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ABSTRACT

The trend toward broader application of high-strength struc-
tural alloys has increased the potential for failure by low-cycle fatigue
crack propagation. There is a significant probability that complex
structures will contain undetected cracks remaining from fabrication
or that cracks will readily initiate from less severe fabrication defects.
Under the repeated application of high stresses imposed on high-
strength alloys, such cracks will rapidly grow in low-cycle fatigue.
To guard against disastrous failures caused by cracks propagating to
terminal fracture, high-strength structural alloys which also possess
high levels of fracture resistance have been developed in recent years.
This report describes the principal fatigue crack propagation charac-
teristics derived from high fracture toughness and discusses the poten-
tial benefits available through the use of high-toughness alloys in
cyclically loaded structures.
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This report completes one phase of the problem; work on other
aspects of the problem is continuing.

AUTHORIZATION

NRL Problem M01-25
Project RR 022-01-46-5432

Manuscript submitted April 11, 1972.

ii



THE ROLE OF FRACTURE TOUGHNESS IN LOW-CYCLE FATIGUE CRACK
PROPAGATION FOR HIGH-STRENGTH ALLOYS

INTRODUCTION

Low-cycle fatigue (i.e., high-stress fatigue which causes failures within 100,000 cycles
of repeated load) has been recognized and studied as a structural failure mechanism for
several decades. Early studies of low-cycle fatigue focused on the phenomenon of macro-
crack initiation in unflawed material, and the well-known Coffin-Manson relationship be-
tween cyclic strain and crack initiation resulted from these initial studies. However, the
more recent development of weldable high-strength alloys has placed new emphasis on low-
cycle fatigue and has focused attention on macrocrack propagation at nominally elastic
stress levels as an important aspect of low-cycle fatigue in welded high-strength structures.

The principal reason that low-cycle fatigue is so closely interrelated with the struc-
tural application of high-strength alloys is that low-cycle fatigue resistance, either to crack
initiation or crack propagation, is largely independent of monotonic strength properties
(1-4). Yet, it is monotonic strength properties which frequently govern the alloy selection
process. As a common result of this inconsistency in materials properties, high-strength
structures become susceptible to low-cycle fatigue because the high-strength material has
no inherent advantage in fatigue resistance but must still sustain higher design stresses
which are based on monotonic strength. If this deficiency is recognized and anticipated,
some compensation can be made through superior design and quality control of fabrica-
tion. However, in the case of complex welded structures it is exceedingly difficult to as-
sure that fabrication flaws too small to be detected by nondestructive inspection will not
be present in critical locations. Under repeated application of high stresses such fabrica-
tion flaws serve as sites for the initiation of macrocracks. Therefore, in the design of
many high-strength welded structures conservative practices require that service intervals
between inspection and assessment of fatigue damage found during inspection will depend
on an analysis of low-cycle fatigue crack propagation.

The chief remedy utilized to combat this potentially serious fatigue situation has been
to use high-strength alloys which also possess high fracture resistance for those critical ap-
plications where crack propagation to terminal fracture is possible and would have disas-
trous consequences. The use of high-toughness alloys permits large cracks to develop in
service, thus enhancing the possibility of detection prior to ultimate failure. The develop-
ment of both ferrous and nonferrous high-strength, high-toughness alloys has made rapid
progress in recent years. A number of these premium alloys are under consideration for
critical applications in advanced structures. This report discusses the role of fracture tough-
ness in determining the fatigue crack propagation performance of these alloys under the
high stress cycling associated with low-cycle fatigue.
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NEW DEVELOPMENTS IN THE FRACTURE TOUGHNESS CHARACTERISTICS OF
HIGH-STRENGTH ALLOYS

The past decade has seen great progress in raising the level of fracture resistance attain-
able in high-strength alloys. Structural designers now have available considerable choice in
making yield strength/fracture toughness tradeoffs among competing alloys. The Naval
Research Laboratory (NRL) Ratio Analysis Diagram (RAD) provides a graphical means of
quantitatively illustrating these effects. Figures 1 through 3 show the RAD characteristics
for steels, for titanium, and for aluminum alloys in 1-in.-thick section sizes (5). Since
thickness has a powerful effect on fracture, certain details of these diagrams which are in-
fluenced by through-thickness restraint will vary for thicknesses greater or less than 1 in.
(5). Nevertheless, the general features of the RAD and its application are adequately illus-
trated by these figures.

The RAD is a cumulative plot, by alloy family, of fracture toughness vs yield strength
for the full spectrum of high and intermediate yield-strength levels. The upper portions of
the diagram have been compiled from Dynamic Tear (DT) (6) tests, and the lower portions
of the diagram from valid plane strain fracture toughness (KIc) tests. However, the diagram
can be utilized by conducting two simple engineering tests, a DT test and an ordinary ten-
sile test. For alloys of sufficiently low toughness-to-strength ratios, a correlation is avail-
able between DT energy and KIc (7-9), thus enabling the lower portions of the diagram to
yield graphical fracture mechanics solutions for brittle fracture problems (5).
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Fig. 1-Ratio Analysis Diagram showing the upper and lower limits of fracture toughness for
1-in.-thick steels over the yield-strength range from 80 to 360 ksi (5). The diagram is divided
into subregions of fracture behavior as defined by significant KIclays ratio lines. Data points
are shown for a 1ONi steel (ys = 193 ksi) and an 8Ni steel (ys = 248 ksi).
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Fig. 2-Ratio Analysis Diagram for 1-in.-thick titanium alloys over the yield-strength range
from 80 to 180 ksi (5) showing data points for two samples of Ti-6AI-4V (ys = 115 and
143 ksi, respectively)
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from 10 to 90 ksi (5) showing data points for 7005-T63 (ys = 47 ksi) and 2219-T87
(ays = 55 ksi)
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THOMAS W. CROOKER

Limiting values for the upper and lower extremes of fracture toughness are indicated
on the RAD, and within this overall region of observed fracture behavior further subregions
are categorized on the basis of significant plane strain fracture toughness-to-yield strength
(KIClry,) ratios. The fracture toughness characteristics of a given alloy, as defined by its
location with respect to these KcIlu/y ratio subregions, has a vital bearing on its structural
fracture performance.

For 1-in.-thick alloys, the two significant ratio lines are KI/ay = 0.63 and 1.0. The
ratio value of 0.63 is derived from the thickness requirement for plane strain fracture
toughness measurements (10) as given in Eq. (1) below;

B > 2.5(Kic/ays) 2 (1)

Alloys which possess fracture toughness characteristics within the subregion bounded be-
low the 0.63 ratio line are susceptible to plane strain elastic instability fracture. The pre-
cise objective of high-strength alloy development over the past decade has been to produce
high yield-strength alloys which are sufficiently tough, in plate thickness, to remain signifi-
cantly above this region of highly brittle fracture.

The ratio value of 1.0 has evolved as a reasonable estimate of a sufficient level of
toughness to attain fracture over the yield stress for 1.0-in.-thick plates containing a
through-thickness flaw several inches in length (5). Alloys possessing fracture toughness
characteristics above this ratio can be expected to be immune from brittle elastic fracture
and will require some degree of gross plastic deformation before fracture will occur. It
must be emphasized that these limiting criteria for plane strain fracture (KIC/aY = 0.63)
and for fracture above the yield stress (KIc/ay = 1.0) are arbitrary but appear to be well
justified on the basis of present knowledge. The subregion between these two significant
ratio lines is termed elastic-plastic fracture. Alloys which have fracture toughness charac-
teristics between ratios 0.63 and 1.0 require some degree of large-scale localized plastic de-
formation in the vicinity of the crack before fracturing, even though net section stresses
away from the crack remain below yield. However, the degree of localized deformation
involved is sufficient to render a plane strain fracture mechanics analysis invalid. The net
effect of this localized deformation is to relieve constraint around crack tips and thus per-
mit substantially larger flaws to develop in service than would be predicted from a plane
strain analysis. Therefore, truly analytical techniques of plane strain linear-elastic fracture
mechanics can only be applied with more than approximate accuracy to 1-in.-thick alloys
possessing Kic/ay, ratios less than 0.63.

One of the most important functions of the RAD is to illustrate the yield strength/
fracture tradeoffs which can be made over a given yield strength range or the increases in
fracture toughness available at a specific strength level through improvement of metal qual-
ity and thus guide the materials selection process out of the hazardous domain of plane
strain brittle fracture. The metallurgical aspects of achieving this goal are beyond the
scope of this paper. Generally speaking, high levels of fracture toughness are achieved
through special metallurgical processing which removes undesirable constituents from the
alloy composition (11,12). Nevertheless, several principles which control the fracture
optimization aspects of the materials selection process are illustrated in Figs. 1 through 3.
Basically, the tradeoffs frequently involve some sacrifice in yield strength in order to gain
a substantial increase in fracture toughness. Nevertheless, overall structural performance is
not necessarily reduced significantly because a smaller factor of safety can then be applied
to stresses once fracture-safe design is insured through adequate fracture toughness. The
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remainder of this paper will be devoted to examining the effects of such yield-strength/
fracturetoughness/metal-quality tradeoffs on the high-amplitude fatigue crack propagation

characteristics of high-strength alloys. Six alloys which serve to illustrate such tradeoffs
have been selected and are shown in pairs on Figs. 1 through 3.

FATIGUE CRACK PROPAGATION CHARACTERISTICS
OF HIGH-STRENGTH ALLOYS

The most broadly accepted criterion for establishing the fatigue crack propagation
characteristics of high-strength alloys is to empirically determine crack growth rates (da/dN)

as a function of the fracture mechanics stress-intensity factor range (AK). The functional

relationship between these two variables is commonly of the power-law form

d = C(AK) m , (2)

which results in a rectilinear data plot on logarithmic coordinates (13).

An example of data presented in this form is shown in Fig. 4, which shows the

scatterband limits for a broad sample of high-strength steels (4). This band illustrates

several aspects central to the problem of fatigue crack propagation in high-strength alloys.

First, several investigators (4,14-16) have noted that there are two regimes of crack propa-

gation behavior, as indicated by the inflection in the scatterband. This observation is sup-

ported by fractographic evidence which shows that the predominant mode of metal sep-

aration is different for the two regimes (17,18). Low-amplitude fatigue crack propagation
occurs primarily by striation formation, whereas high-amplitude crack propagation occurs

by dimple formation. In any event, the upper regime indicates a condition to be avoided

in structural service because it represents very rapidly increasing crack growth rates. Sec-

ond, in the lower regime of crack propagation behavior, alloys possessing widely different
mechanical properties can display very similar characteristics. Low-amplitude fatigue crack

growth rates are largely unaffected by variations in yield strength and fracture toughness.
This has been found to occur within steel, titanium, and aluminum alloy families (4,16,19).

Finally, an examination of the crack size and stress level conditions relevant to the problem

of low-cycle fatigue crack propagation in heavy-section high-strength structures reveals that

the transition to the upper regime is critical to this problem. The respective AK values cor-

responding to a 0.25-in.-deep semicircular flaw cycled from 0 to 75 percent of yield-

strength stress for HY-80 (ay, = 80 ksi), HY-130 (ays = 130 ksi), and 1ONi (ays = 190 ksi)

steels are indicated on Fig. 4. This arbitrary flaw size and stress level combination is well

within anticipated service requirements for these high-toughness mateirals. It can be seen

that increasing the yield strength of structural alloys has a very serious potential for ag-

gravating fatigue problems involving crack propagation. It also focuses attention on the
upper regime of crack propagation where fracture toughness will play a role in determining
the low-cycle fatigue behavior of structures.

To illustrate this role of fracture toughness in high-amplitude fatigue crack propaga-

tion, da/dN vs AK data plots for the six alloys noted in pairs on Figs. 1 through 3 are

shown in Figs. 5 through 7. These six alloys include 1ONi and 18Ni steels, two samples of

Ti-6A1-4V, and 7005-T63 and 2219-T87 aluminum alloys. Each of these pairs was chosen
because thier fracture toughness and yield-strength characteristics represent the tradeoffs

that can be made from plane strain elastic fracture behavior to fully plastic fracture be-

havior over a reasonably modest yield-strength range. It is of interest to note, from Figs.

5
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bold arrows indicate the respective rates of
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deep, semicircular, embedded surface flaw
cycled at 0 to 75 percent of the yield-strength
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5 through 7, what comparative changes in fatigue crack propagation characteristics might
accompany such significant gains in fracture toughness.

The general conclusion apparent from an examination of the data in Figs. 5 through
7 is that fatigue crack propagation resistance at high AK levels is only marginally improved
in the high-toughness alloys as a result of large increases in fracture resistance. However,
this margin of improvement is highly significant to structural integrity. All of the alloys
studied exhibited a transition to accelerated crack growth rates, regardless of toughness.
However, there were distinct differences among the behavior of these materials at AK levels
beyond the point of transition, depending upon alloy toughness. In each case, test speci-
mens of the low-toughness alloys failed from elastic fracture in this region of accelerated
crack propagation behavior, whereas the tougher alloys remained intact in this region.
Nevertheless, high fracture toughness, per se, does not prevent a transition to accelerated
fatigue crack growth.

For brittle alloys this point of transition is generally related to impending fracture
and can be reasonably estimated as occurring at a AK value somewhat below the fracture
toughness of the alloy, generally near 80% of Kc as seen on Figs. 5 through 7 and also

6
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Fig. 5-Logarithmic plots of da/dN vs AK for the 1ONi and 18Ni steels

shown on Fig. 1. Note that both alloys undergo a transition to accelerated
crack growth rates beyond da/dN = 10-4 in./cycle. However in the lower
toughness 18Ni steel, brittle fracture occurs just beyond the point of slope
transition, as indicated by the KIc level of the material (-95 ksi /i.). In
the higher toughness 1ONi steel, the point of slope transition is accurately
predicted by the parameter AKT-

noted in Ref. 20. For ductile alloys, it can be reasonably estimated that the transition to

accelerated crack growth rates will occur in the vicinity of da/dN = 10-4 in./cycle (15). A

more accurate estimate based on a critical crack-opening-displacement (COD) concept has
been proposed (21) and has been shown to be valid for a wide range of steels and titanium
and aluminum alloys (4,16,21-24). The COD concept is based on an empirical correlation
which shows that the point of slope transition in the da/dN - AK logarithmic plot will
occur near a constant value of COD for all alloys of sufficient toughness to be well below
fracture conditions at these AK levels. This correlation reduces to the following equation
(16) for estimating the AK level beyond which accelerated crack growth rates can be antic-

ipated (AKT);

AKT = AO.OO16Eys (3)

where E is Young's modulus and ays is the 0.2% yield-strength stress. The respective values

for AKT are indicated for each alloy in Figs. 5 through 7. It can be seen that this param-
eter provides an accurate estimate of the point of slope transition for the high-toughness
alloys. Since this equation does not contain any fracture toughness parameter and is de-
pendent on yield strength to the one-half power, it is apparent that the phenomenon of

accelerated fatigue crack growth in ductile alloys is not amenable to elimination through

7
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Fig. 6-Logarithmic plots of da/dN vs K for the Ti-6AI-4V alloys shown
on Fig. 2. 'Me slope transition behavior is similar to that exhibited by the
steels in Fig. 5.

strength/toughness tradeoffs in materials selection. Thus, the high levels of fracture tough-
ness which can be attained in the newer high-strength alloys are not a reliable index to the
high-amplitude fatigue crack propagation resistance of these materials.

CONCLUSION

Conditions involving very rapid rates of fatigue crack propagation in high-toughness,
high-strength alloys have not been the subject of serious study because so few cycles of
fatigue life can be endured under such high-amplitude cycling. Nevertheless, this is where
the margin of safety lies in the application of high-toughness alloys in critical structures.
It is this ability to endure limited repeated loading in the region beyond the fracture level
of low-toughness counterparts that distinguishes the high-toughness alloys for critical ap-
plications. Herein lies the role of fracture toughness in designing against failure by low-
cycle fatigue crack propagation. When all other preventive measures of fatigue design and
nondestructive inspection have failed, fracture toughness alone can stave off terminal fail-
ure. For the situation of the undetected large flaw and/or the situation of intermittent
severe loading, high fracture toughness can permit high-strength alloys to endure limited
high-amplitude cycling. However, designers should be aware that such high-amplitude
cycling is not a simple extrapolation of low-amplitude fatigue crack propagation. Both
the metallurgical failure processes and the form of the da/dN - AK data curves change
under high-amplitude cycling. Efforts to determine fatigue life under high-amplitude

8
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Fig. 7-Logarithmic plots of da/dN vs AK for the 2219-T87 and 7005-T63
aluminum alloys shown on Fig. 3. The slope transition behavior is similar to
that exhibited by the steels and Ti-6A1-4V alloys in Figs. 5 and 6.

cycling by extrapolation of low-amplitude crack propagation data to end points based
upon high levels of fracture toughness are likely to result in nonconservative estimates.
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ABSTRACT

This report documents work completed on the development of a
computer program to predict radar performance following a high-
altitude nuclear detonation. The program has been designed to carry
out calculations of radar propagation quantities such as absorption, re-
fraction, and apparent sky temperature. For a description of the prop-
agation medium, the program depends upon explosion phenomenology
tapes generated at NRL. It differs from other programs directed at
predicting radar performance under similarconditionsinthatnoattempt
is made within the program to calculate phenomenology parameters.
Thus, lengthy phenomenology calculations need not be duplicated if it is
desired to rerun the program with a different geometry or a different
set of radar characteristics.

A brief discussion is given of the general features and limitations
of the program as well as adescriptionofitsoperation. Fortranlistings
and flowcharts for the more important routines are not included. A
summary and discussion of the propagation equations employed is also
presented. Some preliminary results for runs carried out using the
NRL CDC-3800 computer are given, using as input an artificial nuclear
environment contrived for test purposes.

PROBLEM STATUS

This is an interim report on one phase of the problem.
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A COMPUTER PROGRAM FOR EVALUATING RADAR PERFORMANCE
IN A HIGH-ALTITUDE NUCLEAR ENVIRONMENT

INTRODUCTION

In early 1969, the Radar Geophysics Branch of the NRL Radar Division was assigned
the problem of developing a computer program to predict the effects of a high-altitude
nuclear explosion on radar detection. The objective of this report is to summarize work
done to date and to document the computer program in its present stage.

It is well known that the ionization produced by a nuclear explosion causes numerous
radar propagation effects, most of them detrimental. Among the effects produced are
(a) target-position location errors due to refraction and to reduction of group velocity,
(b) reduction of the signal strength due to wave absorption, (c) an increase in the received
thermal noise level, and (d) production of clutter echoes by reflection from ionized regions.
Experimental data on some of these effects were obtained in the atmospheric tests con-
ducted prior to the nuclear test ban treaty. Computer programs to predict the effects of
nuclear explosions at low altitudes, based largely on the data of these tests, have been
developed by the General Electric Tempo organization (1,2). Unfortunately, however, the
data of the tests are deficient in many respects, and of course there is no longer a pos-
sibility of remedying these defects by further atmospheric experiments. In particular,
the data are inadequate in the high-altitude regions (above 100 km) which are of primary
interest in modern weapon-system technology.

The NRL Plasma Physics Division has undertaken a program of theoretical prediction,
via computer calculation, of the high-altitude nuclear effects* for which experimental data
are lacking. The Radar Division effort is supplementary to this work. The objective is
to produce a computer program for the radar propagation effects which will utilize the
outputs of the Plasma Physics Division computer programs for a description of the dis-
turbed high-altitude physical environment. Among the quantities needed as inputs for the
propagation calculations are electron density and its gradient, temperature, and neutral
species concentrations as functions of space and time.

The initial phase of the Radar Division effort consisted of a review of the pre-test-ban
atmospheric experiments and of the computer programs known as the RANC Code (Radar
Absorption, Noise, and Clutter) developed by General Electric Tempo, and other activities
of an educational nature. These included a visit to the U.S. Army Safeguard System offices
and meetings with Plasma Physics Division personnel to become familiar with their ap-
proach to the problem and to establish the necessary coordination between their computer
programs and ours. During this period, Radar Division personnel attended numerous
meetings at which the physicists concerned with the explosion phenomenology discussed
their work.

During this initial phase it was recognized that most of the effects to be calculated
depended upon position in space along the propagation path. Therefore, concurrently with
these investigations of previous work and other educational activities, work was begun on

*In the remainder of this report, these effects will be referred to as phenomenology, a
term used to refer to the gross atmospheric motion following a nuclear detonation and
to detailed predictions of changes in atmospheric electron density and temperature.
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a computer routine to calculate, in some detail, the propagation path. The resulting three-
dimensional ray-tracing routine is thus basic to the calculation of all propagation parameters.

Included in this report is a description of the general features and limitations of the
program. The operation of the main program and, in particular, of the ray-tracing pro-
cedure is explained. A section is devoted to the outputs and display formats. Another
section contains a description of the propagation expressions employed. The operation
of nontrivial subroutines is described in a brief manner, and flowcharts are provided for
those routines where the logic is more involved. There are four appendixes devoted to
the treatment of collision frequencies (Appendix A), the model atmosphere (Appendix B),
Fortran program listings (Appendix C), and user instructions and program options (Ap-
pendix D). A section has been included to cover preliminary results of test runs carried
out using the NRL CDC-3800 computer. For these tests an artificial phenomenology model
described by analytical expressions was used.

