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SUMMARY AND CONCLUSIONS 

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

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

3. The proposed lightning 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. 

4. The lightning protection design places the conducting elements so that 
the microwave shadow cast by protection systems falls along the upper 
edge of the billboard on which it is 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. 

5. Individually the microwave diodes are self-rrotecting with respect to 
"average" lightning and those near the center of the rectenna are safe 
from extreme lightning. Ho\'1ever, 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. 

6. Electric power industries usually attribute 103 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. 

iv 



SUMMARY OF THE RECOMMENDED LIGHTNING PROTECTION DESIGN 

Based upon our research, computer simulations, and laboratory tests with 
a scale model, we recommend a distributed lightning protection system that 
employs a horizontal conducting member 'llith points and grounds pl aced 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: lightning distribution; lightning 
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 listed in each component; work proceeded in 
a parallel manner for the four components. The organization of this final 
report reverses this order by presenting the more important results of the 
study first, then following this with the material and considerations leading 
to the conclusions. 

vii 



Lightning 
Distribution 
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program for 
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Rectenna Electrostatic Protection 

Lightning 
Interactions 
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data on 
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parameters. 
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II 

I. ANALYSIS OF LIGHTNING ROD PROTECTION CAPABILITIES FOR A CONFIGURATION 
SUITABLE TO THE RECTENNA 

1. Cone of Protection Considerations: 

I. 1.1 Definition and Considerations 

The capability of a vertical conductor to attract a lightning flash 
is described by the cone-of-protection, or perhaps more accurately the 
cone-of-attraction. In theory, any lightning 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 lightning 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 lightning fl ash current wi 11 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 
enables 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 1 arger the 1 eader charge, then the 1 arger the angle S of the 
associated cone of protection. Since larger leader charges are usually 
associated with the larger lightning currents, we find a fortunate result 
that the cone of protection increases with the p.otent i al hazard of the 
lightning flash. 

It follows then that the angle S of the cone of protection (See 
Figure 2) varies with the particular lightning fl ash. S = 45 ° is a very 
commonly used design angle in the United States and many of the examples 
in this report employ s = 45 °. 
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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 
limited 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 lightning 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 tenni
nal s located on each rectenna support structure (14.69m apart) were connected 
by horizontal conducting structures; see lower example in Figure 4. 

As seen in the analysis of the billboard scale system, it is impractical 
to seriously consider larger scale systems. 
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POWER LINE$ EMPLOY DISTRIBUTED LIGHTNING PROTECTION SYSTEMS, THI& ILLUSTRATION 
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 lightning 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 it could be on the panel edge without altering the 
results of this analysis. 

Let a be the inclination of the rectenna. Figure 6 illustrates the case 
where e, 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 (xlO) of the lightning rod portion of Figure 
6, and defines the parameters to be used in the following discussions. The 
cone of protection intersects the plane of the rectenna to form conic 
sections: 

(1) If a+ e = 90 ° the intersection is a parabola. 
(2) If a+ e< 90°the intersection is an ellipse. 

(this is the case illustrated in Figures 6 & 7) 
(3) If a+ S> 90° the intersection is a hyperbola. 

If we now look 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 R. = L tan a and that the vertex of the conic is at d = L 
tan ( e - a) relative to the top of the panel. 
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In a coordinate system defined in the rectenna plane with the or1g1n 
at the axis of the cone and they axis directed north (toward top of 
rectenna) and the x axis directed east, the equation for conic is: 

x
2
cos2a+ /(cos

2
a- sin

2
atan

2
s)cos

2
a+ 2y sin a cos a= 1 

L2 tan 2 s L2 tan 2 s L 
For the parabolic solution this equation reduces to: 

x2 2L sin
2

s (y L ) 
- - cos 8 COS a - 2 COS 8 cos a 

In figure 8 \'le have plotted the intersection of cones of protection for 
three lightning rods of lengths 0.185m (= 1;4 panel width), 0.37m (= 1;2 panel 
width), and 0. 74m (= panel width.) 

In these exarnpl es the rectenna inclination angle a is taken to be 45° and 
the cone of protection Sis 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 vie;1 of Figure 6 and 7 except that 
here a= S = 45u) • 

. ~t lower latitude sites (below 40°) the rectenna inclination angle a is 
less than 45° and the 45° cone of protection intersection becomes an ellipse; 
in Figure 6 the vertical ?rejection illustrates the intersection in the plane 
tl1rough the lightning 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 1·1ith the panel scale protection configuration. The small 
ellipse in Figure 11 sl1ows the cone of protection intersection 
for a= 40 o, 8 = 45 °, 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 rnaking 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 
syste1;i. 

• 
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THE INTERSECTION OF THE CONE OF PROTECTION WITH A RECTENNA 
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, 



PARABOLIC TYPE SOLUTIONS 

UNPROTECTED AREA 
ROD LENGTH HI METERS UNPROTECTED AREA IN % X ENHANCEMENT FACTOR 

,_._ 
0 

.185 1.1% ') 9o; 
l- I ' /0 

.37 '55% 1. 5% 

.71J .28% .74% 

FIGURE 9 
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To illustrate the cone of protection concept for this configuration we 
use as an an example, a= 40°, a= 450, and L = 7.35m ( = 1/2 billboard 
width). The resulting intersection is a portion of an ellipse and is shown on 
Figure 12. Even if these long (7.35m) lightning rods were placed every 
14.69m, a significant fraction of the rectenna (6.7% or when weighted by 
enhancement factor 18%) is unprotected (i.e. is not inside a cone of protec
tion). 

Furthermore, there are serious mechanical problems associated with sup
porting these long (i.e., over 22 feet) lightning rods. We think these 
examples are sufficient to demonstrate that configurations employing fewer 
lightning rods 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 lightning rod in 
this configuration to the point that it could offer protection to the 
billboard in front of the one on 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 now 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 tenn is used here for 
convenience. 

Figures 7 and 8 provide the correct geometric considerations for the 
distributed lightning protection if we interpret the end point of the 
lightning 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 lightning rod analysis. 

For consistent comparisons with the other lightning rod systems we wi 11 
use a= 450. Since a< 45° 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 a, 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 ( 45 ° - a) • 
For a in 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 
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L = 6 • 1 m ( 1 - tan a} 
For a in the range 45 ° to 30 °, L now has the range Om to 2. 6m. 
Figure 13 gives the configuration of the distributed lightning protection 

system for· a= 30 °, which represents the most difficult situation to 
protect. In this situation the static is displaced by 2.6 meters from the top 
edge of the rectenna; note that the 45° planes of protection provide total 
coverage of the rectenna. 

We wish to emphasize that the set of horizontal statics not only provide 
total protection in the sense that lightning flashes are expected to hit the 
statics instead of the active rectenna surfaces but that this system also 
reduces the induced voltages and currents in the rectenna. We estimate that 
induced charges, currents, and potentials are reduced by 1/2 by the static 
protection system. · 
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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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II. SIMULATIONS OF LIGHTNING STRIKES TO THE SPS RECTENNA WITH AND WITHOUT 
PROTECTION - --- ----

A series of experiments were performed in our electrostatic test chamber 
with a scale model of the SPS rectenna. The experiments consisted of exposing 
the model rectenna to a series of high voltage discharges produced with a 
Tesla 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 paragraphs describe 
samples of these experiments: 

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 ~1hi ch is to the bi 11 board face. Notice that these strikes are perpend
icular to the face when near the face; we would anticipate this because the 
equipotential 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 only 
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 lightning 
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 lightning 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 bill board-seal e lightning protection system. Two fl ashes 
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 Figure 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 lightning 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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III. GROUNDING CONSIDERATIONS FOR THE PROPOSED 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 of the current flowing 
during the return 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 direction, 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. East-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. Figure 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 on which are mounted the 
terminals and supports for the statics. The vertical interconnections 
are highlighted 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 ~arth 
grounding rod rnu~t be drjven intQ the soil to make good contact with a 
conducting soil tor eartn grouna~8 
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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 a ground, or 
32 meters along the north-south conductors (for a rectenna with a 40° inclina
tion angle). 
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IV. MATERIALS AND SPECIFICATIONS FOR LIGHTNING PROTECTION 

It is premature to specify the final form for the materials for the 
lightning ·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 
lightning currents. The data displayed in Figure 29 (H. Baatz, Protection of 
Structures, in Lightning Vol • .£, ed. by R.H. Golde) is useful for order-of
magnitude estimates of the lightning current requirements. 

Example: If the design pecmits a 100° C temperature rise in an
2
aluminum 

member carrying 105 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 
lower ~emperature operation plus safety margins. 

The lightning 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. 
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Specific values of materials for wire 

Material 

Density (g/cm-3) 

Electrical resistance (il mm-1 m-1) 

Heat (cal 0 c-1 g-1) 

Melting point (0 C) 

103 

8 
6 

4 
0 . .. 2 
·~ 
~ 

102 .2 
~ 8 .. 

6 Q. 

E 
:! 4 

2 

10 

Steel 

n 
0·17 
0·115 
1,350 

n~ q mm4 

Copper Aluminium 

8·92 
0·0178 
0·093 
1,083 

2 

n 
0·029 
0·023 
658 

4 

T~mperature ri~~ of conductors as function of current square impulse per 
cro~s-sectl?n square; Cu = copper, Al = aluminium, ST = steel, CRS = cor
ros1on-res1stant steel. 

Cross-section for lightning conductors 

Installation 
components 

Air termination 
Rods up to 0·5 m 

long 
Down conductors 
Conductors in 

ground 

Sheet metal 

Material 

Steel, galvanized 
Steel, stainless 

Copper 
Aluminiumb 

{

Steel, galvanized 
Copper 
Aluminium, Zinc 
Lead 

Cross-section 
(mm2) 

50 (25)B 
110 

50 (16)a 
80 (25)B 

0 Lowest cross-sectisns used in some countries. 
b Not for use below ground. 

Dimension 

Rod Strip 
(mm, radius) (mm x mm) 

8 20x 2-5 
12 30x 3·5 

8 20x 2·5 
10 20x4 

0·5mm 
0·3mm 
0·7mm 
2.0mm 

FIGURE 29 
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V. ESTIMATE OF POWER LOSS FROM THE BEAM 

A rough maximum estimate of the power loss from the microwave beam due to 
the lightning protection devices can be obtained by assuming that the micro
wave shadow cast by the static lightning protection system is twice the 
crossectional area of the devices. We assume that the c~nductors are 2 cm 
wide of 1 nm thickness tubular material, providing 60 mm of crossectional 
area for conducting. The assumed shadow of these structures is approximately 
0.6% of the rectenna area (see Figure 30.). This is a maximum estimate of the 
loss. 
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AREA = 12.24M X 14.69M = 179.81M2 

~SHADOW A;~;= (.04M) (12, 2l)M + 14.69M) = l, 08M2 
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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 
been produced and no failure data is available for these devices. In order to 
obtain estimates of failure power of the diodes in the design, we used the 
specification data for the HP5082-2824 microwave diode 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 0224-13042-1 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 Report D224-10019-1 EMP, Electronic Design 
Handbook, dated April, 1973. 

Figure 31 shows the predicted failure power for 25 watt 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 lightning 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 
lightning 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 lightning 
protection equipment. 

An additional output from the c.omputer 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 illustrates 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 line of electrical charges giving rise to the potential is located at 
the origin. If we call they-coordinate the height h, then U(x,H) is the 
electrostatic potential at x and h of a line charge A (coulomb/meter) at a 
height d directly above the point x = O. There is also a contribution to U 
from the image charge. Thus, 112 2 2 

U ( x, h) = - _A_ 1 n [x + ( h - d) J 
2 1Te:o x2 + (H + d) 2 

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

~ ~ _&.__ (1 - L[i - 1] - X. f + (h - sXd J2 1/2 
U(l,h)=

1
. __ . (- 2 )ln[ j f] 

J 1Te:o (1 - L[i - 1] - X. + (h + sX. ' 
J J 

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

i = Billboard number, 
j =Line charge number on billboard i, 
s = Slope of billboard (= tan a), 
M =Number of line charges (= 10), 
N = Number of billboards (= 5). 
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SIMULATI'ON 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 line 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 
resolution simulations would be required to refine the enhancement factor 
estimates. 

· The values obtained for the 10 individual line charges found for the 
solution shown in Figure 33 are (in µ 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 line charge. The first line 

charge serves approximately 3/2 t12i64 m); the last line charge 

serves 1/2 (12i64 m ); and all others are associated with a length (12i64 m ). 

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

When an additional line 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 a= 40°. The charge/unit 
length for the static is 4.6 µ Coul ./m. The charge/unit lengths for the ten 
billboard 1 ine charges in ( µ Coul ./m) are: 

0.315, 0.47, 0.51, 0.57, 0.87, 0.89, 0.90, 1.35, 1.78, 2.1. 
These line 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 line charges used to simulate the rectenna are normalized to a 
charge/unit area through division by the associated lengths, as previously 
described, to obtain the induced charge distribution on the protected rectenna 
billboard. 

Figure 36 is a plot of charge/unit area in µCoul./m 2 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 to the imposed electric field strength. 

In this section we describe a computer program that was written to derive 
values for the lightning-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 lightning 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 l!!. Aerospace 
Ve hi cl e Development, 1977 Revision; Edited by John 14. Kaufman, NASA Technical 
Memorandum 78118]. --

Figure 37 displays the relevant equations and configurations covering the 
leader phases of the computation. 

In Figure 38 the equations and conditions during the return stroke por
tion are 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 
time. 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 peak positive fields 
(when positive fields occur), and the lf and lff 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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RETURN STROKE PROCESS: 

INITIAL SPECIFICATIONS 

TEMPORAL FUNCTIONS: 
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R 

., 
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Q = l I c\T + QL AND Q ~ -(QO - QL) 

SOLVE FOR ER (r'.1D) FOR T ~TL OR r' ~ o 

TOTAL FIELD ET(r,D) = EL (rl>b) + ER (r,D) 
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DETAILS OF A VERY SEVERE LIGHTNING MODEL (MODEL 1) 

Stage Key Points Rate of Current Change Charge Passing 

1. First Return t = 0 i = 0 
} Stroke Surge 

t = 2 µs i = 200 kA 
Linear Rise - 100 kA/µs o. 2 C* 

t = 100 µs i = 7 kA } Linear Fall - 193 kA in 98 µs ,.., 10. 2 c 

2. First Stroke t = 100 µs i = 7 kA ) Intermediate 
t = 5 ms i = 1 kA 

Linear Fall - 6 kA in 4. 9 ms 19. 6 c 
Current 

3. Continuing t = 5 ms i = 1 kA 

) Current--
t = 55 ms i = 400 A 

Linear Fall - 600 A in 50 ms 35. 0 c 
First Phase 

4. Continuing t = 55 ms i = 400 A 
Current--

t = 355 ms i = 400 A 
Steady Current 120. 0 c 

Second Phase 

5. Second Return t = 355 ms i = 400 A } 
_I 

Stroke Surge Linear Rise ,.., 50 kA/µs ,.., 0.1 c 
t = 355. 002 ms i = 100 kA 

} Linear Fall - 96. 5 kA in 98 µs ,.., 5.1 c 
t = 355.1 ms i = 3. 5 kA 

6. Second Stroke t = 355.1 ms i = 3. 5 kA 
) Linear Fall - 3 kA in 4. 9 ms Intermediate 

t = 360 ms i = 500 A 
9. 8 c 

Current· 

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

FIGURE 39 
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DETAILS OF A 98 PERCENTILE PEAK CURRENT LIGHTNING MODEL (MODEL 2) 

I :1 

! Stage 
I 

Rate of Current Change Charge Passing 
ll 

Key Points 

I 

) First Return 
I 

1. I t = 0 i = 0 I Linear Rise - 20 kA/µs o. 3 c 

I 

Stroke Surge I 

t = 5 µs i 100 kA I 

) 
Linear Fall - 96. 5 kA in 95 µs ,...., 4. 9 c 

t = 100 µs i 3. 5 kA 

2. First Stroke t = 100 µs i 3. 5 kA l Linear Fall - 3 kA in 4. 9 ms 9. 8 c 
Lntermediate 

t = 5 ms i 500 A 
Current 

3. Continuing t = 5 ms i 500 A ) Linear Fall - 300 A in 50 ms 17. 5 c 
Current--

t = 55 ms i 200 A 
First Phase 

4. Continuing t = 55 ms i 200 A 
Steady Current 60 c 

Current--
Second Phase 

t = 355 ms i 200 A 

FIGURE 41 
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DETAILS OF AN AVERAGE I.JGHTNING MODEL (MODEL 3) 

Stage Key Points ·Rate of Current Change Charge Passing 

1. First Return t = 0 i = 0 l Linear Rise - 4 kA/µs 0.1 c 
Stroke Surge 

t = 5 µs i = 20 kA 

l Linear Fall - 18 kA in 95 µs ,..., 1. 0 c 
t = 100 µs i = 2 kA 

2. First Stroke t = 100 µs i = 2 kA l Linear Fall - 1. 7 kA in 4. 9 ms 5. 6 c 
Intermediate 

t = 5 ms i = 300 A 
Current 

3. Continuing t = 5 ms i = 300 A l Linear Fall - 200 A in 50 ms 10. 0 c 
Current --

t = 55 ms i = 100 A 
First Phase 

4. Continuing t = 55 ms i = 100 A 
Steady Current 

Current"'-- 30. 0 c 
Second Phase 

t = 355 ms i = 100 A 

FIGURE 43 
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TABLE 8,4 

VERY SEVERE MODEL 98 PERCEJ\i'TILE MODEL AVERAGE MODEL 

Peak Peak 6E/6T Peak Peak 6E/6T Peak Peak b.E/b.T 
Distance Negative Positive Peak Negative Positive Peak Negative Positive Peak 

-8. 5Xl0 5 2.8X10 6 2. 2Xl0 6 -5.95Xl0 5 1. 81Xl0 6 6.46X10 5 -5.09Xl0 5 1. 30X10 6 5.68Xl0 5 

10 m 
1. 2x10- s 3.oox10- 6 2. 59x10- s 

-5. 7X10 5 1. 7X10 5 4.37Xl0 5 -3.88X10 5 l.04X10 5 3.59X10 5 -3. lOXlO 5 6. lXlOt+ l.14Xl0 5 

50 m 
2.2xio-s 2. 5xio- s 2. 5ox10-s 

-3.49X10 5 2. 49X10t+ 2.15X10 5 -2. 36X10 5 1. 75X10 5 -1. 85Xl0 5 5.47X10t+ 
100 m N/A N/A 

2. 2x10- s 2. 5 x10- s 3.5x10-s 

-8.94Xl0 4 3.79Xl0 4 -6.15X10t+ 2. 96Xl0 4 -5.12X10t+ 
500 m N/A N/A N/A N/A 

3. 2 x10-s 4.5x10-s 

-5.35X10t+ 1.69Xl0 4 -2.61Xl0 4 -3.29X10t+ 
1000 M N/A N/A N/A N/A N/A 

4.2xio-s 

FIGURE 46 



IX. COMPUTATIONS OF DIODE FAILURE 

We are now to the point 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 lightning flashes. For a 
given l£ and Lff (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 operate at 67 V will 
have a breakdown voltage of about 100 Volts. 

