatively-
biased surfaces unless a lower-voltage array is used.
Indeed, arcing has been observed from insulated surfaces in
a LEO simulation vacuum tank test (McCoy and Konradi, 1979).
Alternatively, the array could be biased with a minimum of
negative surface (grounding the lowest end of the string to
the reflectors), but that would be far from the optimum
grounding scheme, and would increase parasitic losses by a
factor of three.

Spacecraft motion implies @ substantial though varying
ram flux which will cause an addiSiona] parasitic current
drain of as much as 2 x 1077 A/em“. Coupled with the cur-



rent losses due to the thermal currents, the power 105s could be as
high as ~3%. As noted, however, arcing probably will occur at much
lower potentials than those for which 3% power loss would be observed.
Parker (1979) has pointed out that sheath and wake effects also could
substantially alter the satellite potentials and current flow.

EOTV Parasitic Load Due to Thurster Charge-exchange lons

An additional source of parasitic cureent for the EOTV is created by
charge-exchange of fonized neutral gas from the thrusters with the
energetic fons from the main thruster ion beam. This results in "thermal"
ions which may drift into the Langmuir sheath electric field region
surrounding the solar cell array. Once into the field they will be
accelerated toward the solar cells and produce a parasitic load.

Following an approach outlined by H. R. Kaufman (NASA CR-135099) we
have estimated the resulting parasitic load to the EOTV solar array to
be 174 M4 or 52% (Freeman and Few, 1979). This load is clearly inacceptable
but it can easily be mitigated by placing a shield between the thrusters
and the solar array. This shield can consist of an alumnized kanton sheet
stretched across the end of the EOTV. The shield will need to have a
he:ght comparable to the dimensions of the Langmuir sheath, about 500 m.
Additionally the low voltage edge of the solar cel11 array should be located
toward the outside. Similar shields should be considered adjacent to the
ACS thrusters on the SPS itself.

Non-Steady State

Until now it has been assumed that the charging currents from the plasma
are steady. This approach is supported by a study of the time dependent
charging of a three-axis stabilized spacecraft by Massaro et al., (1977).

For all the surfaces modeled, they found that the greatest differential
voltages occurred in the steady state 1imit, although nearly instantaneous
changes in absolute potential were observed. However, in order to evaluate
the effects of non-steady charging, we calculated the RC time constant or
discharge time of the relevant insulators, sapphire and kapton. The RC
decay time is pe where p is the resistivity and ¢ the permittivity. For
kapton this implies a time constant of 1 hr; for sapphire, 1 sec. Large
magnetospheric changes can occur with 1 min - 1 hr time constants (McIlwain,
1974; Inouye, 1976). Therefore, high voltages can build up on the kapton in
time intervals short compared to the discharge time. Transient charging is
not expected to cause differential charging in excess of the steady state
predictions, nevertheless, the large kapton time constant reinforces the pre-
vious conclusion that kapton should be replaced with a higher conductivity materiay,

3-Dimensional Model

A1l of the foregoing analysis on parasitic loads, plasma induced voltages,
etc., is based on one-dimensional plasma theory. More precise results require
a three-dimensional self-consistent computer model which takes into account all
plasma sources and interactions with reflectors simultaneously. A computer
program, "PANEL"" written by Dr., Lee Parker (Parker, 1979), provided a convenient
starting point for our model of the SPS environment. Preliminary results will
be presented here. They are preliminary since we have not yet included the photo-

electron current (which we showed to be important), nor have we as yet included
space charge effeéts. Nevertheless, the results demonstiate severax important
features of the sheath around the SPS troughs.




PANEL utilizes a three-dimensional grid where the sat-
ellite is modeled by fixing potentials at selected grid
points., Laplace's equation is then satisfied by relaxing
the free space potentials until Gauss's law is satisfied for
a box surrounding each point. The currents and power losses
re obtained by numerically performing the integral

n/e 29
J = {Q dv { dé 6 dé f (v,0,4) v® cose sing

where J 1s the current density, and f is the distribution
function. The prcblem is then to evaluate f. For a colli-
sionless steady state plasma, the Vlasov equation

v+ Vf +% (K 3vf = 0, states that a distribution function

is constant along a particle's path in phase space. If f is
written in terms of a particle's total energy (E = T + V,
the kinetic plus potential ensrgy), f will be constant in E
along the path in real space. The integral for J is then
transformed into a sum using the method of gaussian gradu-
atures which picks key values of E, 6, and ¢. These values
represent trajectories that are traced backwards to either
source or nonsource regions to determine the value of f,
Once the current is known it is multiplied by the local
potential to determine the power loss at that point.

PANEL is a Laplacian calculation since space charge
effects are not included in the electrostatic potential
calculation. The next phase in the development of PANEL is
to calculate the charne density for each point in space by
evaluating the integral

- /2 m
N = 5 dv 5 do 5 d¢f (v, 6,¢6)v2sine

in the same manner as described for the current caiculation.
Then PANEL must iterate between the potential relaxation
routine and the density calculation since the density calcu-
lation depends upon the potential structure for accurate
trajectories. This is known as the inside-out method
(Parker, 1977) because trajectories are traced backwards in
time.

Figure 8 illustrates the three dimensional grid used to
model two interior panels of a trough. Not shown are grid
points at the intersection of all integer x and y values and

even values of 2z, One unit of grid sparing corresponds to
85.0 meters, giving model dimensions of 765 m X 425 m. Fixed
voltages are indicated on the figure. The assumed plasma

10
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conditions are Ny = No = 2/cm®, kT4 = 10 keV, kTa = 5 keV,
For these conditions, the random thermal current densities
are, as before:

Jgn,i = 125 x 107 a/m?
Jth,e = 3.79 x 107 a/m?

The dimensionless numbers at selected points on the panels
are ratios of local average electron current densities to
the random electron thermal current. For the two panels
modeled, PANEL traced 864 trajectories per grid square of
surface. The resulfing total current collected and power
loss are 6.64 x 10 , and 5.66 x 102 W for protons and
2,25 A and 2,72 x 10" W for electrons. Calculated potential
patterns in the x = 0 plane and y = 3 plane are shown in
Figs. 9 and 10, respectively. Note that potentials of only
1-2 kV extend beyond the upper limits of the trough, justi-
fying our earlier "intermediate sheath" approximation,

Photoelectrons from the reflectors and backscattered
and secondary electrons undoubtably will be important con-
tributor to the power loss but have not yet been modeled.

Magnetic protection of the SPS

5 The 3PS of necessity contains bus bars of current

10° A, routed between the solar panels and the microwave
antennae. With judicious routing of these bus bars, the SPS
can create its own protective magnetic barrier, screening
out all the low energy (~100 eV) plasmaspheric plasma (which
can cause power drain?, and most of the energetic electrons.
Parker and Oran (1979) have shown that this idea is feasible
with nominal bus-bar currents. We propose modified bus-bar
currents to prevent spacecraft fields from merging with the
earth's magnetic field. Merging can have two harmful ef-
fects:

i)} It can channel energetic particles trapped in the
Earth's magnetic field towards sensitive areas of the SPS.

2) 1t can energize the high density plasmaspheric
plasma that would otherwise be harmless.

Previous spacecraft were small in size compared to
particle gyroradii, so magnetic effects were not important.
The size of the SPS, however, is comparable to particle
gyroradii, so magnetic effects must be taken into account.
(At geosynchronous orbit, a 2 eV proton or 3 keV electron
has a gyroradius of 2 km; a 50 eV proton or 80 keV electron
has a gyroradius of 10 km,) 1In the following, in order to
estimate these effects (i.e., to repel trapped particles and
to minimize energy released in magnetic merging) we assume
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that it s important to have spacecraft magnetic fields
parailel to sensitive areas (e.g., solar cells) and aligned
with the Eavth's magnetic field. (Even magnetic fields
perpendicular to the surface can be beneficial, however, and
have been considered in Parker and Oran, 1979).

A solenoidal bus-bar winding yields the best magnetic
field configuration: at a distance, the field approaches
that of a dipole, and in the vicinity of the satellite the
field s parallel to the solar panels. The windings tor the
solenoid should enclose as much area as feasible. This will
have two benefits: 1t will maximize the overall dipole
moment while minimizing the bus bar length and thus IR
Yosses, and will minimize the internal field. On the other
hand, for spatial uniformity, one should have a least one
turn per kilometer. Some possible cross-sections are shown
in Fig. 11. This figure is a view from the north end of
three types of trough-like SPS design and shows one turn of
the helical winding each,

The field of the SPS must have sufficient rigidity to
successfully deflect the species desired to be excluded.
Table 1 show magnetic moments w required for various tasks.
Two possible orientations of the SPS's dipole moment are
compared: parallel or antiparallel to the Earth's dipole
moment. A parallel orientation, since it adds to the local
magnetic field, is more efficient at shielding the SPS from
particle bombardment; however, the opposite orientation is
dynamically more stable, since the SPS's moment will tend to
align with the Earth's magnetic field. In fact, the moment
may be used to balince gravity-gradient torques if the dipole
moment is large enough. .For a ?uniform) body 22 km long and
4 km wide of mass 5 x 10° kg, the moment of inertia about an
axis pggpendigu1ar to the length of the satellite would be
2 x 10*°“ kg-m* . The daily + 10 deg tilt of the geosynchro-
nous magnetic field yould cause a torque on the satellite of
(uxB)=1.7x 10 Nt-m, for a wu = 10}2 A-m® (corre-
sponding to 0.9 Nt of force on each end). Since the sat-
ellite is so massive, this torque will result in a daily
sinysoidal tilting motion of the satellite of amplitude ~
10-° degrees, completely negligable. A 10 deg tilt of the
satellite toward the Earth, in contrast, will cause a grav-
ity-gradient torque of 2.7 x 10° Nt-m, or 125 Nt at each
end, requiring a magnetic moment of 1.5 x 10!* A-m® to bal-
ance it. Then, however, the 10 deg misalignment between the
spin axis and the dipole axis of the Earth would become more
important. In addition, the magnetic fields in the SPS
center would be quite large (90 G.). The internal field is
sensitive to the exact configuration, and can vary by a

factor of_two or so depending on the area and number of turns
per km., The rigidity, on the other hand, is not too sensi-
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tive on the exact configuration, being mainly a function of
- overall magnetic moment.