GENERAL FEATURES AND
LIMITATIONS OF PROGRAM

The purpose of the computer program to be described in the following sections is the
prediction of specific aspects of radar performance to be expected during the detection
and tracking of targets (reentry vehicles) in a high-altitude nuclear environment. The
calculations carried out are those involving radar propagation. By-products of separating
the phenomenology and propagation calculations are improved flexibility and savings in
computer operating time and memory. Results of phenomenology calculations for a spe-
cific nuclear yield and altitude may be stored on magnetic disc or tape. These results
are then available for a number of propagation calculations at diverse radar frequencies
or at various locations relative to ground zero, without the necessity for repeating the
phenomenology calculations for each analysis of radar effects.

Primary emphasis has been placed upon obtaining answers as free from approxima-
tions and avoidable error as is reasonably possible; considerations relating to computer
running time or memory allocation have been secondary. This policy is intended to pro-
vide results that can serve as a basis for evaluating approximation techniques used in
faster-running codes and for analyzing the effects of changes in phenomenology calcula-
tions on radar propagation quantities.

An attempt has been made to present the output data in a form which facilitates a
quick-look analysis but yet which embodies as complete a display as possible for the
quantities of interest. Where feasible, quantities have been presented as "sky maps,"
for example, one form of output is a line-printer plot of apparent sky noise temperature
on an elevation-azimuth grid. This format represents essentially what the viewer "sees"
when looking out from the radar location.

The radar frequency range for the program is 100 MHz to 10 GHz. The classical
Appleton-Hartree expression for refractive index is assumed valid within the ionosphere
with certain modifications and assumptions. Tropospheric effects on propagation are
handled in a manner described by Blake (3). An important approximation pertaining to
ionospheric propagation is that magnetic field effects can be ignored, i.e., 0 >> b where
a is the radar angular frequency (in megaradians per second) and adb is the electron gyro-
resonance frequency. For frequencies greater than 100 MHz this approximation is jus-
tified. A more detailed discussion of this approximation is given in a later section.
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Limitations on Accuracy

The propagation calculations are limited in accuracy by two classes of errors-those
attributable to the phenomenology predictions and passed to the propagation code through
input quantities such as electron density and electron temperature (extrinsic errors), and
those arising from the propagation program itself (intrinsic errors).

Extrinsic sources of error could possibly arise as a result of incompleteness in the
high-altitude physics or from inaccuracies in transport coefficients or rates of chemical
processes. Another important source of extrinsic error is related to the granularity of
calculated quantities arising from the spatial zoning which is necessary for solving hydro-
dynamic differential equations by the finite-difference method. Interpolation between
points in space is essential and is employed. Some granularity may be expected to sur-
vive such a smoothing process.

Among the expected sources of intrinsic error are those arising from representing
the propagation medium by a series of strata and slabs.* Such errors will depend on the
spatial gradients of both input and calculated quantities and may be minimized by choosing
sufficiently small strata and slabs during ray tracing. Inaccuracies related to the gran-
ularity of the medium are difficult to evaluate analytically because of the interaction of
many effects; however, it is possible to obtain some estimate of their magnitude by
running a series of test calculations differing only in the sizes of the strata and the slabs
used in ray tracing. A discussion of these limitations is given in the section covering
test runs and preliminary results.

Propagation-Related Quantities

Absorption (blackout) and refraction in a high-altitude nuclear environment are well-
known limitations on the performance of antiballistic missile tracking radars. The calcu-
lation of these quantities requires a knowledge of the macroscopic space-time dependence
of electron density and temperature in the disturbed region.

A diagram showing the geometry involved in the radar tracking of an incoming target
is given in Fig. 1. The pointing direction of the radar is given by the vector OA'. The
curved line OB represents the path of the actual (refracted) ray whose end point defines
the actual position of a target generating a radar return. A number of useful quantities
are available once the end point of the ray has been determined. Among these are radar
range error, radar pointing-angle error, and radar miss distance.

Radar range is inferred from measurements of signal delay made at the radar
assuming that the signal velocity is the free-space value c. In ionized regions, because
of a reduced group velocity and because of the curvature of the ray path, the signal delay
is increased and therefore the radar overestimates the target range. The apparent tar-
get location, as deduced by the radar, is at the position A, whereas the actual target
position is at the point B. The target-location errors referred to in the preceding para-
graph are illustrated in Fig. 1. The program designations of range error, angle error,
and miss distance are RERROR, AERROR and DISMIS, respectively.

The absorption in decibels (or path loss referred to 1 m) along the ray path is calcu-
lated by numerical integration. As a by-product of this calculation, the apparent sky tem-
perature in the direction of initial pointing of the ray is also derived. Results of apparent
sky temperature are presented on a conventional "sky map" with an elevation-azimuth
grid.

*'The slab representation is convenient for a simple Snell's law formulation of refraction
and also is consistent with the discrete nature of machine computation. The differences
between strata and slabs will be elaborated on in a later section.
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Fig. - Radar geometry of burst region

For a number of reasons, no attempt has been made to set up a detailed clutter model.
The condition for an overdense return ( < p), however, is detected and indicated by the
program. In the case of overdense clutter, the scattering mechanism has not yet been
fully validated for the nuclear environment, and consequently a formulation for the dis-
tribution of reflected energy with range is not known. For the case of underdense clutter,
the situation is somewhat different. Here, the scattering theory is in relatively good
shape provided that the Born approximation (single scattering) is valid. Present MHD
codes, however, are unable to provide the necessary detailed information for application
of the theory, namely the distribution in size and amplitude of electron density irregularities.

For the purpose of calculating absorption, it is essential to know the electron collision
frequency for momentum transfer. In general, the collision frequency is a function of
electron density, electron temperature, and the number densities of the neutral ionospheric
constituents. Collision frequency calculations are based on neutral species concentrations
derived from phenomenology predictions or from a model neutral atmosphere when phe-
nomenology data on neutrals are unavailable.*

A detailed discussion of the approximations made and the model atmosphere used
will be found in Appendixes A and B, respectively. The altitude coverage of the model is
from 30 to 800 km and the calculations take earth curvature into account.

Methods of predicting attenuation and refraction within the troposphere have been
discussed by numerous authors, e.g., Blake (3). The assumption made for the present

*As presently constituted, the program relies entirely on data furnished by a model neutral
atmosphere. Program modifications necessary to accommodate phenomenology predictions
for neutral species concentrations are not difficult and will be incorporated in the next
phase of the program.
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calculations is that all targets to be tracked will lie above most of the troposphere; i.e.,
the troposphere is completely penetrated by the radar beam. A set of tabular values for
tropospheric absorption based on Blake's results has been used in the program for these
calculations. The tropospheric refractive index is assumed to decrease exponentially
with altitude, and is calculated from a simple analytical expression (see section on Sub-
routine RFRAC2) involving the atmospheric scale height below 30 km (3).

Input Parameters

The Fortran identifiers of inputs required from phenomenology calculations and other
input parameters are as follows:

WPE - electron plasma angular frequency in megaradians per second.

TEP - electron temperature in electron volts.

N1, N2, N3 - direction cosines of the electron-density gradient (or of plasma
frequency gradient).

R - (km) a selection of 10 reference ranges for which propagation quantities are to
be tested against their allowable limits.

ABSL - two-way absorption limit in decibels.

PATHL - two-way path-loss limit in decibels.
RFCRL - angle error limit in degrees.

GRPL - radar range error limit in kilometers.

DEVL - ray deviation limit in degrees.

COLATI - the colatitude of the radar in degrees.

THETA - the azimuth of ground zero in degrees.

RANGE - ground range, in kilometers, from radar to ground zero.

FR - the radar frequency in megahertz.

ELMAX, ELMIN - the elevation angle scan limits in degrees.

THETMX, THETMN - azimuth angle scan limits in degrees.

INC - the angular resolution for both azimuth and elevation scanning.

AZERO - the central azimuth (degrees) for the sky-map displays.

ELEO, THETAO - elevation and azimuth angles, respectively, of the target
engagement direction.

RTRGET - the target range in kilometers, for the engagement option.

TSKY - the average temperature of the background sky in degrees Kelvin.

RAMAX - limiting distance in kilometers to which any ray will be traced.

PROGRAM DESCRIPTION

Main Program and Ray-Tracing Procedure

The program is built around an incremental ray-tracing routine in which the radar
ray path is approximated by a series of straight-line segments. Sector coverage and
angular resolution of the ray trace calculation are defined by card-controlled variables.
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Several important quantities, such as cumulative absorption, group path delay, and apparent
sky-noise temperature, are calculated along each ray.

To facilitate the ray-tracing procedure, the propagation medium is subdivided into a
series of slabs and strata (subslabs). The faces of a stratum are aligned perpendicular
to the local gradient of electron density. A slab is composed of one or more contiguous
strata. The strata and the slabs are geometrically identical, and in a spatially varying
medium, are actually wedges rather than plane-parallel-sided figures as the term slab
connotes. If the slab (stratum) thickness is small compared with the scale for the change
of electron density, the two sides of the wedge are approximately parallel and the terms
slab and stratum are justified.

The size of a stratum is determined by the step size of the ray-tracing procedure.
The step size is variable within the program and the width of a stratum is, therefore,
also variable. Within a stratum, the imaginary part of the phase refractive index and the
group refractive index are assumed constant. Within a slab, the real part of the phase
refractive index is assumed constant. The stratum, therefore, defines the granularity
structure for the absorption and for the radar range calculations, whereas the slab defines
the granularity structure for the refraction calculation. The thicknesses of strata and
slabs are controlled by program parameters which will be elaborated upon. In what fol-
lows, the terms step and step size will refer to the advance of the ray in stratum-size
increments.

Within a slab the real part of the refractive index of the medium is assumed equal to
the actual value at the leading edge, and the ray path is approximated by a straight-line
segment. At the interface between adjacent slabs, a refractive bend, based on Snell's
law, is executed. The slab thickness of any given section of the medium is chosen so
that the refractive-index change between slabs is small enough to produce a piecewise-
linear ray path that satisfactorily approximates the actual ray path in the medium. In
the program as presently constituted, the limit on the change of refractive index between
adjacent slabs has been set at 1%. This limit is determined by the Fortran variable,
LMU. The value assigned to LMU is controlled by an input data card and may be changed
at the discretion of the operator. The effect on the calculations of a change in the gran-
ularity limit is discussed later in this report.

Each straight-line segment of the ray path is constructed from a series of collinear
steps. Incremental absorption is evaluated at each step. Step size is controlled so that
the incremental absorption may not exceed a prescribed granularity limit. This limit is
determined by the Fortran variable LABS which is controlled by an input data card. The
value assigned to LABS can be changed at the discretion of the operator. A limit of 0.1 dB
per step has been used in preliminary calculations.

The sizes of the steps are discretely adjustable. The procedure is to start by taking
the largest step size permitted. After each step the cumulative fractional change in
refractive index within the slab and the incremental absorption are checked against the
granularity limits. When either of these limits is exceeded, the ray is forced to step
back and to advance subsequently in steps a factor of 10 smaller in size. The calculation
continues with the new step size until either one of the granularity criteria is again
exceeded, whereupon the step refinement procedure is repeated. A minimum step size,
controlled by the Fortran variables DEL and ITER, is defined such that if either of the
granularity criteria is exceeded at this step size, slab synthesis is terminated and the
ray is forced to bend (i.e., a refraction calculation is made). The ray in the next slab
proceeds in the direction of the refracted ray and the step size is reset so that slab con-
struction again starts at the largest allowable step size.
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Step size DL in constructing a straight-line segment of a ray path, is controlled by
the expression

DL = DEL/ O(L 3 - 1) (1)

The parameters controlling the size of a step are the variables DEL and L3. L3 is an
index which starts at a value of unity at the start of each ray segment (slab). It is in-
creased by one each time the absorption or refraction granularity criteria are exceeded.

The largest step size permitted is equal to DEL kilometers since DL = DEL when
L3 = 1. DEL therefore controls the granularity of the medium for calculating absorption
and radar (group path) range and, hence, is usually chosen to be small compared with the
expected scale for change in the medium. DEL is allowed to take one of two possible
values denoted by the Fortran variables DELl and DEL2 which are defined by data card
input. DELl defines a course step size for ray tracing in an essentially unperturbed
environment. DEL2 defines a finer step size for ray tracing through a disturbed medium.
In regions of space which are nonabsorbing and nonrefracting, DEL is usually assigned a
value of DELl = 10 km, which permits rapid completion of those portions of a ray that
are negligibly affected by the propagation medium. In perturbed regions of space DEL
has been set to DEL2 = 1 km, but this value will probably have to be changed in accordance
with the requirements of specific propagation conditions.

In the construction of a straight-line section of the ray path, the index L3 is allowed
to attain a maximum value given by the program parameter denoted ITER. The value
assigned to ITER determines the smallest allowable step size. From Eq. (1) it is evident
that the smallest step size allowed is given by

DLMin = DEL/1o(ITER) (2)

Thus, once DEL is chosen so as to establish a maximum step size, ITER determines the
minimum length of a straight-line section of ray path. In regions where the medium is
only moderately perturbed, ITER has a negligible effect on the granularity of the calcu-
lation. In severely disturbed regions of space the granularity limits are often exceeded
in a single step of the smallest size. Under these circumstances, the granularity of the
calculations is controlled by the minimum step size and hence by the variable ITER.
ITER is usually chosen to be 4 in regions of space which are nonrefracting and nonab-
sorbing. The very fine step size that this permits is used for accurately locating the
boundaries of a perturbed region of space. Within a perturbed region ITER is usually
reset to 2. ITER = 2, in conjunction with DEL2 = 1 km, permits a minimum step size of
100 m, which is deemed acceptable from the standpoint of being small compared with the
scale for change in the medium while still allowing relatively rapid execution. It is
emphasized that the choices for DEL and ITER can be readily altered at the discretion
of the operator.

A wave normally incident on a stratified plasma whose density is increasing in the
direction of propagation is ultimately reflected at a point at which the wave frequency
equals the plasma frequency of the medium. Waves obliquely incident on the same medium
are also reflected but at a lesser penetration distance. For oblique incidence, the reflec-
tion process can be treated as a refraction process. Alternatively, the reflection process
can be described in terms of a wave formulation which provides for coupling between
ingoing and outgoing waves. For a discrete medium, the analog of the wave formulation
in a continuous medium is the phenomenon of total reflection, and this is the approach
used in the present program.
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Theoretically the results of the total-reflection method approach those of the full-wave
treatment as the granularity of the medium goes to zero. Total reflection of an obliquely
incident ray introduces a discontinuity in the direction of the ray path which does not occur
in a continuous medium. Since the critical angle for total reflection is governed by the
change in refractive index at the slab interface, its value depends upon the slab thickness.
The true reflection (or refraction) process can be closely approximated by making the
slab thickness so small that total reflection does not occur until the grazing angle of the
ray is nearly parallel to the slab. The slab width at the time of reflection is always equal
to the smallest allowable step size.

The critical angle is defined in terms of the ratio of the refractive indexes between
slabs. The total reflection region is sensed in the following manner. Each step in the
construction of a slab requires that the refractive index be evaluated at the ray tip. The
ratio of this refractive index to that assigned to the slab is used for evaluating a critical
angle which is then compared with the angle of incidence of the ray. At the first step
wherein the critical angle is exceeded, the ray is forced to step back a single step and a
refractive bend is executed at that point. Thereafter, the slab thickness is made equal to
the length of a single step with a resulting increase in the critical angle. Each subsequent
time that the critical angle is exceeded the last step is retracted and the step size is
reduced. When the critical angle is exceeded at the smallest step size, a reflection is
executed. If, at any step size, more than 20 steps are taken without exceeding the critical
angle, then the program assumes that the total-reflection region has been traversed and
it reverts to the normal stepping procedure.

The granularity limit on the cumulative fractional change in refractive index imposes
a minimum value for the critical angle. For example, for a 1-% limitation on the change
of refractive index between slabs, the minimum critical angle is 89.430. Smaller refrac-
tive index changes result in the critical angle approaching still closer to 900.

The program provides for an interruption of the ray-tracing procedure when the dis-
tance from the radar to the tip of the ray equals any of a set of reference ranges. At these
ranges, various parameters relevant to the radar detection and location problem are
calculated and used in the preparation of output displays. These parameters include
cumulative absorption and path loss* to the reference range in question, ray deviation
from the initial pointing direction, radar range and pointing angle errors, and radar
miss-distance. Radar range error is defined as the difference between the group range
and the actual (straight-line) range to the ray tip. Radar angle error is defined as the
angle between the radar pointing direction and the straight line to the actual ray tip. Miss
distance defines the spatial separation between the apparent position of the ray tip, as
inferred from the radar range and radar direction, and the actual position of the ray tip.

The program incorporates a number of contingency features for terminating a given
ray. These will be discussed individually.

1. Range Limitation. Ray tracing is not allowed to proceed beyond a given range
denoted RAMAX. RAMAX is card-controllable by the operator and is usually set equal
to the nominal detection range of the radar system. There is obviously no advantage in
tracing a ray out beyond the range of the radar. Choice of RAMAX depends, of course,
on a somewhat arbitrary assumption of expected target cross section. Ray termination
at RAMAX results in a printed output statement to that effect.

2. Absorption (or Path Loss) Limitation. In a propagation environment wherein the
medium is lossy, the effective range of the radar system can be seriously curtailed.

*Path loss includes the effect of absorption but in addition incorporates an R-4 power
attenuation due to the divergence of the radar beam.
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Because very weak signals are undetectable, some limit must be set on the allowable
absorption (or path loss) beyond which the ray tracing should be discontinued. Clearly,
these limits will depend on the sensitivity of the radar as well as on the expected target
cross section. For this reason, ray termination occurs at the nearest subsequent reference
range and is documented by a printed output statement and, where appropriate,* by a coded
representation of the output displays.

3. Overdense Medium. An overdense medium is, by definition, opaque to the radar
wave. Targets beyond the overdense boundary will not be illuminated by the wave. Ter-
mination occurs, therefore, at the point in the ray path at which the overdense boundary
is encountered.

The exact behavior of the wave in the vicinity of an overdense medium depends very
strongly on the effective electron collision frequency and on the magnitude of the gradient
of electron density in the region. Total absorption, total reflection, or some combination
of absorption and reflection, may occur. It is difficult (if not impossible) to calculate
sufficiently detailed phenomenology in this region to obtain an accurate assessment of
absorption and refraction. For this reason, the ray is terminated and, where appropriate,
the output sky maps are marked to indicate this reason for termination. Noise background
temperature in the direction of this ray is modified to incorporate a contribution of the
overdense medium, based on the assumption that the ray is completely absorbed at that
point.

4. Excessive Bending. In a highly refracting medium the ray may be so severely
refracted as to make any radar data useless for purposes of target location. This has
been deemed sufficient grounds for ray termination. When excessive bending occurs,
the ray is terminated at the nearest subsequent reference range. Rays terminated in
this manner are so designated, when appropriate, on the output sky maps. The ray devi-
ation limit is arbitrary and can be adjusted at the discretion of the program user. If a
clutter calculation were incorporated into the computer program, the arbitrary ter-
mination of a ray because of excessive bending would be discarded.

5. Ray Intersection with Ground. Ray intersection with the ground represents an
obvious ray termination point. Except for its contribution to radar clutter, this occur-
rence is of little interest to the problem of the radar environment associated with a high-
altitude nuclear burst.

6. All Direction Cosines are Zero. This result is indicative of a calculational error.
It causes the immediate termination of a ray with an appropriate output diagnostic.

7. Too Many Bends. The number of bends executed in the course of constructing
each ray is monitored. An excessive number of bends quite likely indicates that the ray
has been trapped in an infinite loop. As a safeguard against this possibility, the program
allows for a maximum number of bends (999) on any given ray. Rays terminated in this
manner are documented by a printed output statement. Modification of the maximum
allowable number of bends requires a program edit.

The program operation discussed in this section of the report is described in more
detail by the flow diagram of Fig. 2. The flow diagram is representative of the actual
order of the operations as they are performed in the computer. It is not meant, however,
to describe the actual structure of the program and its division into subroutines; this will
be done in a later section.

*If the radar parameter limit for a given output display has not been exceeded at the time
of termination of the ray, then a coded mark is made on the display at the angular co-
ordinates of the initial pointing of the ray, indicating the reason for termination.
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Outputs and Display Format

The output displays take the form of line-printer-produced coded sky maps for each
radar parameter. The map coordinates are azimuth and elevation and the coding defines
ranges at which the radar parameter appropriate to the display first exceeds a prescribed
limit. The coding is numerical and the limited number of single-symbol code words limits
the number of ranges that can be displayed to a discrete set of reference ranges. The
parameters described in terms of these maps are range error, angle error, miss dis-
tance, absorption or path loss, and ray deviation. The parameter limits that are docu-
mented by the sky maps are designated GRPL, RFRCL, MISL, ABSL OR PATHL, and
DEVL, respectively, and their values are controllable by punched card input. Sky maps
of this kind provide the radar specialist with a comprehensive and yet concise description
of the radar environment. Information regarding localized effects of the nuclear blast
environment are available in much greater detail on demand.

A sky map can be interpreted as defining a surface in space within which a detection
or location parameter lies within specified limits. For example, if the quantity of interest
is target location, then target miss distance is a suitable radar location variable. The
interception problem can define a limit on miss distance MISL such that miss distances
in excess of MISL result in failure of the mission. A sky map of miss distance based
upon this limit will then result in a range surface which divides space into two regions.
For ranges smaller than those defined by the range surface the mission has a chance of
success, at least insofar as the interception problem is concerned. Ranges greater than
those defined by the range surface define a region of space in which the interception
problem is, by definition, hopeless.