The surface area of the rectenna that has an induced surface charge 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. 

1. 
2. 
3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

SAMPLE COMPUTATION OF DIODE FAILURE 
(98TH PERCENTILE - 10 METER - NO PROTECTION) 

- 6 5 98 percentile model - 10 meters: Lff = 3 x 10 and lf = 6.46 x 10 • 
Expected diode failure power from Figure 30: 250 Wgtts. 4 Energy dissipated in the diode: 250 Watts x 3 x 1- s = 7.5 x 10-
Joules. 

Charge transferred across 100 Volts diode breakdown voltage= 7.5 x 10-6 
Coulombs. 

From lf ig ste~ 1 and figure 37, the6indu2ed charge/unit area 
= 3 xlO- c/m x 6.46 = 19.38 x 10- c/rn • 

From steps 4 and 5, the rectenna area with surface char~e equivalent to 
the charge required to cause diode failure is: 0.39 m • 

Area served by di odes: rectenna center, . 

25 watts 0 11 2 t d 25 wat~s = 2•5 2 
2 = • m ; rec enna e ge, m • 

230 w/m 10 w/m 
Compare 6 with 7: single diode configuration near rectenna center is 

safe. Single diode configuration near rectenna edge is vulnerable. 
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 2erved with 
respect to the induced charge is: rectenna center, 60 m ; rectenna edge, 
1400 m2• 

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 
center. 

FAILURES PRODUCED BY THE AVERAGE LIGHTNING FLASH 

The situation considered here is the extent of the protection required 
for an "average" 1 i ghtni ng fl ash if we are wi 11 i ng to accept 1 osses 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, HITH "STATIC" PROTECTION) 

1. From Table 8.4: t£ = 5.68 x 105 v/m; llT = 2.59 x 10- 5s. 
2. From Figure 6.1: _8~ watts. _ 3 3. 80 w x 5.59 x 10 s "'2 x 10 Joules. 
4. 2 x 10- coulombs. _ 6 _ 6 2 
5. From 1 and Figure 38: 1.5 x

2
10 x 5.68 = 8.52 x 10 coul/m. 

6. From 4 and 5: Area = 2.35 m • 
7. Since the rec2enna 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 
bottom 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 PROTECTION FOR SERIES DIODE STRINGS 

As demonstrated in Section IX, the connection of microwave rectifier 
diodes in series requires special lightning 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 I nternat i anal has provided us with an equiv
al ent 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 
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' XI. CLOUD-TO-GROUND LIGHTNING DISTRIBUTION IN THE UNITED STATES ( 
I 

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 ~n the United States. The cloud-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.1. 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 
researth areas for correlation with the count of thunderstorm days. The best 
of the various conversion formulas is that due to E.T. Pierce ("A Relationship 
Between Thunderstorm Days and Lightning Flash Density," Trans. AGU, 49, 686, 
1967.) The Pierce formula (as does most others) has a quadratic terrTI,'" which 
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 

'f.1 = aT M + a TM , 

where: TM = month~y number of thunderstorm days and 'M is the monthly ground 
flash density (#km /Mt.) The parameter a is, 

a = 3 x 10- 2 

If a is the annual ground fl ash density (# km-2 /yr.), then 

0 = ~1 OM. 

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 
results 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. 
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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 
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APPENDICES 

Computer programs developed under this contract. 

All programs are in FORTRAN H, unless otherwise specified. All 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 listing of the program "PANELs" 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. 
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LEVEL 21.8 ( JUN 74 ) OS/360 FORTRAN H 

TSN 0002 

lSN 0003 

TSN 0004 
1SN 0005 
!SN 0006 

ISN 0007 
ISN 0008 
lSN 0009 
!SN 0010 
I SN 0011 
TSN 0012 
!SN 0013 
ISN 0014 
ISN 0015 
ISN 0016 

!SN 0017 
TSN 0010 
TSN 0019 
lSN 0020 
!SN 0021 
I SN 0022 

> TSN 0023 
i:...:i fSN 0024 

l S IJ 0 0 2 S 

TSN 0026 
lSN 0027 
TSN 0020 
!SN 002') 
ISN 00)0 
TSN 0031 
ls rJ oo 3 2 
TSN 0033 
ISN 003'1 
TSN 0035 
l SN 0036 
fSN 0037 
I SN 00 ·:1 ti 
I S ti 0 0 .3'J 

!SN 0040 
lSN 0042 
!SN 0043 
l SN 0044 
!SN 0045 
[SN 0046 
ISIJ0047 

100 
9999 
2 
9998 
c c 

c 

140 

150 
c c 

SOLAR PANEL PROBLEM 
COMMON/CP/NPRINT,NPTS,MA1HB,HE,KHAX,XPT,YPT,ALl,BE1,ev,SHACH, 

1 TVOLTS,CUR,XMETER 
COMMON/AK/IIM,IIP,JJH,JJP,KK,NTOT,IV1JV,II,JJ,H,N,VPC30), 

lXYlC2080,3),VV(30,20,10),XPC30) 1 XMC10),YPC20),YM(l0),llC10) 1 
2XX(40),YY(30),lLX,IUX,KUK,MBC,MBU,VRF,NFPS,SKPRFL,SKPLST 

COMMON/FLO/XC2080,2),COEFC2080,7),INDX(2080,6),SKPCO 
COMMDN/CO/PVOLTS,XMACH,OENSl,NN1PARTCL(2),PART1(2),PART2(2) 
COMMON/INTE~/INf1IIA,JJA,KKA1IGO~T,JGOUT,KGOUT,XA,YA,ZA 1 

1XIC30),YJ(20),ZKC10) 
UIMENSION DATEC20) 
DIMENSION VFC(4),IF(4)iJF(4) 1 KF(4) 
INTEGER S~PRFL,SKPLST,~KPCO 
NFCIX,JX,KX)=IXtII*CJX•l)tII*JJ*CKX~l) 
L= 5 
M= 6 
REAO(L,9999,EN0=99) DATE 
FORMi\T(20A4) 
WRITECM,9998) DATE 
FORMAT(42HlSOLAR PANEL ELECTRIC FIELD AND CURRENTS. 120A4) 
READ GEOMETRIC PARAMETERS 

REAO(L,111) IIP,IIM,JJP,JJH,KK,IV,JV 
ll"'IIM+TIP•l 
J .J = J J M t- .J Ji> • l 
NTOT=Il*JJ*KK 
KEAOCL,222) CXPCI) 1 !=11IIP) 
READ(L,222) (XM(I),I=l,IIM) 
READ(L,222) CYP(J),J=l,JJP) 
RE~D(L,222) (YM(J),J=l,JJM) 
REAO(L,222) (/l(K),K=l1KK) 
READ PANEL POTENTIALS 
REAO(L,ll6)(VP(l),l=l1IV),VRF 
READ(L,1 Ll)SKP~FL,SKPLST1ILX1IUX1KLK,KUK,HBC 1 HBD 1 NFPS 1 SKPCO an l~O NPt=l,NTDT 
XCNPC,1)=0 
X(NPC,2)=0 
JIMl"' IlMt-!V•l 
J J M 1 = .I J )-1 .. J V • l 
00 150 I = IIM,IIHl 
OD 150 J = JJM,JJMl 
I I I = ;I il •II M 
N = NFCI,Jtl) 
X(N,l) = VP(III) 
X(N,2) = 1 
CONTINUE 

CONSTRUCT REFLECTORS 
IFCSKPRFL.EO.l)GO TO 163 
DU 160 I = ILX,IUX 
DO 160 K = KLK,KUK 
JW = MBC•K 
NW = NFCI,Jl.J,K) 
X CNl.J, 1) = VRF 
X(NW,2) = 1 

DATE 



ISN 0048 
ISN 0049 
ISN 0050 
ISN 0051 
lSN 0052 
JSN 0053 
ISN 0054 

JSN 0055 
JSN 0057 
ISN 0058 

ISN 0059 
ISN 0060 
ISN 0061 
TSN 0062 
JSN 0063 
ISN 0064 
ISN 0065 
ISN 0066 
ISN 0067 
ISN 0069 
JSN 0069 
ISN 0070 
T SN 0071 
JSN 0072 
ISN 0073 
J SN 0074 
I SN 0075 
TSN 0076 
ISN 0077 
ISN 0078 
ISN 0079 
ISN 0000 
ISN 0001 

ISN 0082 
ISN.0083 

ISN 0084 
JSN 0085 
ISN 0086 
JSN 0087 
ISN 0088 
ISN 0089 
I SN 0090 
TSN 0091 
ISN OO'J2 
ISN 0093 

ISll 0094 
ISN 0095 

160 

231 c c 
163 

118 

119 

117 
165 

170 
220 

c 

JW = K*HBD 
NW = NF(l,JW,K) 
X(NW,2) = 1 
XCNW,l) = VRF 
CONT IN LIE 
WRITECM,231) VRF 
FORMAT{//lX,'REFLECTOR POTENTIAL= 1 tlPE15.5) 

READ ADDITIONAL FIXED POTENTIALS 
IFCNFPS.LE.3JGO TO 220 
WRITE CM, 118) 
FORMAT(// 1 ADOITIONAL FIXED POTENTIALS'/ 

14(6X, 1 POT',7X1'I'13X1'J 1 ,3X1 1 K1 )) 
DO 170 NOC = l,NFPS,4 
READ(L,119)(VFC(IJ,IF(I),JF(l)1KFCI)1I=l14) 
FORMAT(4(E8.0,3I4)) 
WRITECM1117)(VFCCI),IF(I),Jf(I),KF(J), I=l,4 ) 
FORMAT(/4(3X,1PE10.2,314)) 
00 170 1=114 
NN = NF(IF(I),JF(I),KFCI)) 
X(NN,J )=VFC(l) 
XCNN,2)=1 
CONTINUE 
CONTINUE 
IVP:;::IV+l 
JVl1 =JV ·1-1 
WR1TE(M,113)IIP,IIM,JJP,JJM 1 KK 1 IV 1JV 
WRITE(M,223) (l,XP(I),I=l,lV) 
WRITECM,224) (I,XP(I) 1I=IVP,IIP) 
WRITE(M,225) (I,XM(I),I=l,IIM) 
WRITE(M,226) (J,YP(J),J=l,JV) 
WRITE(M,227) (J,YP(J),J=JVP,JJP) 
WRITE(M,228) (J,YM(J),J=l,JJM) 
WRITE(M,229) (K,ll(K),K=l,KK) 
WRITE(~,230) (XP(I),I=l,JV) 
WRITE(M,24l)(VP(l),I=l,IV) 

111 FORMAT(16I5) 
113 FORMAT(//lX 1I3 1 18H POSITIVE X•VALUES/ 

1 1XtI31l8H ~EGATIVE X•VALUES/ 
2 1X,I3,18H POSITIVE Y•VALUES/ 
3 1X,I31l8H HGATIVE Y•VALUES/ 
4 1X,I3,25H Z•VALUES (POSITIVE ONLY)/ 
5 1X,I3,33H POSITIVE X•VALUES DEFINING PANEL/ 
6 lX, I3,33H POSITIVE Y•VALUES DEFINING PANEL) 

116 FORMAT(8E10.0) 
222 FORMAT(16:5.0) 
223 FORMAT(//1X,27HX•VALUES POSITIVE ON PANEL=/(1311PE15.4)) 
224 FORMAT(//1X,35HX•VALUES POSITIVE OUTSIDE OF PANEL=/CI3t1PE15.4)) 
225 FORMATU/lX 1 181iX•VALUES NEGATIVE=/(I3,1PE15.4)) 
226 FDRMAT(//lX127HY•VALUES POSITIVE ON PANEL=/CI311PE15.4)) 
227 FORMAT(//lX,J5HY•VALUES POSITIVE OUTSIDE OF PANEL=/Cl311PE15.4)) 
228 FORMAT(//1X,18HY•VALUES NEGATIVE=/(I3,1PE15.4)) 
22~ FORMAT(//1X,37Hl•VALUES (POSITIVE ONLY) AilOVE PANEL=/Cl3 1 1PE15.4)) 
230 FORMAT(////1X,25HARRAY OF PANEL POTENfIALS// 

1 15X,3HX =,3X,C8CF8.4,4Xl/20Xll 
240 FDRMATC/lX12HY(,12,2tl)=,F8.4,6X,(8(1PE12.4)/20X)) 
241 FORMAT(dX1'ALL y,•,5x,coc1PE12.4)/20X)) 



> 
i:.n 

l•.,1515) 
/lX134HNPRINT,NPTS,MA,MB,ME1KMAX1PROBNO =16I6,IlO/ 
N\llo\HER =1 F9.li 9X!13HTEMPERATURE :::, F9.l, 6H VOLTS19X, 

F'J.1 1 711 PtR Ct., 9X! 6HMllSS :::, F9.0tllH ELECTRONS I 
fl SCllLE =1F9.1130H METtRS = X•DIMENSION OF PANEL) 
?111SINGLE SPACE POINT. x =1Flo.s,sx. 3HY =,f10.5) 
34HSINGLE ENERGY CMONOENERGETIC). E =,F!0.5 1 6H VOLTS) 
2~'1SINGLE TRAJECTORY. x =,F10.s,sx, 3HY =1f10.5/ 
LI ALPHA = 1 f20.8 , 8H DEGREES/ 
LI. UETA =1t=20.8 , 8H DEGREES/ 
~GY =1F20.5t 6H VOLTS) 
]:1HRANDOM TliERMAL CURRENT. DENSITY =t1PE13.·4, 
~I ~tJlJARE METER, FOR12A5) 
11 INTERFACE X•VALUE~/CI311PE15.4)) 
1 U III N T rn t= ACE Y •VALUES I (I 3 1 1 P El 5 • 4 ) ) 
lUlllrHERt=ACE l•VALUES/CI311PE15.4)) 

~- - 2 2 11 • • C U R R E N T S A N D P 0 W E R ) ) 

l I 

b 

11 TO 'iOO 

J 

l•l)•XX(I)) 

J•l)•'tr(J)) 
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ISN 0141 
ISN 0142 
TSN 0143 
1 :\N 0144 
!SN 0145 
ISN 0146 
TSN 0147 

ISN 0148 
ISN 0149 
lSN 0150 
ISN 0151 
ISN 0152 
ISN 0153 

ISN 0154 
TSN 0156 
ISN 0157 
ISN 0158 
ISN 0159 
ISN 0160 
lSN 0161 
ISN 0162 

ISN 0163 
TSN 0164 
ISN 0165 
ISN 0166 
J.SN 0167 

ISN 0168 
:i> ISN 0169 
m ISN 0170 

ISN 0171 
ISN 0172 

ISN 0173 

ISN OlH 
TSN 0175 
ISN 0176 
ISN 0177 
ISN 0178 
ISN 0179 

ISN 0180 
ISN 0181 
!SN 0182 

TSN 0183 
ISN 0184 
lSN 0185 
I SN ·01tl 6 

ISN 0187 
ISN 0188 
ISN 0189 
!SN 0190 

560 

c 

lK(U=ll(l) 
ZK(KKA)=ll(KK) 

2~(~~~-~~~L~~K-l)+ll(K)) 
WRITECM,561) (!,XI(I),I=l1IIA) 
WRITE(M,562) (J,YJ(J),J=l,JJA) 
WRITE(M,563) (K,ZK(K),K=l1KKA) 

DO 600 N=l,NTOf 
CALL FINDCIFIND,JFINO,KFINO) 
XYZ(N,l)=XXCIFINO) 
XYZ(N,2)=YY(JFIND) 
XYL(N,3)=Zl(KFINO) 

600 CONTINUE c 
IFCSKPLST.EQ.1) GO TO 660 
NFPP=CNTOT/300)+1 
DO 650 IP=l 1 NFPP 
WRifECM2900tJ) 

9000 FORMATClHl/6X1lHN13X14HX(N)12X,4HY(Nl12X14HZ(N)//) 
CALL LISTC2.IP) 

650 CONTINUE 
660 CDIHINUE 
c 

DO 700 J=l,JJ 
DO 700 I=l.II 
N = NF(I,J,l) 
VV(J,J,l) = XCN1l) 