One reasonable magnetic field configuration is shown in
Figs. 12 ~» 14. The dipo\§ moment assumed for these figures
is the low-field case, 10'? A-m? per km, 21 km total. Al
components of the field are, of course, linear in the dipole
moment. This model superposes 21 dipoles at 1 km intervals
(simul.ting one turn per km). Figure 12 shows vector mag-
netic fields for one quadrant; Fig. 13 shows contours of
constant |B|, and Fig. 14 shows magnetic field components.
Here the z-component is measured along the long axis and
the p component is measured from the long axis. The center
of the SPS is the lower left corner (2 =0, ¢ = 0). Only
one quadrant is shown because of symmetry: B,(z) = By(-2);
Bo(2) = -By(~2). The field is similar to tha% of a solenoid
and is nearly parallel to the long sides of the SPS (and
therefore to the solar cells), converging at the SPS's north
and south ends. (The SPS is aligned north-south to minimize
the shadowing of one SPS on another jn.the equinox seasons.)

The field in Figs. 12 - 14 is strongest at the ends and
weakest in the center; therefore, fewer wraps (or, more
likely, less current per wrap) could be used at the ends and
stil]l obtain the same overall rigidity. A field of 100
extends to over 7 km from the center, and a field of 20
extends to 19 km. The overall rigidity at p = 1 km, 2 =0
km is roughly 2000y - km (G-cm). With a magnetic field of
this orientation and strength, ions < ™0 eV (including all
the plasmaspheric nlasma) and electrons < 30 keV (most of
the plasma sheet electron fluxes) are excluded. Higher
dipole moments would yield more shielding (see Table 1).
Thus, it appears that magnetic protection is feasible.
Because of the convergence of the field, particle fluxes
will have a tendency to strike only the ends of the long
axis of the SPS. Simply capping the ends of the SPS, then,
will be sufficient to protect electronics and humans inside
from the lower-energy particles. Such capping is also useful
to prevent the plasma from the ion engines from returning to
the satellite, causing a significant power drain (Freeman
and Few, 1979).

Conclusions

The SPS will certainly interact with its plasma envi-
ronment. It appears that, with relatively minor modifica-
tions to the NASA MSFC baseline design, these interactions
will not significantly impair SPS operations. The conclu-
sions and recommendations of this study include:

1) Arcing is likely to occur on kapton surfaces (the
solar reflectors and the solar cell back surface blanket)
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during substorms unless the kapton is replaced by a lower resistivity
material (p < 10'® ohm-cm) or current paths from the surfaces to the
solar cells are provided.

2) The SPS parasitic load under normal conditions will be about 34 MW
(for a 5 GW array) at geosynchronous orbit. This 0.7% power loss should
be accomodated by oversizing.

3) The optimum grounding point at GEO for the SPS solar cell array i
approximately the midpoint on the voltage string. At LEO, arcing considsra-
tions demand that the string be birased mostly positive, although the op!imum
configuration to minimize power loss would be substantially negative (see
conclusion 5).

4) The solar cells may require conductive coatings. The reflector
panels may require current paths linking the front and back sides. Laboratory
tests in a substorm simulator on realistic solar panels are recomrended to
determine the actual arcing probability.

5) Severe arcing problems are expected for negative portions of the EOTV
solar cell array at LEO. Overcoming this problem by biasing the array as
positive as possible will result in high parasitic loads (power losses on
the order of 3%). Only a low voltage EOTV solar array should be used.

6) The SPS will occasionally charge to about -20 kV during eclipses. An
active discharge method such as a hot filament electron ewitter should be
provided.

7) A shield should be placed across the ends of the EOTV to prevent
thruster ion feedback to the solar array. Similar shields may be required
on the SPS.

8) Three-dimensional computer modeling of the SPS electric field pattern
and plasma currents is underway. The model shows that, for the grounding
scheme used here, spacecraft electric fields extend only slightly beyond the
reflectors.

9) Active magnetic plasma shielding is possible through judicious routing
of bus-bars; power drain from additional lengths of bus-bars has not been
calculated yet.

10) It is possible to use the internalmagnetic field to align the satellite
(counteracting gravity-gradient torques), but it would require an unreasonably
large magnetic moment (1.5 x 10" A-m?),
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FIGURE CAPTIONS

Fig. 1 Sketch of the Earth's magnetosphere (from Mizera and
Fennell, 1978).

Fig. 2 Schematic of plasma
and photoelectron currents,

Fig. 3 Sketch of the MSFC January 25, 1978, baseline design
(from Hanley, 1978).

Fig. 4 Cross-section of a proposed GaAlAs solar cell (from
Hanley, 1978).

Fig. 5 ldealization of the solar cell blanket, used in cal-
culations of electrostatic potential, for the "worst case"
plasma fluxes.

Fig. 6 Summary of voltages on the reflectors and solar cells
surfaces, for solar cells at large positive voltages (top),
large negative voltages (miadle), and ouring eclipse (bot-
tomg. (Midpoint of the solar cell voltage string is assumed
to be grounded to the sunlit side of the reflectors.)

Fig. 7 Summary of parasitic current densities for the SPS
and the parasitic current and power loss total for one half
of the Marshall satellite (5 GW system).

Fig. 8 Computer grid used to model 2 panels of the SPS.
(Small numbers on the panel surface are the plasma electron
currents normalized to random thermal currents.)

Fig. 9 Equipotential contours in the yz plane at x = 0 (in-
dicated in Fig. 8).

Fig. 10 Equipotential contours in the xz plane at y = 3 (in-
dicated in Fig. 8).

Fig. 11 Recommended curi-ent windings for several SPS con-
figurations (view from north end).

Fig. 12 Vector magnetic fields
for a solenoidal current
configuration, low-field case
(v =10 A-m? per km, 21 km
total). (Z-axis is along the
spacecraft (z = 0 is the
center), and p is measured
from the spacecraft axis; only
one quadrant is shown, because
of symmetry: Bz(-z) = Bz(z);
Bp(-z) = -Bp(z)’)



Fig. 13 Contours of constant
AB for the low-field case.
nly one quadrant is shown,

Fig. 14 Contours of constant B, and B;, low-field case.
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Magnetic Moment Required for SPS Tasks

Task Rigidity Orientacion Internal Required
Required 0f Moment Field Moment-

(Gauss) A-m? / kmt

Shielding 2 x 108 *paraliel 1.3 1 x 108}

200 eV Antiparallel 4 3 x 104}

Protons

and 30 keV

Electrons

Shielding 8 x 103 *parallel 5.3 4 x 1011

3 KeV *Antiparallel 11 8 x-1011

Protons

and 2 MeV

Electrons

Shielding 3 x 10" Paralic) 20 1.5°'x 1012

30 KeV *Antiparallel 25 2 x 1012

Protons

10 MeV

Electrons

Magnetic N/A *Antiparallel 92 7 x 1012

Alignment

(Baiance

Gravity-

Gradient)

*Rec ommended Orientation

iMultiply by 21 for total magnetic moment.
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2.

3.
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6.

SUMMARY AND CONCLUSIONS

The very high 1ightning flash density in ..any parts of the United
States and the large size of the SPS rectenna require us to incorporate
1ightning protection systems in the rectenna design.

A distributed 1ightning protection system is described in this report
that will protect the rectenna components from direct 1ightning strike
damage and will, in addition, provide reduced induced 1ightning effects
in the power and contrnl circuits.

The proposed 1ightning protection system should be incorporated as a
structural member of the rectenna support system; viewed as such, the
lightning protection system will not appreciably increase the total
material requirements for the rectenna unless materials are used that are
incapable of safely conducting lightning currents.

The 1ightning protection design places the conducting elements o that
the microwave shadow cast by protection systems falls along the upper
edge of the billboard on which it 1s mounted (and the lower edge of the
next billboard to the north); these shadow areas are only a slight
fraction of the collecting area, so the protection elements produce very
little, if any, additional power loss to the rectenna as a whole.

Individually the microwave diodes are selfe-protecting with respect to
"average" lightning and those near the center of the rectenna are safe
from extreme 1ightning. However, the series connection of the diodes to
form 40,000 V strings creates a protection requirement for the string.
Standard surge protection practices are necessary for the string.

Electric power industries usually attribute 10% of the cost of power

transmission equipment to lightning protection requirements. If this
factor is not already included in cost estimates, it should be added.
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Part 11

LIGHTNING PROTECTION OF THE RECTENNA
ABSTRACT

Computer simulations and laboratory tests were used t¢ evaluate the
hazard posed by 1ightning flashes to ground on the SPS rectenna and to make
recommendations on a 1ightning protection system for the rectenna. The
distribution of lightning over the lower 48 of the continental United States
was determined, as were the interactions of 1ightning with the rectenna and
the modes in which those interactfons could damage the rectenna. The studies
showed that 1ightning protection was both required and feasible. Several
systems of 1ightning protection were considered and evaluated. These included
two systems that emPoned 1ightning rods of different lengths and placed on
top of the rectenna’s billboards and a third, distributed system. The distri-
buted system is similar to one used by power distribution companies; it cone
sists of short 1ightning rods all along the length of each biilboard that are
connected by a horizontal wire above the billboard. The system that not only
affords greater protection than the others considered but offers easiest
integration into the rectenna's structural design, was the distributed 1ight-
ning protection system.

jv



SUMMARY OF THE RECOMMENDED LIGHTNING PROTECTION DESIGN

Based upon our research, computer simulations, and laboratory tests with
a scale model, we recommend a distributed 1ightning protection system that
employs a horizontal conducting member with points and grounds placed at every
bay or billboard (14.69 meters apart). This configuration not only provides
greater protection than other configurations that were evaluated, it is more

easily integrated into the structural design of the rectenna., The recommended
system is shown in Figure 1.
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PREFACE

The objectives of this study are to evaluate the hazard posed by light-
ning flashes to ground on the SPS rectenna and to make recommendations for a
lightning protection system that will provide sufficient protection to the
rectenna. For purposes of this study, the SPS rectenna design is based upon
the data supplied to us by Rockwell International in July, 1978.