Apparent sky temperature includes contributions from absorption effects in the prop-
agation medium. Since range is not a relevant parameter in defining sky temperature,
the output display simply consists of a numerical "shade plot" on an azimuth-elevation
background coordinate system. Sky temperature is quantized and a numerically coded
representation of temperature is printed on the azimuth-elevation map for each angular
resolution element.

The program provides the option of a target-engagement calculation as well as gen-
eral calculations for describing the total radar environment. The target-engagement
calculation requires the target coordinates as inputs. For a ray whose initial pointing
is in the target direction and at a true range to the ray tip which equals the target range,
the ray-tracing procedure is interrupted and the radar parameters (absorption or path
loss, range error, angle error, and miss distance) are calculated. These results are
useful in the evaluation of radar performance for a specific radar-target and nuclear-
blast geometry, and their calculation does not measurably lengthen the running time of
the program.

Propagation Expressions

The classical Appleton-Hartree equation for refractive index is used for the calcu-
lation of propagation-related quantities in the ionosphere. A detailed treatment of the
underlying theory may be found in Ref. 4 and some modifications for a realistic handling
of collisions are given in Refs. 5 through 7.

10
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The Appleton-Hartree equation for the complex index of refraction 71 for a plane wave
propagating within a magneto-ionic medium is

x2= 1 - (3)
1 - iZ- T + T + L 

2(1 - x _ iZ) 4(1 - X - iZ) 2

where

X= (P/)2 L BL/ d, YT BT/W) Z /.

Here, op is the electron plasma angular frequency, is the wave angular frequency, v is
the electron collision frequency for momentum transfer, and aBT and BL are the electron
gyroresonance angular frequencies associated, respectively, with the transverse and
longitudinal components of the geomagnetic field.

For a geomagnetic field of typically 0.5 Gauss, the upper limit on COBT and OBL becomes
about 10 mrad/sec and at radar frequencies above 100 MHz, one obtains YL << 1 and YT << 1.
This means that an important simplifying approximation can be made, namely the neglect
of magnetic effects. Even for magnetic field compressions as large as a factor of 10, an
unlikely situation for times of interest, the approximation OB << will still be valid.

With this simplification, the index of refraction reduces to

72 1-. Xiz (4)

where 7 - iX.

The real part of the refractive index It, in conjunction with Snell's law, is used tocalculate refraction. The complete expression for j is

f 2 = 1 2 {[(1 + Z2 _ X)2 + (X Z)2] / 2 + + 2 _ X} . (5)

The absorption coefficient K in nepers/km, is related to the imaginary part of the
refractive index by

-iX

x can be expressed in terms of , by

1 XZx= - (6)tt 1 + Z2

and for two-way absorption,

K = 1 x 106 OXZ nepers/km, (7)
pc(1 + Z2 )

where

c= 3 x l0S km/sec.

13
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To derive the group path as a function of refractive index, it is useful to express the

group velocity Vg in its differential form

Vg =-
dK

where K, the propagation constant 2,7/x, is related to the real part of the refractive index 

by

K = i>1
C

Therefore, the group refractive index f,9 becomes

v d da)

The round-trip delay time measured for the radar pulse is given by

t 2 {L ds
Jo Vg(S)

where s is a position along the ray path and where V g is assumed to vary along the path.

As interpreted at the radar, the apparent target distance (or radar range) is calculated as

R= - - = {L t9 (s) d s,
2

and for small path lengths as the incremental radar range is given by

AR' = jig 8s.

After differentiating tL as given in Eq. (3) and rearranging terms, the derivative dp/d0 )

becomes

dt, X 1 J2 (A+ 1)- X[Z2 (1 + -2-- 2 1 ~(9)

do (1 + Z2) 2 41tAta, L 1+Z2) 1+ z2iJ

where

{1+ Z2) 1+ Z2)}(0

Apparent sky temperature at a particular frequency in a given direction is defined

as the noise temperature sensed by a radio antenna of infinitesimal beamwidth looking in

that direction. The apparent sky temperature is affected by all thermally radiating bodies
in the field of view of the hypothetical antenna. This includes contributions from the atmo-

sphere as well as from the background sky. The radiation from any given source is, of

course, attenuated by absorption effects in the intervening medium. For frequencies of
interest to radar, apparent source temperature is proportional (by the Rayleigh-Jeans
law) to apparent source brightness, for which Kraus (8) gives an equation of transfer.

Expressing the transfer equation in terms of temperature gives

(11)dT(r) = T(r) a(r) dr + T(r) a(r) dr

14
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where T(r), T(r), and a(r) are apparent sky temperature, propagation-medium temper-
ature, and linear absorption coefficient, respectively, at position r. The solution is

T= Tsky exp K-| a(r) dr] +J| exp K | a(r') dr Tj (r)a(r)dr (12)

This is the form of equation utilized in the calculation of sky temperature with the excep-

tion that the linear absorption coefficient is expressed in terms of the voltage attenuation

factor K in nepers/km. The relationship is a = 2K.

The first term represents the contribution due to background sky TSky, and the second

term on the right-hand side of Eq. (10) represents the atmospheric contribution to apparent

sky temperature. It should be emphasized that apparent sky temperature is not the same

as the antenna temperature of any real antenna. For a real antenna, antenna temperature

is the average of apparent sky temperature over its field of view with the antenna power

pattern as the weighting function. Furthermore, antenna temperature usually includes

contributions from the ground due to spillover of the illumination pattern onto the ground

and due to ohmic losses in the antenna and feed structure. A treatment of the effects of

ground radiation and sky temperature as a function of frequency may be found in Ref. 3,

p. 48. The program assumes the background sky temperature to be spatially uniform.
The value assigned to the variable Tsky is controlled by data card input.

Description of Subroutines

Subroutine BEND

Subroutine BEND calculates the direction cosines of the refracted (or reflected) ray.
Eight quantities are needed for this calculation. These are the direction cosines of the
incident ray: Cl, C2, C3; the direction cosines of the electron density gradient: N1, N2,

N3; and the indexes of refraction on either side of the slab boundary.

Figure 3 shows the geometry involved. The incident and refracted rays are defined
by the unit vectors C and R, and the gradient by the unit vector N. The vector represen-
tation of Snell's law is given by the expression

R x N INDEX 1

C X_ N INDEX 2

where the x implies a vector cross product.

MEDIUM I MEDIUM 2
INDEX 1 INDEX 2 ERCE A

REFRACTED RAY
DIRECTION COSINES:

i w : ~~~~ RI, R2, R3
VN,

DIRECTION COSINES:
NI, N2, N3

INCIDENT RAY
DIRECTION/ 
COSINES:
CI, C2, C3

Fig. 3 - Geometry of the refraction calculation
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Implicit in this expression is the coplanarity of the three unit vectors C, , and N.For convenience Co is defined

INDEX 1-
INDEX 2

The first-expression becomes

x N= C' x N.

A solution for in terms of and may be obtained through the following vector
manipulations:

N x (R xN) =N x (Cx N)

R* (N.N) - N (N.R) C' (N.N) - N (N.C')

R = C' + N (N.R) - N (N.C')
INDX 1 - NEX1(3

INDEX + N[(N R)_INDEX 1 C-N- (13)INDEX 2 +N - INDEX 2 j
3

The incident angle i is defined by cos i = = E NiCi. It is calculated in Subroutine
i= I

TEST as ARGIN and passed to BEND through the calling sequence. The reflected angle
r (cos r = ) is related to i through the scalar form of Snell's law:

INDEX 1sin r=- sin . (14)INDEX 2

Equations (11) and (12), along with the calculated value for ARGIN (N C), are employed inthe subroutine to calculate the components of , the refracted ray vector. In the case
where i = 0, ARGIN = 1, and a bypass loop is provided to set the components of the"refracted" ray equal to those of the incident ray.

Also included in BEND are tests to sense the presence of an overdense medium
(WPE > WR) and to sense the condition for total reflection. Where an overdense mediumis encountered, a flag variable RKK is set equal to 25 and a diagnostic is printed. Thetotal reflection calculation is accompanied by printer message which specifies the grazingangle of the incident ray on the reflecting boundary.

A flow diagram for Subroutine BEND is given in Fig. 4.

Subroutine COLLF

Values for the effective electron collision frequency for momentum transfer arederived from Subroutine COLLF and are subsequently used in the absorption calculation.Prior to the actual calculation, the plasma frequency and electron temperature from thephenomenology input are compared to values provided by the model atmosphere at thesame altitude. The larger of these quantities is retained for the collision frequency
calculation. The altitude RA of the point defined by the coordinates X, Y Z is obtainedthrough a call to the Subroutine TRANS. Also calculated by TRANS are the directioncosines of electron-density gradient for a vertically varying model atmosphere. Thecorrect signs for the direction cosines are established in COLLF through two calls tothe model atmosphere.

1 6



17NRL REPORT 7284

i = incident angle
r = refracted angle

unit vector in direction
p of incidence
R = unit vector in direction

of refraction

Fig. 4 - Subroutine BEND
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Plasma frequencies supplied by the phenomenology input are transformed to electron
densities. Input temperatures in electron volts are transformed to degrees Kelvin. These
steps are taken before the comparison with equivalent values in the model atmosphere.
The value of electron density selected is retransformed back to plasma frequency WPE,
and it and the associated direction cosines are retained for later use in other parts of
the program.

The electron-ion collision frequency is calculated from the electron density and tem-
perature by using the analytical expression given by Shkarofsky (6). (See Appendix A.)
Electron-neutral collision frequencies for N2, 02, and 0 are obtained from the results
of numerical integrations by Hochstim (7,9) (see Appendix A) for temperatures between
200 and 2000'K. The corresponding values of G(T) (= Ve_.Ni(T) x 10- 8/Ni) are included
in the subroutine; interpolated values are obtained through a call to Subroutine INTERP.
Beyond this temperature range, a simple power-law extrapolation is used. The effective
collision frequency NUCOLL is the sum of the electron-ion component NUEI and an
electron-neutral component NUEM. The collision frequency is returned through the
calling sequence in units of mega-collisions per second.

A flow diagram illustrating the operation of Subroutine COLLF is given in Fig. 5.

Subroutine DGROUP

Subroutine DGROUP calculates the group refractive index for the propagation medium
using the standard form (10)

fig = It +

where fig = group refractive index

i= phase refractive index
= radar angular frequency in radians per second.

The group refractive index is assumed to be unity throughout the troposphere, and in the
ionosphere it is calculated by assuming that the phase refractive index is well represented
by the Appleton-Hartree relation simplified to the case of negligible magnetic field effects.
The expressions used for and d/d. are otherwise exact, incorporating no assumption
of nondeviative absorption. The equations defining and d/dw are

( +Z2) ( 1X+ Z 2

= XF2 [2(1 + A) - X (Z2( + 2F) + 2F)]
d i 4pA

Z v/c

F= 1/(1 + Z2 )

A= [(XZF)2 + (1- XF)2 ] /2,

18
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Fig. 5 - Subroutine COLLF

19
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*,Uis available from a prior calculation in subroutine REFRAC
and is passed to DGROUP.

Fig. 6 - Subroutine DGROUP

20
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where p = plasma frequency of the medium

w = radar angular frequency

v = effective collision frequency as defined by Shkarofsky (6)

x = (An) 2

A flow diagram for the subroutine is shown in Fig. 6.

Subroutine GEOM

Subroutine GEOM performs a calculation of various geometric quantities which are
pertinent to the target location problem. The relevant geometry is shown in Fig. 7.
Quantities required for this calculation are the direction cosines of initial pointing of the
ray path from radar to target (C10, C20, C30), the true position of the ray tip in the radar
coordinate system (XB, YB, ZB), the true range to the ray tip (DIST1), and the radar range
to the ray tip (RGRP). Quantities calculated are radar range error (RERROR), target
miss distance (DISMIS), and radar angle error (AERROR). Equations used in the calcu-
lations are

RERROR= RGRP- DIST1,

DISMIS = (PRX - XB) 2 + (PRY - YB)2
+ (PRZ- ZB)2,

AERROR= COS- [(DIST1) 2 (RGRP)2 (DISMIS) 2 . (2. DIST RGRP)],

where

PRX= RGRP.C10

PRY= RGRP-C20

PRZ= RGRP-C30.

The calculation presumes that the true target position is on the ray path, and that
the antenna pointing direction correctly gives the initial ray direction. In other words,
error due to finite antenna beamwidth or to boresighting error is not considered here.
The quantities selected as error variables represent the errors entailed in specifying
the position of a detected target. The subroutine is sufficiently straightforward that a
flowchart is not considered necessary.

A proper treatment of the target engagement problem would require that the error
quantities be calculated when the prescribed target position coincides with the ray tip.
This is not the procedure which is followed because the true angle from the radar to the
ray tip is not an input variable in the calculation. It is one of the output variables. The
input variables corresponding to a specified true direction of the target (ray tip) can be
found only by an iterative procedure, which is time consuming. Therefore, the radar
location errors are calculated when the range to the ray tip (DIST1) equals the prescribed
target range and when the initial pointing direction of the ray is in the true target direction.
If the ray path to the target does not undergo severe refraction, location errors calculated
in these two different ways will not be very different.

Subroutine PRELDA (Entry PRELP)

The initial version of Subroutine PRELDA was developed in the Plasma Physics
Division. It provides the interface between the phenomenology codes and the radar prop-
agation program. Data describing the spatial distribution of electron density and tem-
perature, at a selected time step, are read from magnetic tapes in the form of arrays.

21
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VIRTUAL RAY TIP POSITION
AS SENSED BY THE RADAR

A

Rid - ACTUAL POSITION OF RAY TIP Fig. 7 - Geometry for

target location
RA m"GROUP" RANGE TO THE RAY TIP - RGRP

RB TRUE RANGE TO THE RAY TIP -- DIST 1

AB RADAR MISS DISTANCE e DISMIS

l RADAR POINTING ERROR AERROR

The array indexes correspond to spatial coordinates centered on ground zero, and the
data are specified at discrete positions corresponding to the array lattice points.

A two-dimensional, third-order, Lagrangian interpolation is performed on the data
arrays to yield values for the desired quantities and their gradients at the current position
of the ray tip.* These quantities are used in the propagation program for calculation of
the real and imaginary parts of the refractive index and for calculation of collision fre-
quencies. The interpolation is done in PRELP, which is an entry point in Subroutine
PRE LDA.

The radar angular frequency WR is passed to PRELP through the calling sequence.
A comparison between WR and WPE is made early in the routine. If an overdense con-
dition prevails, WPE is set to -1 and control is immediately returned to the calling pro-
gram, thus bypassing an unnecessary calculation of gradients and direction cosines.

The coordinate system used for phenomenology calculations is either spherical for
one-dimensional (1-D) codes or cylindrical (2-D) codes. A coordinate transformation
converts to the Cartesian coordinate system used in the propagation program.

Subroutine REFRAC

Subroutine REFRAC calculates the real and imaginary parts of the refractive index
as specified by the Appleton-Hartree expression as well as the two-way absorption co-
efficient K (see Eqs. 2 through 5 in the section on Propagation Expressions). A flowchart
showing the program organization is given in Fig. 8.

Subroutine RFRAC2

The altitude dependence of the tropospheric refractive index is determined in this
routine by a simple analytical expressiont (3):

7= 1 + (N. x 10-6) e-yh

In this equation h is altitude and eis a scale factor. N. is the surface (zero-altitude) re-
fractivity. The expression assumes a simple exponential atmosphere with inverse scale

-Since electron density changes by several orders of magnitude at the edge of the phenom-
enology region, it was found that interpolation errors could be quite severe. This was
corrected by performing the interpolation on the logarithm of the electron density. This
change does not appear in the listing for Subroutine PRELDA supplied with this report.

tCRPL exponential reference atmosphere.

22
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Fig. 8 - Subroutine REFRAC
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height y. Computations are carried out for a conventional value of 313 for N and a value
for y of 0.14386/km.

Subroutine TEST

Subroutine TEST plays a major role in controlling the details of the ray-tracing
procedure. After each step in the construction of a straight-line segment of the ray path,
TEST is called to investigate whether granularity limits have been exceeded and, if so,
to select the subsequent step size.

On the basis of various criteria in TEST, flags are set which control the ray-tracing
step size and, indirectly, the access to the refraction subroutine, BEND. Calculations
made in TEST depend upon phenomenology data acquired via Subroutine PRELDA and the
interpolation Subroutine PRELP. Additional data relating to the ambient atmosphere are
obtained from other subroutines which define a model atmosphere.

In addition TEST performs several important sensing functions upon which the fate
of the ray is dependent. Among these are

1. Intersection of ray with ground - results in ray termination.
2. Altitude less than 30 km - invokes tropospheric model for calculation of

propagation factors.
3. Overdense region (WPE > WR) - terminates ray.

4. Critical reflection - sets a flag which initiates a modified stepping routine
in the vicinity of the total reflection region.

TEST depends upon calls to Subroutines COLLF, REFRAC, DGROUP, RFRAC2, and
TROPAT for the calculation of the necessary propagation variables. A flow diagram
describing the logical flow of Subroutine TEST is shown in Fig. 9.

Subroutine TRANS

The TRANS Subroutine has two purposes. The first is to calculate the altitude above
the earth for the point X, Y, Z in the phenomenology coordinate system. The second is to
calculate the direction cosines of the electron-density gradient in a spherically stratified
model atmosphere. The direction cosines are subsequently used in the refraction calcu-
lation if the model-atmosphere electron density is greater than the phenomenology-
derived value.

Figure 10 shows the geometry involved. The point X, Y, z is located at an altitude RA.
The radius of the earth is given by RE. The horizontal distance R0 is defined by the
expression

R-2= X2 + Y2 .

These quantities are related by the equation

(RA + RE) 2 = R 2 + (RE + Z) 2 .

Solving for the altitude gives
RA = [X2 + y2 + (RE + Z)2]/ - RE.

A value for RE of 6371.2 km has been adopted.

24
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Fig. 10 - Spherical earth geometry

GEOCENTER

The direction cosines of the (vertical) electron-density gradient are identical to
those of the vector from the geocenter to the point (x, Y, Z). They are given by

N1 = X/Q,

N2 = Y/Q,

N3 = Z/Q,

where

Q = [X2 + y2 + (Z + RE)2] /2.

Subroutine TROPAT

Subroutine TROPAT determines the two-way signal attenuation due to absorption
within the troposphere. Results from a series of computations carried out by Blake (3)
form the basis of the tropospheric absorption calculations. Selected values of signal
attenuation have been included in the subroutine as a two-dimensional array with indexes
depending on antenna elevation angle and frequency. The range in frequency is 100 MHz
to 10 GHz. In elevation angle, the range is 0 to 10 deg. Above 10 deg the attenuation is
assumed zero. (It is actually about 0.5 dB at 10 deg and 10 GHz, and less at higher angles
and lower frequencies.)

A two-dimensional linear interpolation is used to derive the correct value for atten-
uation. The frequency interpolation is carried out once for the entire program. The
elevation-angle interpolation is performed for each ray unless elevation is greater than
10 deg, whereupon ATTRO, the attenuation, is set to zero. Errors arising from tabular
interpolation and in employing the data array are less than 0.5 dB.

Implicit in this treatment is the assumption that ionization effects and targets to be
tracked lie outside the major portion of the troposphere. This is likely to be a valid
assumption, since two scale heights for the troposphere correspond to only 15 km, an
altitude below which detection and tracking of targets is not likely to be of interest.

Subroutines XCOORD, BACOOR, XDRCOS

The purpose of Subroutine XCOORD is to transform points within a rectilinear co-
ordinate system located at the radar to a similar coordinate system centered at ground
zero. The ground-zero point is an essential reference point for all phenomenology

27
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Fig. 11 - Coordinate transformation geometry

calculations. Subroutine BACOOR performs essentially the inverse of the XCOORD
transformation and will not be treated in detail here. Subroutine XDRCOS transforms
the components of a vector in the radar coordinate system to the corresponding compo-
nents in the ground-zero coordinate system.

The relevant geometry is shown in Fig. 11. Locations for the radar and ground zero
are represented by points R and GZ, respectively. In both systems the axis is vertical,
the Y axis is directed north, and the x axis points east. Since the origins of both systems
lie on the same spherical surface-namely the earth's surface-they can be algebraically
related to each other via an earth-centered colatitude-longitude system. The transfor-
mation is accomplished by separate steps of translation and rotation. The known or input
quantities are the range to ground zero from the radar R; the colatitude of the radar 1;
the longitude difference between radar and ground zero; and the bearing or azimuthal
angle el to ground zero measured clockwise from north at the radar. For these calcu-
lations terrestrial oblateness is ignored.

Figure 11 shows that the angle subtended at the center of the earth by the ground range
from radar to ground zero is given by

0 = R/RE,

where is given in radians and RE is the radius of the earth. The chord subtended by
this angle is given by,

Ch= 2RE sin (0O/2),
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and the coordinates of ground zero in the radar coordinate system (x0B, Y0B, Z0 B) are
given by

XOB = (Ch sin 1 ) Cos (c/2)

YOB = (Ch coS0 1 ) cos (/2)

ZOB = (Ch sin) (0c/2)

The coordinates of a point (x, Y, z) in the radar coordinate system, expressed in the
ground-zero coordinate system (XT, YT, ZT), are

XT = X- X0 B

YT = Y - Y0B

ZT = Z + Z0 B.