700 CONTINUE 
c 

750 c 
c 

K=l 
WRITE(M,8000) K1ZZ(K),(XX(I),I=l1Ill 
DO 750 J=1,JJ 
WRITE(M,2~0) J1YYCJ),(VVCI1J1K)1l=l1lll 
CONTINUE 

CALL FIELD 

DO ADO K=l,KK 
DO BOO .1=1,JJ 
DO HOO l=l,II 
N=NF(J,J,K) 
VV(I,J,K) = X(N 11) 

800 CONTINUE c 
DD 900 K=l,KK 
WRITE(M,8000) K1ZZCK),(XXCI),I=l1II) 

8000 FORMAT( 26HlARRAY OF POTENTIALS AT zc,12,2Hl=1FB.4// 
1 15X13HX =13X,(8(FU.414X)/20X)) 

00 tl50 J=l,JJ 
WRITE(M,240) J1YY(J),(VVCI,J,K)1I=l1II) 

850 CONTINUE 
900 CONiINUE c 

NPROB=O 
1000 REAO(L,333,EN0=99) ~PRINT,NPTS,HA,HB,MEiKMAX,HORE 

1001 REAO(L,116) SMACH,TVOLTS,OENCC,XHASS,XMtTER 
NPROB=NPRDBtl 



ISN 0191 
!SN 0192 

lSN 0193 
I SN () 1 <pj 
I SN 0197 
I SI~ 01 9 ~' 
lSN 0201 
1\N 0203 
IS N 0205 
lSN 0207 
ls tJ 0209 
lSN 0211 
TSN 0213 
ls tJ 0214 
fSN 0215 
TSN 0217 
ISN 0218 99 ls t-1 02 l'l 

WRITECH,999) 
WRITE(M,444) NPRINT,NPTS1MA1MB1ME1KMAX1NPROB ,SMACH1TVOLTS1DENCC1 

1 XMASS,XMETER 
IF(NPTS.EQ.O.OR.ME.Eo.o.oR.MA.EQ.0) REAO(L1222)XPT,YPT,AL11BEl1EV 
I F ( N 11 l S. E Q. 0 ) \.IR l T E ( M , 4 4 5 ) X P T , Y P T 
IF(ME.EQ.0) WRITE(M,446) EV 
IF(MA.EQ.0) WRITECM,447) XPT,YPT,ALl1BEl1EV 
IF(MA.GT.O.ANO.XMASS.LE.0.) STOP 
IF(MA.GT.Q) CUR=2.69E•8*DENCC*SORTCABSCTVOLTS)/XMASS) 
IFCTVOLTS.GT.Q.) PARTCL(l)=PARTl(l) 
IF(TVDLTS.GT.O.) PARTCL(2)=PART1(2) 
IF(TVOLTS.LT.O.) PARTCL(l)=PART2(1) 
IF(TVOLTS.LT.0.) PARTCLC2 )=PART2C2) 
WRITECM,448) CUR,PARTCL 
CALL POWER 
IF CMORE.GT.0) GO TO 1000 
GO TO 100 
STOP 
ENO 



> 
00 

LEVEL 21.B ( JUN 74 ) OS/360 FORTRAN H DATE 

COMPILER OPTIONS • NAME= MAIN,OPT=02,LINECNT=601SIZE=OOOOK, 
SOURCE,EBCOIC 1 NOLIST,NODECK,LOAO,MAP,NOEOIT,NOI0 1NOXREF 

ISN 0002 SUUROUTINE ORBIT 

JSN 0003 

ISN 0004 
JSN 0005 

ISN 0006 
ISN 0007 
ISN 0008 

ISN 0009 
ISN 0011 
ISN 0013 

l SfJ 0014 
ISN 0015 
ISN 0016 

l SN 0017 
ISN 00 lll 
JSN 0019 

ISN 0020 
JSN 0021 
ISN 0022 
I SN 0023 
ISN 002" 
TSN 0025 

ISN 0026 
IS N 0027 
ISN 002 9· 
JSN 0030 
ISN 0031 
TSN 0032 
!SN 0033 
ISN 0034 
!SN 0036 
ISN 0037 

ISN 0038 
ISN 0039 
ISN 0040 
ISN 0042 
ISN 0044 
ISN 0046 

c 
C STEP ACROSS 3•0 BOX ASSUMING CONSTANT POTENTIAL WITHIN BOX c 

COMHON/BK/IIH,IIP 1 JJH,JJP,KK NTOT,lV,JV,IliJJ,M,N{VP(30), 
1XYZ(2080,3),VV(30,20110),XPC~O),XM(10)1YP( O),YM( 0),ZZClO), 
2XXC4Q),YY(3Q),ILX,IUX,KUK,MBC,MBO,VRF 1NFPS 1 SKPRFL 1 SKPLST 

COMMON/ORB/XOOT,YOOT1ZDDT.x1.x2.v1,v2.z1.zz,l.Lf_i_l·PHI1NTIME1SAVE 
DIMENSION TIME(6),U(3),UOOT(3) 1B(2 1 3) c 

c 

999 
c c 

c 

c 

c 

100 
101 

c 

TOOH=3. 3333E i-33 · 
ROUND = l.E•ll 
TlHlUNB - t.t•6 

IFCXDOT.EO.O •• AND.YDOT.EO.O •• ANO.ZOOT.EQ.O.) YRITE(H,999) 
IFCXOOT.EQ.O •• ANO.YDOT.EO.O •• AND.ZDOT.EQ.O.) RETURN 
FOKMAJ(1X,38HSPEEO=O • HENCE PARTICLE ODES NOT MOVE) 

U Cl )=X 
U(2)=Y 
U(3)=Z 

UOOTCl)=XOOT 
UOOT(2 )=VDOT 
UOOTC3)=lOOT 

B(I,l)=Xl 
B(2,!)=X2 
fl(l,2)=Yl 
fH2,2)=Y2 
l3(1,3)=ll 
El(2,3)=l2 

Oil 101 N2=l13 
IF(UOOTCN2).EQ.O.) GO TO 101 
DO 100 Nl=l,2 

TI ME (·NIO=TOD 

) 

NR=Nl + -2""(rJ•l) 
TT=q\C Nl tN2) - U(N2))/UDOHN2) 
s s = u (.,N 2 ) I .. JJ-0 0 TC N 2 ) I\" TT 
IFCSS;-(jf-~B11,N2).AND.SS.LE.B(2 1 N2)) TIMECNR}=TT 
[.[) N TIN UE ·. ··-. 
CONTINUE 

C FIND SHORTEST SIGNIFICANT TIME c 

200 c 
c c 

TIM IN=TOOM 
DD 200 NR=l16 
IFCTIHECNR).EQ.TOOH) GO TO 200 I 
IFCTIMECNR).GT.ROUNO.A~O.TIMECNR).LT.TIMIN) NTIME=NR 
IFCTIME(NR).GT.ROUND.AND.TIME(NR).LT.TIMIN){TIMIN~TIME(NR) 
CONTINUE \ 

ADVANCE TO APPROPRIATE END•POINT 

~OV~v't/1 
L fl #lfV' "~ -fa r.v<uvt"1. 

~·i.;A.I /t;;i.,. .,ot~ llvpt, 

S5==- oCNJ.)-t: 



lSN OOH 
lSN 004B 
ISN 0049 

lSN 0050 
!SN 0051 
ISN 0052 

ISN 0053 
!SN 0055 
ISN 0057 
TSN 0059 
ISN 0061 
ISN 0063 

TSN 0065 
JSN 0066 
!SN 0067 

ISN 0068 
TSN 0070 
I St~ 00 72 
ISN 0074 
ISN 0076 
!SN 0078 

TSN 0080 
ISN 0081 

c 

c 

c 

c 

c 

X=X.+ XDOT*TIMIN 
~=Y + YnOf*TlMIN 
l=l t lOOT*TIMIN 

XSAV=X 
YSAV=Y 
lSAV=Z 

IFCNTIHE.EO.I) 
IF(NTIHE.E0.2) 
IF(NTIME.EQ.3) 
IFCNTI~E.EQ.4) 
IF(NTH4E.EQ.5) 
I F,..C.N l I l'i E • E Q • 6) 

fi]j) I' 
Y=Yl 
Y=Y2 
l=l l 
Z=l2 

. j 

(_~~=X•XSl\V /. OY=Y•YSflV 
Dl=l•lSAV - _ .. / ···--......... 

IFCCNTIME.E0.1.0R.NTIME.EQ.2}.~ND.ABSCDX).GT.TROUNOi NTIKE=•l 
IF((NTIME.EQ.3.0R.NTIME.EQ.4).AND.ABSCOY).GT.TROUNO)) NTIME=•2 
IF((NTIME.EQ.5.0R.NTIME.E0.6).AND.ABSCOZ).GT.TROUND) NTIME=•3 
lF(tHHIE.EQ.•1) SAVE=XSAV ',, 
IF(NTIHE.E0.•2) SAVE=YSAV "-
IF ( NT Hl E. E 0. • 3) SA VE= ZS AV -----·---- . -

RETURN 
ENO 

4 • .------

.. -----

..::-
2? \ . 

... ···"~ ··-·· 

\_-~~ 



LEVEL 21.8 ( JUN 74 ) OS/360 FORTRAN H 

> ..... 
0 

COMPILER OPTIONS • NAME= HAIN,OPT=021LINECNT=601SIZE=OOOOK1 E 
SOURCE1EBCOIC1NOLI~T,NOOECK,LOAO,MAP1NOEuIT1NOID1NOXR F 

ISN 0002 SUBROUTINE DEN 

ISN 0-003 

ISN 000 4 

ISN 0005 
ISN OOOb 
ISN 0007 
ISN 0008 
!SN 0009 
ISN 0010 
ISN 0011 
!SN 0012 
TSN 0013 
ISN 0015 
I SN 0016 
ISN 0018 
!SN 0020 
ISN 0021 
ISN 0022 
ISN 0023 
ISN 0024 

ISN 002 5 
ISN 0027 
ISN 0028 
ISN 0029 
ISN 0030 
ISN 0031 
ISN 0032 
!SN 0034 

ISN 0035 
ISN 0037 
ISN 0038 
ISN 0039 
ISN 00 40 
ISN 0042 
ISN 0043 

I SN 0044 
!SN 0045 
ISN 0046 
ISN 0046 

c 
C ~OUTINE FOR EVALUATING CURRENT•DENSITY INTEGRALS OVER VELOCITY SPACE c 

999 

c 
C SET c 

990 
c 

988 
c 
c 

COHHON/BK/IIH,IIP,JJM,JJP1KK,NTOT,IV,JV,II1JJ1H1N1VP(30), 
1 x Yl ( 2.0 80 '3) ! vv (3 0' 2 0 I 10) 'XP 00) t x H( l 0) I Yfl ( l 0) .l y 11Cl0) t z lC 10}' 
2XXC40l,YY(3u),ILX,IUX,KUK1MBC1HtlD1VRF 1 N~PS 1 SK1•RFL1SKPLST 
CDMMON/CP/NPRINT,NPTS 1 MA,MB,Mt1KMAX,XPT,~Pl1All,BEl1EV,SHACH, 

1 TVOLTS,CUR,XHETER 
COMMON/CD/PVOLTS 1XMACH10ENST,NN1PARTCLC2.),PARTlC2.)1PART2C2) 
CO~MON/ORB/XOOT1YOOT,ZDOT1Xl1X2.1Yl1Y21ll,Z2.1X1Y1l1PHiiNTIME,SAVE1 CD~MON/INTER/INT1IIA,JJA,KKA,IGDUT1JGOUT,KGOUT1XA1YA1LA1 

1XIC30),YJC20),ZKC10) 
DIMENSION AC2)1EN01(2),END2(2)1FATEC2) 
DATA END!/4HABS0,4HRBED/,EN02/4HESCA,4HPES I 
XSAVE=XPT . 
YSAVE=YPT 
TEMP= ABSCTVOLTS) 
IFCTEHP.LE.Q.) WRITECMt999) TEMP 
FORMATC////lXr 38HTROUBLE • NEGATIVE OR ZERO TEMPERATURE) 
IFCTEMP.LE.0.J RETURN 
IFCMA.EO.O.DR.ME.EQ.0) EE=EV/TEMP 
PI=3.1415926536 
A(l)=•l./SQRTC3.) 
A(2)=•A(l) 
MOSTPS=O 
HSTEP=lOOO 

UP SUMS OVER TRAJECTORIES 
IF(HA.EQ.0) GO TO 250 
JAMAX::2 
JBMAX=2 
KAMAX=MA 
KBMAX=MB 
NUMBER=MA*HB*4 
IFCNN.EQ.l) WRITE(H,990) HA,HB,~UHBER 
FORMAT(/lX1I41l6H ALPHA•INTERVALS 1 3X~l4~15H BETA•INTERVALS 16X 1 1 5HHENCE,I4,35H TRAJECTORIES FOR tACtt ENERGY•VALUE) 
IFCME.E0.0) GO TO 200 
ME2=2*HE 
JEMAX=2 . 
KEMAX=ME 
IFCNN.EQ.l) WRITECH,988) HE,HE2 
FORMATC1X,I4,27H ENERGY INTERVALS ANO HENCE114114H ENERGY VALUES) 
GO TO 300 

C SINGLE VALUE OF ENERGY c 
200 JEHAX=l 

KEMAX=l 
IFCNN.EO.l) WRITE(M,986) EV,EE 

986 FORMATClX131H HONOENERGETIC CASE WTIH ENERGY 1 1PE16.4 1 30H VOLTS, OR 
1 DIMENSIONLESS VALUE,E16.4) 

DATE 



ISN 0049 

ISN 0050 
ISN 0051 
ISN 0052 
ISN 0053 
ISN 0054 
TSN 0055 
ISN 0056 
ISN 0057 
JSN 005 8 
ISN 0059 

ISN 0060 
I SN 0061 

ISN 0062 
ISN 0063 
ISN 0064 
I SN 0065 
JSN 0066 
ISN 0067 
!SN 0068 
ISN 0069 

> ISN 0070 
..... ISN 0071 ..... 

ISN 0072 
ISN 0073 
ISN OOH 
ISN 0075 

ISN 0077 
ISN 0078 
ISN 0079 
ISN 0080 
ISN 0081 

I SN 0082 
ISN 0083 
lSN 0084 
ISN 0085 
JSN 0086 

ISN 0087 

ISN 0089 

:~'\-0~ - .·; .... 

c 
GO TO 300 

c . 
C SINGLE TRAJECTO~Y ONLY 
c 
250 

984 

c 

JAHAX=l 
JBHAX=l 
JEMAX=l 
KAHAX=l 
KBHAX=l 
KEHAX=l 
AL=All*PI/180. 
BE=BEl*Pl/180 •. 
WRITECH,984) AL1,AL,BE1,BE,EV 1 EE 
FORMATCl1X,17HSINGLEl TRAJECTORY 

l/lX, 7HALPHA =,F20.8 ,12H DEGREES, 
2/lX, 7HBETA =1F20.8 112H DEGREES, 
3/lX, 8HENERGY =11PE16.4130H VOLTS, 
SINA=SIN(AL) 
COSA=COS(AL) 

C SUH OVER ENERGY, BETA, ANO ALPHA c 
300 CONTINUE 

DENST=O. 
DO 1001 KE=l,KEHAX 
DO 1001 JE=l,JEMAX 
DENS=O. 
NOESC=O 
00 1000 KB=l1KBHAX 
DO 1000 JB=t,JBMAX 
DO 1000 KA=l1KAMAX 
00 1000 JA~l,JAMAX c 

C INITIAL POSITION' c 

c 

l=O. 
X=XSAVE 
Y=YSAVE 
IFCHA.EQ.0) GO. TO 320 

• • ''. "•":t'' ~· ;""".~• ".'· •• ·':'"' • :· ~.-

OR,F20.8 t 8H RADIANS 
OR,F20.8 , SH RADIANS 
OR DIMENSIONLESS VALUE,El6.4) 

CA=CACJA) + FLOATC2*KA • 1 • HA))/FLOATCHA) 
SINA=SORTC.5*(1.+CA)) 

c 

c c 
320 

c 

COSA=SORT(l. • SINA**2) 

CBETA=CACJB) + FLOATC2*KB • 1 • HB))/FLOATCHB) 
BE=PI*(t. + CBETA) 

XOOT=SINA*COSCBE) 
YOQT=SINA*SINCBE) 
ZDOT=COSA 
INT=O 
CALL INTERP 

IFCIGOUT.GE.l.AND.IGOUT.LE.IIA.ANO.JGOUT.GE.1.AND.JGOUT.LE.JJA. 
1 ANO.KGOUT.GE.l.AND.KGOUT.LE.KKA) GO TO 340 

330 WRITE (M,9999) 



!SN 0090 
ISN 0091 
1 SN oon 
!SN 0093 

ISN 0094 
ISN 0095 
!SN 0096 
!SN 0097 
!SN 0098 

ISN 0100 
ISN 0101 

ISN 0102 
ISN 0103 
ISN 0104 
ISN 0106 

ISN 0107 
!SN 0109 

ISN 0110 
ISN 0111 
ISN 0112 
ISN 0113 
!SN 0114 
ISN 0115 
ISN 0116 
ISN 0117 
ISN 0118 
ISN 0119 
ISN 0120 

ISN 0122 
ISN 0123 

ISN 0124 
ISN 0125 

ISN 0126 
ISN 0127 

ISN 0128 
ISN 0130 
ISN 0131 
lSN 0132 

I SN 0134 
!SN 0136 
ISN 0137 

99'99 

c 
340 

c 

c 
350 

c 
400 

c 

c 

FORHATC////llX143HONE OF THE IG•JG•KG INDICES IS OUT OF RANGE) 
WRITE (M 1B8B) KSTEP1X1Y 1Z1XDOT1YDOT1ZDOT1IGOUT1JGOUT1KGOUT1PHI 
WRITE(M19B2)KE1JE1KB1JB 1KA,JA,BE11All1EV1PVOLTS 
STOP 

INT=l 
PHISAV=PHI 
SPEEO=O. 
PHIOLO=PHI 
IFCME.GT.0) GO TO 350 
E=EE 
GO TO 400 

CE=CACJE) + FLOATC2*KE•l•HE)}/FLOATCHE> 
E=Cl.+CE)/(l.•CE) 
IFCXHACH.GT.1.) E=XHACH~*2*Cl.+CE)/(1.•CE) 
E=E + AMAX1CPHI 1 0.) 