This study has four major components, each with several elements of
investigation. The components were: 1ightning distribution; 1ightning
interactions; rectenna damage estimates; rectenna protection. The elements of
each component are listed in Table A. The study plan was to proceed from top
to bottom evaluating the elements 1isted in each component; work proceeded in
a parallel manner for the four components. The organization of this final
report reverses this order by fresenting the more important results of the
study first, then following this with the material and considerations leading
to the conclusions.
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1. ANALYSIS OF LIGHTNING ROD PROTECTION CAPABILITIES FOR A CONFIGURATION
SUITABLE TO THE RECTENNA

1. Cone of Protection Considerations:
I. 1.1 Definition and Considerations

s d Theigégag1liﬁy of a vertical c?nductor to attract a 1ightn1?g flash
s described by the cone-of-protection, or perhaps more accurately the
cone-of-attraction. ~In theory, any Tiéhtning flash that would have
entered this cone had the vertical conductor not been in place, will
strike instead the conductor and be shunted to the ground. The method by
which this process takes place is as follows:

The T1ightning stepped leader creates high voltages over a wide
area on the rectenna because of the large charge on the leader
tip. At points on the rectenna where the electric field reaches
breakdown values due to local enhancement factors, upward
propagating sparks are initiated which move to meet the downward
propagating stepped leader. The upward propagating spark which
first makes contact with the leader completes the electrical circuit
and the 1ightning flash current will pass through the structure that
initiated the successful upward going spark.

The cone of protection is primarily a function of the height of
the vertical conductor because of the field-enhancement factor which
einables the taller object to initiate the upward spark before lower
objects. Other factors enter into the consideration of the cone of
protection, such as the charge on the leader tip and the velocity of the
leader, because these factors strongly influence the timing of the
production of upward sparks and the height at which the spark and leader
meet. In general, the results of research into this subject have shown
that the larger the leader charge, then the larger the angle B8 of the
associated cone of protection. Since larger leader charges are usually
asscciated with the larger lightning currents, we find a fortunate result
that the cone of protection increases with the potential hazard of the
lightning flash.

It follows then that the angle B of the cone of protection (See
Figure 2) varies with the particular lightning flash. 8= 4501is a very
commonly used design angle in the United States and many of the examples
in this report employ 8= 450,



-

7/ 17 NNV VNN

Figure 2

1.2 Distributed Lightning Protection Systems

The cone of protection and the experimental data used to evaluate
are specifically related to the single elevated point, and in most cases
the system under consideration is 10 to 100 meters in height. As will be
seen later, lightning protection of the rectenna falls into a class of
structures that requires distributed lightning protection tactics.

Figure 3 illustrates a distributed system used by power transmission
companies. The main point is that the cone of protection concept is of
Timited usefulness in the total protection problem. We will use it on
the panel and billboard scale as a technique to make a comparative
assessment of capabilities of various configurations.

2. Lightning Rod Protection Configurations Compatible with the SPS Rectenna

We have considered three different configurations of lightning rod
systems in this effort. In the smallest scale system considered each rectenna
panel (0.74m in width) had a short 1ightning rod attached; see upper example
in Figure 4. In the medium scale system each rectenna support structure
(14.69m apart) or billboard will have an attached lightning rod; see middle
example in Figure 4. And, in the distributed protection system, short termi-
nals located on each rectenna support structure (14.69m apart) were connected
by horizontal conducting structures; see Tower example in Figure 4.

As seen in the analysis of the billboard scale system, it is impractical
to seriously consider larger scale systems.

2
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POWER LINES EMPLOY DISTRIBUTED LIGHTNING PROTECTION SYSTEMS.
SHOWS A "STATIC” OR GROUNDED PROTECTION WIRE TAKING A STRIKE AND PROTECTING THE

POWER LINES BELOW.
FIGURE 3
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2.1 Lightning Rod Protection at the Panel Scale

In this system configuration a relatively short 1ightning rod is
positioned at the top of each panel and oriented perpendicular to the panel
face (see Figure 5). Conceptually the rod is centered on the top of the
panel, but in practice i1t could be on the panel edge without altering the
results of this analysis.

Let abe the inclination of the rectenna. Figure 6 illustrates the case
where B8, the angle of the cone of protection, is greater than a. This figure
applies only to the conditions in the vertical plane that passes through the
lightning rod and is perpendicular to the rectenna face. In this particular
projection it appears that the short (example 0.74m) lightning rod on the
panel provides adequate protection to the rectenna. In other projections we
see that there are, however, "holes in the armor."-

Figure 7 is an enlargement (x10) of the 1ightning rod portion of Figure
6, and defines the parameters to be used in the following discussions. The
coneiof protection intersects the plane of the rectenna to form conic
sections:
21} If a+ 8= 900 the intersection is a parabola.
2) If a+ B< 900 the intersection is an ellipse.
(this is the case illustrated in Figures 6 & 7)
(3) If a+ 8> 900 the intersection is a hyperbola.

If we now Took at the intersection of the cone of protection with
the panel for the specific cases above, we see the emergence of the
protection problem with this type of lightning rod protection configura-
tion. From the geometry of Figure 7 we see that the axis of the cone is
at £=L tan aand that the vertex of the conic is at d = L
tan (B - a) relative to the top of the panel.

|
N L FIGURE 6 | ’
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FIGURE 77

ENLARGED VIEW OF THE UPPER END OF THE
RECTENNA IN FIGURE /.



In a coordinate system defined in the rectenna plane with the origin
at the axis of the cone and the y axis directed north (toward top of
rectenna) and tﬁ; x axis directed east, the equation for conie is:

mxzmsﬂ_za + _,_ o, 2y sin acos a
L%tan® 8 L%tan® g

For the parabolic solution this equation reduces to:

2. .2 sin®g (y= L )
cos B cosa 2 cosBcosa

In figure 8 we have plotted the intersection of cones of protqction for
three lightning rods of lengths 0.185m (o 1/4 panel width), 0.37m (o %/ panel
width), and 0.74m (= panel width.)

X

In these examples the rectenna inclination angle a is taken to be 45° and
the cone of protection B is equal to 45°. The resulting intersections are
parabolas for the cases depicted in Figure 8. For the parabolic solution the
cone of protection is parallel to the face of the rectenna in the vertical
plane bisecting the panel (The view of Figure 6 and 7 except that
here a= 8o 45Y),

At Tower latitude sites (below 40°) the rectenna inclination angle ais
less than 45° and the 45° cone of protection intersection becomes an ellipse;
in Figure 6 the vertical projection illustrates the intersection in the plane
through the 1ightning rod. The elliptic solutions leave regions along the
base of the rectenna unprotected. Hence, the parabolic solutions of Figure 8
and the table (Fig. 9) represent maximum protection capabilities of the cone
of protection with the panel scale protection configuration. The small
ellipse in Figure 11 shows the cone of protection intersection
for ac 409, g= 459, and L = 0.74m.

2.2 Lightning Rod Protection at the Bay or Billboard Scale

In this system a longer lightning rod is placed at the center (or
end) of each bay or billboard making them 14.69m apart. The mathematical
description here is identical to that for the panel scale system (2.1).
Only sizes are different. Figure 10 illustrates the billboard scale
system.
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FIGURE 8

THE INTERSECTION OF THE_CONE OF PROTECTION WITH A RECTENDA
PANEL (THE CURVED LINES) SHOWN IN _THE PLANE OF THE PANEL.
LIGHTNING ROD LENGTHS = %, ¥ AND 1 TIMES THE PANEL WIDTH
ARE SHOWN PROJECTED VERTICALLY ONTO THE PANEL.
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PARABOLIC TYPE SOLUTIONS

URPROTECTED AREA

ROD LENGTH IN HMETERS  UNPROTECTED AREA IH JHANCERENT FACTOR
.185 1.1Z 2.92
.37 .552 1.52
Jh .28% 74z
FIGURE 9
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To i1lustrate the eone of protcetion concept for this configuration we
use as an an cxample, ac 400 po 450, and L = 7.38m ( = 1/2 billbeard
width), The resulting intersection is a portion of an ellipse and §s shawn en
Figure 12, Even if these leng (7.35m) lightning rods were placed every
14.69m, a significant fractien of the rectenna (6.7% or when weighted by
e?ha?cement factor 18%) is unprotected (j.e. is not inside a cone of protec-
tion).

Furthermore, there are serious mechanieal problems ass _iated with supe
porting these long (i.e., over 22 feet) lightning reds. We think these
examples are suffiecient to demonstrate that configurations employing fewer
1ightning reds at longer spacing decreases protection and creates structural
problems that ultimately will increase the total materials requirement.

For example, if we were to increase the length of the 1ightning rod in
this configuration to the point that it could offer protection to the
billboard in front of the one en which it is mounted ( i.e. to the south),
then with the appropriate phasing of rods between rows of billboards we could
get total protection in the cone of protection context. The length of the
rods would need to be 12m in order to provide this coverage.