The proper rotations to orient the translated grid can be found from an examination
of Fig. 11. First, a rotation is made through , the polar angle of the radar; second, a
rotation through , the difference in longitude between radar and ground zero (GZ), is
carried out; and finally, a rotation is made through 02, the colatitude of ground zero.
This colatitude 02 is determined using the law of cosines

¢2= os-' (cos 01 cos Oc + sin 01 sin 0, Cos id)

The rotations can then be represented by the following three matrixes:

1 0 0

S1= 0 Cos 02 sin 02

0 -sin 02 Cos 02

cosA sinA 0

S2 = -si A Cos A 0 )
n 0 1

1 0 0 \

S3= 0 cos 0 -sin 01

0 sin (k1 Cos 01/

The entire transformation in matrix form is given by

= (SI) (S2) (S3) (Yi.

The algebraic expressions resulting from this matrix multiplication are

X = XT Cos 8 + YT sin 8 Cos l0- ZT sin 8 sin 

YE = - XT Cos 902 sin + YT (Cos 02 Cos 8 Cos 01 + sin 01 sin 2)

- ZT (Cos 02 cos sin Xl- sin 2 COs 01)

29
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Z = XT sin 2 sin - YT (sin 02 Cos cos l- COS 2 sin 01)

+ ZT (sin b2 Cos 8 sin 1 + os 02 cos 1),

where

sin 8 = sin 0c sin l 1 /sin 2

For Subroutine BACOOR the inverse transformation can be obtained by reversing
the order of rotations;

XR = X cos 8 - Y sin 8 cos ¢'2 + Z' si n 8 coS 'I2

YR = Cos 0 sin + Y' (cos b1 cos Cs 02 + sin 01 sin 02)

- Z' (cos 8 cos 0, sin 02 - sin 01 Cos 02)

ZR = X sin 01 sin 8 - Y' (sin 01 cos 8 cos 02) Cos 01 sin b2)

+ Z' (cos 8 sin 01 sin 02 + coS S1 cos 2)

and making the translation

X= XR + XB

Y= YR + YB

Z = ZR - ZB.

Subroutine XDRCOS transforms the coordinates of a vector from the radar to the
ground-zero coordinate system. It involves the same rotations as described in Subroutine
XCOORD. The transformation equations are

(C2' = (S1 ) (S 2 ) (S 3) 2

where the unprimed c's define the direction cosines of the vector in the radar coordinate
system and the primed values are the corresponding quantities in the ground-zero co-
ordinate system.

Miscellaneous Subroutines

Subroutine CONTR

Subroutine CONTR does the actual conversion of the sky-map array to a coded line-
printer display. CONTR is responsible for providing all heading, coordinate, and legend
data relevant to a given display.

Subroutine INIT

Subroutine INIT initializes all of the sky-map arrays by assigning a hollerith char-
acter, equivalent to a blank, to all elements of the arrays.
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Subroutine INTERP

Subroutine INTERP performs a linear interpolation. It is called from Subroutine
COLLF for interpolation of G-values from tabular data in the COLLF routine. It is also
called from MODATM to perforn a similar interpolation on the model atmosphere-
ionosphere data.

Subroutine MODATM

Subroutine MODATM furnishes values for electron temperature, electron density,
and neutral-species number densities (e.g., 02, N2 , 0) based on an atmospheric model
which has been entered via a data statement (Appendix B). These data are subsequently
used in calculations of collision frequency and refractive index when not overridden by
nuclear phenomenology inputs.

Subroutine POSIT

Subroutine POSIT adjusts the position of the sky-map display so that it is centered
about an azimuth AZERO (a data-input parameter) and such that the smallest elevation
angle displayed corresponds to the smallest elevation angle scanned.

Subroutine SHDRAY

Subroutine SHDRAY is called for the purpose of preparing arrays used in the con-
struction of sky maps for the various propagation and target-location parameters of
interest. Inputs are the array name, the value of the parameter at the reference range,
the value of the parameter limit, the azimuth and the elevation of the initial pointing
direction of the ray, and the number code for the reference range. The subroutine com-
pares the parameter value with its limit. If the parameter exceeds the limit, the array
element at the given azimuth and elevation is assigned the value of the range code. Other-
wise, the element value remains at its initialized value.

Subroutine SUMARY

Subroutine SUMARY presents summary data for each ray (up to 200 rays) which has
been abnormally terminated. It is called by Subroutine CONTR. The data printed include
the reason for termination and the range at termination, as well as the important prop-
agation and target-location parameters.

Program Structure

A diagrammatic representation of the program structure is given in Fig. 12. This
chart is intended to show subroutine interrelationships at a glance and will be helpful in
understanding the operation of the program. All subroutines, as well as the main program,
have been included; lines connecting the routines indicate the origins and terminations of
calling instructions. The ordering of subroutines (top to bottom) has been arranged to
reflect the approximate order in which they are first called from the subroutine respon-
sible for the call instruction. It should be noted that subroutines BACOOR and INTERP
have more than one origin and that PRELP as called from TEST is in reality an entry
point to Subroutine PRELDA.
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4

Fig. 12 - Subroutine connection diagram
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TEST RUNS AND PRELIMINARY RESULTS

Description of Burst-Region Model

The RAEC program is designed to extract data on the propagation environment from
phenomenology tapes which define the important physical variables at discrete points on
a three-dimensional space lattice. For simplicity in testing, a fictitious analytical model
of the propagation environment was employed. This avoided interface problems with the
phenomenology tapes and also permitted operation on the NRL CDC-3800 computer, a
convenience in terms of computer turnaround time during debugging.

The model chosen for enhanced electron density and temperature was defined by
ellipsoidal surfaces of constant density and temperature, with a gaussian radial variation.
The defining equations are

C(x,y,z) = exp L (xY 2 ) ]

N(x,y,z) = No C(x,y,z)

T(x,y,z) = To C(x,y,z),

where No and To are, respectively, the electron density and electron temperature at the
center of the burst, and Lh and L, are scale factors for the major and minor axes of the
family of ellipsoids. (The ratio of Lh to Lv defines the eccentricity.) To was chosen to
be 5000 deg. No was chosen so that the ellipsoid represented by C = c-:1 represents the
overdense boundary at a frequency of 400 MHz. The center of the burst region was placed
at a height of 150 km (zo), and the horizontal and vertical scale factors chosen were Lh =
100 and L = 12.5 km.

Ground zero of the disturbance was chosen to be 400 km due north of the radar.
Figure 13 shows two contours of constant electron density (and temperature) lying in a
north-south meridian plane. The contours displayed correspond to values of C equal to
- and C . The inner contour corresponds to the ellipsoid within which the medium
is overdense to a radar frequency of 400 MHz. The outer ellipsoid defines a boundary
within which the refractive index is less than 0.80 at a frequency of 400 MHz. The space
between these two curves (and their associated ellipsoids) represents the region of greatest
significance to the propagation problem being studied.

This model disturbance region was used in tests of the RAEC program to evaluate
the effect of varying granularity constraints and also to examine the effectiveness and
intelligibility of the output displays.

Studies of the Granularity Criteria

As explained previously, the radar effects program calculates the ray path for a
propagation medium which is approximated by a discrete rather than a continuous vari-
ation of electron density and temperature. In the model, the real part of the refractive
index is held constant within a slab of the medium. The granularity scale for the refrac-
tion calculation is therefore determined by slab thickness. The group refractive index
and the imaginary part of the phase refractive index are allowed to vary from stratum
to stratum within a slab but are held constant within any given stratum. Hence the gran-
ularity scale for such quantities as absorption and radar range is the step size (stratum
width) rather than the slab thickness. The parameter-limiting slab thickness is the vari-
able LMU, where LMU represents the limit on the fractional variation of refractive index
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across a slab. The parameter most important for regulating step size is the variable
LABS, where LABS defines the upper limit on the allowable absorption in a given stratum
of the medium. Values assigned to these variables are designated granularity constraints.
In calculating physical effects, errors due to granularity can be made negligible by using
sufficiently small steps but at the expense of longer calculation times. A compromise
between precision and calculation time must be made. This section reports some limited
studies of this problem that have been made using the NRL CDC-3800 computer.

The assumption of a constant refractive index within a slab is the primary limitation
on accuracy in the ray-trace calculation. AERROR, the radar pointing error, is a useful
indicator of the effect on the calculated ray path of varying LMU. Errors resulting from
granularity structure of the medium on the scale of a stratum are reflected in the accu-
racy of the calculation of absorption. The parameter ABSDB (decibels), therefore, is a
useful indicator of error due to the finiteness of the step size. Using the NRL CDC-3800
computer, studies were made of the manner in which the indicator variables AERROR and
ABSDB depend on the granularity criteria LMU and LABS. Other pertinent variables con-
sidered in evaluating a given set of granularity criteria are the total number of refractive
bends executed in the course of ray construction and the ray computation time.

Two rays, at initial elevation angles of 20 and 30 deg and at 0 deg azimuth propagating
through the burst model that has been described, were used as representative cases. The
actual ray plots, superimposed on contours of constant plasma frequency and electron
temperature in the plane of the rays, are shown in Fig. 13. The asterisks appearing on
the ray paths in Fig. 13 mark the points at which the granularity indicators are evaluated.

Ray 1 was used for evaluating the effect on refraction of varying the parameter LMU.
A point at a distance of 475 km from the radar and well beyond the burst is chosen as a
suitable evaluation point. Ray 1 represents a ray which is only mildly affected by the
burst region. Differences in AERROR due to differences in the granularity criteria be-
come evident only at substantial distances beyond the burst. A range of 475 km turned
out to be a convenient test point on all test cases of ray 1. Ray 2 was used for evaluating
the effect on the absorption calculation of varying the parameter LABS. The point along
ray 2 at which ABSDB was evaluated is at 373 km. This distance was chosen because it
is internal to the region of serious propagation disturbance and yet occurs prior to the
total reflection region. The total reflection region was avoided because it forces thin
slabs to be defined regardless of the refractive and absorptive granularity constraints.

To evaluate the relative merits of different granularity constraints, it is necessary
to have a standard ray. The standard ray is calculated with the following very fine gran-
ularity constraints:

LMU= 0.001

LABS= 0.0015

DEL2= 0.1.

These parameters are equivalent to a limit of 0.1 percent change in refractive index, an
incremental absorption (two-way) of 0.025 dB, and a maximum step size of 0.1 km. These
are rather fine granularity criteria and should produce ray traces that are virtually
indistinguishable from a continuous ray trace through the medium.

Granularity constraints used for the two test rays are

Ray 1, LABS= 0.0 115; LMU = 0.00 1, 0.002, 0.005, 0.01, 0.02, 0.05, 0.1;

Ray 2, LMU= 0.01; LABS= 0.0015, 0.003, 0.0075, 0.015, 0.03, 0.075, 0.15.
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The granularity variable was chosen in multiples of 1, 2, 5, 10, 20, 50 and 100 of those of

the standard ray. The maximum step size in the ref racting medium was increased by a

factor of 10 (DEL2 = 1 ki) from that of the standard ray and was the same for all test

cases. The results of the granularity studies are presented in Figs. 14 and 15 where the

independent variable is a granularity ratio defined by ie = LMU/(LMU)STD for ray 1 and
y = LABS/(LABS)sTD for ray 2.

Figure 14 is a plot of the results of the granularity study using ray 1. The results
can be summarized as follows:

1. Changing maximum step size (DEL2) from 0.1 km to 1.0 km has a negligible effect

on the accuracy of the ray trace calculation, as is evidenced by the small pointing angle
error incurred by this change. It does have substantial effect on the computer running
time, however.

2. Pointing angle error becomes substantial in the interval 2 < y < 5.

3. Beyond y 5 the pointing angle error stabilizes, which implies that for LMU >

0.005, slab width is controlled indirectly by LABS rather than by LMU.

Figure 15 summarizes the results of varying the stratum granularity parameter LABS.
These results can be summarized as follows:

1. Increase of DEL2 from 0.1 to 1.0 km results in a substantial savings in computation

time without serious degradation of the absorption calculation.
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2. The absorption error starts to become large for LABS > 0.015, which corresponds
to a two-way absorption limit per step of 0.25 dB.

The results of Figs. 14 and 15 suggest the following choice of granularity constraints as
being optimum insofar as computer running time and calculational accuracy are concerned:

LMU= 0.003

LABS= 0.015

DEL2= 1.0 km.

These conclusions are based on a very limited amount of data and on a very special set
of assumptions regarding the disturbed propagation environment, however, and are there-
fore tentative. A firm conclusion as to an optimum set of granularity parameters must
await the results of more thorough testing on better phenomenology models.

8



MEAD AND WAGNER

uJc

U)

0

N

XY-DISTANCE, KM

Fig. 16 - Ray paths through the central meridian
of a simulated burst environment

Test Results

The model phenomenology environment as seen from the specified radar site occupies
a rather large region of the sky. The burst center appears to be at 0 deg azimuth and at
an elevation angle of approximately 19 deg. The region of serious propagation disturbance
(within the outer contour of Fig. 13) subtends an azimuth angle of 53 deg and spans ele-
vation angles between 15 and 29 deg as seen by an observer at the radar. The effect of
the highly refracting burst region is illustrated by the ray trace contours shown in Fig. 16.
These rays were launched at 0 deg azimuth and at elevation angles in the range 0 to
30 deg in steps of 1 deg. Figure 16 also contains the overdense boundary and the 0.80
refractive index contour as in Fig. 13. It is notable that all rays that are incident from
beneath the disturbed region are very severely refracted and, in a sense, reflected. The
absorption of these severely refracted rays was also very large and most of them were
prematurely terminated either because of excessive absorption or excessive ray deviation.
Rays incident on the nose of the medium are refracted away from its center as evidenced
by the upper four rays. All but one of these was terminated because of excessive absorp-
tion prior to achieving maximum range. It is interesting that none of the rays ever pene-
trate the burst region far enough to approach the overdense boundary. In terms of grossly
abnormal vs normal propagation conditions, it appears that the 7 = 0.80 boundary is more
significant as a boundary of the abnormal propagation region than is the overdense medium.
These conclusions pertain, however, to the condition of the model used in the present
problem and cannot be extended to a more general case without extensive further tests.

In the multiple-ray calculation, advantage was taken of the azimuthal symmetry of
the problem and only azimuths between 0 and 30 deg were investigated. The calculation
covered elevation angles in the range of 0 to 40 deg and the angular increment between
rays was 1 deg. The results of the calculations are summarized in the form of sky maps.
A sky map defines a range surface within which the radar can accomplish its mission.
Each propagation factor that can result in the abortion of the radar mission has associated
with it a permissible upper limit, above which the mission is considered to fail. Application
of this limit to the propagation calculation defines a maximum range surface which is dis-
played by the sky map. The important factors that are summarized in the form of sky maps
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in this calculation are: absorption or path loss, radar angle error, radar range error,
radar miss distance, and ray deviation. Sky maps for these quantities, for the burst
region defined earlier in this section, are given in Figs. 17 through 21. The sky maps

are accompanied by a data tabulation, Table 1, for those rays that were terminated pre-

maturely (prior to RAMAX). This termination summary gives the reason for termination
of each ray as well as the ray status at the time of termination.

A short discussion of two of these sky maps is given below to provide concrete exam-

ples of their interpretation.

Two-Way Absorption (Path Loss) Sky Map

The program controller has the option of obtaining a sky map for either absorption

or path loss but not both. In this case (Fig. 17) the flag (IFLAG) was set so that absorption

was the sky-map variable. The heading above the display defines the absorption limit

(10 dB) for a successful mission, the angular resolution of the calculation, the radar fre-

quency, and a symbol legend for interpreting the sky map. The heading beneath the dis-

play identifies the blast phenomenology and the conditions of the calculation.

Each ray-trace calculation was pursued to a maximum range (RAMAX) of 600 km,
unless terminated prior to this range for reasons mentioned earlier. The numbered
region on the sky-map display therefore defines the region of significant absorption. The

extent of the numbered region of the display is seen to correspond roughly to the phenom-
enology region as defined in another part of this section.

The code symbol 5 appearing on the display signifies that the absorption limit was
exceeded between the ranges of 300 and 350 km. The look angles corresponding to the

symbol 5 on the display represent the directions of maximum reduction of detection range

for the radar. Look angles designated by larger numerical characters indicate that the
nominal detection range of the radar extends out to the range corresponding to the number

code. A blank implies that the detection range extends at least to RAMAX, the maximum

range of the ray trace calculation.

Refraction Sky Map (REFRAY)

The refraction sky map, Fig. 18, specifies the ranges at which the radar look-angle
error exceeds the prescribed limit RFRCL, which in this case is 10 mrad. This map has
the same general character as the map for absorption; the angle-error limit exceeds
10 mrad at ranges between 300 to 350 km for look angles designated by the code symbol 5.

The sky map also contains a dash symbol which is an indication of the fact that in those
directions the absorption limit was exceeded (and the ray terminated) at a reference range
of 350 km while the angle error limit had not yet been exceeded. The surrounding 6's
indicate that if the ray had not been terminated, then the angle error limit would have been

exceeded at the next reference range (400 km) for many of these look angles.

The sky map again defines a maximum-range surface, with range limited by the vari-

able of the display, in this case angle-error limit. The display indicates that usable radar

angle data may be obtained at ranges less than those defined by the maximum range surface.

The final output display is one of apparent sky temperature, Fig. 22. The sky tem-
perature includes contributions from the propagation medium, which are proportional to

the temperature of the medium and its opacity to electromagnetic waves at the radar fre-
quency. For those rays which reach the maximum range RAMAX, there is an additional
contribution to apparent sky temperature due to background sky, TSKY. This contribution
is reduced by the total ray attenuation. Another contributor to the apparent sky temperature
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is the ground, in cases where the ray path intersects it. The calculated contribution
assumes that the ground behaves like a blackbody.

The calculated apparent sky temperature is quantized into ten ranges, and a numerical
code is assigned to each range. A map of coded temperature against azimuth and elevation
summarizes the results of these calculations and is presented in Fig. 22.
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Appendix A

COLLISION FREQUENCIES

The Appleton-Hartree equation for the index of refraction in a magneto-ionic medium
derives from the expression for the tensor conductivity of the medium,

b + c j(b - c) 0
[N] 2 _ j (b c) b+ c 0 (Al)

where

2b = 1/[ + (X - amb)] (A2a)

2c = 1/Iv + ( + b)] (A2b)

d = 1/(v + j)- (A2c)

In this expression the ambient magnetic field is assumed to be oriented along the z-
coordinate axis, is the angular frequency of a wave in the medium, b is the angular
gyro frequency of the medium I eB/ml , and v is the total electron-collision frequency with
all other species. Maxwell's equations applied to a plane wave propagating in a medium
of conductivity (a) lead to a dispersion relation for the wave and hence to an expression
for the refractive index. Under the assumption that the collision frequency v is the same
for all electrons, one arrives at the classical Appleton-Hartree equation for the index of
refraction.

The collision frequency may be related to an effective collision cross section by the
expression,

v(v) = N v Qj(v), (A3)

where N is the number density of the target species and Qj the cross section for momen-
tum transfer, generally a function of the electron velocity v. The electron collision cross
section consists of several components. Depending upon plasma concentration, electron
collisions with ions (interacting via coulomb forces) can be significant. In addition, elec-
tron collisions with neutral particles (N2, 02, 0) can be important depending upon the
concentration of the neutral particles. The coulomb collision cross section has a 4
velocity dependence and, over the temperature range of interest, electron-neutral col-
lisions usually have some power-law dependence on velocity (e.g., QN 2(v) v, [Al]. The
velocity dependence of the collision frequency requires that the conductivity of the medium
be represented as some suitable average over the electron velocity distribution for a
thermal plasma. The expression for the average conductivity has been chosen [A2] so as
to closely resemble the expression obtained for the velocity-independent case and can
again be represented by a tensor (Eq. (Al)) where the parameters b, c, and d are defined
as [A3]
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2b = /[g_ <g> h_j( - b)] (A3a)

2c = 1/[g+ <vg> + h+ ( + g)j (A3b)

d= 1/(go vg> + h io) (A3c)

The parameter <g> is some appropriate average of (v) over the electron-velocity dis-
tribution. The parameters g g, go and h, h+, ho are functions of )/<vg> and other
plasma variables and have a specific form which depends upon the nature of the weighting
function used in the average of v(v). Shkarofsky A2, A3] has chosen an average

<vg> = 3N f df v3 v(v) dv, (A4)

where f (v) is the electron-velocity distribution function. This choice of average results
in the g and h factors approaching unity in the limit as <v > becomes large. Thus, if
the collision frequency is defined as in Eq. (A4), the classical Appleton-Hartree equation
may be used for the refractive index in the limit of large a)/<vg>. This is the so-called
Shkarofsky high-frequency approximation.