IFCE.LT.PHI) GO TO 1001 
SPEEO=SQRTC~~PHI) 

XDOT=SPEED*SINA*COSCBE) 
YDOT=SPEED*SINA*SINCBE) 
LDOT=SPEED*COSA 
AL=ARCOS(~OSA) 
All=AL*180.IPI 
BE1=BE*180./PI 
EV=E*TEMP 
PVOLTS=PHISAV*TVOLTS 
ZOLD=Z 
KSTEP=O 
IF(NPRINT.NE.2.AND.NPRINT.NE.3) GO TO 490 

C PRINT INITIAL CONDITIONS OF TRAJECTORY c 
982 

c 
980 

c 
BBB 
c c 
c 
490 
500 

998 

WRITE(M,982) KE,JE,KB.JB1KA,JA1BEl1ALltEV1PVOLTS 
FORMATC/1X,52HKE1JE, KB1JBi KA,JA 1 BETA.ALPHA1ENERGY 1POTENTIAL= 

l,/1X,3CI3,!2),1PE22.8 14H DEG14X,E2£.8 14H DEG18X1E16.4,2H V14X, 
2 E 16. 4t 2H V) 

WRITEOl,980) 
FORMAT( 9X, 95HSTEPS. 

1 YUOT ZODT 
x 

IG JG 
y 
KG PHI) 

z XOOT 

WRITEC~.888) KSTEP,x,v.z.xooT,YDOT1ZOOT,IGOUT,JGOUT,KGOUT,PHI 
FORMAT( 9X~l511P6Ell.3,316,~11.3) 

TAKE A STEP 

IF CKSTEP.EC.0) GO TO 550 
CALL ORBIT 
KSTEP=KSTEP + l 
IF(NPRlNT.EQ.3) WRITE(M,888) KSTEP1X1Y1Z1XOOT 1YDOT 1ZDOT 1IGOUT1 

1 JGour,KGOUT,PHI 
IF(KSTEP.LE.MSTEP) GO TO 550 
WRITECM,998) MSTEP 
FORMAT(/////lX1 9HMORE THAN,I6119H STEPS • llENCE STOP) 

' " .. • ' •••I .~(.<,, ;. !'.,I ... '.~ ... ~-"! ... ,,• cl•, .· :: ):'. ; •" ;, 



)>. ... 
c.o 

ISN 0138 

ISN 0139 

ISN Ol'tl 

ISN 01't3 

ISN 0145 
ISN 0147 

ISN 0149 
ISN 0150 
ISN 0152 
ISN 0153 

ISN 0155 
!SN 0156 

ISN 0157 
I StJ 015 9 
ISN 0160 
ISN 0161 
ISN 0163 

ISN 0165 
ISN 0167 
ISN 0168 
ISN 0170 
JSN 0172 
ISN 0174 

ISN 017·6 
ISN 017 8 
ISN 0179 
ISN 0181 
TSN 0103 
ISN 0185 

JSN 0187 
ISN 0189 
ISN 0190 
ISN 0192 
!SN 0194 
ISN 0196 

ISN 0198 

c c 
550 
c 

c 

c 

STOP 

IFCZ.EQ.O •• ANO.ZOOT.LT.O. 
1.AND.Y.GE.YP(l).AND.Y.LE.YPCJV)) GO TO 600 

IF(CX.LE.XX(l).ANO.ZDOT.LT.O.).OR. 
l(X.GE.XXCI!).ANO.ZDOT.LT.0.))GO TO 600 

IFCCX.LE.XX(l).ANO.XDOT.LT.O •• ANO.ZOOT.GT.O.).OR. 
1 CV.LE.YY(l).ANO.YOOT.LT.O.).OR. 
2(X.GE.XXCII).ANO.XOOT.GE.O •• AND.lDOT.GT.O.).OR. 
3 (Y.GE.YYCJJl.ANO.YDOT.GT.O.).OR. 
4 (Z.GE.Zl(KK).ANO.ZDOT.GT.0.))GO TO 700 

IFCSKPRFL.EQ.1) GO TO 538 
lF(((Y.LE.(YY(MBCl•.5*lll.AND.CY.GT.CYYCMBC)•.5*ZZCKUK)))).OR. 

l(CY.GE.CYYCMB0)+.5*Z)).AND.CY.LT.CYY(HB0)+.5*ZZCKUK)))) 
2.ANO.X.GE.XXCILX).ANO.X.LE.XX(IUX)) GO TO 600 

538 CONTINUE 
IF CZ.NE.O •• OR .ZOOT.GE.0.) GO TO 540 
lDOT=•lDOT 
IF (NPRINT.EQ.3) WRITE(H,888) KSTEP,x,v.z,xoor.voor,zoor,rGour. 

1 JGOUT1KGDUT1PHI 
GO TO 590 

540 CONTINUE c 

c 

IF (KSTEP.E0.0) GO TO 500 
PHIOLD=PHI 
CALL INT ERP 
IFCIGOUT.LT.1.0R.IGOUT.GT.IIA.OR.JGOUT.LT.l.OR.JGOUT.GT.JJA.OR. 

lKGOUT.LT.l.OR.KGOUT.GT.KKA) GO TO 330 
IFCNTIME.LT.1.0R.NTIME.GT.6l GO TO 580 

IF(NTIME.NE.t.AND.NTIHE.NE.2) GO TO 560 
XOOTS=XOOT**2 ~ PHIOLD•PHI 
IFCXDOTS.EQ.O.) ·xooT=O. 
IFCXOOTS.GT.O •• AND.XOOT.NE.O.) XDOT=SORTCXDOTS)*SIGNC1. 1 XDOT) 
IF(XOOTS.LT.O •• AND.XDOT.NE.O.) xoor~-xoor 
IF(NPRINT.EQ.3.ANO.XDOTS.LT.0) WRITECM,808) KSTEP,x,v,z.xoor,voor, 

1 ZOOT,IGOUT,JGOUT,KGOUT,PHI · 
c 
560 !F(NTIHE.NE.3.AND.NTIHE.NE.4) GO TO 570 

YDOTS=YDOT**2 + PHIOLD•PHI 
IF(YOOTS.EQ.0.) YDOT=O. 
IF(YOOTS.GT.O •• ANO.YOOT.NE.O.) YOOT=SQRT(YDOTS)*SIGNCl.1YDOT) 
IFCYOOTS.LT.O •• AND.YOOT.NE.O.) YDOT~·YOOT 
IF(NPRINT.E0.3.ANO.YDOTS.LT.0) WRITE(M,888) KSTEP1XtY1l 1 XDOT 1 YDOT 1 

1 lOOT1IGOUT,JGOUT1KGOUT,PHI c 
510 !F(NTIHE.NE.5.ANO.NTIME.NE.6) GO TO 590 

ZOOTS=ZOOT**2 + PHIOLO•PHI 
IFCZDOTS.EQ.0.) ZDOT=O. 
IFClOOTS.GT.O •• ANO.ZDOT.NE.O.) ZOOT=SORTCZDOTS)*SIGNC1. 1 ZOOT) 
IFCZOOTS.LT.O •• AND.ZDOT.NE.0.) ZDOT=•ZDOT 
IFCNPRINT.E0.3.AND.ZDOTS.LT.0) WRITECM,888) KSTEP1X1Y 1 Z1XOOT 1YOOT 1 1 lOOT,IGOUT,JGOUT 1 KGOUT,PHI· 
GO TO 59 0 



ISN 0199 
ISN 0200 
ISN 0201 
JSN 0202 
ISN 0203 
ISN 0204 
ISN 0205 

ISN 0207 

ISN 0209 

ISN 0210 
I SN 0211 
ISN 0213 
ISN 0214 
ISN 0215 

ISN 0216 
ISN 0217 
ISN 0219 
ISN 0221 
ISN 0222 
TSN 0223 

;... JSN 0224 
...,.. JSN 0225 
"'"ISN 0226 

ISN 0228 
ISN 0229 
ISN 0230 
ISN 0231 
JSN 0233 
JSN 0234 

lSN 0235 
lSN 0237 
!SN 0238 

ISN 0239· 
ISN 0240 
ISN 0242 
ISN 0243 
!SN 0244 
TSN 0245 
ISN 0246 
JSN 0247 
!SN 0248 
ISN 0249 

ISN 0250 

c 
580 
997 

887 
c 
590 

c 

WRITE(M,997) NTIHE 
FORMATC////lX,11HTROUBLE • NTIME =1 !3,19H = OUT OF RANGE 1•6) 
wRCTE(M,887) KSTEr,x,y,z,xooT,YOOT,ZDOT1IGOUT,JGOUT1KGOUT1PHI1SAVE 
FORMAT( 9X,J5,1P6Ell.313I61Ell.3, 1 SAVE= 1 1E18.10) 
STUP 

CALL I NT ERP . 
IFCIGOUT.LJ.1.0R.IGOUT.GT.IIA.OR.JGOUT9LT.l.OR.JGOUT.GT.JJA.OR. 

lKGOUT.LT.1.0R.KGOUT.GT.KKA) GO TO 330 . 
IF(NPRINT.EQ.3) WRITE(M,888) KSTEP,x,v,z,xoo1,vooT,ZDDT1IGOUT1 

1 JGOUT,KG~UT,PHI 
GO TO 500 

C PARTICLE IS ABSORBED" 
600 CONTINUE 

c 

IFCNPRINT.NE.2.AND.NPRINT.NE.3) GO TO 1002 
FAT EC D=ENOl( l) 
FATEC2)=END1(2) 
GO TO 750 

C PARTICLE ESCAPES c 
700 

720 
740 

c 

c 
750 

889 c 
1002 

1000 c 

CONTINUE 
IFCNPRINT.E0.1) GO TO 720 
IFCNPRINT.N~.2.AND.~PRINT.NE.31 GO TO 740 
FA TECl )=END2Cl) 
FATE(2)=E\102(2) 
GO TO 740 
WRITE(M,982) KE,JE1KB1JB,KA,JA,BEltALl,EV1PVOLTS 
NOESC=NOESC .. 1 
IF(ME.EQ.Q) GO. TO 750 

CSANGL=ZDOT/SQRT(XOOT**2+YOOT**2+ZDOT**2) 
XPON=•2.*KHACH*SQRT(E)*CSANGL • E • XHACH**2 
£0EFA=SPEED**2/FLOAT(NUMBER) 
IFCABSCXPON).GT.36.) GO TO 1000 
ADO =COEFA*EXPCXPON) 
DENS=DENS + ADD 

IFCNPRINT.NE.2.AND.NPRINT.NE.3) GO TO 1002 
WRITE(M,809) FATE,KSTEP1X1Y1Z1XDOT,YDOTtZOOT 1IGOUT,JGOUT1KGOUT,PHI 
FORMATC1X,2/\4,I5,1P6Ell.3,3!6,Ell.3) 
CONTINUE 
IF(MOSTPS.GE.KSTEP) 
KES=KE 
JES=JE 
KBS=KB 
JBS=JB 
KAS=KA 
JAS=J/\ 
MOSTPS=KSTEP 
C 0 NT IN UE 

GO TO 1000 

C END OF SUH OVER ANGLES c 
FRACT=FLOATCNOESC)/FLOAT(NUMBER) 



JSN 0251 
ISN 0252 

lSN 0253 
JSN 0255 
ISN 0257 

JSN 0258 
TSN 0260 
JSN 0261 
ISN 0263 
ISN 0264 

!SN 0265 

ISN 0267 
ISN 0268 
I StJ 02 6 9 
lSN 0270 

ISN 02"11 
ISN 0272 

c 
978 

c 

976 

c 
BOO 

1001 
c 
c 
c 
c 

WRITE(M,978) NOESC1NUMBER1FRACT,EV1DENS 
FORMAT(/1K,16HRATIO ESCAPING =115, 7H OUT OF,I5,14H OR A FRACTION, 

1 fl3.8114H AT ENERGY E =,Fl3.8t 6H VDLTS,4X16H(OENS=11PE14.41lH)) 
IF(NPRINT.EQ.0) GO TO 800 
IF(~E.NE.0) WRITECM,976) 
FORMATClX,BOHOENS IS THE SUM OF AOD=SPEE0**2*EXPCXPON)/NUMBER OVER 

1 A HE~ISPHERE OF DIRECTIONS//) 

IFCME.EQ.0) GO TO 1001 
COEFE=2./(l. • CE)**2/FLDATCHE) 
IFCXMACH.GT.1.) COEFE=COEFE*XMACH**2 
DENST=OENST * COEFE*OENS 
CONTINUE 

IFCME.EQ.0) DENST=SPEED**2*FRACT 

TRAJECTORY WITH MOST STEPS. PRI~T K AND J INDICES. 

WRITECM,972) MDSTPS1KES1JES1KBS,JBS1KAS,JAS 
972 FORMAT(///1X,I5,3CI3,12) 1 29H =MOSTPS, KE,JE, KB,JB, KA 1JA) 

WRITE(H,974) XSAVE,YSAVE,PHISAV,DENST,PARTCL 
974 FORMATC/1X,26HAT OIMENSIONLESS K,Y,PHI =1 3Fl2.6 1 1H,,5X 11PE16.4 1 

l JJH = NORMALIZED CURRENT DENSITY FDR12A5//) 
RETURN 
EN 0 



LtVtL ll.B ( JUN 74 ) OS/360 FORTRAN H 

COMPILER OPTIONS - NAME= MAIN,OPT=02.LINECNT=60,StlE=OOOOK, 
SOURCE,EBCDIC,NOLIST,NODcCK,LOl\O,MAP,NOEDIT,NOID,NOXREF 

ISN 0002 SUAROUTINE lNTERP 

ISN 0003 

ISN 0004 
lSN 0005 

TSN 0006 
I S rJ 0 0 0 7 
!SN 0008 
ISN 0009 

ISN 0010 
ISN OOtl 
ISN 0012 

ISN 0013 
ISN 0015 
ISN 0017 

ISN 0019 
ISN 0020 
ISN 0021 
ISN• 0023 

e: ISN 0024 
~ ISN 0026 

ISN 0028 
ISN 0029 
lSN 0031 
ISN 0032 
ISN 0033 

ISN 0035 
ISN 0036 

ISN 0037 
I SN 0039 
ISN 004J 

lSN 0043 
ISN 0044 
IStJ 0045 
ISN 0047 

c 
C INTERPOLATION WITHIN GRID c 

c 

c 

c 
c 
c 

c 

10 
c 
100 

101 

102 

c 
103 
104 c 
c 
c 
c 
c 
c 

c 

20 
c 

COMMON/BK/IIM,IIP,JJM,JJP,KK,NTOT,IV,JV,II,JJ,M,N,VP(30), 
lXYlC2080,3),VVC30,20,10),XP(30),XMC10),YP(20),YM(l0),ZZC10), 
2XX(40),YYC3Q),ILX,IUX,KUK,MBC,M~O,VRF,NFPS,SKPRFL,SKPLST 
COHMON/ORB/XOOT,voor,zoor,x1,x2.v1.v2,z1,z2,x.v.z,PHI,NTIME,SAVE 
CO~MON/INTER/INT,IIA,JJA,KKl\1IGOUT,JGOUT1KGOUT,Xl\,YA,lA1 
1XIC30),YJ(2Q),l~C10) 

IGOUT=O 
JGOUT=O 
KGOUT=O 
NCH=O 

X l\=X 
y (\ = y 
lA= l 

LOCATE XA 

IFCXA.EO.XICIIA)) 
IF(XA.EO.XICIIA)) 
IF(INf.NE.0) 

DO 10 1=2,III\ 
IG:::;I•l 

IG=IIA•l 
GD TO 103 
GO TO 100 

IF(Xl\.LT.XI(l)) GO TO 103 
CONTINUE 

IF(XA.GE.XICIG•l)) GO TO 102 
IF(XA.GE.Xl(IG)) GO TO 104 
IG=IG•l 
IF(Xl\.LT.XICIG)) GO TO 101 
GO TU 103 
IG=IG•l 
IF(XA.GE.Xl(IGtl)) GO TO 102 

NCH=l 
CONTINUE 

ACCEPT IF XI(IG) LESS THAN DR EQUAL TO XA LESS THAN XICIG•l). 