2.3 The Distributed Lightning Protection System

The distributed lightning protection approach replaces the many lightning
rods with a continuous horizontal conducting structure, as depicted in Figure
13. The region of protection new becomes the volume beneath two planes whose
intersection is the horizontal protecting structure. This protection tactic
is essentially the one employed by the power transmission companies. The
angle between the protecting planes and vertical is variable; 45° is thought
to be adequate but some designs use 30° for extra protection. This line is
called the "static" by the power companies and this term is used here for
convenience.

Figures 7 and 8 provide the correct geometric considerations for the
distributed 1ightning protection if we interpret the end point of the
1ightning rod to be the location of the static. We note that the figures
apply anywhere along the rectenna, not just in the specific locations required
by the 1ightning rod analysis.

For consistent comparisons with the other lightning rod systems we will
use as 450, Since a< 450 for rectennas below 40° latitude, the top edge of
the rectenna is protected by the static for any value of L, the displacement
distance. If we try to use a smaller, more conservative value for 8, we will
run into problems in protecting the top edge of the rectenna with any system
tht does not cast a radio shadow on an active rectenna surface. The design
constraint that we will use to specify L will be that the southward plane of
protection intersect the rectenna surface at the base. Therefore,

L = 12.2m tan (450 - d).
For ain the range 45° to 30°, L has the range of values Om to 3.3m. This
simple analysis ignores the protecting capability of the immediate southward
row of the rectenna on the base of the row being considered. When these
additional protective effects are considered we find that:

12



L o 6.dm (1 - tan @)
For a in the range 459 to 309, L new hos the ronge Om to 2.6m.
Figure 13 gives the eonfiguration of the distributed lightning protcetion
system for ac 309 whieh represents the mest diffieult situatien te
proteet. In this situation the statie 15 displaeced by 2.6 meters from the top
edge of the rectenna; note that the 45° planes of preteetion provide tetal
coveraage of the rectenna.

We wish to emphasize that the set of horizonta) staties not only provide
total proetection in the sense that lightning flashes are expected to hit the
staties instead of the aetive rectenna surfaces but that this system alse
reduces the induced voltages and eurrents in the rectenna. Ve estimate that
induced eharges, currents, and potentials are reduced by 1/2 by the statie
protection system.

13
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PANEL SCALE PROTECTION COMPARED TO BILLBOARD
SCALE PROTECTION SHOWN AS IN FIGURE 8 EXCEPT
HERE ON A BILLBOARD.
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DiSTRIBUTED LIGHTNING PROTECTION SYSTEM
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TECTION FOR SMALL INCLINATION ANGLES
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I1. SIMULATIONS OF LIGHTNING STRIKES TO THE SPS RECTENNA WITH AND WITHOUT
PROTECTIOR

A series of experiments were performed in our electrostatic test chamber
with a scale model of the SPS rectenna. The experiments consisted of exposing
%he]model rectenna to a series of high voltage dischairrges produced with a

esla coil,

The strikes to the rectenna were photographed using time exposures in a
darkened room. A wire from the upper plate conducted the discharge to the
vicinity of the model rectenna and provided us with a limited control over the
area of the strike. This allowed us to keep the strikes near the volume in
focus by the camera.

Different areas of the model rectenna were protected by different
systems, and one area was unprotected. The following paracraphs describe
samples of these experiiments:

1. The Unprotected Rectenna

Most of the strikes were to the upper edge of the billboard because of
the larger enhancement factor at that point. Several strikes to the billboard
face occurred.

In Figure 14, we see two strikes to the unprotected billboard section,
one of which is to the billboard face. Notice that these strikes are perpend-
icular to the face when near the face; we would anticipate this because the
equipctential lines are nearly parallel to the face here.

In Figure 14, we also see for comparison the three lightning protection
systems modeled. To the left is the billboard scale system; to the right is
the panel scale system; and behind the flashes is the distributed lightning
protection system.

2. The Panel-Scale Protection System

The next three figures are examples of strikes photographed on the
section of the model rectenna that was protected by the panel-scale lightning
protection system.

In Figure 15, we see two strikes on the same billboard, both of which
terminate on the panel-scale lightning rods.

Figure 16 shows two strikes from a different view going to two different
billboards. The panel-scale protection system here is seen to protect cnly
the front billboard. Protection is probably greater for real lightning
because in our experiments we artificially bring the "leader tip" very close
to the billboard with the wire.

Multiple strikes to the panel-scale protection system are seen in Figure
18, One of the strikes goes directly to the billboard face. this type of
failure will occur in nature, but with lower probability than illustrated
here.

17



3. The Billboard-Scale Lightning Protection System.

Two sets of experiments were made with the billboard-scale 1ightning
protection system. The one illustrated in Figure 19 corresponds to rods of
length 7.35m. (A second series of strikes were made with rods cut to one-half
of this length, but these were photographed in color and are not suitable for
this report.) Figure 19 illustrates the capability of these long rods to
direct 1ightning to the desired point.

In Figure 20, we have a side view of a billboard-scale protector taking a
strike and protecting the billboard-face. Figure 21 illustrates the "hole in
the armor" of the billboard-scale lightning protection system. Two flashes
strike the protection system, but a third strikes the billboards between two
protectors, as predicted in Figure 12. With real lightning this is less
likely to happen, but it can and will occur.

4, The Distributed Lightning Protection System.

The displacement distance of the static from the billboard was scaled
from 0.74m to make it correspond to the height of the panel-scale protection
system. Fewer failures-to-protect were observed with this system but they did
occur. With real lightning, they would be even less likely to occur.

In Fioure 22, we see two strikes to two different billboards from the
side view. Figure 23 shows two strikes to the same billboards, which were
rovided with a distributed 1ightning protection system. One strike is to the
terminal support rod at the billboard edge, which is the preferred point of
strike. The other strike goes to the horizontal static line between the
terminal support rods.

18
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I11. GROUNDIHLG CONSIDERATIONS FOR THE PRCPOSED LIGHTNING PROTECTION SYSTEM

The thundercloud charges induce a large surface charge on the rectenna
below the cloud; during the stepped leader period even larger surface charges
are induced on the region below the leader tip. Most rf the current flowing
during the returi. strokes of the lightning flash must be distributed by the
grounding system to connect with the induced surface charges. If adequate
paths for these currents are not planned and provided, the lightning will make
its own paths. Most of the induced surface charge will reside on the horizon-
tal statics of the recommended distributed lightning protection system. The
primary grounding system described here is to provide low impedance paths for
the redistribution of the induced surface charges and the part of the light-
ning charge that resides on the rectenna surface.

1. Primary East-West Grounding

It is absolutely necessary that the horizontal statics have a good low
impedance connection at billboard edges. The static should appear to be a
continuous very low impedance conductor in the east-west directicon, as illus-
trated in Figure 24.

2. Primary North-South Grounding

It is also necessary that the statics are mutually grounded in the north-
south directions; there are two methods of achieving this:

2.1 Periodic connections north-south at the level of the statics. If
these north-south statics are aligned along the billboard edges, then
there will be little power loss due to microwave shadows (See Figure 24.)

2.2 Interconnect grounding in the north-south direction at the surface
or sub-surface level (see figure 25) can also be used, but this approach
creates a higher impedance to north-south currents on the static system.

2.3 A surface level grounding network is required in addition to the
primary static grounding network. The surface network must handle the
redistribution of induced charges on the rectenna surfaces and power
distribution systems and it provides a safe working environment at the
surface level. Fast-west continuity with low impedance connections must
be provided at the base of the rectenna support structures, and north-
south continuity with low impedance connections as discussed in 2.2 and
illustrated in Figure 25 must be provided. Fiqure 26 highlights the
surface level grounding network.

2.4. Interconnections between the primary and surface grounding networks
should be provided by the vertical conductors located at every billboard
upper corner; these are the same structures con which are mounted the
terminals and supports for the statics. The vertical interconnections
are highiighted in Figure 27.

2.5 The ultimate or final component of the grounding system is the tie-
in to Earth ground. At regular intervals in the rectenna a deep earth

i d gust te driven in he s0il to make good contact with a
gg%%n%{Q%gr%oiTJ§or earghvgrounﬁ%sf 9



The organization of the earth grounding system should be along diagonals,
as illustrated in Figure 28. Here we see that the placement of earth ground
at every fourth billboard but on a diagonal produces a grid such that
lightning striking the primary grounding network will never have to travel
more than 30 meters along the east-west conductors before finding & gr0und. or
32 meters along the north-south conductors (for a rectenna with a 40° inclina-

tion angle).
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THE SURFACE-LEVEL GROUNDING NETWORK

FIGURE 26 32



VERTICAL INTERCONNECTIONS BETWEEN PRIMARY
AND SURFACE NETWORKS AND ON EARTH GROUND

FIGIHRFE 27
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IV. MATERIALS AND SPECIFICATIONS FOR LIGHTNING PROTECTION

It is premature to specify the final form for the materials for the
1ightning protection system. We think that the system should be integrated
into the structural design of the rectenna itself; in this case many other
considerations are necessary in addition to the capability to conduct
Tightning currents. The data displayed in Figure 29 (H. Baatz, Protection of
Structures, in Lightning Vol. 2, ed. by R.H. Golde) %z useful for order-of-
magnitude estimates of the lightning current requirements.

Example: If Ehe design pegmits a 100° C temperature rise in an2a1uminum
member carrying 10° Amps for 10% seconds, we need approximately 3 mm“ crossec-
tional area of aluminum material in the conductor. 2Note that the recommended
crossections for building codes are larger (~80 mm" ) indicating designs for
Tower temperature operation plus safety margins.

The Tightning conductor need not be solid. From a structural point of
view a tubular or other extruded shape would be preferable. Such configura-
tions are compatible also with the lightning protection recommendations.