For the situation where both electron-ion and electron-neutral collisions are impor-
tant, the general average collision frequency is given by a sum over species:

<vg> = <Ve-i> + <Ve- ni> (A5)

Assuming singly ionized ions, overall charge neutrality, a Boltzmann distribution
function for the electrons, and a simple power-law velocity dependence for the electron-
neutral collision frequency, i.e.,

f O(v) = Ne ( exp (-me v2 /2 k Te)

Ve-n = Cn 

where r depends on species, the collision frequency averages become [A3]

4(217 )1/2 E .> K Te I/ 2 (

<ve-i> 3N () In A (A6)

where
3 (4e 0 k Te)3/2

2Ze3 (a N,) 1 /2
and

<eon > = (5) ) (A7)

The neutral constituents of major importance for the altitude regions of interest areN 2,
02, and 0. Banks [A4] has reviewed the experimental and theoretical literature on electron-
collision cross sections and has developed numerical fits for the temperature dependence:
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Fig. Al - Electron neutral-collision
frequencies for N2, 02, 0 from Banks
(12) (solidlines) and Hochstim (9) (dots)

Ve-N = 2.33 x 10- 1 NN (I - 1.21 x 10-4 T) Te (A8a)

Ve = 1.82 10-1 N0 (I + 3.6 x 10-2 T1/2) T/ 2 (A8b)

ve = 2.8 10-10 NO Tel/2 . (A8c)

Hochstim [A5, A6] has also calculated the temperature dependence of these cross sections
by numerical integration-a technique which is believed to result in improved values. The
results of Banks and Hochstim are plotted in Fig. Al. These are believed to be the most
up-to-date determinations for ionospheric collision frequencies.

Agreement between the Banks and Hochstim values is quite good for the cases of 02
and N2; differences are 30% or less at 2000K and only a few percent at 1000'K. For
values associated with atomic oxygen, the disagreement is by as much as a factor of 4.
This is attributed by Hochstim to an incorrect energy dependence for the cross section
selected by Banks.

For the COLLF Subroutine, the tabular values of collision frequency given by Hochstim
[A5] have been used. These are reproduced in Table Al.

It is important to note that in the present subroutine which calculates collision fre-
quency, neutral species concentrations are obtained from a model neutral atmosphere.
The replacement of the present model atmosphere with a phenomenology-supplied neutral
species roster, when available, will be straightforward.

53



MEAD AND WAGNER

Table Al
Collision Frequency as a Function of Temperature

Temperature Collision Frequency (v x 10-8 /N)
(TeOK) N 2 0

200 0.490 0.302 0.094

250 0.613 0.363 0.106

300 0.733 0.423 0.117

350 0.849 0.483 0.128

400 0.962 0.543 0.139

500 1.17 0.659 0.160

600 1.37 0.772 0.182

700 1.57 0.881 0.204

800 1.75 0.986 0.227

1000 2.09 1.18 0.276

1200 2.40 1.36 0.329

1400 2.69 1.53 0.387

1600 2.97 1.68 0.448

1800 3.24 1.82 0.513

2000 3.51 1.96 0.582

Note: Table from Ref. A4.

Justification for Use of Shkarofsky
High Frequency Approximation

It is instructive to examine the ratio /<>g> for both the ambient and disturbed iono-
sphere at frequencies above 100 MHz (a > 6 x 108 rad/sec). Calculations of effective col-
lision frequency <vg> , based upon the 1959 ARDC model atmosphere and on an average
daytime electron density profile, have been made by Shkarofsky [A2] and are reproduced
in Fig. A2. These values are in substantial agreement with a survey of experimental data
given by Shaeffer and Inoue [A7]. A curve has been added which illustrates the ratio of
o /<vg> for the assumed atmospheric conditions and for X corresponding to a radar fre-
quency of 100 MHz. It is evident that for a "normal" ionosphere o/<vg> exceeds 20 for
all heights above roughly 60 km. This justifies the use of the high-frequency approx-
imation for the normal atmosphere above 60 km.

For conditions approximating a high-altitude nuclear burst, substantial increases in
temperature and electron density are to be expected. Elevated temperatures result in a
reduction of the electron-ion collision frequency (ve- i > T- 3/2) and an enhancement of the
electron neutral collision frequency (vens Tr; r depends upon species). At low altitudes
where collisions with diatomic neutrals predominate, Ven -T and it is possible for the
inequality on o/<vg> to be reversed. This would require, however, a substantial tem-
perature increase (about three orders of magnitude) at D-layer heights (60 to 80 km).
This is not likely for the case of a high-altitude burst.

The conditions for Shkarofsky's high-frequency approximation could also be reversed
by an electron density enhancement during a nuclear burst, since the electron-ion collision
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Fig. A2 - Electron density and collision
frequency vs altitude, from Shkarofsky (7)

frequency (-i) is proportional to electron density. If we assume no further production
after the initial deposition and assuming that electron density changes are controlled
primarily by electron-ion recombination, at least at early times following the blast, then
the time decay of electron density can be given by

N(t) = No/( + No a t), (A9)

where No = initial electron density

a = "effective" recombination coefficient.

For times such that No a t << 1, the electron density remains relatively constant at the
value No. For times such that No a t>> 1,N(t) (at)Y. The values assigned toN0 anda
are pivotal to the discussion of changes in collision frequency.

Estimates of a

The value assigned to a depends upon whether one is dealing with monatomic or
diatomic ions. For diatomic ions, dissociative recombination is the dominant reaction
and a 10-7 cm 3 /sec for the dominant diatomic ions in the lower ionosphere (below 200
km). For monatomic ions, the radiative recombination coefficient is a l0o-13 cm 3/sec
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and the "effective" recombination coefficient is usually controlled by the more rapid
chemical reactions of charge exchange and ion-atom interchange.

At F2-region heights, in the normal ionosphere, the primary ionic constituent is o+
and radiative recombination is so slow that recombination occurs by the indirect route of
ion-atom interchange or charge exchange,

N2 + + - NO + N,

02 + + -2+ + ,

followed by dissociative recombination. The decay time in these cases is controlled by
the rate of ion-atom interchange or charge exchange and the decay times correspond to
values of a 10-9 cm 3 /sec.

It seems to be generally accepted that complete molecular dissociation occurs within
the fireball, and the effective recombination coefficient within the fireball is therefore
a 10-12 cm3 /sec.

External to the fireball but still in the F-layer, molecular dissociation of N2 is prob-
ably small and the ion-atom interchange reaction previously cited becomes important in
the depletion of O+ ions. N2+ ions formed by the UV fireball will decay by dissociative
recombination and/or ion-atom interchange, both of which are relatively rapid for the
N2+ ion. The net result will be an "effective" recombination coefficient for this case of
a lo-8 cm 3 /sec.

For atmospheric regions remote from the fireball region (D- and E-region heights),
dissociation will again be negligible and only moderate temperature increases will be
assumed. At these altitudes, diatomic molecules predominate. Dissociative recombination
of the diatomic ions controls the decay of electron density, and a =10-7 cm 3 /sec.

Estimates of No

An upper limit on the initial electron density due to the blast can be established by
considering the neutral air density of the undisturbed atmosphere as a limiting factor.
The neutral air density at F-layer heights is of the order of 109 /cm 3. Taking account of
dissociation, multiply-ionized atoms, and mass contributions due to the weapon, it is
estimated that No 1I 0 /cm 3 within the fireball and No 109/cm 3 in the vicinity of, but
external to, the fireball. At E-layer heights the neutral air density is of the order of
1010 /cm3 , and this is assumed to represent an upper limit on No at these heights.

Within the fireball the estimates No 10 0 /cm3 and a = 10-12 cm 3 /sec have been
used, leading to the result N(t) 10 10/cm 3 (see Eq. (A9)) for the first 100 sec and smaller
values for later times. This represents an increase over the normal ionization density by
a factor of 10 . Assuming nearly compensating temperature effects due to electron col-
lisions with neutrals and with ions, the effect of raising density by a factor of 104 is to
raise the overall collision frequency from roughly 103 /sec (see Fig. A2) to 10 7 /sec in
the vicinity of the fireball. This results in o/v<g> >Ž 60 for the frequency range of interest,
validating the Shkarofsky high-frequency approximation within the fireball. In the vicinity
of the fireball N(t) 109/cm3 forthefirst 10 sec and takes on smaller values thereafter,
and by arguments similar to the preceding ones, the Shkarofsky approximation is validated
for this region.

At E-layer heights No has been estimated to be 10 l0 /cm 3 and a 10-7 cm 3 /sec.
These values imply that N(t) can be as large as 10 0/cm3 for the first millisecond, drop-
ping sharply to 5 109/cm3 at 1 msec, and dropping by an order of magnitude for each
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decade of time increase thereafter. The normal daytime electron density in the E-layer
is 105 /cm3 , and the normal collision frequency is 104 /sec (see Fig. A2). Initially,
the increase of electron density represents an enhancement factor of 105. Assuming
compensating effects due to temperature changes, this would lead to a collision frequency
- 109/sec and a violation of the jhkarofsky high-frequency approximation. For t 100
msec, however, the electron density at E-layer heights drops by two orders of magnitude
and /<,g> '- 60, justifying the approximation.

The calculations of the preceding paragraphs are rough, but an attempt has been made
to be conservative. They indicate that for a nuclear burst in the ionosphere, except for
perhaps the first 100 msec following the blast, the Shkarofsky high-frequency approximation
is well justified. For a case where [./<vg>] 20, Shkarofsky [A2] has shown that the
error in using the high-frequency approximation is less than 3 percent.
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MODEL ATMOSPHERE

Accurate ray tracing and evaluation of radar performance requires that the propa-
gation medium be well described at all points along the radar ray path. This includes
regions of the propagation medium which are affected by the nuclear blast as well as
those regions that are substantially unaffected. To this end, models for the ambient
troposphere and ionosphere are included as supplementary inputs in addition to the nuclear-
blast phenomenology inputs.

The tropospheric model describes refraction and absorption in the lowest 30 km of
the atmosphere. An analytical expression for the height dependence of the tropospheric
refractive index is the basis of Subroutine RFRAC2. The refractive index in this model
decreases exponentially to the free-space value with a scale height of 6.95 km, from a
ground-level value of 1.000313. Tropospheric absorption is treated empirically in Sub-
routine TROPAT, and a detailed description of the model may be found under the descrip-
tion of this subroutine.

The ionospheric model atmosphere includes an ambient model for electron density
and electron temperature as well as a model for neutral species number density. The
electron density and temperature model is based upon a mid-day, mid-latitude model due
to Shaeffer and Inoue.* The neutral atmosphere (N2, 02, 0) is represented by a CIRAT
Model 5 atmosphere. The data appear in Subroutine MODATM in the form of data state-
ments, thereby reducing the size of the card deck used for input data. The model atmo-
sphere can readily be altered to correspond to altered atmospheric conditions by making
use of the EDIT feature of the 0/S 360 system.

The altitude range covered is 30 to 800 km. Access to the data is obtained through
a call to Subroutine MODATM which utilizes Subroutine INTE RP to carry out the required
interpolation between data points. The data tabulate electron density, electron temper-
ature, and number density for molecular oxygen, molecular nitrogen, and atomic oxygen,
vs altitude.

In the nuclear-blast phenomenology region, a roster of neutral species and their
densities is required for the calculation of electron-neutral collision frequencies. During
initial programming of the propagation expressions, there was little evidence that a species
roster (of neutral number densities) would be available as one of the phenomenology-
derived inputs. It was decided therefore to proceed on the assumption that the ambient
composition would be essentially unaltered by the nuclear detonation in the region where
collision frequencies are most dependent upon neutral composition, i.e., below 100 km.

Changes in composition for this region could result if energy transport from higher
altitudes resulted in appreciable molecular dissociation or a significant change in the
chemistry governing equilibrium concentrations. Discussions with phenomenology spe-
cialists in the Plasma Physics Division have led to the conclusion that ambient number
densities at altitudes below 100 km will remain essentially unchanged at late times fol-
lowing a nuclear disturbance.

*Shaeffer, D.L., and Inoue, Y., "A Model Ionosphere for Mid-day and Mid-latitude during
Sunspot Minimum,' University of Pittsburgh, Space Research Coordination Center, SMUP
Report 4, July 1968.

tCospar International Reference Atmosphere.
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Appendix C

FORTRAN PROGRAM LISTINGS
DIMENSION TITLE(10) 10n

DIMENSION EL(41),ELAB(41) 200
DIMENSION JUNKR(61,41)NUMBER(10) 300

C PHASE 1 DECK 400

C 500

C 600

C RAEC ... RADAR ATMOSPHERIC EFFECTS PROGRAM 800

C 800

C 900

DIMENSION Rl) 1000

DIMENSION ITLIM(9),LABELY(14) 1100

DIMENSION REFLAB(3),ABSLAB(3),PTHLAB(3),GRPLAB(3),MISLAB(3), 1125
$ DEVLAB(3),BLNKST(3) 11550

1200
13(0

REAL INDEX1,INDEX2,KAPPA,INC,INC2,NUCOLL,NIT2,NIOX2,NOXI,NICT 1400

REAL UEI,I\IEivl,,MUU,LIMIT,MU,I,INDEX,N1,N2,N3,NE 1500

INTEGER GRPRAY,REFRAYABSRAY,RAYPRP 1600

INTEGER TEE,GEEASTER,COLBLNKS,EXL,AYE 17(0

INTEGER EL,ELAB IP00

REAL LMULABS 1900

INTEGER DEVRAY 2000

REAL *8 TITLE,LNCRT,LRFRAY,LGPRAY, 2100

$LMSRAY,LDVRAY,LITEiiP,LABRAY,LPLOSS,LABEL 2200

REAL*8 REFLAB,ABSLAB,PTHLAB,GRPLAB,MISLAB,DEVLAP, OL\IKST 2250
2300
2400

COMiON/AR/TEiviP(61,41) 2500
CONliADN/BR/GRPRAY(61,41) 2600
COMMON/CR/REFRAY(61 ,41) 2700
COMiAON/DR/ABSRAY(61,41) 2800
COMMON/ER/NCRIT(61,41) 2900

COMMON/GR/T 3000
COMMON/HR/INCNPHI ,NTHETA 3100

COMMON/IR/SPL 3200
COMMON/JR/MISRAY(61,41) 33o
COMMON/KR/ITEIIP(61,41) 34r(0
COMMON/LR/NONE,ISEHIIE 3500

COMMON/MNTP/MTP 3600
COMMON/NR/ROERR,ROILLM,ROIULNi 3700
COMMON/OR/LMULABS,DEL1,DEL2,ITER1,ITER2 38(f)

COMMON/PR/HGT 3900

COMMON/OR/DEVRAY(61,41) 4000
COMMON/SR/TRMEL(200),TRMAZ(200),TRR(200),TRMRKK(200)TRIVIABS(200), Z4Jo

$ TRMPL(200),.TRMAER(2,00),TRMRER(200),TRMMS(200),TRMTMP(20(), 4200
$ TRMAD(200) 4300

COMMON/ FLAG/ I FLAG Z4 (0
4520)
4600

DATA NUMBER/' 'I1U,'2','3',I4'','6','7,'9,'9'! 47!)()
DATA ITLIM/200,400,600,800,1000,200 0 ,3 00 0 , 4 00 0 ,0soO/ 400
DATA ICHAR/1-'/ 4900

DATA ASTER/'*'/ 500

DATA BLNKS/l / 51l h

DATA EXL/1&'/ 5200

DATA COL/1$'/ 5320

DATA TEE/'$'/ 5400

DATA GEE/'='/ 500

DATA AYE/'-'/ 560n

DATA LABfLY/ 5700
'B', 5p(2
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$

$
$
$
$
$

$

$
$

DAT A
DATA
OAT A
I)ATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DAT A
DATA

ILl 

'V,

A

LN'RT/' NRIT /,LRFRAY/' REFRAY I, LPRAY/l
L SR AY/ ' P IS RAY I LVR AY/ D OFVRAY I, LI TERivp/I
LABRAY' ' ASRAY '/,LPL'SS/,PATHLOSS'/
REFLAt/'ANGLE ERR. DISPLAY LIMIT'!
AbSLAB/'AbSORPTION DISPLAY LIMIT'!
PTHLAb/IPATH LOSS DISPLAY LIMIT I/
GRPLAB/'RAN'GE ERR. DISPLAY LIMIT'!
mISLAb/'mISS DIST. DISPLAY LIMIT'!
DEVLAh/'RAY EV. DISPLAY LIMvIT I/
LNKST/I I/

DEGREE/ 'EG I/
Dbs/'DA3. '
KI S ' Kil. I /

GRPRAY 1/

IlErLmP I/

I FURIIAT( lOF8)
2 FURI'IAT(6F8,I8,F8)
3 FORIiAT(E10.4)
4 FORIIATI(4I5)
5 FORI AT(8F10)
6 FORMAT(I READ R)
7 FORMAT(4X,4HAgbSL,
$ 5X,5HRFRCL,
$ 5X,4HGRPL,
$ 6X,4HWIl I SL,
$ 5X,6HRTRGET,
$ 6X,5HPATHL,
$ 6X,5HIFLAG,
$ 4X,4HUEVL)
8 FRMAT(1XIELEV =,F11.4,5X,
$ IAZIMUTH =',F11.4,5X,
$ DISTI =',F11.4,5X,
$ IRKK =',F7.i,5X,
$ IABSDB =',F13.4,/,
$ 1Xi'PTHLDb =',F13.4,5X,
$ IAERROR =,F15.4,5X,
$ IkERROR =',F13.4,5X,
$ '0ISIS =F15.4,5X,
$ ITEMlP =',F15.4,/,
$ 1X,IADEV =I,F15.4)

9 FORIVAT(I FR =',E11.4)
10 FORMAT(I NREC )
11 FoRFiAT(2X,6HTHETPlN,4X,6HTHFTMX,4X,6HTHETAU,5X,5HELMIt~,5XI
$ 5HELIvIAX,5X,4HELU,7X,3HIlC,9X,5HAZERU)

12 FURMAT(I READ TSKYI)
13 FURIAT(2H , SIGNIFIES OUTPUT AT REFERENCE RANGE',/,

$ 5X,'X, Y, Z ARE IN RADAR CURD SYSTEIvt RATHER THAN GRND ZERI
$ COuRL) SYST',/,

5 90)()

6100
6200
6300
6400
6 5J0
66(00
6 70(
6800
6900
7000
7100
7200
7300
7400
74) 5
7410
7420
7430
7440
7450
7460
74770
74880
7490
7500
7600
7700
7800
7900
80(0
8 100
8200
83(0
8400
8 500
8600
8700
880 0
8900
9((O
9100
9200
9300
9400
9500
9600
9700
9800
990)0

1(0(0
10100
10 200
10300
10400
10500
10600
10700
10 8(0
109(0
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X, IABSI)DB IS PRINTED INSTEAD (IF A3S,/, 11000
$ 5X, 'TEMP IS PRINTED INSTEAD OF T') 11100

14 F RM4T( 6F10.4 I 10,FI1.4) 11200
15 FURriAT(2F10,2I1) 11300
16 FORmiAT(' DEL =F8.2,5XtIDEL2 =F8.2t5X,'ITER1 =5,5X, 11400

$ 'ITER2 =s15) 11500
17 FRAT(///, ' THETA R =',FlO.4, DFG. 't/, 11600
$ I PHI = ,F1().4, [)G.',/ 11700
$ ' ELEVATION ANGLE =',F8.2, )G. ',/,2X, 1180(
$ ' K ', I , 119(0
$ ' X ', t Y ', ' Z ', 12000
$ ' DL ', PL ', DIST ' 12100
$ IAbSIABSDI) t 'T/TEMP , 12200
$ IEX2 ' ' DRGRP , 12300
$ ' WPE ', ' NUClLL ', 'L3 ', 12400
$ ' RGRP I', AERRUR ' 'IRERROR ' ,SDISivIS ) 12500

18 FRMIIAT(1X,A1, 12600
$ 213,3F6,F7.2,F8.2,F7.1,F1O.5,F7.1,F8.4,F7.3,F8.1,1X,E10.3, 12700
$ 13,1f7.1, F 10.6, 2F7.2) 12800

19 FURMiAT( 13) 12900
20 FURMviAT( TOO MAiNY LAYERS' ) 13000
21 FORmAT( 0A8) 13100
22 FDRMAT(//) 13200
23 FURriAT(' RAiAX =F7.2t5X,'RANGE =F7.2,5X,'THETA =',F7.2,5X, 13300

$ 'COLATI =',F7.2) 13400
24 FUIMAT( ' TITLE: ', 10A8) 13500
25 FURiIAT(4F5) 13600
26 FORMAT( LU =',FI1.6,5X, 'LAI3S =',F1O.615X, 13700

$ 'ISENI E =5) 13800
27 FORi'iAT(5A3) 13900
31 FURMAT(1E13.3) 14000
44 FURMAT(3E13.3,3113) 14100
51 FORMAT ( I ASUb IS ',F14.2) 14200

114 FORMiAT(d8F10.4) 14300
176 FURriAT ( I FIRST ECD0NTER OF CRITICAL ANGLE ... IN TEST ' ) 14400
1247 FORMAT ( 'PTHLDb .T. PATHL ) 14500
1248 FURMAT( ' ABSDB .GT. ABSL ) 14600
1400 FORHAT( ' ANTENNA TEMPERATU)RE = ,F12.1,/, ' ASORPTIUN = IF12.1, 14700

C' DO ' ) 14800
1541 FORMAT( ' RAY PATH INTERSECTS THE GROUND, RAY TERMINATED, THETAR=' 14900

$ ,F1(.5,1 PHI =F1O.5,1 DIST1 =',E13.4) 15000
1551 FORfriAT( ' IMPOSSIBLE SET OF DIRECTION COSINES. THETAR =',F1O.5 15100