LOCATE YA 

IFCYfl.EO.YJCJJA)) 
IFCYA.EO.YJ(JJA)) 
IF(INT .NE.0) 

DO 20 J=2,JJA 
JG== J•l 
IFCYA.LT.YJ(J)) 
CONHNUE 

JG=JJA-1 
GO TO 203 
GJ TO 200 

GO TO 203 

DA TE 



---c=~-

ISN 0048 200 IF(YA.GE.YJ(JG+l)) GD TO 202 
ISN 0050 IF(YA.GE.YJ(JG)) GO TO 204 
ISN 0052 201 JG=JG•l 
I S ~~ 0053 IFCYA.LT.YJCJG)) GD T ll 201 
1 SN 0055 GO TU 203 
!SN I) 0 5 6 202 JG=JG-tl 
ViN 0057 c IFCYA.GE.YJCJG+l)) GD TO 202 
ISN 0059 203 NC ti =l 
ls t~ 0 0 Ii 0 204 CONTINUE 

c 
(. tiC.C.EPT 
c 

IF YJCJG) LESS THAN OR EQUAL TO YA LESS THAN YJCJG+l). 

c 
c LOCATE lA c 

ISN OD bl IFCZA.EQ.ZK(KKA)) KG:;:KKA•l 
ISN 0063 IFCZA.EQ.ZK(KKA)) GO TD 303 
JSN 0065 !FONT .NE.0) GO TO 300 c 
JS~' 0067 OD 30 K=2,HA 
lSN 0068 KG=K•l 
ISN 0069 IFCZA.LT.ZKCK)) GO TO 303 
I S tJ 0071 30 CONTINUE 

c 
ISN 0072 300 IFCZA.GE.ZKCKG-tl)) GO TO 302 
lSN 0074 IFCZA.GE.ZKCKG)) GO TO 304 
!SN 007b 301 KG=KG•l 
ISN 0077 IFClA.LT.ZKCKG)) GO TO 301 
lSN 0079 GO TO 303 
ISN 0080 302 KG=KG•l 

> ISN 0081 IF(LA.GE.ZKCKG+l)) GO TD 302 c 
~ ISN OOU3 303 NCtl=l 

JSN 0084 304 CONTINUE 
c c ACCEPT IF lK(KG) LESS c THAN DR EQUAL 

I 
TO ZA LESS THAN lKCKG+l}. 

c LOCATE L IIJ E AND HOX c 
ISN 00 8 5 Xl=X!{lfi) 
ISN 0086 Yl=YJ(JG) 
l SN 0087 Z1=/K(KG) 
TSN 0088 X2=XI(IG.q) 

-1 SN 0 0 8 <) Y2=YJ(JG+1) 
I Sr~ 0090 l2=LK(KG-tl) 

c 
lSN 00<)1 IFCX.NE.Xl.DR.XDOT.GE.Q.) GO TO 400 
T'>IJ 0093 IG-=TG•l 
I SN 0 0 ') '1 X2=Xl 
ISN 0095 Xl=XIClG) 

c 
I ~ti 0096 400 IFCY.NE.Yl.OR.YDOT.GE.O.) GO TO 500 
IS IJ 009B JG::JG•l 
ISN 00 I) 9 Y2=Yl 
lSN 0100 Yl=YJ(JG) 

c 
lSN 0101 500 IFCZ.NE.Zl.DR.ZDOT.GE.0.) GO TO 600 



ISN 0103 KG=KG•l TSN 0104 l2=ll 
ISN 0105 Zl = ZKC KG) c 
fSN 0106 600 PHI=VV(IG,JG,KG) ISN 0107 IGUUT=IG ISN 0108 JGOUT=JG TSN 0109 KGOUT=KG 
JSN 0110 RETURN 
ISN 0111 ENO 



> ..... 
tO 

COMPILER OPTIONS • N~HE= MAIN,OPT=02,LINECNT=60,SIZE=OOOOK1 OATE 
SOURCE,EBCDlC,NOLIST,NOOECK,LOAD,MAP,NOEuIT,NOID,NOXREF 

ISN 0002 SUBROUTINE POWER 

ISN 000 3 

I SN OOO"i 

1 SN 0005 
lSN 0006 
lSN 0007 
ISN 0009 
T SN ·oo 10 
JSN 0012 
ISN 0014 
TSN 0016 
ISN 0018 
ISN 0019 
ISN 0020 

!SN 0021 

ISN 0022 

ISN 0024 

ISN 0025 
ISN 0026 
!SN 002 7 
ISN 0028 
!SN 002 g. 

ISN 0030 

!SN 0032 
tSN 0033 
JSN 0034 
ISN 0036 
ISN 0039 
ISN 0039 
TSN 004 0 
ISN 0041 
!SN 0042 
IS I~ 0043 
TSN 0044 
TSN 004~ 
ISN 0046 

c 
C CURRENT DENSITIES AND POWER LOSS 
c 

997 

990 
991 
992 

993 
c 
c 

COMMON/BK/IIM,IIP,JJM,JJP,KK,NTOT,IV,JV,II,JJ1M1N1VPC30), 
1XYL(20B0,3),VV(30,20,10),XPC30),XMC10),YP(20),YM(10),ZZC10), 
2XXC40),YYC30),lLX,IUX,KUKoMBC MBD,VRF1NFPS1SKPRFL1SKPLST 

CLIMMON/CP/NPRINf ,NPfStMA,MB,ME,KM~X,XPT,YPT,ALl,Btl,EV,SMACH, 
1 TVOLTS,CUR,XMETER . 

COMMON/CDIPVOLTS1XMACH1DENST,NN1PARTCLC2),PART1C2)1PART2(2) 
DIMENSION A(2) 
IFCNPTS.EO.O.OR.MA.EQ.O) WRITECM,997) x1•r1YPT,ALl1BE1,Ev 
FORMATUlX, 9HX AND y =,2F10.s.2ox,19Hl\LPHA,BETA,ENERGY =13F20.S) 
IF(NPRINT.EQ.0) WRifE(M 1990) 
IFCNPRINT.EQ.1) ~RITE(M,991) 
IF(NPRINT.EQ.2) WRITE(M,992) 
lF(NPRINT.EQ.3) WRITE(M,993) 
FORMAT(/3BH NPRINT=O MEANS NO TRAJECTORY PRINTING) 
FORMAT(/53H NPRlNT=l PRINf INDICES OF ESCAPING TR~JECTORIES ONLY) 
FDRMAT(/56H NPRINT=2 PRINT FIRST AND LAST STEPS OF ALL TRAJECTORIE 

lS) 
FORMAT(/52H NPRINT=3 MEANS PRINT EVERY STEP OF ALL TRAJECTORIES) 

IFCTVOLTS.EQ.Q.) RETURN 

XMACH=SMACH 
c 
C NON•DIMENSION~LilE THE POTENTIAL DISTRIBUTION. THEN RESTORE ~T ENO. c 

DO 200 K=l1KK 
DD 200 J=l,JJ 
DO 200 I=l,II 
VV(I,J,K )=VV(I,J,K)/TVOLTS 

200 CONTINUE 
c 
C DEFINE THE PANEL POINTS AT WHI~H THE CURRENT AND POWER IS EVALUATED c 
C CASE OF A SINGLE POINT 
c 

IFCNPTS.EQ.O.OR.MA.EQ.0) COEFM = XHETER**2 
c 
C CASE OF MULTIPLE. POINTS FOR INTEGRATION OVER PANEL SUB•AREAS c 

JVM=l 
IVM=l 
IFCJV.GT.1) JVM=JV•l 
IF(!V.GT.l) IVH=IV•l 
NA=O 
NAREl\S=IVM*JVM 
TPOWER=O. 
TCURNT=O. 
TAREA=O. 
.NN=O 
DD 500 J=1 1 JVM 
DO 500 l=l.IVM 
NA=NA+l 



ISN 
ISN 
ISN 
ISN 
l S~I 
ISN 
ISN 
ISN 
ISN 
JSN 
ISN 
ISN 
fSN 
ISN 
!SN 
ISN 
TSN 
lSN 
ISN 
ISN 
ISN 
ISN 
ISN 
·1 SN 
!SN 
ISN 
!SN 
ISN 
!SN 

ISN 
ISN 
ISN 
ISN 
ISN 
I SN 
ISN 
ISN 
!SN 
ISN 

0047 
004B 
0050 
0051 
0052 
0053 
0054 
0055 
0056 
0057 
005il 

8~~g. 
00&1 
0062 
0063 
0064 
0065 
0066 
0067 
0068 
0069 
0071 
0072 
0073 
0074 
0075 
0076 
0077 

0078 
0079 
OOBO 
0081 
0083 
0084 
0085 
0086 
0087 
0088 

ISN 0089 

ISN 0090 
ISN 0092 

ISN 0093 
ISN 0094 
ISN 0095 

ISN 0036 

250 

260 

2.70 

NP=O 
IF(NPTS.EQ.O.OR.HA.EQ.0) GO TO 250 
PO = 0 
CU.= 0 
A(l)=•l./SQRTC3.) 
A(2)==•A(l) 
GO TO 260 
CONTINUE 
JXHAX:::l 
JYMi\X=l 
KMAX==l 
GO TO 270 
JX Ml'IX::: 2 
JYMAX=2 
CONTINUE 
DO 400 KY==l 1 KHAX. 
00 400 KX=l,KMl'IX 
DO 400 JY=l,JYMAX 
DO 400 JX=l,JXMAX 
NP;:NPH 
NN=NN+l 
IFCNPTS.Eo.o.oR.HA.EQ.0) GO TO 300 
CX=(A(JX) + FLOATC2*KX • 1 • KMAX))/FLOATCKMAX) 
CY=CA(JY) + FLOAT(2*KY • 1 • KMAX))/FLOAT(KMAX) 
XPT:::(XPCI+l)•XPCll)/2.*CX + CXPCI+l)+XP(I)}/2. 
Y~T = CYP(J+l)•YPCJ})/2.*CY + CYP(Jtl)+YPCJ))/2. 
COEF = CXP(I+l)•XP(l))*(YP(J+l)•YP(J)) 

1 
AREA = COEF * XHETER**2 "'f' 'f ) 

c CDEFH = AREA/4./FLOATCKHAX**2) Llf?..~ .:;:;. NN /(!1A•f..4 ,,,.f..•'( 
c 
~ ~~~r8XieE~~~E~u~~~~~T~ENSITY AND MULTIPLY BY LOCAL POTENTIAL TO .f 
300 CALL OEN flt,ll(f!,e.!11.~ ~'Jt. 

c 
995 

c 
994 

c 

DENCUR=OENST~CUR 

PO\.IOEN==PVDLTS*OENCUR J -,11"T'"'.::: HA/ /A_, /LA~ IFCMA.EQ.0) GO TO 600 s- ~o 1~1v./ tr r• Q 
XP Hl:::XPT*XMETER 
YPTM==YPT"*')(t-\ETER 
XPM:::XPCI)*XMETER 
XPPM=XP(l•l)*XMETER 
YPM=YP(J)*XMETER 
YPPM=YPCJ+l)*XHETER 

FORMAT (6X,12HAT POINT N0.,!3,lOH, WITH X.=,F10.5,13H METERS, Y = 
ltFl0.5,21H METERS, ANO COEFFICIENT =1 Fl0.5,14H SQUARE METERS) . 

IFCWPTS.GT.O.ANO.MA.GT.Ol WRITECH,994) NA1XPM1XPPM,YPM,YPPM 
FORMAT( /5X,16H IN SUB•AREA NO.,I31lX117HtlOUNDED BY X IN (, 

1 Fl~.5,3H TO,Fl0.5, 9H) METERS,,4X 9 13HANO BY Y IN ( 1 2 Fl-0.5,3H TQ,Fl0.5, 8H) METERS) 

~~f1~c~~9~~~)P~bL~~!~E~t8~:~8~b~N,PARTCL 
98B FORMATC6X,53HTHE VOLTAGE, CURRENT DENSITY, ANO POWER DENSITY ARE = 

l/6Xt1PE16.4,6H VOLTS,4X,El6.4,23H AHP/(SO•HETER), AND,El6.4, 
2 24H WATT/(SO•METER), FOR,2A5//) 

IFCNPTS.EQ.:)) GO TO 600 ' 



ISN 0098 
ISN 0099 
ISN 0100 
ISN 0101 
ISN 0102 

ISN 0103 
ISN 0104 
ISN 0105 

ISN 0106 

ISN 0107 
TSN OlOA 
TSN 0109 
lSN 0110 

ISN 0111 
ISN 0112 

lSN 0113 
TSN 0114 
ISN 0115 
ISN Oll6 

>- ISN 0117 
N> ISN 0118 
"'"'" ISN 0119 

JSN 0120 
!SN 0121 
ISN 0122 
ISN 0123 
IS t~ 012 4 

400 

c 

984 

986 

c 

500 
c 
982 

980 

c 
c 

CU = CU + COEFM*OENCUR 
PO = PO + C~EFM * POWOEN 
CONTINUE 
AVCO = CU/HEA 
AVPD = PO/A!HA 

WR!TECM,986) NA,CU,PO,PARTCL 
WRITECM,984) NA,AREA,AVCD,AVPD 
FORMAT( lX,lOHIN SUB•AREA NUMBER,I3,BH OF AREA,1PE16.4115H SQUARE 

1 METERS,/52H THE AVERAGE CURRENT DENSITY AND POWER DENSITY ARE =1 
2 E!6.4tl9H AMP/CSQ•METER) AND,E16.41l6tl WATT/CSO•METER)) 

FORMAT( /1X.18HIN SUB•AREA NUMBER.I3,28H THE CURRENT AND POWER ARE 
1 =11PE16.4,12H /\MP, AND,E16.4,14H WATTS, FOR,2A5) 

TAREA=TAREA + AREA 
TCURNT = TCURNT + CU 
TPOWER = TPOWER + PO 
CONTINUE 

WRITECM,982) TCURNT,TPOWER1PARTCL 
FORMAT(///1X,34HTOTAL CURRENT ANO POWER LOSS ARE =11PE!6.41 

1 12H AMP, ANO,E16.4113H WATT, FOR,2A5) 
AVCD=TCURNT/TAREA 
AVPD=TPOWER/TAREA 
WRITECM 1 980) TAREA,AVCD,AVPD 
FORMATC/1X,26HWITH A TOTAL PANEL AREA OF11PE16.4115H SQUARE METERS 

l,/lX151HTHE AVERAGE CURRENT DENSITY ANO POWER DENSITY ARE=, 
2 E16.4,19H AMP/CSQ•METER) ANO,El6.4,16H WATT/CSQ•METER)) 

C RESTORE POTENTIAL DISTRIBUTION TD DIMENSIONAL VALUES c 
600 

700 

CONTINUE 
DO 700 K=l,KK 
DO 700 J=l,JJ 
00 700 I=l.II 
VV(I,J,K)=VV(!,J 1K)*TVOLTS 
C 0 N Tl N UE 
RETURN 
END 



COMPILER OPTIONS • NAME= MAIN,OPT=02,LINECNT=60,SllE=OOOOK, 
S00RCE,EBCDIC,NOLlST1NOOECK,LOAO,MAP,NOEDir1NOID1NOXREF 

ISN 0002 SUBROUTINE LISTCLST,IP) 
ISN 0003 COHMON/HK/IIM,IIP,JJM,JJP,KK,NTOT1IV,JV1II 1 JJ,H,N,VPC30), 

ISN 0004 
I S tJ 0005 
TSN 0006 
ISN 0007 
TSN 0008 
TSN 0 0 0 ') 
TS t~ 001.1 
YSN 0013 
lSN 00 l't 
ISN 0015 
ISN 0017 
JSN 0019 
ISN 0021 
TS~ 0023 
I St~ 0024 
YSN 002~ 
!SN 0026 
lSN 0027 
TSN 0028 
1 SN 0 0 2 C) 
TSN 0030 
TSN 0031 
ISN 0032 

200 
300 
400 
1000. 