Specific values of materials for wire

Material Steel Copper Aluminium
Density (gfcm—3) 77 8-92 27
Electrical resistance (2 mm~2 m-1) 0-17 0-0178 0-029
Heat (cal °C* g™ 0-115 0-093 0-023
Melting point (°C) 1,350 1,083 658 Cross-section for lightning conductors
Dimension
Installation Cross-Section Red Strip
components Material ; (mm3) (mm, radius) (mmxmm)
Alr termination Steel, galvanized 50 (25) 8 20%x2-5
10 CRS ST Al Cu Rods up to 0-5m  Stecl, stainless 110 12 30x3-5
8 - Jong
6 |- Down conductors Copper 50 (16)= 8 20%2-8
4 Conductors in Aluminium® 80 (25)° i0 20x4
L ground
£ 2 ":; ; / Steel, galvanized 0-5mm
o Copper 0-3mm
5 w3 Sheet metal Aluminium, Zinc 07 mm
g a8 Lead 20mm
2 - ¢ Lowest cross-sections used in some countries.
% Not for use below ground.
2L
0 I B L_1 131 i L1 1% 1 111
4 6810 2 4 68I0° 2 4 85810% 2 4 68108

[ A
? r~ -4

g

Temperature rise of conductors as fencisan of current square impulse per

cro§s-5ecti9n square; Cu = copper, Al = atuminium, ST = steel, CRS = cor-
rosion-resistant steel.

FIGURE 29 36




V. CZSTIMATE OF POWER LOSS FROM THE BEAM

A rough maximum estimate of the power loss from the microwave beam due to
the Tightning protection devices can be obtained by assuming that the micro-
wave shadow cast by the static lightning protection system i$ twice the
crossectional area of the devices, We assume that the cgnductors are 2 cm
wide of 1 mm thickness tubular material, providing 60 mm* of crossectional
area for conducting. The assumed shadow of these structures is approximately

?.6% of the rectenna area (see Figure 30.)., This is a maximum estimate of the
0SS,
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AREA = 12.24n X 14.69m = 179.81m2

LSHADOW AREA = (,04mM) (12.2UM + 14,69M) = 1.U8M2

FIGURE 30
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VI. MICROWAVE DIODE FAILURES DUE TO INDUCED CURRENT TRANSIENTS

The 25 W S GaAs diodes used in the design of the SPS rectenna have not
beep produced and no failure data is available for these devices. In order %o
obtain estimates of failure power of the diodes in the design, we used the
specification data for the HP5082-2824 microwave dicde and scaled the charac-
teristics to 25 W using the "Wunsch relationship" described in the references
below. We also obtained advice directly from Dr, D.C. Wunsch regarding the
extrapolated power failure current.

1. Defense Department Report D224-13042-1 EMP, Susceptibility of
Semiconductor Components, dated September, 1974,

2. Defense Department Report D224-10022-1 EMP, Electronic Analysis
Handbook, dated May, 1973.

3. Defense Department Regort D224-10019-1 EMP, Electronic Design
Handbook, dated April, 1973,

Figure 31 shows the predicted failure power for 25 wati diodes, as a function
of pulse width.
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VII. COMPUTER SIMULATION OF ELECTROSTATIC FIELD AROUND AN SPS RECTENNA

The electrostatic fields produced by the charges on the 1ightning channel
induce charges on the rectenna and on the lightning protection conductors.
Changes in this electrostatic field require a redistribution of charge on the
rectenna system; the resulting currents can cause diode failure even with a
11ghtning grounding system in place. One output of the computer simulation of
the electrostatic field around the SPS rectenna is an evaluation of the
induced current on the rectenna with and without the recommended 1ightning
protection equipment.

An additional output from the computer simulation is the potential around
the rectenna billboard enabling us to estimate the enhancement factors of the
electric field due to the billboard shape.

The algorithm used in the simulation computes an array of values for the
potential around the middle of five infinitely long billboards. We assume
here that the contribution to the local potential from billboards further away
is ignorably small. The surface charge distribution on the billboards is
simulated with ten infinitely long line charges evenly spaced along the bill-
board. The value for the line charges is determined interactively with the
computer to produce a zero potential contour that has the same shape as the
billboard. Figure 32 {llustrates this simulation.

In order to compute the potential, we will need U(x,y), the electrostatic
potential at a point (x,y) in free space, where the coordinate system is such
that the 1ine of ¢lectrical charges giving rise to the potential is Tocated at
the origin., If we call the y-coordinate the height h, then U(x,H) is the
electrocstatic potential at x and h of a line charge X (coulomb/meter) at a
height d directly above the point x = 0. There is also a contribution to U

from the image charge. Thus, ) 1/2
A x= + (h - d)
U(x,h) = - n .
2"eo sz + (H + d)2

From this, the potential distribution arocund the rectenna may be calcujated.
Let U(1,h) be the potential at x = 1 and y = h due to a periodic system of
1ine charges simulating the rectenna (see Figure 31.) We then have that

R vty
U(],h) 'igi jg( Z’ITEO)]nL (,] - L[,i - 1] - ijZ + (h o+ SXJ:)Z ’

where the free-space value for the dielectric constant is assumed and where

Bil1board number,

Line charge number on billboard 1,
STope of billboard (= tan o,
Number of line charges (= 10),
Number of billboards (= 5).

nun #nn

==X v .=
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SIMULATION OF SPS RECTENNA WITH LINE CHARGES
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In the presence of a uniform electric field of 100,000 volts/meter
(directed upward), ten 1ine charges have been selected to produce the array of
values shown in Figure 33. Three potential contours have been sketched (zero,
10,000 V, and 100,000 V) around the ten line charges on the billboard. The
zero contour follows closely the position of the billboard surface, as
required by the simulation algorithm. Note how closely spaced the contours
are at the top edge of the billboard. Electric field enhancement factors of
at least 6.5 exist in this region based upon our simulations. Higher
reiq1u%ion simulations would be required to refine the enhancement factor
estimates.

The values obtained for the 10 individual 1ine charges found for the
solution shown in Figure 33 are (in n Coul./m):

0.36, 0.465, 0.572, 0.679, 0.924, 1.02, 1.14, 1.78, 2.91, 4.14.

We can convert these to a surface charge density by dividing each value
by the billboard distance represented by the 1ine charge. The first line

(12.24 m);

charge serves approximately 3/2 the last line charge

serves 1/2 12124 M), and all others are associated with a length @3%%¥LJE)

Figure 34 is a plot of charge/unit area (u Cou1./m2) on the billboard as a
function of length (northward) along the billboard surface.

When an additional 1ine charge in placed at the position of the lightning
static, and all of line charge values are adjusted to the new configuration,
we find the simulated potential function around a protected billboard - Figure
35, The placement of the static in this example is based upon the discussion
in Section I.2.3., with L =0.98m, corresponding to « = 400, The charge/unit
length for the static is 4.6 wCoul./m. The charge/unit lengths for the ten
billboard 1ine charges in (u Coul./m) are:

0.315, 0.47, 0.51, 0.57, 0.87, 0.89, 0.90, 1.35, 1.78, 2.1.
These Tine charges may be compared with the unprotected billboard charges
corresponding to the solutions of Figure 35. The protected billboard charges
approach approximately one-half of the corresponding unprotected charges.

The Tine charges used to simulate the rectenna are normalized to a
charge/unit area through division by the associated Tengths, as previously
gescribed, to obtain the induced charge distribution on the protected rectenna

iT1board.

Figure 36 is a plot of charge/unit area in L£0u1./m2 as a function of the
distance (northward) along the billboard face.
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VIII. COMPUTATION OF LIGHTNING ELECTRIC FIELDS

In section VII, a rectenna was simulated in the presence of a uniform
electric field of 100,000 Volts. The induced surface charges derived from the
simulation are directly proportioned te the imposed electric field strength.

In this section we describe a computer program that was written to derive
values for the 1ightning-produced electric fields as a function of time and of
distance from "ground zero" - the point of strike. We have run the program
for a range of lightning parameters obtained from actual measurements reported
in the literature.

The program computes the contribution to the electric field from the
thundercloud charge center participating in the cloud-to-ground flash, the
charge on the 1ightning channel, and the images of these charges. All charges
are allowed to vary with time in a manner consistent with observations [Ter-
restial Environment (Climatic) Criteria Guidelines for Use in Aerospace
Vehicle Development, 1977 Revisijon; Edited by John W. Kaufman, NASA Technical
Memorandum /8118].

Figure 37 displays the relevant equations and configurations covering the
Teader phases of the computation,

In Figure 38 the equations and conditions during the return stroke por-
tion gre shown. The program used in computing the fields is provided in the
appendix.

The material following Figure 38 provides the tabular and graphic data
used in these computations for the return stroke phase. These data are
contained in Figures (39-44) inclusive.

The output of the computer program is a "blow-by-blow" history of the
electrical field at a specified distance from ground zero as a function of
tine. Figure 45 displays one section of the output from one of the computer
runs. This corresponds to a worst-case situation, 10 meters away from the
very-severe-model. The units of time are seconds(along the abscissa), and the
units of the ordinate are kilovolts per meter.

Table 8.4 in figure 46 provides a summary of the output for the various
computer runs. Listed are the peak negative fields, the pzak positive fields
(when positive fields occur), and the &£ and AT for the portion of the flash
with the peak rate of change of electric field.