$ ' PHI =',F1O.5,' DIST =E13.4) 15200
1601 FUkIIAT( ' OVERDENSE EDIUM ENCOUNTERED. THETAR =', FlU. 5,' PHI = 15300

$ F10.5,' DIST1 =',E13.3) 15400
1651 FORIlIAT( ' RAY DEVIATION EXCESSIVE . THETAR =',F1O.5, PHI =',F1O.5, 15500

$ ' DIST1 =',E13.3) 15600
19191 FORMAT( ' PATH LOSS =',E14.5) 15700
6000 FDRMAT(' IST1.GT.RAMAX') 15800

99997 FRiAT ( KKR IS UNDEFINED IN TEST ... RESET KKR=O, KKKD' ) 15900
16000
16100

C" " 'R = RANGE ARRAY. 16200
CI''''AbSL = ABSORPTION LIMIT. 16300
C" ' 'RFRCL = ANGLE ERROR LIMIT. 16400
C'" 'GRPL IS RADAR RANGE-ERROR LIMIT 16500
C' ''IIMISSL IS RADAR HISS DISTANCE LIMIT 16600
C'''''RUEKR IS A ROUND OFF ERROR PARAMETER 16700
C' '' tDELl DETERMINES MAXIMUM RAY PATH STEP SIZE IN A NON-REFRACTING 16800
C ENVIRONMENT 16900

C' ' 'IRUERR IS A ROUND OFF ERROR PARAMETER 17000
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C" "1'DEL2 DETERMINES MAXIMUM STEP SIZE IN A REFRACTING ENVIRJNMENT 17100
C" 'ITER1 DETERMINES MINIMUM RAY PATH STEP SIZE IN A NON-RE FRACTING 17200
C ENVIRONMENT 173()0
C' " ITER2 DETERMINES MINIMUM STEP SIZE IN A REFRACTING ENVIRUONiMENT 17400
Cli' LMU IS THE GRANULARITY LIMIT ON REFRACTIVE INDEX 17500
Cl''' LAOS IS THE GRANULARITY LIMIT ON INCREmENTAL ABSORPTION 17600
C'''''DEVL IS THE RAY DEVIATION LIMIT IN DEGREES 17700
Cl'''@ NUNE AND ISEMIE ARE PARAMETERS WHICH CONTROL THE XTENT (F 17800
C THE UN-LINE PRINTOUT 17900
C11'''COLATI = COLATI IS THE COLATITUDE OF THE RADAR IN DEGREES. 18000
C" 'THETAR IS POINTING AZIMUTH OF RADAR IN RADIANS 18100
CO''''THETA IS AZMUTH OF GROUND ZERU MEASURED FkOM THE RADAR, IN RADIAN 18200
CO I''RAMAX IS THE MAXIMUM DISTANCE TO WHICH THE RAY IS TRACEO 18300
C11'1'NREC IS THE NUMBER OF THE TIME STEP 184(0
CO I'DIST1 IS LENGTH OF CHORD SUBTENDED BY RAY PATH 18500
Cl1'''WR IS THE RADAR ANGULAR FREQUENCY IN EGA-RADIANS PER SECOND 18600
C" "''ATF IS ATTENUATION FACTOR. 18700
C"'"''NRAY IS NUMBER OF RAY 18800
C" " 'NPLA IS NUMBER OF POLAR ANGLES AROUND BURST. 18900
C' IITHETMN IS THE SMALLEST ANGLE IN THE AZIMUTH LOOP. READ IN IN 19000
C DEGREES. 1910(
C"'' 'THETMX IS THE LARGEST ANGLE IN THE AZIMUTH LOP. READ IN IN DEGREE 19200
CO I'THETAO IS THE AZIMUTHAL ANGLE FOR THE ENGAGEMENT CPUTATION. 19300
C READ IN IN DEGREES. 19400
Coo '"PHIMiN IS THE SMALLEST ANGLE IN THE ZENITH ANGLE LOOP. READ IN IN 19500
C DEGREES. 19600
CO II'PHIMX IS THE LARGEST ANGLE IN THE ZENITH ANGLE LOOP. READ IN IN 19700
C DEGREES. 19800
CO I'PHIU IS THE ZENITH ANGLE FOR AN ENGAGEMENT COMPUTATION. READ IN I N 19900
C DEGREES. 20000
C'III'INC IS THE ANGULAR RESOLUTION OF THE CALCULATION. R EAU I IN DEGRE 20100
CO' I''RADAR ZENITH ANGLE IS DEFINED AS THE COmPLEMENT OF RADAR BORESIGHT 20200
C"''''TSKY IS AVERAGE SKY TEMPERATURE. 20300

20400
20500

LL=1 20600
NI=61 20700
MI=41 20800
DO 1355 ILJ = 1MI 20900
ELAB(ILJ) = LNKS 21000

1355 EL(ILJ) = LNKS 21100
ROERR= 1. E-5 21200
RU1LLM=1.-ROERR 21300
RU 1ULM=1.+RORR 21400

21500
21600

READ 27, ELAb(41), ELAB(31), ELAB(21), ELA6(11), ELAb(1) 21700
READ 21,TITLE 21800
READ 15,DEL1,DEL2,ITER1,ITER2 21900
READ 15,LMULABSISEMIE 22000
READ 25tRAMAXRANGETHETACOLATI 22100
READ 1,(R(I),I=1,1U) 22200
READ 2,ABSLRFRCLGRPLMISLRTRGETPATHLIFLAGDEVL 22300
READ 3,FR 22400
READ 4fNREC 22500
READ 5,THETMNTHETMXTHETAf],ELiIINELMIAXELEDIlN\CAZE:Rlk 22600
READ 1,TSKY 22700

22800
22900

PRINT 24,TITLE 23000
PRINT 16,DEL1,DEL2,ITERIITER2 23100
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PRIinT 26 LVUI LA 6S, I SEMIF 23200
PRINT 23tRAMAXtRANGETHETACOLATI 23300
PRINT 6 23400
PRINT 1,R 23500
PRIN T 7 23600
PRI T 14 ASLRf RCLGkPL, M I SLRTRGET, PATHL I FLAG EVL 23700
PRINT 9tFR 23800
PRIiT 10 23900
PRINT 4,NREC 24000
PRINT 11 24100
PRINT 114,THETMNTHETIlNXtTHFTAO,ELMINELPiAXELEOINIJCAZERU 24200
PRINT 12 24300
PRINT 1,TSKY 24400

24500
24600

EDGE L=AZERO-INC NI/2 24700
EDGE R=AZERU+INC*',NI/2 24800
IF(THETMN.GE.EOGEL.AND.THETMX.LE.EDGER) GO TO 70 24900
IF(THETNIN.GE.EDGEL) GU TO 60 25000
T H E il N= ED G E L 25100

60 IF(THETImIX.LE.EDGER) GO TO 70 25200
THETNIX=EDGER 25300

70 CONT I NU E 25400
EUGE L=THETMN 25500
EDGER=1'HETMX 25600

99998 CONTINUE 25700
25800
25900

C'' ''INITIALIZE SHADEPLUT ARRAYS 26000
1=0 26100
CALL INIT(NCRITNINlI ) 26200
CALL INIT(ITEviPNINI t) 26300
CALL INIT(GRPRAY,NI,MI) 26400
CALL INIT(REFRAYNIIv ) 26500
CALL INIT(ABSRAYNIMI) 26600
CALL INIT(NISRAYNI 9MI ) 26700
CALL INIT(DEVRAYtNIivlI) 26800
DO 50 1 = 1,NI 26900
Du 50 J = 1,1I 27000
TENP( IJ)=O.U 27100

50 CONTINUE 27200
27300
27400

C '''DEFIN E ELEVE NTH REFERENCE RANGE sn THAT IT IS GREATER THAN RAMAX 27500
0U 99999 1=2,i1 27600

99999 IF(R( I ).LT.R( I-1) )R( I) =RAMAX+11. 27700
27800
2 7900

C' ''''CONVERT ALL ANGLES FRUil DEGREES INTO RALIANS 28000
RAS=1.7453292512E-2 28100
PI=3. 141592654 28200
PH I N=N=90. -ELi\NAX 28300
PH INliX=90. -E LM I 28400
PHIU=90.0-E LEO 28500
ELEV=ELMAX 28600
CULATI =COLATI RAD8 28700
THETA=THETA'*RADS 28800
DEVL=DEVL *RADS 289(0
THE T N =THE T N R ADS 29000
THE Tl]v X = THE T l X*R ADS 29100
THETAO=THETAOv RADS 29200
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PHIi N=PH IMi*RADS 29300
PHIMX=PHI MX:RA DS 29400
PHIU=PHI U'R AU S 29500
INC=INC*RADS 29600
INC2 = INC/2.U 29700
WR=2.*Pl*FR 29800

29900
30000

C1 '' READ IN PHENOMENOLUGY DATA AT TIME STEP PRESCRIBED Y NREC 30100
C NA IS THE NUmBER OF THE LAST RECORD READ 30200
C RANGE IS DISTANCE BETWEEN RADAR AND GROUND ZERO. 30300
C RiAAX IS THE MAX RADIUS OF THE PHENOM REGION 30400
C HGT IS THE HEIGHT F THE CENTER OF THE PHENOM REGION 30500

NA=U 30600
30700

100 CALL PRELDA(NREC,NAWRRMAXHGT) 30800
30900
31000

C"'" 'INITIAL CONDITIONS AT START OF TIME STEP 31100
NTHETA=1 31200
NPHI=1 31300
IPLC=O 31400

110 CONTINDE 31500
NTHTA=1 31600
NPH=1 31700

31800
31900
32000

C'''' START RAY PATH SIMULATION 32100
32200

150 CUNTINUE 32300
149 CONTINUE 32400

32500
32600

C"''"''AUVANCE ELEVATION AND AZIMlTH TO STARTING POINT OF SECTOR SCAN 32700
PHI = (NPH - 1) * INC 32800
JPR=PHI*1000. 32900
JPHl=PHIHN* 1000. 33000
IF(JPR.LT.JPivl)GU TU 151 33100
GU T 152 33200

151 NPH =NPH +1 33300
GO TO 149 33400

152 CUNTINUE 33500
155 CONTINUE 33600

THETAR = (NTH TA-1) INC - Pl/2.0 33700
JTR=THETAR* 1000. 33800
JTH = THETMN 1000. 33900
IF(JTR.LT.JTvi)GJ TO 156 34000
GU TO 157 34100

156 NTH TA=N'TH TA+1 34200
GU ru 155 34300

34400
34500

157 CONTINUE 34600
34700
34800

C"'''' INITIAL CUNUITIONS AT START OF RAY 34900
KA=u 35000
K=O 35100
SPL=0.0 35200
RKK=U.0 35300
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KKR=O 3540U
KKK=O 35500
AbS=U. 35600

RGRP=U 35700

DEL=DELI 35800

ITER=ITERI 35900

ITROP=O 36000
36100

C KA IS O IF RAY IS NOT YT BENT--SET TO 2 AFTER THE FIRST bEND. 36200

C K IS NUMBER OF THE bEND IN PROCESS 36300

C SPL = ARC LENGTH ALONG CURVED RAY PATH 36400
36500
36600

C"'FREE SPACE CNDITIuNS 36700

I ND EXI= 1. 0 36800

KAPPA=O 36900
DRGRP=1. 3700(

1=1 37100
37200
37300

C INITIAL POSITION OF THE RAY IN THE RADAR COORDINATE SYSTEM 37400

XPL=.0 37500
YPL=O.0 37600
ZPL=.0 37700

37800
37900

C'"'"'C1,C2,C3, ARE DIRECTION COSINES OF RAY IN RADAR COORDINATE SYSTEM 38000

C"'THETAR IS THE POINTING AZIMUTH OF THE RADAR IN RADIANS 38100

C PHI IS RADAR ZENITH ANGLE IN RADIANS 38200

APHI=PHI*(180.0/PI) 38300

C1=SIN(PHI)*SIN(THETAR) 38400
C2=SIN(PHI)*CUS(THETAR) 38500
C3=COS(PHI) 38600

ClD = C 38700

C20 = C2 38800

C30= C3 38900
39000
39100

C'''''R1,R2,R3 ARE THE DIRECTION COSINES OF THE REFRACTED RAY 39200

R1=C1 39300
R2=C2 39400
R3=C3 39500

39600
39700

C'"'"'RADAR POSITION IS 398(0

X=O.0 39900
Y=O.0 40000
Z=0.0 40100

40200
40300

C' I 'CONVERT RADAR POSITION COORDINATES TO GROUND ZERO COURDINATE SYSTE 40400

CALL XCOORD(XY,ZXB,YB,ZBRANGE,COLATI,THETA) 40500
40600

C'" 'XPLUYPLOZPLO ARE THE RADAR POSITION COORDS IN GROUND ZERO 40700

C COORDINATE SYSTEM 40800
XPLO=XB 40900
YPLU=YB 41000

ZPLU=ZB 41100
41200
41300

C''''CONVERT RADAR POINTING VECTOR TO VECTOR IN GROUND ZERO CUORD 41400
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C SYSTEiM 41500
CALL X)kCoS( 1,C (2 3 tXh Y Z RAlN(;ECUL A TI, THE TA) 41600
C1=xH3 41 700
C2=Yb 41800
C3=ZB 41900
THE TAD=lHE-FAR/kADS 42000
PHIL=PHI/RADS 42100
PRINT 13 42200
PRIINT 17,iTHETAD yPHID, ELEV 42300

42400
4250U
42600

C' ''''START OF STRAIGHT LINE RAY PATH SFGr'iFNT 42700
C PL IS THE LNGTH F A STRAIGHT LINF SEGvlEI-JT 42800
C KU IS NBER OF EINUS PRIOR T CURRENT STEP 42900

43000
200 L3=1 43100

DABS=0. 0 43200
PL=0 0 43300
K 0 K 43400
K=K+ 1 43500
IRMRAX= 11. jEL 43600
XPL1=XPL 43700
YP L 1=YP L 43800
ZPLI=ZPL 43900

4400(
C'' '''STAKT (F RAY PATH ITERATION LOUP ( CONSTRUCTION OF E\"D SEGMENIT) 44100

4420(
DO 400 J=1,IKMAX 44300
I)L=DEL/( 104'1'( L3-1) ) 44400

44500
44600

C' ''''STEPPING ROUTINE T BE FLLOWED IN THE VICINITY OF A CRI TICAL 44700
C KKR IS INITIALIZED) TO ZERO 448()0
C KKK IS INITIALIZED TO ZERO 44900
C KKR IS SET TO FIVE AT THE FIRST 1 KM. STEP THAT EXCEEUS THE 45000
C CRITICAL ANGLE. 45100
C IT CAUSES THE RAY TIU STEP ACK A DISTANCE L AND ALSO TO REDUCE 45200
C THE rllAXIMU11 STEP' SIZE BY A FACTUR (F 10. 45300
C KKK IS SET TO 1 WHEN THE CRITICAL ANriE IS EXCEEDED AND THEREAFTER 45400
C COUNT STEPS UNTIL THE AGLE IS EXCEEDED AGAIN 45500
C KKR=5 AND KKK GREATER THAN 1 FORCES THE RAY TO END AFTER EACH 10() 4560(0
C METER STEP. 45700
C THE SECOND ENCOUNTER F THE CRITICAL ANGLE SETS KKR=6, FRCES THE 45800
C RAY TO STEP ACK DL, AND FORCES A RELUCTIUN OF STEP SIZE Y AN 45900
C ADDITIUNAL FACTOR OF 1() WITH A EN) AFTER EACH STEP. 46000
C THE THIRD ENCOUNTER OF THE CRITICAL ANGLE RESETS KKR=7 THE RAY 46100
C DUES NUT STEP BJACK AND A CRITICAL REFLECTION IS EXECUTED IN 1BE N1) 46200
C KKR AND KKK ARE RESET TO ZERO IN BENI) AFTER CRITICAL REFLECTION IS 46300
C THE BJ ECT OF TAKINiG SMALL STEPS AT THE CRITICAL REFLCTI(iON 46400
C POINT IS TO MAKE THE CRITICAL ANGLE AS CLOSE TO PI/2. AS IS 465(0
C PRACTICAL, THUS MINIMIZING THE DISTINCTION 46600
C BETWEEN A CONTINUOUS MIED)IUM AND THE SLAB APPROXIMATIOIN T THE 46700
C CONTINUOUS MEDIUM. 46800

46900
470(10

C'''' CHECK ON STATUS OF CRITICAL REFLECTION FLAG 47100
IF (KKR .EQ. ) G TO 180 47200
IF ( KKR .EQ. 5) GO TO 171 473U
IF (KKR .EQ. 6) GO 'D 172 474(0
PRINT 99997 47500
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KKR=U
KKK=U
GO T 180

C' ''SET STEP SIZE IN CRITICAL REFLECTION REGION

171 DL=L)EL/( 10**L3
KKK=KKK+1
G( T 180

172 OL=OEL/( 10O*(L3+1))
KKK=KKK+1
(O TO 180

175 O)L=O.O
KKK=1
IF(ISEMIE.EQ.U)GO TO 180

PRINT 176

180 CONTINUE
IF(ITER-L3.LT.O.AND.KKR.EQ.6) GO TO 455
PL=PL+DL
IF(KO.EQ.O)GU TO 3U0

250 X=XPL1 +PL-,C1
Y=YPL1 +PL C2
Z=ZPL1 +PL*C3
GO TO 350

300 X=XPLU+PL*C1
Y=YPLU+PL*C2
Z=ZPLO+PL PL C3

350 XPL =X
YPL = Y
ZPL = Z
DIST=(XPL -XPLO)**2+(YPL -YPLO)*"2+(ZPL
IF ( DIST .LE. ROERR ) DIST=O.
DIST1=SQRT(DIST)

-ZPLO)**2

C' '''CHECK FOR TARGET ENGAGEMENT RANGE
C IF YES AND L3EOUALS ITER , GO TO BEND

C IF YES AND L3 IS LESS THAN ITER THEN STEP ACKAND REDUCE SIZE OF
C SUBSEQUENT STEPS

IF(RTRGET.GE.DIST1-DL.AND.RTRGET.LT.DISTI.AND.ITER.EO.L3) GO T0455

IF(RTRGET.GE.DIST1-DL .AND.RTRGET.LT.DIST1 ) GO TO 399

C ' CHECK TO SEE IF RAMAX IS EXCEEDED, IF YES STEP BACK AND TAKE
C SMALLER STEPS.