450 
3000 
500 

lXYl(2080,3),VV(30,20,10),XPC30),XM(l0),YPCL0) 1 YM(l0) 1 ZZC10), 
2XX(40),YY(30),!LX,IUX,KUK,MBC1MBD,VRF1NFPS1SKPRFL 1 SKPLST 

COMMON/FLD/KC2080,2),COEFC2080,7),INOXC208U,6) 1 SKPCO 
DIMENSION KDUT(5),XOUT(5),YOUT(5),ZOUT(5) 
DO 500 LINE=l,60 
DO 200 NP=l,5 
KP=LINE • (~P-1)*60 + CIP•ll * 300 
IFCKP.GT.NTOT.AND.NP.EQ.l) RETURN 
IFCKP .GT. ~TOT) GO TO 300 
NMAX=NP 
KOUT(NP) = KP 
IFCLST.EQ.1) XOUTCNP) = XCKP,1) 

i~~t~i :~~: ~5 ~g~~~~~~=~~Ii~~~25) 
IF(LST .EQ. 2) ZOUT(NP) =XYl(KP,3) 
CONTINUE 
GO TO (400,450),LST 
WRITECM,1000) CKOUTCNP),XOUTCNP), NP=l1NHAX) 
FORMATC5(I8,Fl6.8)) 
GO TO 500 
WRITECM,3000) CKDUTCNPl1XOUTCNP)1YOUTCNP),ZOUTCNP),NP=1 1 NMAX) 
FORMATC5CI8,3F6.2)) 
CONTINUE 
RETURN 
END 



ISN 

JSN 

ISN 
JSN 
TSN 
lSN 
l st~ 
lSN 
ISr~ 
l~N 
lSN 
lSN 
lSN 
ISN 

ISN 
ISN 
ISN 
TSN 
lSN 
I SN 

JSN 
JSN 
lSN 
lSN 
ISN 
JSN 

> ISN 
!:..:> ISN co 

ISN 
ISN 
ISN 
ISN 
ISN 

Is r~ 
JSN 
IS N 
ISN 
ISN 
ISN 
I SN 
ISN 
TSN 
lSN 
ISN 
!SN 

ISN 

0002 

0003 

0004 
0005 
0006 
0007 
00 0 tl 
000 ') 
OOtO 
0011 
0012 
0013 
00t4 
0016 

0017 
0018 
0019 
0020 
0021 
0022 

0023 
0024 
0025 
0026 
00 21 
0028 

0029 
0030 
0032 
0034 
0036 
0038 
0040 

0042 
0043 
0044 
0046 
0048 
0049 
0051 
0053 
0054 
0055 
0057 
0058 

005~ 

COMPILER 

c 

200 

c 

C, 

c 

c 

500 

8888 

c 
600 c c 

U~l~bU rUKIKAN M 

OPTIONS - NAME= MAIN,OPT=02,LINECNT=60,SIZE=OOOOK, 
SOURCE,EBCOIC,NOLIST,NOOECK,LOAO,MAP,NOEOIT,NOIO,NOXREF 

SUBROUTINE RELl\X 
POINT•SlJCCESSIVI: OVERRELAXATION METHOD 
c 0 M 1.1 ll N I~ KI I I MI I I"' J JM' J J p I K K 'N TD T I Iv' J v. II • J J, M. N. v p { 3 0) • 

1XYIC2080,3),VV(30,20,10),XP(30),X11(10),YPC20),yH(l0)1ZlCl0)1 
2XX(401,YYC3011ILX1IUX,KUK,MBC,MBO,VRF,NFPS1SKPRFL,SKPLST 

CUHMON/FLD/XC2080,2),COEFC2080,7),1NDXC208u,6),SKPCO 
OHl:GA=l .. 9 
EPS = l .. E•3 
If I~ A X = 2 0 0 0 
ITl{::;:Q 
JPROLD=O 
IGll=l 
I TR=ITRt-1 
OELTAM=O. 
DO 500 N=l,NTOT 
IF(X(N,2).EQ.l)GO TO 500 
Xl:::X(N,1) 

FN=COEF(N,1)/COEFCN,7) 
FS=CDEF(N,2)/CDEF(N,7) 
FE=COEF(N,3)/COEF(N,7) 
FW=COEF(N,4)/COEFCN,7) 
FU=CDEFCN,5)/CDEF(N,7) 
FO=CDEF(N,6)/CDEF(N,7) 

NN=INDX(N,1) 
NS=INOX(N,2) 
NE=INOX(N,3) 
NW=INOX(N,4) 
NU=INOX(N,5) 
ND=INOX(N 1 6) 

SUM=O. 
IF(NN.GT .. 0) SUM = SUM+FN*XCNN,1) 
IF(NS .. GT .0) SUM = SUM-t-FS*XCNStl) 
IFCNE.GT.Q) SUM = SUM+FE*X(NE,l) 
IFCNW .. GT.0) s u Ii = SiJIHFW*X(NW, 1) 
IFCND.GT.0) SUM = SUM+FO*X(NO,ll 
IF(NU.GT.0) SUM = SUMtFU*X(NU,l) 

X(N,1) = OMEGA*SUM+(l.•DHEGA)*Xl 
DELTA ::: ABSCX(N,l)•Xl) 
IF(ABSCXl) .. GT.l.E•lQ) DELTA=ABS((X(N 1 l)•Xl)/Xl) 
IF(DELTA .GT. DELTAM) DELTAM=DELTA 
CONTINUE 
IFCITR .. GT.ITMAX) WRITECM1BBB8) ITR 
IFCITR.GT.ITMAX) GLI TO 700 
FORMATC////lOH MORE THAN, I4tllH ITERATIONS) 
IPR=ITR/500 
IF(IPR .. LE .. IPROLO) GO TO 600 
IPROLD=IPR 
GO TO 800 

IF(DELTAM.GT.EPS) GO TO 200 

ITERATION FINISHED. PRINT ANO EXIT. 

\l ATE 



! '.)N OOtil 
I SN 0 () fi I 
!SN 0063 
TSN OOn4 
ISN 0065 

lSN 0066 
lSN 0067 

lSN 00 6 t1 
IS N · 0 0 f, 9 
I :.N 0070 

c 
7l} 0 
uoo 

7771 

900 
c 
1'.>0 0 

I Gll"'Z 
N F i> P = ( NT 0 T I 3 0 0 ) i- l 
UD 900 lP=l,NFPP 
WRITECM,7777) ITR,EPS,DELTAM,OMEGA 
FU I{~ f\ T Cl 5 It l S 0 L lJ T 10 N AF TE R ,_ I6 , 2 X , 2 5 HITER AT I 0 NS WITH T 0 LERA NC E 1 

1 F12.u~ox,18HHf\XIMUM OIFftRENCE,F12.B,HX,6HOMEGf\=,F8.5) 
Cl\LL LlSTCl,IP) 
CONTINUE 

tro-l0--(-6-0 0-,-1-0 0 0 ,-,-i-5 s 
RETURN 
ENO 



LEVEL 21.B ( JUN 74 ) OS/360 FORTRAN H 

JSN 0002 
ISN 0003 

lSN 
!SN 
ISN 
!SN 
IS N 
l SN 
ISN 
ISN 
IS r~ 

0004 
000~ 
0006 
u 0 0 tl 
000<)' 
OOtO 
0012 
0013 
0014 

COMPILER OPTIONS - NAME= MAIN,OPT=02,LINECNT=60,SIZE=OOOOK, 
SDURCE,EGCDIC,NOLIST,NOOECK,LOAD1MAP,NOEOIT1NOI01NOXREF 

SUBROUTINE FINDCI,J,K) 

i~~~~~~L2~~5;0v?~~:~5~ii~~x~~~~~~~M~~b~~v~l~5~:~A~i~~~i2~io), 
2XXC40l ,YYC30),ILX,IUX,KUK,MGC,HBD,VRF,NFPS 1 SKPRFL,SKPLST 

tTJJ=1l*JJ 
K=N II I J.1-t 1 
IFCK .GE. 2 .AND. MOD(N,IIJJ) .EQ. Q) K=K•l 
NKIJ=N • IIJJ*(K•l) 
J=NKIJ/lltl 
IFCJ .GE. 2 .ANO. MOD(NKIJ,!I) .EQ. 0) J=J•l 
I=NKIJ • Il*(J•l) 
RETURN 
E ~ LJ 

~--~z~c- ~- ___ : 

I 

DATE 



LtVtl 21.B C JUN 74 ) OS/360 FORTRAN H 

COMPILER OPTIONS • NAME= MAIN,OPT=02,LINECNT=60,SIZE=OOOOK, 
SOURCE,EBCOIC,NOLIST,NOOECK,LOhD,MAP,NOEDIT1NOID1NOXREF 

TSN 0002 SUBRDUTINE (\RRAY · 
ISN 0003 COMMON/llK/IIM,IIP,JJM,JJP,KK,NTOT,IVtJV,II,JJ,M,N,VP(30), 

1XYLC20U0,3),VVC30,20,10),XP(30),XM(lu),YP(20),YM(10),ZZC10), 
2XX(40),YY(3Q),lLX,IUX,KUK,MBC,MBU,VRF,NFPS,SKPRFL,SKPLST 

TSN 0004 COMMON/FLD/XC20B0,2),COEFC2080,7),lNOX(2080 1 6) 1SKPCO 
ISN 0005 COMMON/CCC/CN,CS,CE,cw,cu,cD,cc,NN,NS,NE,NW,NU,ND 

TSN 0006 
JSN 0007 
ISN 0008 
ISN 0009 
ISN 0010 
J SN 0011 
ISN 0012 

ISN 0013 
TSN OOH 
TSN 0015 
ISN 0016 
rsN 0011 

::i.- IS t~ 0018 
N> ISN 0019 
O'l ISN 0021 

ISN 0022 
I SN 0023 
TSN 0024 
ISN 0025 

c 
C COEFFICIENT ARRAY = COEFCN,7), WHERE 
C COEFCN,l)=CN (NORTH=tY NEIGHBOR) 
C COEF(N,2)=CS CSOUTH=•Y NEIGHBOR) 
C COEF(N,3)=CE ("EAST=+X NEIGHBOR) 
C COEFCN,4)=CW C WEST=•X NEIGHBOR) 
C COEFCN,~)=CU ( UP=+Z NEIGHBOR) 
C COEFCN,6)=CD ( DOWN=•Z NEIGHBOR) 
C COEFCN,7)=CC ( = CENTRAL POINT) c 
C SAVE COEFFICIENTS AND INDICES c 

c 

1000 
20 

COEFCN,l)=CN 
COEF(N,2)=CS 
COEF(~,3)::CE 
COEFCN ,'4 )=CW 
COEFCN,5)=CLJ 
COEF(N,6)=CO 
COtFCN,7)=C.C 

INOX(N,l)::NN 
INOX(N,2)=NS 
INIJXCN,3)=NE 
I N D X ( N , '• ) = t~ l.J 
INOXCN,5)=NU 
Dl0X(N,6)=NO 
IF(SKPCO.EQ.l) GO TO 20 
WRITECM,1000) ND,CO,NS~CS,NW!CW,N,CC1NE1CE,NN1CN 1 NU1CU FORM4T(/7(1X1lHC1I4,2HJ::1lPE 0.4)) 
CONTINUE 
RE TUR\! 
END 

DATE 



ISN 0002 
ISN 0003 

ISN 0004 
TSN 0005 
ISN 0006 
lSN 0007 
ISN OOOtl 
ISN 0009 
TSN 0011 
JSN 0013 
ISN 001'1 
JSN 0015 
ISN 0016 

COMPILER 

ISN 0017 100 
lSN OOUi 
!SN 0019 
ISN 0020 200 
ISN 0021 
ISN 0022 300 
ISN 0023 
ISN 0025 
ISN 0027 
!SN 0028 
1SN 0029 
TSN 0030 
TSN 0031 400 
ISN 0032 
TSN 0033 
I SN 0034 500 
ISN 0035 
lSN 0036 600 
ISN 0037 
ISN 0039 
TSN 0041 
ISN 0042 700 
ISN 0043 
JSN 0045 
1 SN 0046 
JSN 0047 
TSN 0048 
ISN 0049 .800 
ISN 0050 
TSN 0052 
ISN 0053 
TSN 0054 
ISN 0055 900 
TSN 0056 
ISN 0057 

OS/360 FORTRAN H 

OPTIONS • NAME= MAIN,OPT=02,LINECNT=60,SilE=OOOOK, 
SOURCE,EBCDIC,NOLIST,NODECK1LOAD1MAP,NOEDIT,NOID,NOXREF 

SUBROUTINE CUD(MP,C,A) 
COMMON/BK/IIM,IIP,JJM,JJP,KK,NTOT,IV 1 JV,II,JJ,M,N1VPC30), 
lXYLC2080,3)~VV(30,20,10),XP(30)lXM(lU),YPC20) 1 YMC10),ZlC10), 
2XX(40),YY(3u),ILX1IUX,KUK,M~C1MuO,VRF,NFPS,SKPRFL,SKPLST 

CUMMON/CCC/CN,CS,CE,cw,cu,co,cc,NN,NS,NE,NW,NU,ND 
NFCIX,JX,KX) = IX+II*(JX-1) + II*JJ*(KX-1) 
J\-=O. 
C=O. 
CALL FIND(I,J,K) 
Ir(I .Ea. 1) GO TO 100 
IFCI .EO. II) GO TO 200 
NH=NFCI+l 1J,K) 
NL=NF(l•l,J,K) 
ox~xYZ(NH,1) - XYZCNL,l) 
GO TO 300 
NH=NF(2,J,K) 
DX=XYZ(NH,l) • XYZCN 1 1) 
GO TO 300 
NL= NF ( lI • 1 'JI K) 
OX=XYZ(N,l) • XYZ{Nltl) 
CONTINUE 
IF(J .Ea. 1) GO TO 400 
IF(J .Ea. JJ) GO TO 500 
NH:::NF(I,J+l,K) 
NL=NFCI,J•l,K) 
DY=XYZ(NH,2) • XYZ{Nl12) 
GO TO 600 
NH:::Nf(I,2,K) 
DY=XYl(NH,2) • XYZCN12) 
GO TU 600 
NL=NFCI, JJ•l, K) 
DY=XYZ(N,2) • XYZCNL,2) 
A:::OX*DY/4. 
lFOIP .f:Q. 1) GO TO 700 
IFCMP .Ea. 2) GO. TO aoo 
RETUl{N 
NU=O 
IF(K .EO. KK) RETURN 
NH=NF(I,J,Ktl) 
NU=NH 
Dl=XYZCNH,3) • XYZ(N,3) 

GO TO 900 
ND=O 
IF(K .EQ. 1) RETURN 
NL=NFCI,J,K•l) 
ND=NL 
OZ=XYZ(N,3) • XYl(NL,3) 
C=A/DZ 
RETUR'I 
END 

UATE 



LEVtl 21.8 ( JUN 74 ) OS/360 FORTRAN H 

lSN 0002 
ISN 0003 

JSN 0004 
!SN 0005 
I StJ 0006 
lSN 0007 
JSN OOOH 
TSN 000') 
lSN OOtl 
TS t~ 0 0 l J 
!SN OOH 
lSN 0015 
l SI~ 0 0 l !'.> 
lSN 0017 
TSN 001.B 
!SN 0019 
!SN 0020 
l '.; N 0 0 2 l 
ViN 00?2 
I ·; IJ 0 0 ~ 3 
l SI~ 0 0 2 5 
l~N 0027 
l SN 002B 
1SN 0029 
!SN 0030 
ISN 0031 
ISN 0032 
TSN 0033 
JSN 0034 
ISN 0035 
TSN 0036 
ISN 0037 
ISN 0039 
TSN 00 1tl 
ISN 00'12 
ISN 004::\ 
ISN 0045 
T s I~ 0 0 t, 6 
lSN 0047 
TSN 0048 
l SN 0049 
ISN 0050 
ISN 0052 
JSN 0053 
ISN 0054 
TSN 0055 
!SN 0056 
lSN 0057 

I 

COMPILER OPTIONS • NAME= MAIN,OPT=02,LINECNT=60,SilE=OOOOK, 
SOURCE,EBCDIC,NOLIST,NOaECK,LOAD,MAP,NOEDIT,NDIO,NOXREF 

SUBRDUTINE CN SOIP, C, A) 
COMMDN/flK/IIM,IIP,JJM,JJP,KK,NTOT,IV 1 JV,II1JJ,M,N,VPC30), 

lXYL(2080,3),VV(30,20,10),XP(30),XM(lu),YP(L0),YM(10),llC10), 
2XXC40),YYC30),ILX,IUX,KUK,MOC,MBO,VRF,NFPS 1 SKPRFL,SKPLST 

COMHON/CCC/CN,CS,CE,cw,cu,cn,cc,NN,NS,NE,NW,NU,ND 
NFCIX,JX,KX)=!Xtll*CJX•l)t!I*JJ~(KX•l) 
A=O. 
C=O. 
CHL FINOCI,J,K) 
Il'CI.ECJ.1) GO TD 100 
ff(T.t:u.ID GO·TO 200 
Nlf-"NfC [+1,J,K) 
NL=Nr(l•l,J,K) 
OX=XYl(Nll,l) • XYZC~L.I) 
GO TD JOO 

100 Nll=NU2 1 J 1 K) 
llX::;XYlCNH,1) • XYZ(N,l) 
GU TU 300 

200 NL=NFC!l•l1J1K) 
UX=XYZ(N,1) • XYZCNL,l) 

300 CIJNllNUE 
IFCK.EQ.1) GO TO 400 
IHK.EQ.KK), GO TO 500 
N Ii= ~ff CI, J, Kt 1) 
Ml=NF(I,J,K•l) 
Dl=XYl(NH,3) • XYlCNL,3) 
GO TO 600 

400 NH=NF(!,J,2) 
Dl::;XYZCNH,3) • XYZ(N,3) 
GO TO 600 

500 Nl=NFCl1J1KK~l) 
DZ=XYZ(N,3) • XYZCNL,3) 

600 A=ox~DL/4. 
IFC~P.EQ.1) GO TO 700 
IFCMP.EQ.2) GO TO 800 
RETURN 

700 N~J=O 
IFCJ.EQ.JJ) RETURN 
NH=NF(l,Jtl,K) 
NN=NH 
DY=XYZCNH,2) • XYZ(N,2) 
GO TO 90 0 

800 NS=O 
IF(J.EQ.l) RETURN 
NL=NF(!,J•l 1 K) 
NS=NL 
DY=XYZ(N,2) • XYZ(NL,2) 

900 C=A/DY 
RETURN 
ENO 

DA TE 



OS/360 FORTRAN H 

COMPILER OPTIONS - ~~n~cE.~~E~ig~~oersf~~55~~K?~o~6~~A~~2g~DIT,NOID1NOXREF 
ISN 0002 SUBROUTINE CE~CMP,C,Al 
IS N 0 0 0 3 C 0MM0N/13 KI I IM, II P, J JM, J JP, K K, N TOT, IV, JV, II , J J 1 M1 N ,_v P (3 0) , 

ISN 
ISN 
TSN 
ISN 
ISN 
ISN 
ISN 
lSN 
lSN 
!SN 
IS N 
ISN 
ISN 
ISN 
ISN 
ISN 
YSN 
TSN 
l SN 
1 5 N 
TSN 
l SN 
ISN 
ISN 
I StJ 
TSN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
1SN 
ISN 
ISN 
ISN 
lSN 
ISN 
ISN 
ISN 
TSN 
TSN 
ISN 
ISN 
!SN 