These values are our input data to the computation of diode failure when
used in conjunction with the induced surface charge results of the rectenna
electrostatic simulations.
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STEPPED OR DART LEADER PROCESSES:
SYO (~5 kM)
INITIAL SPECIFICATIONS G (~-10 Coul) DTY T_--
v, (~107 w/s) 7
TEMPORAL FUNCTIONS: |
y T=0, Y=Y, /// Y Yoi Yo \
= Y — ) -7 =
A o~ LT q (~-5 Coul) % T % 1
- y =P, = Q/Y n
g = g -p -0 PP =0 é " ;/
. 7! i
SOLVE FOR E, (r,0) FOR T<7_ WHERE I / :
T, = (Y XD/ V. ’T *4
X, (~50 NETERS) .
FOR 127, E, (1,0) = E, (1,0 D <—4 | ”"‘lfj_____,n

JPLFEIIEl 1111

1 1
® Vo T T g
E=fes 5@2 s30T @+ Yz)l/%
2 QY
3/2
4T E, % + YoH)
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DO

g At Ko

RETURN_STROKE_PROCESS: -
Y., 9, Q - Y 2
; Z,
SAME AS LEADER PROCESS /
INITIAL SPECIFICATIONS) —r - + _;
; L /
TEMPORAL FUNCTIONS: Vo (~5x10" ws) ;;
Y=V 1 -0 'AY (sl
) x = DA 5{'0PPOSITE 7
M I, v
. .
P = 5 TdT/Y } FOR Y< Y ik é
a="0 1
P= IAT/Y‘O} FOR Y>Y, AND P<- P/ X
Q= 0 D | i T d——s
p=p, T — /11 PITFEEL 177771777
Q=§Idr+ Q ap Q<-@Q, — Q) . 1 1 - 1._.3+
SOLVE FOR E, (1',3) FOR T>7, OR 7' >0 E=tfmes [ @2+ X077 @+ YA
- . 2 QY:
TOTAL FIELD E.(1,0) = E_ (r.0) + E, (1,D) Y,

3/2
I 2 2
TERMINATE COMPUTATION WHEN Q2 -(Q, - € ) ’ ‘So (0" + Yo )

FIGURE 38 50



DETAILS OF A VERY SEVERE LIGHTNING MODEL {MODEL 1)

1
Stage Key Points Rate of Current Change Charge Passing
1. Tirst Relurn t=0 i=0
troke Surge £= 2 s i= 200 kA Linear Rise - 100 kA/us 0.2C
t=100pus 1= 7KA } Linear Fall- 193 kA in 98pus | ~ 10.2C
2. Tirst Stroke t=100pus 1=7kA
Intermediate . Linear Fall - 6 kA in 4.9 ms 19.6 C
t= 5ms i=1kA
Current
3. Continuing t= 5ms i=1kA
Cv:11~rent—- f= 55 ms f= 400 A Linear Fall - 600 A in 50 ms 35.0C
First Phase |
4. Continuing t= 55 ms i=400 A
Current-- = 355ms i=400 A Steady Current 120.0C
Second Phase
5. Second Return t=355ms i=400A };
Stroke Surge b= 355.002 ms i= 100 kA Linear Rise ~ 50 kA/pus ~ 0.1C
t= 355.1 ms i=3.5kA’} Linear Fall - 96.5kA in 98 us} ~ 5.1C
6. Second Strcke t=355.1 ms i=3.5kA
In i i < - i . <8
Intermediate t = 360 ms i= 500 A Linear Fall - 3 kA in4.9 ms 9.8C
Current

* Coulomb {C) is the quantity of electricity transported in one second by a current of one ampere.

FIGURE 39
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CURRENT INCREASING ——J=

200 kA

FIRST
RETURN
STROKE
SURGE

100 kA

SECOND
RETURN
| STROKE
—1kA [ SURGE

i
IFIRST STROKE | 400A 400 A :
{INTERMEDIATE! :
iCURRENT ' X : SECOND STROKE
: CONTINUING CURRENT,  CONTINUING CURRENT ! ig‘:J';E:EMED!ATE
. FIRST PHASE i SECOND PHASE H : NT
1 H H '
2ps 100 s 5ms 55 ms 355 ms 355.1ms 350ms
355.002 ms

TIME INCREASING ~—Jp»

DIAGRAMMA TIC REPRESENTATION OF A VERY SEVERE LIGHTNING MODEL
(MODEL 1) (Note that the diagram is not to scale)

FIGURE 10 52



DETAILS OF A 98 PERCENTILE PEAK CURRENT LIGHTNING MODEL (MODEL 2)

Stage Key Points Rate of Current Change Charge Passing
1. First Refurn t=10 1= l? Linear Rise - 20 kA/us 0.3C
Stroke Surge b= 5 us i 100 KA
=9k Linear Fall- 96.5kA in 95ps | ~ 4.9C
t= 100 us i 3.5kA
2. Tirst Strf)ke t=100 us i 3.5kA Linear Fall — 3 kA in 4.9 ms 9.8C
Intermediate .
t=5ms i 500A
Current
3. Continuing t=5ms 1 5004 N Linear Full - 300 A in 50 ms 17.5C
Current-- t= 55 ms i 200 A
First Phase N
4 gz‘;?:::ng t=55ms 1 2004 Steady Current 60 C
Second Phase t= 355 ms 12004
FIGURE 41 ’
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CURRENT INCREASING ~——32m~

A 100 kA

FIRST
RETURN
STROKE
SURGE

500A

VFIRST STROKE

: 200 A 200 A
{INTERMEDIATE! .
\CURRENT H

' ! CONTINUING

' ' CURRENT CONTINUING CURRENT
! FIRST PHASE SECOND PHASE

fo o o o va0n
“mmmne

N W A A K

S5pus 100 pus 5ms 55 ms 355 ms

TIME INCREASING ‘—"‘>

DIAGRANMMA TIC REPRESENTATION OF A 98 PERCENTILE PEAK CURRENT
LIGHTNING MODEL (MODEL 2) (Note that the diagram is not to scale.)
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DETAILS OF AN AVERAGE LIGHTNING MODEL (MODEL 3)

Stage Key Points . Rate of Current Change Charge Passing
1. First Return =0 i=0 } Linear Rise - 4 kA/us 0.1C
Stroke Surge t= 5us i= 20 kA
=oK = ens Linear Fall - 18 kA in 95 ps ~ 1.0C
t= 100 ps i=2kA
2. First Stroke =100 ps 1=2kA W yinear Fall- 1.7kA in4.9 ms 5.6 C
Intermediate s
= 5ms i=300 A
Current
3. Continuing t=5ms 1=300A 1| Iinear Fall - 200 A in 50 ms 10.6C
Current —- t=55ms i=100A
First Phase - -
4. Continuing t=55ms i=100 A Steady Current
Gurrent-- E=355ms  i=100A 30.0C
Second Phase B -
FIGURE 43
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CURRENT INCREASING ——33»

B 20 kA

FIRST
RETURN
STROKE |
SURGE
2kA
:
i 300A
:
]
:
AFIRST 100 A 100A
:STRCKE I ~— )
INTERMEDIATE; cONTINUING ¢ ‘ %
{CURRENT i CURRENT TE : F
: | EIRST PHASE i 5 - CONTINUING CURRENT Fi
i P i SECOND PHASE :
5 us -100 ps 5ms 55 5 m;

S 35 e
TIME INCREASING =3

DIAGRAIVHV[ATIC REPRESENTA TION OF AN AVERAGE LIGHTNING MODEL
(MODEL 3) (Note that the diagram is not to scale.)
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VERY SEVEPE MODEL

TABLE 8.4

98 PERCENTILE MODEL

AVERAGE MODEL

Peak Peak LE/LT Peak Peak LE/ AT Peak Peak LESLT
Distance Negative Positive Peak Negative Positive Peak Negative Positive Peak
-8.5X10° 2.8X10° 2.7X10° -5.95X10° 1.81X10° 6.46X1C* -5.09X10° 1.39X10° 5.68X10°
10m — —e ——
1.2Xi07°3 3.00X10°° 2.59X10°°
-5.7X10° 1.7X10% 4.37X10° -3.88X10° 1.04X10° 3.59X10° -3.10%10° 6.1X10" 1.14x10°
50 m _— —_— —
2.2X107° 2.5X10°° 2.59X107°
-3.49X10° 2.49X10" 2.15X10° -2.36X10° 1.75X10° -1.85X10° 5.47X10°
1090 m  — N/A —_— N/A —_—
2.2X1073 2.5 X1073 3.5%10°°
-8.94X10" 3.79X10"% -6.15X10"% 2.96X10* -5.12X19°
500 m N/A — N/A —_— N/A N/A
3.2 X107° 4.5X1073
-5.35X10* 1.69X10" -2.61X10% -3.29X10%
1000 M N/A —_ N/A N/A NfA N/A
4.2X10°3
FIGURE 46 57



IX. COMPUTATIONS OF DIODE FAILURE

We are now to the peint of having generated all of the data that are
required to evaluate the conditions under which the microwave rectifier diodes
will fail due to induced currents from nearby 1ightning flashes. For a
given & and 4 (from Table 8.4) we obtain from Figure 31 the power required
for diode failure and from Figure 32 the induced charge/unit area on the
rectenna surface. We assume that a diode designed to cperate at 67 V will
have a breakdown voltage of about 100 Volts.

The surface arca of the rectenna that has an induced surface ¢harge of
the size sufficient to cause diode failure is then computed from comparison
with areas of the rectenna served by individual diodes and by series strings
of diodes. Sample computations follow.

SAMPLE GOMPUTATION OF DIODE FAILURE
(98TH PERCENTILE ~ 10 METER - NO PROTECTION)
5

1. 98 percentile model - 10 meters; 4T = 3 x 10° 6and & = 6.46 x 107,
2. Expected diode failure power from Figure 30: 250 Watts.
3. Eger%y disstpated in the diode: 250 Watts x 3 x 170 s = 7.5 x 107
oules.
4, Charge transferred across 100 Volts diode breakdown voltage = 7.5 X 10-6
Coulombs.
5. From & i steB 1 and figure 37, the induged charge/unit area
=3 x10™° ¢/m¢ x 6.46 = 19.38 x 1070 c/n?.