IF(DIST.GT.RAAX*::2.AND.L3.LT.ITER)GO TO 399

IF(DIST.GE.RAMAX**2.AND.L3.GE.ITER)GO TO 550

C''''GU TO TEST FOR CHECK ON GRANULARITY CRITERIA AND CRITICAL REFLECTI
C CUNDITIONS

CALL TEST(X,Y,Z,PL,L3,INDEX1,RKK,[)EL,DL,DAbS,INDEX2,XPLU,YPLO,
$ ZPLU,RAMAXT,I,NUCOLLWRWPE,KAPPA,RGRP,DRGRP,
$ TEMP(NTHETANPHI ),ASDBITERABSN1,N2,N3,DWPC1,C2,C3,KKR,
$ KKKIRMAX,DISTARGINITROP)

IF ( DIST .LE. ROERR ) DIST=U.
DIST1=SQRT(DIST)
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47600
47700
47800
47900
48000
48100
48200
48300
48400
48500
48600
48700
48800
48900
49000
49100
49200
49300
49400
49500
49600
49700
49800
49900
50000
50100
50200
50300
50400
50500
50600
50700
50800
50900
51000
51100
51200
51300
51400
51500
51600
51700
51800
51900
52000
52100
52200
52300
52400
52500
52600
52700
52800
52900
53000
53100
53200
53300
53400
53500
53600
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53700
53800

C" " 'CHECK Oil TERMINATIUN CONDITIONS 53900
C OVERUENSE MEDIUM 540(00
C IMPOSSIBLE SET OF DIRECTIONS 54100
C RAY INTERSECTION WITH GROUND 54200

IF(RKK.NE.5.ANO.RKK.NE.25.AND.RKK.NE.100)GO TO 88 54300
54400
54500

C''" 'RAY TERMINATED...CLCULATE ERROR QUANTITIES 54600
CALL GEUM(XtYZClUtC20,C30,RGRPDIST1,RERRURAERRnRDISvMISRANGE, 54700
$ COLATITHETA,Xd,Yb,ZB) 54800
IAST=ASTER 54900
PRINT 18,IAST, 55000
$ K,I,XBYB,ZB,DL,PL,DIST1,ABSDE,TMlIP(NTHETA,NPHI),INnEX2, 55100
$ DRGRP,WPENUCOLL,L3, 552(JO
$ RGRP,AERRUR,RERROR,DISMIS 55300
IF(RKK.EQ.5)GO TO 1540 55400
IF(RKK.EQ.25)GO TO 1600 55500
IF(RKK.EQ.100)GU TO 1550 55600

360 CONTINUE 55700
88 CONTINUE 55800

5590()
56000

C" "''CHECK ON STATUS OF REFLECTION FLAG 56100
IF(KKR.EQ.5.AND.KKK.EQ.O)GO TO 175 56200
IF(KKR.EQ.5.AND.KKK.GE.1)GO TO 450 56300
IF ( KKR .EQ. 6 .AND. KKK .LT. U) GO TO 175 56400
IF ( KKR .EQ. 6 AND. KKK .GE. 1) GO TO 450 56500
IF ( KKR EQ. 7) GO TO 450 56600

56700
56800

C EXIT POINT FOR BEND 56900
IF(L3.GT.ITER) GO TO 450 57000

57100
57200

C TEST FOR DISPLAY RANGE I IF YES, INCREMENT I 57300
IF(UIST1.LT.k(I)) GO TO 40( 57400
TEMP(NTHETANPHI)=TEMP(NTHETA,NPHI)+ 57500

$EXP(-2.*ABS)* (1.-EXP( -2. DABS) ) T 57600
SPL=SPL+PL 57700
AHS=ABS+DABS 57800
DBPNP=8. 685896 57900
AMSDB=2.*DBPNPABS 58000
GO TO 1200 58100

C'"''''STATEMENT 120U IS THE POINT AT WHICH ERROR OUANTITIES ARE CALClLAT 58200
C PRIOR TO SETTING UP THE SHADEPLOT ARRAYS FUR THE OJTPUT SKYMAPS 58300

58400
58500

399 PL=PL-DL 58600
L3=L3+1 58700
ITER=ITER1 588(J0
IkMAX=IRMAX+1 58900

400 CONTINUE 590O0
C''' 'END OF STRAIGHT LINE RAY PATH SEGMENT TERMINAL STATEMENT OF 591U0
C RAY STEPPING LOOP 59200

59300
59400

GO TO 455 59500
450 CONTINUE 59600

KA=2 59700
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59800
59900
60000

C ' I I I IPREPARAT IONS FUR BiND SUBROUTI iE 60 100
60 200

DABS=0DABS+KAPPA; 'DL 60300

RGRP=RGP+DRGRP*DL 60400
P L=PL+)L 60500
DIST=(X-XPLU)r*)2+(Y-YPLO) :2+(Z-ZPL() : ' 2 60600
IF ( DIST .LE. ROi-R ) IST=O. 60700
DIST 1= S(RT (01ST) 60800

455 CONT INU- 60900
SPL=SPL+PL 61000
TENiP(NTHETANPHI)='IENiP(NTHTANPHI)+ 61100

$EXP (-2.*ABS):: (I1.-EXP( -2. DABS) ) 4 T 61200

ABS=ABS+DABS 61300
ObP]\IP=8. 685896 61400
AbSDiB=2. :DBPNP=' ABS 61500

IF(iIST1.LT.R(I))GU T 460 61600
GO 1 1200 61700

460 CONTINUl 61800
61900

CO '' I '' A REFRACTIVE BEND 620(0
CALL EiN(XYZC1C2,C3, INI)-X1R1R2tR3 INUEX2,RKKWRWPE 62100

C,iNUCOLL,N1,N2, Ni3,DWP,KKR, KKK, ARG IIilRANGI:,iJLATITHETA) 62200
62300

C1=1 62400
C2=R2 62500
C3=R3 62600
NUIA= 1 62700
IF(ISEIE.EQ.O)GO T 462 6280(0
IAST=hBLNKS 62900
PK I NT 18, IAST, 63000

$ K, I XY, ZDL ,PLOIST1, ABS T INEX2, ORGRP,W PE, NUCOLL, L3 63100
462 CONTINUE 63200
465 CONTINUE 63300

63400
63500
63600

INDi-X1 = INDEX2 63700
6380(
63900

C'' ' TEST FOR REFERENCE RANGE YES .. .GO TO SHDRAY PROCESSING 64000

C N0 . PROCEFI) TO NEXT BENO 64100
IF(RTRGET1.GE.DIST1-)L.A9O.RTRGET.LT.DIST1) G TO 65U 64200

64300
64400

C' ''''CHECK RAY DISPLACEIVENT AGAINST RANAX IN EXCESS, BACKTRACK, 64500

C USE SMALLER STEPS 64600
IF(0IST.GE.RArmA X'-:2) GO TO 550 647UO

64800
64900

C'' ' |CH-CK NO. OF B3ENDS AGAINST 999 LilITt YES .. . PRINTOUT 65000
IF(998-K.LT.U)GU TO 5U 65100

65200
65300

C''''' IN THE ijEND RLGIUN USE DEL=L)EL2, ITt7R=ITENR2 65400

DEL=l)EL2 65500
ITiK=ITi-R2 65600

657UO

C' I 'GO TO START OF NEXT STRAIGHT LINE SEGMENT 6580u
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GO T 20U 65900
66000
66100

C' ''''RAY TERMIINATEU ECAUSE OF TO MANY BENDS ... CALCULATE ERROR QUANTIT 66200
500 CONTINUE 66300

PRII9T 20 66400
RKK=200 66500
CALL GEUM(XY.Z.ClUC2OC30,RGRPI)IST1,RERR(R,AERRRoDISMIS, RANGE, 66600

$ COLATITHETAXb,YbZB) 66700
IAST=ASTER 66800
PRI;T 18, IAST, 66900

$ KI,XBYBZB,OL,PL,DIST1,ABSDBTEMP(NTHETA,N1PHI),INDEX2, 67000
$ DRGRPWPENUCULL,L3, 67100
$ RGRP,AERROR,RERRUR,DISMIS 67200

I P=1 EE 67300
GU TO 1700 67400

67500
67600

C" '''DISTANCE TO RAY TIP EXCEEDS MAX RANGE...ADD CONTRIBUTION (IF TSKY 67700
C TO APPARENT SKY TEMPERATURE AND THEN PROCEED TO NEXT RAY 67800

550 CONTINUE 67900
PRINT 6000 68000

875 CONTINUE 68100
CALL GEUM(X,Y,Z.C1UC20,C30,RGRPOIST1,RERROR,AERRORUISMIS, RANGE, 68200

$ COLATI,THETA,XB,YB,ZB) 68300
890 CUNT INUE 68400

TEM P(NTHETA,NPHI)=TEMP(NTHETA,NPHI)+EXP(-2.0*ABS)*TSKY 68500
GO To 1250 68600

68700
68800

C'''''TEST FOR TARGET ENGAGEMENT DIRECTION 68900
650 CONTINUE 69000

IF(THETAR.GE.THETAU-INC2.AN.THETAR.LE. THETAO+INC2.AlND. 69100
$ PHI.GE.PHIO-INC2.AND.PHI.LE.PHI()+INC2) GO TO 700 69200
GO TO 851 69300

69400
C'''''CALCULATE ERROR QUANTITIES 69500

700 CONTI(9UE 69600
750 CALL GEUM(X,Y,Z,C1U,C20,C31,RGRP,DIST1,RERRJR,AERRnR,UISMIS,RANGE, 69700

$ COLATI,THETAXbYb,ZB) 69800
I AST=ASTER 69900
PRINT 18,IAST, 70000

$ K,IXBYB,ZB,I)L,PLDIST1,AbSDBTEP(NTHETANPHI),INDEX2, 70100
$ ORGRP,WPE,NUCULL,L3, 70200
$ RGRP,AERRUR,RERROR,DISMI IS 70300

IF(IFLAG.EQ.O) GO TU 812 70400
PTHLUb=ABSOB+120. 0+40. OAL(1G IOCUIS TI) 70500
PRINT 19191,PTHLDB 70600

812 CONTINUE 70700
850 CUNTIN1UEC 70800

851 CONTINUE 70900
DEL=UEL2 71000
ITER=ITER2 71100

71200
C' '''GU TU START OF NEXT STRAIGHT LINE SEGMEN4T 71300

GO T 2U 71400
71500
71600

C' ''' RAN\JGE EQUALS A REFERENCE RANGE...CALCULATE ERROR QUANTITIES 71700
71800

1200 CUNT INUE 71900
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CALL GEUM(XYZClUC0 ,C3),R(3RPI)ISTl,RERRR, AERR(,IUI IS, RANGE, 72000
$ CULATITHETAXb,Yb,ZB) 72100
IAST=ASTER 72200
PRINT 18,IAST, 7230o

$ KgItXBYBtZBDLPLI ST1,A SI)tSl3, FEP( NTHETA, NHI ), INDFX2, 72400
$ URGRP,WPE,NUCOLL,'3, 725(1)
$ RGRPAERRUR,REROR),OISMIS 726(0

72Ž700
728()0

C" 'SETUP SHADEPLUT ARRAYS FR UUTPUT 7290))
1240 CONTINUE 73000

CALL SHDRAY(AERRORRFRCLREFRAYINTHEMF,N9PHI) 7310
SCLPRD=CIO*R +C20DR2+C3O';-R3 73200
IF(SCLPRD.GE.RULLN.AND.SCLPR.LE.RUUI ) SCLPRD=1.O 73300
AUEV=ARCOS(SCLPRD) 73400
ADEVU=ADEV/RADS 7350(
CALL SHDRAY(ADEVDEVLDEVRAYINTHETANPHI) 73600
CALL SHURAY(RERROR,GRPL,GRPRAY,I,NTHETA,NPH I) 73700
CALL SHDRAY(UISMISfvISL,MISRAYI,NTHETA,INPHI) -3800

73900
C I IIF IFLAG EQUALS 0, MON IT OR ABSURPTION...UTHLRWISE M\'ITuR PATHIoSS 74000

IF(IFLAG.EQ.O) GO TO 1241 74100
PTHLDB=ABSDB+120.0+40.D>:ALOG10(DISTI) 74200
CALL SHDRAY(PTHLDBPATHLABSRAYI,NTHETA, NPHI) 74300

C CHECK ON PATH-LOSS ... IF .GT. PATHL, TERiVIiNATE THE RAY 74400
IF ( PTHLDB GE. PATHL ) (O T 1249 74500
GO TO 1245 74600

1241 CONTINUE 747UO
CALL SHURAY(ABSUBABSLABSRAY,I,iNTHETA,NPHI) 74800

C CHECK UN ABSORPTIUN ... IF .GT. ASL, TERMINATE THE RAY 749(0
IF(ABSDB .GE. ABSL)GO TO 1249 75000

1245 CONTINUE 751(0
I=I+1 75200

75300
75400

CI''I'CHECK ON RAY DEVIATION...IF GREATER THAiN LIMIT, TERMIlNATE THE RAY 75500
XDEV=COS(DEVL) 756()0
IF(SCLPRD.LE.XDEV.AND.RKK.NE.100.)GO TU 1650 75700

75800
GO TO 460 759()(

C'"''''STATEMENT 460 PRECEDES THE BEND SUB)ROUTINE ... A SLAB F THE 76000
C MEDIUM IS ALWAYS TERMINATED AT A REFERENCE RANGE. 76100

76200
76300

C'''' 'MARK SHADEPLUT ARRAYS ACCORDING TO REASON FR TERmIINATIUN 76400
1249 IF(REFRAY(NTHTA,NPHI).EQ.BLNKS )REFRAY(INTHETAN[PIHI)=ICHAR 76500

IF(ABSRAY(NTHETA,NPHI).EQ.BLNKS )ABSRAY(NTHETA,NPHI)=ICHAR 76600
IF(GRPRAY(NTHETANPHI),EQ.BLNKS )GRPRAY(NTHETA,NPHI)=ICHAR 76700
IF(MISRAY(NTHETA,NPHI).EQ.BLNKS )MISRAY(NTHETA,NPHI)=ICHAR 76800
IF(DEVRAY(NTHETANPHI).EQ.BLNKS )DEVRAY(NTHETA,NPHI)=ICHAR 7690(0
IP=AYE 77000
RKK=1 77100
IF ( IFLAG EQ. 0) GO TO 1242 77200
PRINT 1247 7730
GO TO 1250 77400

1242 CONTINUE 7750(0
PRINT 1248 7-7600

77700
77800
77900

C"'''PREPARE TO GO TO NEXT RAY 78000

71
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78100
1 250 CUL\ IN U 78200

PRIiNT 140oTEmP(iNTHETtiPHI ),AbS()- 78300
PTHLO8=A SOI+120. 0+40. 0-`ALG 10( IST1) 78400
PRIiNT 19191.PTHLl)t 78500

1260 CONT INDUE 78600
IF(RKK.EQ.0.UR.LL.(,T.2(0)Gl T 1265 78700
IF(KKK.N-.JOU.ANO.KKK. ' NE.200 )G T 1263 78800
A8SD=0 7890()

PTHL8=Uo 79000
AERKUR=O 79100
RERROR=U 79200
) ISm I S=0 79300

TLIIP(1THETAiNPHI) =U 79400
79500
79600

C"" ''SET UP TERmlINAT ION SUMMARY DATA 79700

1263 TRIElL(LL)=ELEV 79800
TRMAZ (LL ) =THtTAR/RAl)S 7990()
TRM ( LL) =I ST1 d(((
TRMKKK( LL)=RKK 80 100
TRMAbS( LL)=AbSDb 80200
TRIYPL (LL) =PTHLDb 80300
TRNAER( LL)=ALRRUR 80400
TRMRER( LL)=RERRUR 805(0
TRNimS0( LL)=UISMIS 80600
TRiTiI'P(LL)=TE-NvlP(NTHETA,9PHI) 80700
TRflAO ( LL) =AEV[) 8U8((
LL=LL+ 1 80900

1265 CONT I NU E 8 1000
T D=THETAR/RADS 811(
PRINT 8ELEVTD,DIlT1,RKK,A8S8ti,PTHLI)O,AERRORRERRROLI SIViIS, 81200

$ TENP(NTHt TA,INPHI),AlEV) 81300
81400
81 t()(

C' ' 'CONVERT TEMPE RATURE T QUAiTIZED VALUES AS )EFINE) IN ITLI I' ARRAY 81600

U 5000 IK=1,9 81700
IF ( ITEMP) (NTHTA, INPHI ) .E(). C(L.R. ITEmP( ('THETA, NPHI ).E0. EXL) 81800

$ GU TO 5050 81900
IF(TENP(NTHETA,i9PHI).LT.ITLIM(IK))Gl) T-.) 405U 8200U
GO TO 5000 82100

4050 ITE-mP(NHETA,NPHI)=NUMBER( IK) 82200
GU TO 5050 82300

5000 CONT I NUE b2400
IT EriP (NTHETA, NPH I )=NUM i-ER (10) 82500

82600
82700

5050 CUNTIlNUE 82800
5060 IP=bLNKS 82900

83000
83100

C ' STEP ZElNITH ANGLE AIND CHECK TO SEE IF THE AZIMUTH AN(,LE MUST 8E 83200
C STEPPED. 83300

\lPH=N9PH+ 1 83400
NPHI=iNPHI+1 835()0
PHI = (NPH -1) * INC 83600
ELEV=ELEV-INC/RADS 83700
JPR=PH I*1000. 83800
JPM=PHIHX-*X 1000. 83900
IF0(NPHI.GT.mI)Gu To 1300 84000
IF(JPR.GT.JPI'i)G0) To 1300 84100



NRL REPORT 7284

GU T 150

C INCREML-rNT AZIUIJTH ANGLE
1300 NTHETA=i9THETA+ 1

IF ( d-IHETA.EO. 2)NPH l'IX -NPHI-1
NP1H= 1
NTHTA=NTHTA+1
N PH I = 1
F LE V= L LNAX
THETAR = (NTH TA-1) *INC - PI/2.0
,JTR=THETAR, U000.
JTiM = THETMX =, 1000.
IF(NTHETA.GT.NI) GU TO 1350
IF (J1-K.GT.JTI'i)GO TO 1350
GO 1- 150

CL '''INURMAL POINT OF RAY TERMINATION
C GU To NEXT RAY....STATEMENT 150 OR

C GO 1- END OF PROGRAM FOR OUTPUT OF DATA ... STATEHE\lT 1350

1540 CONTINUE
PRINT 1541,THETAR.PHI.DIST1
I P=GEE
TEi'iP(NTHETA,PHI)=TEMP(NTHFTANPHI) +EXP(-2. * ABS)*29U.
GO TO 1750

1550 CONT INUE
IP=CUL
PRINT 1551,THETARPHIOISTI
GU TO 1700

1600 C NT I NU E
I P=ASTER
PRINT 1601,THETARPHI ,DIST1
GU TO 175(

1650 CONTINOE
RKK= 10
I P=EXL
PRINT 1651,THETAR.PHI. [I ST1

1700 ITEMiP( NTHETANPHI ) =IP

C'''' MARK SHADtPLOT ARRAYS ACCORDING
1750 CUNT INOE

IF (REFRAY((9THETA,INPHI).NE.BLNKS
REFRAY(NTHETA,NPHI)=IP

1800 IF(AbSRAY(NTHETA,NPHI).NE.RLNKS
AESRAYC INTHETANPH I) =IP

1850 IF (GRPRAY(INTHETA,NPHI ).NE.BLNKS
GRPKAY(19THETANPHI)=IP

1900 IF (NISRAY( THETAINPHI).NE.KLNKS
MISRAY(NTHETA,NPHI)=IP

1950 IF(NCRIT(NTHETA,NPHI).NE.BLNKS

TO REASON FOR TERMI I\IATI ON

.ANO.IP.NE.COL)GU TO 1800

.ANO.IP.i\lE.COL)GUJ TO 1850

.ANU.IP.NE.COL)GU TO 1900

.ANU.IP.N\IE.C(L)GU TO 1950

.ANU.IP. *NE.C(OL)GH TO 2000

73

84200
84300
84400
84 500
84 600
847()0
84800
84900
85000
851()0
8 5200
85300
8 5400
85500
85600
85700
85800
85900
8 6000
86100
86200
86300
8 6400
86500
86600
86 700
86800
86900
8 7000
87100
8 7200
87300
8 7400
87500
8 7600
87700
87800
87900
88000
88 100
88200
88300
88400
88 500
88600
88700
88800
88 900
8 9000
89100
8 9200
8 93 00
8 9400
89500
89600
8 9700
8 9800
899(
90000
90100
90 200
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NCRIT(N THETA,N PH)= IP 90300

2000 IF(DEVRAY(NTHETA,NPHI).NE.BLNKS . AN.IP.NE.COL)G T 1250 90400

DEVRAY(NTHETANPHPI)H=P 90500

90600
90700

CCI"" STATEMENT 1250 IS PREPARATORY TO STARTING A NEW RAY 9080(

GO TO 1250 
90900

9910(J)
91100

C''C''PRINT OUTPUT SKYMAPS N LINE PRINTER 91200

91300
1350 CONTINUE 

91400

N=NI I 
91500

MI=M 
91600

IF(IFLAG.E.)ABSL=PATHL 91700

AL=ELMIN 91800

AS=ANC/RA S 91900

RF=WR/(PI*2.0) 92000

BA=HGT 92100

AGZ=THETA/RA S 92200

RGZ=RANGE 92300

TTS=NREC 92400

RC=COLATCI/RAS 92500

EL(8)=LABELY(1) 92600

EL(10)=LABELY(2) 92700

EL(12)=LABELY(3) 92800

EL(14)=LABELY(4) 92900

EL(16)=LABELY(5) 930()

EL(18)=LABELY(6) 93100

EL20)=LABELY( 7) 93200

EL(22)=LABELY(8) 93300

EL(24)=LABELY(9) 93400

EL(30)=LABELY(10) 93500

EL(32)=LABELY( 11) 93600

EL(34)=LABELY(12) 93700

EL(36)=LABELY(13) 93800

EL(38)=LABELY(14) 93900

CALL POSIT(REFRAY,JUNKR,BLNKS,AZEROGELASNPHINMX, NvII) 94300

CALL CONTR( JUNKR,LRFRAY ,RFRCL,AS,RF,R,TITLE,BA,R,AGZRGZ,INC, 94400

$TS,THETAPHINMLL,EL,ELA,REFLA8,DEGREE) 94500

IF(IFLAG.EQ.) GO TO 1351 94600

GO TO 1352 94700

1351 LABEL=LABRAY 94800

GU TO 1353 94900

1352 LABEL=LPLOSS 
95000

ABSLAB(1)=PTHLAB(l) 95025

ABSLAB(2)=PTHLAB(2) 95050

ABSLAb(3)=PTHLAB(3) 95075

1353 CONTINUE 
95100

CALL POSIT(ABSRAYJUNKRBLNKSAZERO,FDGELASNPHIMX, NIi'I) 95200

CALL CNTR( JUNKR, LABEL, AbSLASRFRTITLEBARLAGZRGZINC, 95300

$TSTHETA,PHIN,NLL,EL,ELAB,ABSLAB,DBS) 95400

CALL POSIT(GRPRAY,JUNKRBLNKSAZERU,FOGEL,AS, NPHIMX,NI,Iv I) 95500

CALL CONTR( JUNKR,LGPRAY ,GRPLASRFR,TITLE,BA,RC,AGZ,RGZ,INC, 95600

$TS,THETAPHI,N,M,LLELELAB,GRPLAB,KMS) 95700

CALL POSIT(MISRAY,JUNKRBLNKS,AZERO,EDGEL,AS,NPHIMX,NI, lI) 95800

CALL CONTR( JUNKRLMSRAY ,isISL,AS,RFR, TITLE,BA,RL,AGZ,RGZI NC, 95900

$TS,T-HETA,PHI,N,4,LLELELAB,MISLABKMS) 96000

CALL PUSIT(DEVRAY,JUNKR,BLNKS,AZERI,EDGEL,AS, NPHIX,NI,ivI) 96100

CALL CONTR( JUNKR,LOVRAY ,DEVLASRf,R,TITLE,hA,RL,AGZ,KGZ,INC, 96200

$TSTHETAPHINtMLLELELABDEVLA,0EGREE) 96300
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CALL POSIT( ITEfvP, JUNKRBLNKSAZER0, E)GELAS,iPHIIvIX, I,lII) 96400
CALL CONTR( JUNKR,LITEMP ,0.0 AS,RF,ITLIM, 96500