0004 
0005 
0006 
0007 
0008 
0009 
0011 
00 l) 
00t4 
00 1 ' 0016 
001 1 
OOUl 
0019 
0020 
0021 
0022 
0023 
0025 
0021 
002B 
0029 
0030 
0031 
0032 
() 0 3 3 
0034 
00 3 5 
0036 
0037 
0039 
0 0 '· 1 
00 'i 2 
oou 
OO'i5 
004 6 
OO'i7 
0048 
0049 
0050 
0052 
0053 
0054 
0055 
0056 
00 5 7 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1XYlC20B0,3),VVC30,20,10),XP(30),XM(l0),YPC20) 1 YM(l0) 1 ZZC10) 1 
2XXC4Q),YYC30),ILX,IUX,KUK1MBC,MBO,VRF,NFPS,SKPRFL,SKPLST 

COMMON/CCC/CN,CS,CE,cw,cu,co,cc,NN,NS,NE,NW,NU,ND 
NFCIX,JX,KX)= IX+ ll~(JX•l) + ll*JJ*(KX•l) 
A= O. c:: 0. 
CALL FIND(l,J,K) 
IFCJ.EQ.l) GD TO 100 
IFCJ .EQ. JJ) GO TO 200 
NH= NF ( I, J t- l, K) 
NL=NF(l, J•l1 K) 
DY=XYLCNH,2) • XYZC~L,2) 
GO TO 300 
NH= tl F ( I 1 2, K) 
OY=XYZCNH,2) • XYZCN,2) 
GO TO 300 
NL=NFCI,JJ•l,K) 
DY=XYl(N,2) • XYZ(NL12) 
CONTINUE 
IFCK .EO. 1) GO TO 400 
IF(K .EO. KK) GO TO 500 
NH=Nf(I,J,K+l) 
NL=Nf(I,J,K•l) 
DZ=XYl(NH,3) • XYZ(NL,3) 
GO TO 600 
NH=NFCI,J,2) 
DZ=XYZCNH,3) • xvzc~.3) 
GO TO 600 
NL=NF(l,J,KK•l) 
DZ=XYZCN,3) • XYZCNL,3) 
A=DY*DZ/4. 
IF(MP .EQ. 1) GO TO 700 
IFCMP .EQ. 2) GD TO 800 
RE TUR~ 
NE=:O 
IF(t.EQ.II) RETURN 
Nl-l=NFC I+l,J 1 K) 
NE=NH 
DX=XYZCNH,l) - xvzc~.1) 
GO TO 900 
N\ol=O 
IF(! .EO. 1) RETURN 
NL=NFCI•l,J,K) 
NW= t~L 
DX=XYl(N,l) • XYZCNL,l) 
C=A/DX 
RETURN 
t ND 

DATE 



> 
C,,J 
0 

ISN 0002 

!SN 0003 

ISN 000 4 
ISN 0005 

ISN 0006 

!SN 0007 

ISN OOOB 
lSN 0009 
TSN OOtO 
1 SN 0011 
TSN 0012 
1SN 0013 
ISN 0014 
TSN 0015 
ISN 0016 
ISN 0017 
ISN 0018 
TSN 0019 
!SN 0021 
TSN 0022 
ISN 0023 

ISN 0024 

ISN 0025 
TSN 0026 
ISN 0027 
ISN 0020 
ISN 002~ 
TSN 0031 
ISN 0033 
ISN 0035 
ISN 0036 
I SN 0037 
ISN 0039 
ISN 0040 
T Sr~ 0 0 4 1 
ISN 0043 

CDMPILEiR 

c c 
c 
c 
c 

c 

uJ1Jou ruKIKAN M 

OPTIONS - NAME= MAIN,OPT=02,LINECNT=60,~l!E~0000Ke 
S 0 UR CE , E BC DI C , N 0 LI S T , N 0 D ECK. , L lJ I\ ll , M J\ P , tW E 0 IT , N 0 ID, N 0 X REF 

SUBROUTINE FIELD 

CONSTRUCTION OF COEFFICIENTS (MATRIX ELEMENTS) 
IN LI~EAR DIFFERENCE EQUATIONS 
SOLUTION BY OVERREL~XATION 

CO~MON/BK/IIM,IIP,JJM,JJP,KKlNTOT,IV,JV,II,JJ,M,N,VP(30), 
1XYLC2080,3)!VVC30,20,10),XP(jQ),XM(l0),YPC20),YM(l0),ZZC10), 
2XXC40),YYC3u),fLX,IUX,KUK,MBC,MBO,VRF,NfPS 1 SKPRFL,SKPLST 

CUMM0NJFLD/XC2080,2),COEFC2080,7),INOXC208u,6),SKPCO 
CD~MON/CCC/CN1CS1CE,Cw,cu,co,cc,NN.NS,NE,NW,NU,NO 

INTEGER OO,ON/ 1NORT 1/,0S/ 1 SOUT 1 l,OE/ 1EAST 1 /,0W/ 1 WEST 1 /, 
1 0U/ 1 UP 1 1,001•oowN 1 / 

C. ASSUME ASYMPTOTIC MONOPOLE AT INFINITY c 
c ALPHAFCUUU)=ABSCUUU/RS) 

C NDO=POSITlVE FOR DIAGNOSTIC OUTPUT 
NOO=O 

c 
1000 

2000 

3000 

200 
c 

WRITECM, 1000) 
FORMATC1Hl/18HOFIELD CALCULATION) 
'..Jq_ITEC."1,2000) 
FORMATC////lX117HCOEFFICIENT ARRAY) 
X0=.5*XP(!V) 
Y0=.5*VP{JV) 
lOLD=O. 
OD 600 N=l,NTOT 
RS=CXYZCN,l)•X0)**2 +{XYZ(N 12)•Y0)**2 +XYZ(N,3)**2 
CALL FIND Cl,J,K) 
IFClZCK).LE.lOLO.ANO.N.GT.1) GD TO 200 
lDLD=lL(K) 
WRITECM,3000) K1ZZ(K) 
FORM~TC //1X,2Hl(,I2,2H)=,F6.3/ 

1 12x.1ti0,11x,1Hs,11x.1Hw,11x,1Hc,11x.1HE117X,1HN,17X1lHU) CC= O. 

c c MODIFICATION TO SOLVE HELMHOLTZ EQUATION USING LINEARIZED SPACE 
CHARGE. HELM = DEBYEMLENGTH•LIKE PARAMETER. (ASSUMES POTEN• c 

c 

BBB 

999 

TIALS ARE OI~ENSIONLESS) 

HELM=o.o 
VOLSQ=l. 
00 300 MP=l,2 
CALL CNSC~P,C,AREA) 
IF CMP.EQ.1) OO=ON 
IF (MP.EQ.2) OO=OS 
IF CNDO.GT.O) WRITE (M,888) N,I 1 J,K,001AREA,C 
FORMAT(lX,lBH~,I,J,K,OO,AREA,C=,J4,2X13I3,1X,A51lP2El6.4) CC=CC+C 
IFCC.GT.Q.) GO TO 250 
YYY=XYZCN,2)•YO 

ALPHA=ALPHAFCYYY) 
IF CNDO.GT.0) WRITE (M,999) N1I1J1K ALPHA 
FORMATC1X,14HN,I,JeK1ALPHA=1141lX13i3,lPE16.4) 

O~TE 



ISN 0044 
ISN 0045 
ISN 0047 
ISN 0049 
!SN 0050 
ISN 0051 
l SN 0052 
T .SI~ 0 0 5 3 
JSN 0055 
IStJ 0057 
ISN 0059 
JSN 0060 
ISN 0062 
ISN 0063 
ISN 0064 
!SN 0066 
ISN 0067 
ISN 0069 
ISN 0071 
JSN 0072 
TSN 0073 
ISN 0074 
ISN 0075 
ISN 0077 
ISN 0079 
ISN OOBl 
ISN 0082 
lSN 0084 
TSN 0085 
tSN 0087 
JSN OOBll 
TSN 0090 
ISN 0092 
ISN 0093 
TSN 009 1t 

TSN 0095 
JSN OOH 
ISN 00913 

!SN 0099 
TSN 0100 
lSN 0101 

250 

300 

350 

400 

450 

500 

600 
c 

CC=CC+AREA*ALPHAFCYYY) 
IFCMP.EQ.l) CN=C 
IF(MP.EQ.2) CS=C 
COIHINUE 
VOLSQ=VOLSO*AREA 
DO 400 MP=l,2 
CALL CEW(MP,C,AREA) 

IF (MP.EQ.1) OO=OE 
IF (MP.E0.2) OO=OW 

IF (NOO.GT.0) WRITE (M,888) N,I,J,K,OO,AREA,C 
CC=CC+C 
IF(C.GT.O.) GO ro 350 
XXX=XY l( N, l) •X.O 

ALPHA=ALPHAFCXXX) 
IF CNDO.GT.0) WRITE (M,999) N,I,J 1 K1 ALPHA 
CC=CC+AREA~ALPHAFCXKX) 
IFCMP.EQ.1) CE=C 
IF(MP.EQ.2) CW=C 
CONTINUE 
VDLSQ=VOLSQ*AREA 
DO 500 NP=l,2 
CALL CUOCMP,C,AREA) 

IF (MP.EQ.l) OO=OU 
IF (MP.EQ.2) 00=00 

IF {NDO.GT.0) WRITE (M,888) N,I,J,K,OD1AREA,C 
CC=CCt-C 
IFCC.GT.O •• OR.(C.EQ.O •• AND.MP.EQ.2))GO TD 450 

ALPHA=ALPHAF(XYl(N,3)) 
IF (NDO.GT.0) WRITE CM,999) N,I,J,K,ALPHA 
CC=CC•AREA*ALPHAFCXYl(N 1 3)) 
IF(MP.EQ.1) CU:;:C 
IF(MP.E0.2) CD:;:C 
CONTINUE 
VOLSQ=VOLSO*AREA 
VOL=SQRTCVOLSQ) 
IF(HELM.GT.O.) CC=CC+VOL/HELM**2 
CALL J\RfU\Y 
CUNTINUE 

CALL RELAX 
RETURN 
t ~ l) . 



lSN 0002 
YSN 0003 
TSN 0004 
TSN 0005 

COMPILER 

u~/jbU FORTRAN H 

OPTIONS·· NAME= HAIN,OPT=02,LINECNT=60,~IZE=OOOOK1 
SOURCE,E8CDIC,NOLIST1NODECK,LOAOwHAP,NOEDIT1NOI01NOXREF 

BLOCK DATA 
COMMON/CO/PVOLTS,XM~CH,DENST,NN1PARTCL(2),PART1(2),PART2(2) 
REAL PARTl/ 1 IONS 1 , 1 1/1PART2/'ELEC 1 1 1 TRON 1 / 

END 

DATE 



Appendix -~ 

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 di stance from "ground zero" by the charges associated with a cloud
to-ground lightning flash. This program was written by Jerry L. Bohannon. 

Bl 



·T.ll"t. CLOUD-TO-GROUW SU1ULATll0rt. 
BAlCH 
LAE= STR1JKE 
tJ$t.!G 

Ir-PLICIT' INT'EGER•2 ( I~N) 
0 I Mr NS I 0 N RS I < 2 • 10 t... R 51 S. < ~. 1 0 I 
OAf A TP IE/5- 56062E-Ll/..:TIP 111.r2 .0E:-71 
-0 HA IC AR OS./ - C- /;. l'IE.R.ll'IF-: 1-.1..:1 u- y-.1.L·N1 - N- I 
DAT A IHA'/ x-1:.015-./ .[CY /)(-·:1[16.- '· IBE.L/r07·: 7._ /.-l'BG/ x- lE io-1 
OATA lRO/X- l!UU-1.IGR/r"':U:lZ.-1.1Ycllr1013-1. f!8L1x-1014-1 
·OH A I A7N 1x-·o c I. IA7F1x-:o i=- ~. f\ULt. / X-1) o- 1 .. IH OMS'/lt- oa- I 
OH n IBGY /X-'lEl 3- ./ 
0 AT A RS [( 1. 1 ) I 0. 0 I~ R S I< 2 • H I' 0. O I• .. R S U 2. 1 C JI O. 0 I 
0 HA P I EI 3- 1415 9 2 6/o • 
-OATA· RH{J/2.0 E-9./ 
CROUT= l. /3. 
t.lR ITE< 14-. H 
fORMA H -·1- t 
00 1000 I=l. 121'00 

COO K=I 
WR IT·E H4. 4J H .l7 N:. IJ''fA • IBF.l .I A:7 F 
.fCRMAH2A2.-l!!;HTrif..:NG so;LT Sil"l.JL.AT!lC*-t- .Ro1-w:.2A2> 

0 WRIT·Hl4.UJ. IBL .. IC~ 
1 FORKAHA2.-·R-EAOmATil FROH CA.RCS :OR ~Rl11NAL- • ..A2) 

·R EA 0 f 15 .. l 2 J : I WHERE 
2 'f OR:l't Al ( A l ) 
l :I Fe tutiERE .EQ. ICARDS"GOT!i ':O 

·IF< S.-UJi ERE .EIJ. ITERtO .C CTO• 70 
·WRITE< 14.14i IRO .. llW 

4 fCRKA T< A2 .. -l-RY A'GA.11'1 .A2 > 
GOTO 10 

0 -READ ( 1~51.E N0=9 99, -ya .. act yQSl_ .VSL ·•'IRs.J( f.RSI ( J... J ). [= 1 .. 2t • .J=:2. 9, 
l FOR,.HAH5(f6- 0.2Xt;<8(2fl0'.C/ U 

:GOTO 90 
0 IJRITE<l4.71> IHA 
I FOR11AHA2.-B"NTER!'. fL.UATlPfG POUT INITIAL lCONDITICNS Fo...o-a 

·UR ITE <l 4:. 75 h ISL• ICYf 
5 F OR·t1A T <A2 .- ~NIT (IAL :HEIGHT KH-. A 2 ) 

READ( 1-5. 73J tYO 
URlTE<l4.76J IBL.rcn 

6 FCRMAHA2.-.CLCU{J CHARGE cout-.A2t· 
REAO( 15,. 7 Jt i~(L l 
•WRITE< 14. 72 > ISL .. IC'tl 

2 ·fCRHATCA2.-sTEPPEO LEADER CMAl<GE crot.-.A21 
READ< l-5. 73t !OSL · 

3 FflRHAT(fb.Ot 
\.IR IT E( 14. 74> ISL. IC'Yl. 

~ FORliAT<A2.-STEPPEO LEADER llf3LCCITY E5 H/S-.A2t 
REAOU5.73t lVSl I 

11.!Rl TE ( 14 • 77 ):. IBL. ICT:: 
7 FOR1tATCA2.-RETURN STROJCEI "Et.;OCITY E7 111s-.An 

RE AD I l 5 .. 7 3 t : VRS -
MR{TE( 14. eo) ISL. ICY! 

'j FORHAHA2.-e:NTER 8 -T.It'ES (HS> ANO CURREN"TS (~AHP> TO DEFINE Tl-lei/ 
<1-RETURN STRDKE 2Fl0 .,·-1:- !- .. r•H.-!--. ~2) 

DO 82 J=Z .9 
REAO<l5.8U 'RSl<"l,.J>•.RSl U.J) 
IF< RS I< l • J t. l L ) • . I ,1G CT 0. 78 
CONfINUE ~2 



I 
W' 
" /' 

81 :FORMAT<2Fl0-·'.J> 
90 VSLS=VSL 

RSI ·u .10 >=RS In. 9) 
·oo ic·oz J=l. l:J 
RSIS< l.JJ=RS [ fl • .Jt 
RSI SC 2 • ..J >=RS I (2. JI 
RSl(;l.Jt=RSI < l;.Jll'lfl;.;:;. 
RSI .f 2. J J =RS I < 2.....J > • l IJ .~ 0. 

l0.0£ ,(ONflNUE 
:Qct=-QCL 
QSL=-QSl 
!YO~YO 

RAD=( 0- 75 •ABSCQCl.1 TRIHU/ PH E> ·u CROO T 
DO ·1005 1=2. 9 
A=RS.IC2.IJ· 
B=RSl'2.I-1L 
C=RSI fZ.:I+l )~ 

· IF<.L.CT .B.ANO.A.:GT .CJ Jtl.T=I 
LCJ5· ICCNTINUE 

VRSS=VRS 
L 0 0 VSl.=-VSL • 1- :l E 5 

YO=Y'O• l Q.) C- ~ 

!VRS=VRS•l.OE 7 
.OJst.=I. '.JE-4 • 

llJS WRITE(l4.ll0) IBL .. IC'l' 
LH· FORMAT<A2.,-U.:HAT :IS RAOfU:S-.A2t 

-REA0(15.7Jt 10 
lolRIJE<I 1.111) IR1>.l.B"GY 

ll l FOR-HAH 2·Au-:..i-1 
.DO 1 JO l I=I .. 320 OC 

.GQI K=I 
WRITE< 1J";149 > 

149 FORHAT<lx;.·s:.1 UIVITS-//J 
. 5'.J •WRITE< 11.151•1' YU.S.QCL.Q4i;L .YSL ~. VRS,S • .RSI S-. 0 
L5l fCiR,HAHtx.-ffEIGHT=·-.F1_;c.:.- K,,.-11x.-Q-CLOUO= -·.F7.1.- t•1 

S'lx .. -a-t.EAOERf= -.F6.1.- c.·11x.--v-LEAOER= - .. F6.}.- E5 H11s-1u. 
s -v-RElURN= -:.f6.i..- E7. l"l'S.-11)(.-RETURN STROKE 11s .. KAMP-, 
Sl~C2Fl0-4/t/~lX .. -RAfllUS= -.F'6.J.- M-~11» 

WRITE<I 3.152') [R"G. IR'D 
5 2 FOR J1 AH l X • 

-sA2 • .ax .. -l-.1sx.-e-.1s:x.--a;·.15x.-H-. A2t 
T=0-0 
SLRYZ=l-0/C CI•O--'rO.,.ra:1 
SLRY=SQRTCSl RY2 I 
:YC=Y.O+R AD 
.SLR QC2= l. UC1h0+ YC•Y C > 
·stRQCL=SQRT (ISlR QC2>--F:SLRO C2 
DI=l.<.J/D 
X=YO 
EHAX=J. !J 