6. From steps 4 and 5, the rectenna area with surface charge equivalent to
the charge required to cause diode failure is: 0.39 m".
7. Area served by diodes: rectenna center,

5 =
gg_ﬂg§§§.= 0.11 m2; rectenna edge,
230 w/m 10 w/m

8. Compare 6 with 7: single diode configuration near rectenna center is
safe. Single diode configuration near rectenna edge is vulnerable.

9. However, the diodes are to be put in series (597 to a string) hence the
diodes near the bottom must carry all of the induced current to the
entire string. For these bottom-string diodes the area served with
{Eggecg to the induced charge is: rectenna center, 60 m“; rectenna edge,

me.

10. To protect against the 98 percentile flash within 10 meters of ground
zero would require fast surge protection diodes (back to back zeners) on
all diodes in the rectenna. This extent of protection may not be cost
effective; however the considerations in Section X indicate that simpler
protection arrangements will probably be effective near the rectenna
<enter.

25 watts = 2.5 m2

FAILURES PRODUCED BY THE AVERAGE LIGHTNING FLASH

The situation considered here is the extent of the protection required
for an "average" lightning flash if we are willing to accept Tosses from the
extreme cases.
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The computation sequence follows the same procedure described immediately
above. Here we use data for the average flash from Table 8.4 at a 10 m
distance from ground zero.

SAMPLE COMPUTATION OF DIODE FAILURE
(AVERAGE FLASH, 10 M, WITH "STATIC" PROTECTION)

1, From Table 8.4: & = 3,68 x 10° v/m; AT = 2,59 x 10" °s.

2. From Figure 6.1: 8 watts. _ 3

3. 80 wx 3.59 X 10 s =2 x 10 Joules.

4. 2 X 107" coulombs. -6 -6 9

5. From 1 and Figure 38: 1.5 x210 x 5.68 = 8,52 x 10 “coul/m".

6. From4 and 5: Area = 2.35 m°,

7. Since the recpenna area served by individual diodes even on the
edge < 2.5 m~, the individual diodes are self-protecting and able to take
an "average" lightning flash.

8. However, when arranged in a series stack of 597, the diodes at the

béttom of the stack must conduct the induced currents for the whole
stack., The diodes cannot safely carry these currents.
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X. LIGHTNING PROTECTIOM FOR SERIES DIODE STRINGS

As demonstrated in Seetion IX, the connection of microwave rectifier
diodes in series requires special 1ightning protection considerations. We
cannot make specific recommendations for these protection devices at this time
because the rectenna current design is not advanced to the point that allows
such detailed analysis. Rockwell International has provided us with an equiv-
alent circuit for the rectenna; a slightly modified form of that circuit is
shown in Figure 46. We have assumed that the series connections are to be
made at the points indicated by the large spots and that the output filler
operates around 30 Hz., A series string of rectenna elements of this design
can be protected with a variety of methods. One cost-effective means is a
spark gap arrangement incorporated in the diode feedthroughs, or the output
filter inductors, or on the billboard configuration itself.
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RECTENNA EQUIVALENT CIRCUIT AT 2.45 GHz

SERIES
| 25000 ! l ! _ CONNECTION
AN , v L m ~£i -----
‘ [ I : EFFECTIVE
_ ' LOAD
14000 (L 1 { L 2000
300 VRNS 1 T T, T 67 VDC
| T x ! %f
1 i o
l ' P ~ ® -
b | : SERIES
| ! CONNECTION

<INPUT FILTER <DIODE ——> I<QUTPUT FILTER

FIGURE 46 61



XI. CLOUD-TO-GROUND LIGHTNING DISTRIBUTION IN THE UNITED STATES

In order to have a working estimate of the hazard presented by lightning
to rectennas, we need to know the cloud-to-ground lightning flash density for
various possible rectenna sites é” the United States. The c¢loud-to-ground
lightning flash density (in #/km® for example) is not a parameter that is
measured as a climatological variable. We have found it necessary to use the
number-of-thunderstorm days as a proxy variable because it is available as a
climatological variable. Figure 47 gives contours of annual number-of-
thunderstorm days.

XI.1l. Pierce Conversion Formula

Several attempts have been made to derive a conversion formula to convert
thunderstorm days into the flash density by using lightning flash counters in
research areas for correlation with the count of thunderstorm days. The best
of the various conversion formulas is that due to E.T. Pierce ("A Relatjonship
Between Thunderstorm Days and Lightning Flash Density," Trans. AGU, 49, 686,
1967.) The Pierce formula (as does most others) has a quadrat1c tern, wh1ch
reflects the relationship between frequencies of local storms and storm
intensity. In addition, the formula utilizes the monthly thunderstorm days as
opposed to the annual average in order to incorporate seasonal effects in the
conversion formula.

This formula is

2 2. 4
§ = aTy *aTy s
where: = month%y number of thunderstorm days and 9 is the monthly ground
flash dens1ty (#km“/Mt.) The parameter a is,
=3 x 107 ?2
If ois the annual ground flash dens1ty (# km™=/yr.), then
= ¥
°% 1 W

XI.2. Climatological Data -~ Number of Thunderstorm Days

The inputs needed to compute the U.S. Distribution of ground lightning
flash density are: (1) The monthly number of thunderstorm days for all U.S.
stations recording these observations, (2) the coordinates of the observing
sites, and (3) the computer software to compute the density and display the

resuits geographically.

Items 1 and 2 were obtained from "Local Climatological Data - Annual
Summaries for 1977" published by The National Oceanic and Atmospheric Adminis-
tration on magnetic tape. The geographic plotting software of Item 3 was
obtained from The National Technical Information Service, and the computer
programming was done by J.L. Bohannon at Rice.

62



A detailed list of flash density for all of the stations used is provided
in the Appendix.

Note the hot spots on the contours in Figure 48 that result when stations
are located near geographic features that promote local thunderstorms. There

are probably other similar hot spots in the U.S. that do not show up on this
display because of the absence of an observing station nearby.
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UNITED STATES DISTRIBUTION OF THE NUMBER OF THUNDERSTORM DAYS

FIGURE 47 64
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APPENDICES
Computer programs developed under this contract.

A1l programs are 1n FORTRAN H, unless otherwise specified. Al1 of the
programs were run on an IBM 370/155 and/or an Itel AS/6 computer.
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Apendix A

Computer Program PANEL:
A Computer Model of the SPS Plasma Interaction

The following pages are the 1listing of the program "PANEL,"” written to
model the interaction of a high voltage solar array with an ambient Maxwellian
plasma. The program was originally written by Dr. Lee W. Parker and was
modified for application to the SPS problem by David L. Cooke.

Al
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Appendix B

Computer Programs: Electric Fields Produced by
Cloud-to-Ground Lightning Flashes

The following four pages contain a listing of the computer programs
written to compute the electric field produced on the ground as a function of
time and distance from "ground zero" by the charges associated with a cloud-
to-ground lightning flash. This program was written by Jerry L. Bohannon.
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TITL CLOUD-TC- GROUND SIMULATILION
BATCH
LAE= STROKE
YBLG
IMPLICIT INTEGER+2 ( I~N)
IDIMENSION RSI(2e10Me RSIS. (Ze10)
‘0ATA TPIE/S5.56062E~L1/TIPIM/2 NE=T/
DATA ICARDSY “C /o ITERM/T:T Y/ SL YW ™Y~/ LN/ "N~/
DATA IMA/X LOLS™ AL CY /X LL1 6™ /e [BEL/XT0T 7" /e FBG/ X" LELO™ 7 °
DATA IROD/X UDL1™/IGR/XTILLL2™ /v IYE/ X 1DL 37/ 4 EBL/X"1D14™/
‘DATA TAZN/XO0E /<« IATF/XTI0F fins N\ULL/ X" 00" /7 IHOME' /X" 08~/
DATA IBGY/X'LEL3"/
DATA RSI(lnl)/0.0/7aRSIC2 13 /0.0/wRSI(2.10)/0.07
DATA PIE/3.1415926/
DATA RHO/2.0E-94
CROUT=1./3. °
"WRITECLl4ol) |
FORMATC™1™)
DO 1000 I=la 32500
306 K={
WRITE(1l4e4) ([ATN. IMA. IBELJATF )
IFORMAT{ 2A2.~ LIGHTNING 80.LT SIMILATIION+ RO1"w2A2)
) HRITE(l4411) IBL-IGR ,
FORMAF(A2.,"READ fDATA FROM CARECS :OR TERMINAL ~A2)
REARCI5+12) 'IWHERE -
) 'FORMAT (AL)
! :IFCCHHERELEQ. ICARDSRGOTO- 50
[FCIHHERE.EQ.ITERMY 2GCTO 70
WRITE(14 14} IRD«IRS
. FORMATCAZ2. TRRY AGAIN" +A2)
GOTO 10
) READ(L+S1+END=999) Y 0uQGL sQSL VSL /YRS {RSI(Led )y [= 10 2) v =2 9)
FORMAT(S(Fb. 042X )1/B(2FLO ./ ¥)
6073 90 ‘
WRITE(14.71) IMA
FORMAT( A2 SNTER FLOATING PUOINT INITVIAL ICONDITICNS F6.07)
WRITE(14+75 M IBL«ICY
FORMAT (A2,” ENIT HAL :HEIGHT KM-,A2)
READ( 15«73} (¥YQ
WRITE(14.,76) IBL.ICW
FORMAT( A2.".CLCUD CHARGE , COUL".A2):
READ(15+734 1aCL ¢
WRITEC14,72) IBLeICW
FCRMAT(A2 ,"STEPPED LEADER CHARGE COUL"«A2)

READ(15473) OSL ¢ ORIGINAL
FCRMAT(F6.0) OF POOR PAGE |5
WRITE( L4« 74) IBL<ICY QUALITY

FORMAT(AZ2 ,"STEPPED LEADER VBLCCITY ES M/S™,A2)
READ(L5«73% IVSL {

WRITE(L4 77 ) IBLSICYL

FORMAT( A2 ."RETURN STROKEl VELOCITY E7T M/S™.A2)
READ(LS5,73% ;VRS ~

WRITE(14,.,80) I[BL.ICW :

FORMAT( A2 ," ENTER 8 -TIMES (MS) AND CURRENTS (XAHF) TO DEFINE THE I/
«a” RETURN STRIOKE ZFLO.C7/4 17174190, 7 8, 42)

DC 82 J=2.9

READ(IS+81) RSI(Clud)sRSI (Zud)

[F(RSI(1a I LTLI0 ) GLCTO 78

CGNT [NUE

[T U]



51 :FORMAT(2F10. 3)

¢ VSL 3= VSL
RSIC1<19)=RSI{149)
‘D0 1202 J=la12
RSIS(leJ)=RSI(1ls.J)
RSIS(2«J)=RS [(2. N
RSIGLJI=RSI(leJI/LNCH.
PS{$24J)=RSI (2..20¢1050.

.20¢ .CONTINUE

QU=-QCL
QSL=-GSL
1IY0S=Y0

RAD=¢0.75*ABS(QCL)/7RHO/ PILE) =« CROOT
DO '1005 I[=2«9
A=RSIC2.1) ;
B=RSI(2eI-1)
C=RSI(2<I+1}
[FCALGT .B.AND.A.GY.C) XIQT={
£35S ICONTINUE
VRSS=VRS
20 VSL=—VSL*1.0E5
YO0=Y0*10)¢.
IWRS=VRS*1.CET
DISL=1.0E-4 '
N5  WRITE(l4,110) [BLLICY
1 FORMAT( A2, RHAT IS RADIUS",A2)
READ(15473» D
WRITEC(13.,111) IRD-IBGY
11 FORMAT(2A2/717)
DO 1201 I=I.32000
Lol K=l
WRITE(137149)
149 FORMATCLX,™S:I UNTITS™/ /)
53  MRITEC(L13.1510° YOS.0CLQSL ¥SLSe VRS:SWRSISWD
51 FORMATC LX o™ HEIGHT="" ¢ FT=iliy” KM /1Xe™Q-CLOUD= ", ¥T7.1e” C-/
S1Xe" Q=LEADERIS "¢ Fbuele™ C /LX< "V—=LEADSR= “oF6.1s”~ ES5 H/S™/1X»
S “M-RETURN= “wFb.le” E7. MS"/LX«~ RETURN SGTROKE MS« KAMP-/
SLK2F 104 /4 1Xe™ RAOIUS= " F6.0«~ N"¢/7)"
HNRITE(13,152) IRGsIRD
52 FORMAT(1Xe
SA2eB8Xe" T elS Xe " E” «Ll5XKe" Qi s16Xe " H  » A2)
T=0.0
SLRY2=1.0/{ DirDeYO»Y )
SLRY=SQRT{SLRY2)
YC=Y.0+RAD
SLRQC2=1. ./ (:D¥D+YL¥YC)
'SLRACL=SQRTUSLRQC2¥»+SLRQCz
DI=1.C/D
X=¥0
EMAX=).1
. CONTINUE
'SLRX2=1.C/(BeDeX*X) |
SLRX=SQRT(SLRX2)
SLRX32=SLRX*SLR X2
E=QSL/TPIE/ Y O¥( SLRX=SLRY:)+SLRCCL*YC/TPIE* (OCL=QSL*Cl.~X/Y O} )
IF{ABS(E) .GT.ABS{EMAX)) .FFMAX=E
[F(ABS(E) .LTI.5.0E4) GCTO :Zl11
WRITE(L3<210)T.EuX
o FCRHEAT(F16.7« Flb6.0al6Xe F16.1)

ey |



215
211

Uy
<3
[

L

'l

LR 2F V]

FORMATUFL6.Te FLO.CQFlOLiIDWFIO6 LW l1NWFLl6L.T«FLlG6.D)
IF{ABS{E) L M.5.0E4. 0R.X-IGT.N.SE3) DTS(=1.7E~3
T=T+DTSL

IF{X.LT.54.) GOTO 590

X=Y0+VSL T

[F{X.LT.J.0) GOTOD 57°.

DYSL=1.0E~4 !

GOT0 290

iCONT INUE

T=T-DTSL

HRITE(13,501)

FCRMAT(1Xe * |

ESL=E

QRC=QSL—-QCL I

Pl=—QStL /Y0

SLRY.03=YC+sL RQCL

‘KRNT= )

RI=0.0

ITR=0.

KOLD=3}

Q=0.2

CONY INUE

‘CAL CURENTURSIeQeDTy TR/R Iy KIRATXOLDY
IFCRI.LE.L.Q) GUTD 6:..

T=T+0T

Y=YRS+TR

IF{Y.GT.YQ) IGATO 522

P=QuzY

SLRYR=1 _C/SQRTCD#DéY*Y)
E=ESL+Px»(DI~SLRYRISTPIE

IFCABSCE) GT.ABSH{EMAX) ) EFAX=E
IFCLOT.LT.KRNT..AND. ABS{E).LT.5.0E&) GOTOX 51~
WRITEC(13+215) TwEQQuaYLKRINT WITRvRI '
GO0TQ 517

WRITE(13.501)

CONTII NUE

P=Q/YQ ’

IF(P.GT.PLY IGOTIX 572

E=ESL+P»(DI—SLRY)rTPIE

IFCABS(E) .GT.ABSCEMAX)? EFAX=E

IFCIQT. LT XRNT.AND.ABS(E ) LT.5.2E4) GOTD 521
WRITE(13,215) "TeEuQelYOwKIRAT<!TReRI

CAMLL CURENT{RSI +NeOT+TReIRI+KRAT«XKCLD}
IF(RI<LE.Q.0) GOTO 6.

T=T+0T L ORIG

60Tg 520 OF pgg‘L PAGE g
WRITEC13,501) R Qua
ICENTI NUE

QRS=0+QSL

IF(QRS.GT.QRIC} GOTO.6CO
E=ESL+PL*(D[-SLRY I/ TPIE«QRS«SLRYOI/TPIE i
[FCABS(E) .GT.ABS(EMAX)) EMAX=E
IFCIQTOLT.XRNT.AND.ABS(E) LT.S5.0E4Y 60TO 571
WRITE(L13e215) ToEnQalYCa KIRMWITRoRI

LHL CURENT(IRSI «QeDT«TRWIRILKRAT.XKQLD)

IF(RI LE.2.0) GOTA 6.4

T=T+DT

GOTO 57"%

WRITE(13.599) Q2 <EMAX
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19
18
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Ag=
BLG

END

FORMAT(//71XS"CRT= "o F10Li4 " CTeSX " EHMAX= ", El 2.4,

WRITE(14,601) [BG-IBLJIGR.IBEL

FCRHAT( 2A2.7 D0 YOU -WANT IANDTHER RADIUS +2A2)
READ(15.12) :1AD

[F{IAD.EQ.IY) GOTQO 1.5

[FCIAD.EQ.IN) GATQ 657

'WRITE(14414) [RD,IGR

GCTO 602

WRITE(14,651) [BLLIGR

FORMATCAZ," DO YOU HWANT AINCTHER EVENT <A2)
READ(15+12) 'IE

ITF{TE.EN.IV) GOTD 13

I SE.EQ. IN) GOTO 95,

HRIVE(14+14) IRDLEIGR

'GATO 652 ’

WRITE(14+.998) IRD

FORMAT( A2." RO HORE CARDS ")

WRITE(14,951r) [MALIGR

FCRMAT(AZ."END OF PROUOGRAM™,A2Z)
STOP 1

END
CURENT

SUBROUT INE CURENTU(RSID¢I0Te TRLRI +KIRKTLXOLD)
AMPLICIT INTEGER®2 CI~-N)

DIMENSTION RSI(2417) .

IF{RKOLD.EQ.KRNTH GOTO 59
TAU=RSICL KRINT¢ L)}~RSII (LW IKRNT)

"IF{TAULLE.O-T) GOYD {120

[F(TAU.LE.1-CE~S) DT=0_.5E~6

IF{TAU.GT ola TE 5. ANDLLTAU.LE.1.2E—4Y DT=L .V E~5S
IF(TAU.GT Lo U4 AND.TAULLELL.0E-3) DT=1. ,E~4
IFUGAU.GT .1 0E=3_AND.TAU..LE.'1.0E-2) .DT=1."E~3
IF(TAU.GT . 1. TE~2 AND.TAU.LE.L1 .QE~1) DT=1.E~2
[F{TAU.GT.1l. CE-13 DT=¢C.0.25

DELE=(RSI(2~ KRNT=+L}=RSICG2 KRNT) ¥/TAU
[IF{Q.EQ.0.0) RILI=2.D

‘TRR=TR+DT
IFCTRR.GT.RSTI(1 KRN+ 1)), CT=RSI{ 1, KRNT+1)~TR
RI=RI+DEL1«DT

IRI2=R1

Q=Q+DT*(RI2+R 1)/ 2.

‘TR=TR+DT

KCLD=KRNT

[F{TR.GE .RST (L KRNT+1}}) IKRNT=KRNT+1

RI1=RI2

RETURN

CCNTUIRUE

RI=0.¢

RETURN

END

"
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Appendix C
Computer Output Listing: Cloud-to-Ground Lightning Flash Density

The following seven pages are the computed output from the program that
calculates the 1ightning flash density (cloud-to-ground) from the monthly
thunderstorm days using the Pierce Conversion. This program, written by Jerry
L. Bohannon, uses the Normals, Means and Extremes data from "Local Climatolog-
ical Data -- Annual Summaries for 1977" published by the National Oceanic and
Atmospheric Administration, Environmental Data Service, Asheville, North
Carolina (available also on magnetic tape).
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