O:.l CUNTilNUE 
:SlRX2= l .C /( ll•O+ X• U 
SLRX-=SQRT<st. RX2) 
SlRX12=SLRX•"SLR ><2 
E=QSL/TP IEI r.O•< SI.. RX-SLR r.) •SL'R C:CL • YC/TP[ E. (act~ QSL •< 1.-x I y Of • 
IF< ABS( E >.GT. ABS< EtUO) .El'A X= E 
If( A.BS< E > .l Tr. 5. 0 H) ·ccT O'. a 1 

•WR IT E ( l 3 • 21 0 t T • E • X 
lC FCR?'IAT<Fl6. 7. Fl6.'1. l6X. Fl6. l t 
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Z l 5 F OR!MA H Fl 6.. 7.. F 1'6. C • F 16. ;5 .F 1! 6 .1 • I F: .E= 16. 1 • F 16. ·~ > 
Zll IHABS<E>.Ln.5.('c4.0R.l(.;GT.fl.5E)J DTSt=l.:)E-3 

T=T-+-OTSL 
IHX·~LT.50.J GOTO 5!Jj 
X=YO+VSl •T 
IF<X.LT.J.Ot GOTO 5'L 
DTS:l..=l.. CE-4 I 

:corn 2 0 'J 
ro () iCDNT. I NUE 

. T=T->DTSL 
MRlTE<lJ.501 I 

·;n1 FCRHAHlX.- -, 
Est.=E 
QRC=QSL--QCL 
Pl=--QSt.l,YO 
SLRT.03= YC •SL RQClJ 
•KRNT= l 
R l=O. 0 
1TR=Q •• j 
·Kot.D= ;j 
Q=O. ·J 

;·10 CONf lNUE 
·(fl.I; CURENT<tRSI.0.1>1. TR.IR 1.~Rl\T .xatot 
If< JU .lE. i.-. OJ GOTO· 6: ~ 
T=T+OT 
\'=VRS•TR 
IF<Y.CT.YO> iGOTO 522 
P=Q~Y 

:SLR YR= l _.G JS·QR T< ll.40•T.• Y) 
E=ESL+P• ( Df-"SlRYR lrl'P IE 
IFC ABSfE) .1a1.ABSol EH-AX It .Ef"AX=E 
IF<l.Ql.LT.IC.R:l'H •. AN:O.ABS<E">.LT.5.CE4) COT<J 51"· 
\lRI TE< 13. 215 > T .;E,.a., Y .·xR;NT .1TR. RI 
GOTO 510 

2 2 1WRl TH 13. 50 l > 
2 0 CONTll NUE 

P=Q/IYO 
IF< P .GT .PU ~GOTO' 57 2 
E=ESl•P• <DI-"'SLIU >'TP IE 

. IF< ABS( E >.GT. ABS( El'fA'.X H .Ef'A}O=E 
I H 1 QT • l T .JC. R. NT. A NO. A BS ( E' > .l T • 5 • -~ E 4 } GOT 0 5 2 I 

·WRITE (I J. 21 5 J . T .'.E.Q..IYO. KIRH.rTR. R r 
21 ·Cat.t CURENT<tRSl."O.llT.TR.IRI.:fClRl\T.ICOlOl 

IF<Rl..;tE.O.O > GOTO 6. :· 
T=T-+OT 
GOHJ 520 

r 2 ~WRl TE <l 3 • 50 l t 
r G ICC!Nf·I P.UE 

ORS.:. IJ+ Q SL 
. Jf(;QR s. GT .aRrC) GOTO i.6-:0 
E=ESL+PL• (0 J;-Sl RYU fP IE•IOft'i•:SLR Y OJ I Tf> lE 
IF< ABS< E > •. GT. ABSC El'tA'X n .E l"A>O'= E 
IFCIQl.lT.JCJt:'IT.ANO.ABS<E».lf..5.C'E4t GUTO 571 

•WRITE ( 13.21 S'J T .,E.Q.lTC. ICRl\T.1TR. RI 
'l ·CAlC CURE NT CIRSI • U.O T •TR.IR f,.K1Rl\T •. KOlDI 

If.( R 1- l E • C'. 0 J G 0 T 0 6 ~· ·: 
T=T+OT 
GOTO 57': 

J ·WRITE ( lJ • 59 9 t Q • El'U X 
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99 FORHAJ(//lX.'-CRT= -.• F10 .. ;4,- ·c-.sx.-EHAX= - .. E12.4.- V/f'<') 
•WRl'fEU4.6'Jl t IBG .. IBL .. lGR.lS:EL 

.o 1 FCR:ttAH 2A2.- 00 YOU ;UANf IACl.OT HER RA:o rus-. l. A2, 
:J2 READ< 15.12J ~IAO 

IF<IAO.EQ.IY') GOHJ 1-.5 
lF<IAO.EQ.Hn GOTO 650 

1WRITE< 14.141 lRD. IGR• 
GCffO' 60 2 

50 WRIIEH4.651·> 181....I.GR 
51 FOR·HAl<A29-D.O YOU YANT AINUffEF. EVENr.A2> 
52 REA~HT5.12t ,{f 

:IF<fE.Efl.IY>: GOTD 13 
: IF< 1-E .. EO. li'U GOlO 9 5_.; 
:WRITE (14 .. 14) .1ao._11;R; 
;GOTO 652 

99 URITEH~998_) IRD 
98 FORtUT< A2·.-rtO l''l"ORE C.\RO"i - l 
50 WRITE<14-.. 9Slrl ll'fA.IG'R 
51 fCR:ftAHA2;.-&NO OF flRUGRA:M-.A2) 

STIW 1 
ENO 

LAB= CUR ENT 
CJBtJC 

SuBROuT INE CURE NH RSI .o.;01. r.R.R I •. KIRH .. x OLD) 
l~PLICf't INT·EGER •2 f·I-~1 

Ol'HENSION RS1'2.l';). 
IF<KOLD. EQ.KRNTtt GOTO 50 
T AU=RS I< l.KR!NT• 1..)-~ I ( l ,.tKl<NJ) 
IHfAU:.LE _o_ [;) GOTO n '.)l) 

IF<TAU:.LE.1- OE-51 DT=-:.5=E-6 
IHTAU.;. GT -1- ': E-5. ANll. •. TAU:. LE.· l .'JE-4 t OT= 1. ;-.E-5 
IHTAU.GT.l-CE-4 •. ANCJ.lAU:.LE.l.'.:E-J I OT=l. ~E-4 
lft~AU .GT -1- QE-3-ANO. TAU'.. LE .·1 .C1 E-2 J -0 T= 1. ·: E-J 
IF<TAU:. GT .L ': E-'-2..; AND.. TAU. LE .·1 .0 E-1 t .OT= l •. ~ E-2 
I FU.AU. GT .l_ CE-U [)f.=C.0.25 
OEt I= <RS 1<2~ KRNT:+ .U-"" RS I C2 .,j(RNH •. IT AU 
IF<~-.:. E Q. 0 • O I RI!= J. 'J 

•TRR=TR+OT 
IHT.RR.GT.ilSill .. KRNll+U a.· CT=R~I( l.KRNT+U-TR 
R l=-R I+ DEL I• UT 

lR I2=R I 
Q=Q+DT • lR 12-+ R IU / l. 

•TR=fR-.OT 
·KCLD=KRNT 
[f( XR. GE. RS! (le KR Nf+-1 U llCl<N ll=kRNT + l 
Rll=Rl 2 
RETURN 

'"j ·CCJNilll'lUE 

:erao 

Rl==O.O 
RETURN 
ENO 
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Appendix .f.. 

Computer Output Listing: Cloud-to-Ground Lightning Flash Density 

The following seven pages are the computed output from the program that 
calculates the lightning flash density (cloud-to-ground) fr~n the monthly 
thunderstorm days using the Pierce Conversion. This program, written by Jerry 
L. Bohannon, uses the Normals, Means and Extremes data from "Local Cl imatol og
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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7c:;;~rJF·or ~-iJJ7 

~ AAR~~ID CQ~PUPCT HE 

(1] 

f2J 
(3] 
(4] 
(5] 

tel 
[7] 

J OHE ~ILL?.iJARr• UF THE R::C'!'=:NNA, THE H~~SUF:E;.iEHT ~REA ST;:f;TS j~, 96 :1E";E~:S 

II F~;!JM iHE LEFT HAHD EDGE JF THE ~ECE!'HA fHi!• ::::<EiH•S T•J ;;.iE iUGHT 1 AC 1 MEEF.:S, 

s THE SOTTOi4 CiF THE ll£ASU;;:EHEHT il~:SA IS i!T G?.C!.iliD ;_::;•1:::!.. 1 '.~"Ii..::: T;iE :C? 

8 IS 'UP' ~ETERS HIGH, 
A THE RESOLUT!OH IS CONTROLLED 'l!'i THE AR;;u;;e:ms OF THE FIJHCT!Uii t THE 

a !..EFT ARGUlolEiH SPECIFI:::s THE 11UMBER CF COLUM1~S w Tl-!~ OUTPUT. THE R!GHT 

II ARGUME!H IS THE ?!UM.BER CF ROWS, tsJ 
'(9] ii 

[10] 
THE FORMAT OF THE OUTPUT IS AN AF:~;n OF HUM.BERS rn SCIEHTli"IC HCIA7:CH 

A ~ITH ONLY OHE SIGHIFICAHT DIGIT PRINTED, 

[11] ?0Tt-(Hi 1 ~ID)f0 

U2J GH-1-l 
[13] rJ~;;:f-1 

~14] L~DPH!H1!-(G-1)~UP~HI-1 

(!SJ Ri-1 ' 
(1~] LDCPL:L!f-J1,96~(R-1)XAC~~ID-1 

[17] PDT[~;RJ~L1 FIELD Hl 
[13] ~:1-Rtl 

(19] ~(R!WID)/LOOPL 

[20] Ot-C!i-1 

£21] ~(GiHI)/LOCPH 

(22J HYt-TKf·d 

[2J] D'1t-1$JN]T~ · 

[24] 'THIS IS RUH HU~iE~ ' 1 (tTRi) 1 DATE 

[26] 
[27] 
E28J 

! I 

ii 

[29] 5FQAV[201] · 
C::OJ JF-F"f-10 
[31] 'THE VECTOR OF LIHE ~HARGE3 USED IS,,, ' 1 (7LA),· COULC~iS F~~ ME!ER, • 

[JJ] 'THE TOP OF THE ~EASUiEMENT A~~~r IS 1
1 (tUP) 1 ' ~E;Ei~ hIGH, 1 

[34] :rH~ ~IGHr ED~E OF 7H~ ARRA'( ~s 1 ,(,~!)1 1 ~ETE~S F~C~ THE Ft~ST 3IL~~CARt. I 

LJ5'j = rHc.:;.c: .4F.E ' 1 (tA.:·.;.;o;~Dj,' 20L!.1iitNS FE? .-~.::rt.:;:, .:;:-::. : 1 ; 1 ;;.=-~-:.;r; 1 .. -::o.:Js -=-~-~- ,1~ ... ::.-c ~:·! 'EE .4.~.-;:~·(., 

(J6] 'RUN HO, 'i(tiRY) 1 CATE 

[37l a;=·F t-1 
(33] :;JAV[2011 
[J9] i(SIGN:Q)/0 

i:HJ 
(42] 
[43] 

i I 

Xf'OT 

'Ti-HS !S RUH HUi-lisEf: ',(tTR'i) 1r.;:.TE: 

7 
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?f·ROTECT [lJJ17 
9 illID P<;;OTECT HI 

[1J A THIS FIJH~TIOH C1~f.tf·UTZS THE El~CTF:!C F"OIEHi!AL Z:-f A ~.C:G!OH :;:= -~r-;:'iC.:: 

(2] A DUE TO ~ CHAR~ED ~IRE LOCATED SO~E FIXED PERPENDICULAR D:3TAl~E =~CM 
(3] II TnE i!Jp OF EilCH JHL!..2C~;;:(I GF Tf;E ;;:ECiEl1NA, THE i.iC:ASCJREi1EHT AREA IS 
[4] ~ E~ACT~Y THE SA~E AS THAT USED :H c1~;NFUPJT11, AS ~ITH c1CCNPUPCT11 
[5] A THE RESCLiJHCH !S [•EERiHHE!i £41 THE .::.F.GU;.tENTS OF THE FUECiICH, 
[6] ft THE FUHCTIOH DOES NOT PRINT ANY GUT~~T, THE OUTPUT IS COHTAIMED EH 
[7Jl II THE VARIABLE, ccPROT)), THIS VARI~aLE ~ILL MAVE ThE S~ME (II~ENTICNS QS 

[8} II {(P0T)) 1 THE ilAiU.ABLE COHTIHHIHG i"HE O!JTPUT FR0/4 iCCCMPUPCT11, 
(9] PROT1-(HI 1 ~ID)f0 

[!0] lll!-Rlt-1 
[11J ({LOOPH)} C01'4PUTES ALL OF THE VERTICAL IHDICES, 

[12J LOOPH!H21-(ll1-1)XUP~HI-1 
[13] RlH 
[14] ft ccLCOPL11 CCHPUTES T~E ~ORIZCNTAL IHDICES AND ~AL!..S 11F!ELD•i1, 

[15] LOOPL:L2t-31,96+(R1-1)XAC~~!D-1 
[16] ?RCT[3!;R1J~L2 FIELD~ H2 
[17] Rif-;;:1 +-1 
[18] i(Rl!~ID)/LOCPL 

[19] 3it-illt1 
[20] i(lll!HI)/LOOPH 
[21] PROT~ePROT 

[22] TRY1~TRY1+1 

[23] 1 TH!S IS ~UN HU~EE~ 1 ,(,rRYl)r' OF P~CTECT',DATE 

[24] QF'F·1-10 
[25] 1 THE F"RCTE·:TIHG .f:~:E I~ L.OCA7E~ • 1 t,;:..:1j, 1 ~E-;"E;:;:s F;;:oHr THE• 

[26] 'LEFT EDGE 0F THE ARRY 1 AND 'i(t51X~~llr' ~ErERS FRO~ THE ?OTTO~ ' 

9 
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~F!E:!...!1 [!]]? 
'l UHL;,.L F~ELD !-l 

(1] I THIS FUHCT:D~l CO~PU:Es THE E~EC7~IC FOT~HTiAL ~T A~f rv~111 1 {L,~) 

[2] 8 IH . rn::: SPACE ARCJ.:N:• THC: ;;;;:RA r O? F:LVE B!LUJ~;~::'s. 

[J] Lit-15,9J.C!+tN 
(~] XJt-(9,33~\M)+Mf-fLA 

[5] St-}332.:.9 

[6] At-L->:J 
[]] It-1' 
(8] Uit-1~!0 

(9] BBLOGP;HNt-((H-SxXJ)t2J~HAt-(A-LI[I])t2 

[10] DMt-((H+SxXJ)i2)+NA 
[11J UI[I]H/-(LiH1:~::oi u(mH'.iM) -~0.5 
[12] It-I+1 
[13] i(IcH+l)/SBLOOP 

(14] ~HLt-(-10000Q1H)++/UI 

'; 

7f"IELD'.'4 [Q]<;> 

9 Pt-L FIEL!•W H 

(1] ft THIS FUNCTION COMPUTES THE ELECTRIC POTENTIAL AT ANY PDIHT 1 (L 1 ~) 1 
(2] A DUE TO THE CHARGED PRGTECTIJ~ WIRE ABOVE THE BILLBOARD, THIS ~I~E IS 
[]] ft ASSUMED TO BE PARALLEL TO THE BILLBOARD AND LOCATE~ A PERPENDICULAR 
(4) ft DISTANCE, ((SPACEJl1 FROM THE TCP OF THE BILLBOARD, 
[5] THE CHARGE ON THE ~!RE IS c<L~ll, 

[6j LI1t-15,93X-l+iH 
[]] i4t-flilt- 1UI 

(8] LONG~12.14~2JTHT~~-38(~12.24)XSPACE 

[9] XJlt-1XJ1t-LO~Gx2oTHTA+s:.:.9 

(101 Slt-JS(02~9j~THTA 

[11] Al~L-i:Jl 

[12J !f-1 
ELi_J U!l<-HfO 
[!~] L~~?:~M1t-((H-31x~J:Jr:l+NA:<-l:l-~I1[I]Jt: 

(151 D~!<-((H+s1zXJ!Jt2)+NA1 
- ., I. ... L_.,uJ 

(17] 

[~8] 

~ffi 

HI;H.,.1)/LCQP 
Pt-t/'J:l 
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~ 
,< 

ST;.. r:::: :5 TA I! ·::N 

AL ::i I~:V.!NGM.l.M 
AL HUNTS'./ ILL;=: 
;. L r-1CJd i L::: 
AL •'1!.JNTG.JM2:~Y 

AK ANCH:J~AG:: 
AK ANN:::TTC:: 
AK B.\n~·:: /4 
A.,,_ C!ARTi:.~ I SL-1N:) 
AK Bi::"!'HEL 
AK BETTLES 
AK di G DELTA 
Al<.. COL:J dAY 
AK FAI~6ANK.S 
AK GULKA\I A 
AK HOM2:q 
AK JUo·~t::A U 
.\ K r<.ING SALMON 
AK KOO I A;< 
AK K:J T l.C. :::lUE 
Ar;. l.1C Gr<A Tri 
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