$ TITLE,BA,RC,AGZ,R(;Z, I\IC, 96600
$ TS,THETA,PHI,N,N,-5,ELELAB,OLNKST,bLiNKS) 9670U

1360 CONTINUE 96800
STOP 96900

97000
97100

END 97200
97300
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SUBROUTINE BACOUR(XYZXbYbtZtRANGELULAT1,THETA) 97400
97500
97600

REAL IDEX1,INDEX2,KAPPAINCINC2,NUCOLLNIT2,NUX2,NOX1,NCT 97700
REAL NUEINUEMtlNUU, LImiIT, MU, I N,INDEX, N1,N2, N3,NE 97800

97900
RE=6371. 2 98000
THE1 AC=RANGE/RE 98100
STC2=SIN( THE1AC/2. o) 98200
CTC2=C(S(THETAC/2.U) 98300
SINT=SII( THETA) 98400
CUST=CUS(THETA) 98500
CUSC1=CUS( CULAT1) 98600
SING1=SIN( COLAT1) 98700
CUSTC=CUS( THETAC) 98800
SINTC=SIN( THETAC) 98900
CHUR= 2. 0*RE*STC2 99000
PROJ=CHURD*CT(2 99100
XU=PRUJ; SI1NT 99200
YU=PRUJ*COST 993()0
ZU=CHURD*STC2 99400
CULAT2 =RCUS(CUSC*CSTC+SINC14. SINTC*COST) 99500
SINC2=SIN(CULAT2) 99600
CUSC2=CUS( CULAT2) 99700
DE L-A=ARSIN( SINTC*SINT/SINC2) 99800
CUSU=COS( DELTA) 99900
SIND= SIN lDELTA) 100000
X = USDX-SID*COSC2 ,'Y +SI N04 SI NC24'Z 100100
YB=CUSC1*SIINWX+( CuSC1*CO SI)*CUSC2+SINC 151 SIN2)*Y- 100200

$ (COSDCU~SC1 SIlIC2-SINC1*CUSC2)*Z 1U0300
ZE=-SIN14;*SIND*X-( SINCl*CUSl)'CUSC2-COSC1*SINC2)*Y+ 100400

$ ( CUSO'S I NC1S I ,L\ C2+C(J1 C S1C 2 ) ' Z 100500
XU=Xb+XU 100600
YO=Yb+YU 100700
ZB=Zb-ZU 100800
RET URN 100900
END 1010(0

101100
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SUBROUTINE BEND(XYZC1,C2,C3, I NDEX 1,RlR2,R3, IX2, RKKWR,IAPE 1U120()
C,NUCOLL,NI,N2,N3,DWP,KKRKKKARGINRANGE,CULATl, THETA) lU13(U

10 1400
1 U1 500

CUMWUN/LR/NNE , ISE I E 101600
101 700
10 18 00

REAL INUEX , i\DEX2, KAPPA, INL, I NCZ, NUCULL, NI T2, N9X2, \i(]Xl, NCT lU19(
REAL NUE I, NUEIVl WO , L IM IT , 'lU, IN, I NLEX, 1, 1\12, l\13, N] .U2000

10 21((
10 22u

C' I''CHECK FUR UVERDENSE MIUNi 102300
IF(WPE.EQ.-1. ) GO TO 300 102400

102500
102600

C''"'KKR IS INITIALIZED TO ZERO 10270U
C KKK IS INITIALIZED TO ZERO 1028U0
C KKR IS SET TU FIVE AT THE FIRST 1 KM. STEP THAT EXCEEDS THE 1U2900
C CRITICAL ANGLE. 103000
C IT CAUSES THE RAY TU STEP 8ACK A DISTANCE DL AND ALSO TO REDUCF 1U3100
C THE MAXIMUM STEP SIZE BY A FACTOR (F 10. 103200
C KKK IS SET TO 1 WHEN THE CRITICAL ANGLE IS EXCEEDED AND THEREAFTER 103300
C CUU1NT STEPS UNTIL THE ANGLE IS EXCEEDED AGAIN 103400
C KKR=5 AND KKK GREATER THAN 1 FORCES THE RAY TJ BEND AFTeR ACH 100 1U3500
C METER STEP. lU36UU
C THE SECOND ENCOUNTER OF THE CRITICAL ANGLE SETS KKR=6, FRCES THE 103700
C RAY TO STEP BACK DL, AND FORCES A REDUCTION OF STEP SIZE BY AN 1U3800
C ADDITIONAL FACTOR OF 10 WITH A BEND AFTBR EACH STEP. 1039(0
C THE THIRD ENCUUNTER OF THE CRITICAL ANGLE RESETS KKR=7 THE RAY 10401)0
C DOES NOT STEP BACK AND A CRITICAL REFLECTION IS EXECUTEO IN BEND 104100
C KKR AND KKK ARE RESET TO ZERO IN BEND AFTER CRITICAL REFLECTION IS 1U4200
C THE OBJECT OF TAKlING SMALL STEPS AT THE CRITICAL REFLECTION 104300
C THE OBJECT OF TAKING SMALL STEPS AT THE CRITICAL REFLECTION 104400
C POINT IS TO MAKE THE CRITICAL ANGLE AS CLOSE TO PI/2. AS IS 104500
C PRACTICAL, THUS MINIMIZING THE DISTINCTION 1U4600
C BETWEEN A CONTINUOUS MEDIUM AND THE SLAB APPROXIMATION TO THE 104700
C CONTINUOUS MEDIUM. 104800
C RKK=1 ... RAY DEVIATION EXCESSIVE 104900

10 5001)
1051()

PI = 3.141592654 105200
105300
10 54)0

IF (ABS(ARGIN) EQ. 1. ) GO TO 310 105500
IN=ARCOS( ARGIN ) 10560
DIV = INDEX1/INDEX2 105700
RARG = DIV * SIN(IN) 105800

1059()0
10600)

C"'"''CHECK CRITICAL REFLECTION CRITERION 106100
IF(KKR.EQ.7) GO TO 301 10620)

106300
106400

C"'''IMPLEMENT STANDARD REFRACTION CALCJLATIUN...SNELL,S LAW 106500
R = ARSIN(RARG) 106600
IF (ABS(IN) GE. PI/2. ) R= PI-R 106700
ARGIN2 = COS(R) 106800
FACT = ARGIN2 - DIV * ARGIN 10)691)0
R = DIV * C + FACT * Ni 107000
R2 = DIV * C2 + FACT * N2 107100
R3 = DIV * C3 + FACT * N3 1072()0
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Go i 1)01) 107300
10 7400
1075()0

CL III I RAY PARALLEL 1 )Ew I Y (;RAU I E\T .N. R FRAC 1(8I\ 107600
310 R = CL 10770)

R2 = C2 1078(0(
Rl = (3 10790(
RFLIC = ( ( II3UEX2/InlEX1 -1.()) Ii'WEX2/IIX1 + 1.0) ) 2 108()0(
(, IU b 108 100

1082(0
108300

C' 1 1 1 II''MEL)JUNi UVIERlENSE...SE'I' FLA A) PRIt'IT' )UT. 1084(.0
3 Oo col-r IOU t 108500

PRIil' 21'7 1U8600
217 FURmArT( I PE = -1. EOIL`I1 IS VLR)EINSE I bEI' 1.) 1087()0

RKK = 25. 108800
GO TO 5o 108900

1()9((U
1091()0

C' I'IEXECJTE CRITICAL R FLLCTIiW1 10920)
3(1 C uNT\ I 0 E 109300

R = C1-2. 0-:AARG I wMM\1 109400
R 2= C2-2. *ARG -I N 2 1095((
R3 =C3-2. O''-ARG I N4*3 1U96(
KKK=U 1097()0
KKR=u 10980(1
PRI sT 218 1()99(

218 FORH AT ( 1X, 'R GREATE R T-H AN P1/2. 0A\V E CRI TI CALLY REL LCT i. ' ) ((OU
150 CUNT I H E 11()1(:0

ANG=( PI /2. o) -I 11(200
/\iG=((PI/2.0)-I)/1.7453292512L--2 110300
CALL t3ACUL)R( X, YZtXH3li,YizlH1t RAiE(;E-,C.JLATI, HL-TA) 110400
PRIi\T lU~l0, ANA(,Xu-sytBY ZHB 11()5(.)0

1001 FURMAT( ' GRAZ ING AN(NLE = F 10. 5, 1 IEG,. , 1106(10
.$ I Xt t , 110. 5,' Yt ', F1. 5, 11(07()0
$ ' Zl =',F10.5) 111)800
RETURN 11(9()0

5( CN 1 1( 11120(1
1 11 3(10
111400

C''' 'CHE CK \U. OF IjENOS I19 CRITI CAL REGIoNI AGAINST ARbI TARY L IIT 11150(
IF (KKK .LT. 20) G TO 399 11160(1
KKR =0 11170)
KKK=U 1118(()

399 RETURN 1119()0
EN1) 112000

1 1 2 10

78
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SUBROUTINE CLLF( 112200
XYZTEPWPEI'I)COLLN~iEINUEiNI T2,iNOX2,iUXI, T, NE, 112300

$NlN2,N3 ) 12400
112500
112600.
112700

C''''' CALCULATION OF NUCOLL, THE GENERAL AVERAGE COLLISION FREQUENCY AS 112800
C DEFINE) Y SHKAROFSKY. IT IS THE ALGEbRAIC SUM OF ELECTRON- 112900
C i,EUTRAL AND ELECTRUN-ION COLLISION FREQUENCIES. 113000

113100
C''''' REVISED COLLISION FREQUENCIES. 113200

113300
113400

CI''' COLLISION FRtQUENCIES ARE INTERPOLATti FORM TABULAR VALUES OF 113500
C HOCHSTIM IN THE TEMPERATURE RANGE FROM 200 TO 2000 DEGREES K. 113600
C OUTSIDE THIS RANGE THEY ARE CALCULATED FROM A POWER LAW FIT 113700
C TO THE EXTRAPOLATED TABULAR VALUES. 113800

113900
C"''' POWER LAW FIT PARAMETERS--G = A PWRF( TR) ABOVE 2000 DEG. 114000
C G = B ' PUWRF(TtS) BELOW 200 DEG. 114100

114200
CIII WPE IS PLASMA FREUUENCY IN MEGA-RADIANS PER SECOND. 114300
Ciff' C(JLLISION FREQUENCIES ARE IN MEGA-COLLISIUNS PER SECOND. 114400
COII I TE IS ELECTRON TErItPERATURE IN ELECTRON VOLTS. 114500
CI''' TEP IS PHENUMENOLUGY ELECTRON TEMPERATURE IN ELECTRON VOLTS. 114600
C" I' IT IS ELECTRONI TEMPERATURE IN DEGREES KELVIN. 114700
C'''' NE IS ELECTRON DENSITY I ClvM-3 DERIVED FROM WPE. 114800
C II' INIT2NUX2,NUX1 ARE NEUTRAL NUmBER DENSITIES IN CM-3 FOR 114900
C 'LOLECULAR NITROGEN, MOLECULAR OXYGEN, AND ATOMIC OXYGEN 115000
C RESPECTIVELY. 115100
CIII GNIT2,GNOX2,GNOX1, ARE THE G-FACTORS FUR THE ABOVE SPECIES AS 115200
C DEFINED BY HUCHSTIN-- ELECRUN NEUTRAL CULL. FRED. = G NO. 115300
C UIENSITY(CM-3) 1.E-14 115400

115500
115600

OlIMENSION TABT(15),TABGtJ2(15),TABGN2(15), TABG01( 15) 115700
115800
115900

REAL INDEX1,INO0EX2,KAPPAINCINC2,1NUCOLLNIT2,NOX2,NOX1,NCT 116000
REAL NUEIN\JUEN1,MUULIMITMUININIEXN1,N2,N3,NENIEP 116100
REAL NA,NA2fNA3,NE2 116200

116300
116400

CUMI'ION RA 116500
116600
116700

DATA TABT / 116800
$ 200.,250.,30.,35(.400 .,500.,600.,700.,800.,1000.,1200., 116900
$1400.,1600.,1800.,2000./ 117000

DATA TABGN2 / 117100
$ 0.490, 0.613,0.733,0.849,0.962,1.17,1.37,1.57,1.75 117200
$ ,2.09,2.40,2.69,2.97,3.24,3.51 / 117300

DATA TAbGU2 / 117400
$ U.302,.363,.423,.483,.543,.659,.772,.881,.986,1.18, 117500
$ 1.36,1.5391.68,1.82,1.96 / 117600
DATA TAbGOl / 117700

$ .094,.106,.117,.128,.139,.160,.182,.204,.227,.276 117800
$ .329,.387,.448,.513,.582 / 117900

118000
118100

POWER LAW FIT PARAMETERS--G=A'PWRF(TR) A3OVE 2000 DEG. 118200
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C G=B'PWRE(TS) ELOW 200 DEG. 118300
118400
1 1 8500

DATA RNIT2/0.741/ 118600

DATA KNOX2/0.697/ 1 18700

DATA RNX1/1.179/ 118800

DATA ANIT2/1.259E-2/ 118900
DATA ANOX2/9.803E-3/ 11900
DATA ANOX/7.463E-5/ 11910(

DATA SNIT2/0.974/ 119292 J

DATA SNX/.517/ 119300

DATA SNUX2/0.834/ 11940(0

DATA BNIT2/2.811E-3/ 119500

DATA BNUX2/3.639E-3/ 119600
DATA BNUXI/6.076E-3/ 119700

DATA A/550562.0/ 1.19800

DATA B/6.06318E+17/ 119900

DATA IN1/0/ 120000

120100
120200

C''II SELECT LARGER OF TEMPERATURES AND ELECTRO N DENSITI I ES FROM 120300

C PHENOMENOLOGY AND miODE L ATMOSPHERE. 120400

120500
CIO''' STORE DIRECTIO\ COSINES DERIVED FROM PRLP AS CALLED FROM TEST. 10600

NA1 = N 120700

NA2 = N2 120800

NA3 = N3 120900

CALL TRANS(XYZRAN1,N2,N3 ) 121000
IF(RA.LT.)RETRN 121100

121200
C''''' DIRECTION COSINES NOW REFER TO MODEL AMSPHERE-SIGIN HAS NT YET 121300

C bEEN ESTALISHE FUR ELECTRON DENSITY GRADIENT. 121400

R = RA + .01 121500

RS = 30. 121600

RT = 800. 121700

IF(R.LE.30.) GO TO 3 121800

IF(RIB.GE.800.) GO TO 4 121900

CALL MOIDATMI( NIT2,NUX2,NOX1,NETR8) 122000

GO TO 5 122100

3 CALL FiODATM( NIT2,NUX2,1NOX1NETRS) 122200

GO TO 5 122300

4 CALL MODATM(NIT2,9OUX2,NOX1,NETRT) 122400

5 CONTINUE 122500

NE2 = NE 122600

IF(RA.LE.30.) GU TO 7 122700

IF(RA.GE.800.) GO TO 8 122800

CALL MOUATN(NIT2tNUX2,NOX1NETRA) 122900
GO TO 9 123000

7 CALL MODATIMi( IT2NUX2,NOX19NETRS) 123100

GO TO 9 123200

8 CALL ODATM(NIT2,NUX2,9OX1TNETTRT) 123300

9 CUNTINUE 12340U

1235500
C'IIII ESTABLISH SIGNS FOR DIRECTION COSINES. 123600

IF(NE.LE.NE2)GO TO 50 123700
N1=-Ni 12380()
N2=-N2 123900
N3=-N3 124000

50 CONTINUE 124100

TP = 11605.0 * TEP 124200

C ''II CONVERSION OF PLASMA FREOIJENCY TO ELECTRON DENSITY. 124300
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12 4400

NEP = 314.2196 9 WPE WPE 124500

IF (NE .LE. \EP) GU TO 10 124600

GO TU 20 
124700

10 NE = NEP 
124800

Ni = NA 
124900

N2 = A2 
125000

N13 = A3 
125100

20 C JNT IiNJUE 
125200

C( " ' PLA SmlA FREQ. RECALCULATED FROM SLECTED VALUE OF LL. DENSITY. 125300

WPE = SQRT(NE/314.2196 ) 125400

IF(T.LT.TP) T = TP 12550)0

VTHERM = A SORT(T) 125600

IFNE.LE.0.R.T.LE. 0)OT TO 100 125700

200 CUNT INUE 
125800

ARGi = 7.423795-14 * (VTHFRvl'' '3) / SQRT( NE) 125900

TLG =ALOG (ARG1) 126000
126100

(;" "'' CALCULATE ELECTROiN-IN COLLISION FREQUENCY. 1262UO

NUE I = NE b ", TLUG / ( VTHERM-"3 ) 126300

NUEI = UEI -` 1E-6 126400

GO TO 300 
126500

10( NUEI= 
126600
126700

CO ''I I CALCULATE ELECTRUri'-NEUTRAL C(JLLISION FREQUENCY. 126800

300 CONTINUE 126900

IF(T.GE.2000.) GO T 800 127000

600 IF(T.LE.200.) GU TO 9O 127100

700 CONTINUE 
127200
127300

C111'' CALCULATE G-VALUES FROM TABLE. 127400

CALL INTERP(TATTTAbGN29 GNIT2, 14) 127500

CALL INTERP(TA8TTtTABG)2,GNX2, 14) 127600

CALL INTERP(TAHTT ,TABG(J ,GN(OXl 14) 127700

GU TO 1000 127800
127900

C' '''' POWER LAW FIT ABOVE 2000 DEGREES K. 1280(0

800 GIT2 = ANIT2 POWRF(TRNIT2) 128100

GN)X2 = ANUX2 PUWRF(TtRNr)X2) 12820U

GNoXi = AUX POWRF(TRN0Xl) 128300

GU TO 1000 128400

128500
C'''f' POWER LAW FIT ELOW 200 DEGREES K. 128600

900 GINIT2 = NIT2 POWRF(TSNIT2) 12870U

GNl)X2 = NUX P0WRF(TSNOX2) 128800

GNOX1 = BNUX POvRF(TSN0Xl) 128900

1UU NUEM = 1.E-14 (GqIT2'2'N1-2 + GNOX2 NUX2 +GNJXl1 * NOXi1) 129((0

NUlCULL = NUElv + NUEI 1291(0

RETURN 
129200

EN1) 
129300

129400
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SUBROUT INE CUITR(AYALA 8LIMITASRFRTITLE BARCyAGZgRGZt INCTS, 129500
$ THEIA,PHI,9,M, LLELtELA13,LAbELS, UNITS) 129600

129700
129800

DIMIENSION A(lN,1M),R(11),TITLE(10),AZLAb(7),EL(41),ELA(41),L(10) 129900
DIMENSION LAbELS(3) 129950

1 30000
130 100

REAL INC 130200
REAL*8 TITLEALABLABELS 130300
INTEGER AZLAb 130400

130500
130600

CUiMHU'.IN/FLAG/ IF LAG 130700
130800
130900

AiC=INC/1.7453292512E-2 131000
THlETA=THETA/1.7453292512E-2 131100
AZINC=ANC* 10.0 131200
AZLAb( l)=-AZII9C*3.0 131300
AZLAB(2)=-AZINC*2.0 131400
AZ LAB( 3) =-AZ Il9C 131500
AZLAtB(4) =0 131600
AZ LAB) 5) =AZ119C 131700
AZLAB (6) =AZ IIC-':2. 0 131800
AZLAb(7)=AZIIAC* 3.0 131900
IF(LL.E.-5) GO TO 20 132000
CALL SUiARY(LL-1) 132100
GO T0 21 132200

20 CUNTINUE 132300
PRINT 12 132400
PRIiAT 12 132500
PRINT 12 132600
PRINT 12 132700

21 C ONT INUE 132800
C 132900
C 133000
C ARRAYS EL ANL ELAB ARE TO BE LAED WITH B3LANKS OR ELEVATION LABEL 133100
C 133200
C 133300

1 FURIIAT(28X,A8) 133400
2 FUlvliAT(5X,3A8 ,/lF6.1,A3 133500
$' ANGULAR ES/',IF5.1,' DEG.', 133600
$' RADAR FREW/',F7.1,' 1M1HZ') 133700

3 FURmAT(5X,'RLFEREN(E ANGES',1I1() 133800
4 FURivAQT(5XlRANGE CuUES',5Xj10(I91X)) 133900

5 FURIiAT(5X,'TERMINATI(JN CODES/ -=AbSORPTION(PATHLOSS) EXCEEDS ' 134000
$ LIUIIT. 6=RAY UEVIATI(N EXCESSIVE. ',1H,'ki=UVERUENSE 134100
$ IMEUIUM ENCUUNTERED. ',/ 134200
$5XITERMlINATIUN CUES/ ==GRUUI9D REFIECTIUN 134300
$5X,'$=IMPi)SSIBLE IRECTION COSINES 134400
$5X, '$=TUU IANIY ENOS US) 134500

6 FURiViAT(46X, 'A Z I U T H,F8,5X,'A Z I II U T H) 134600
7 FURiAT(4X,3(I4,16X),I3,17XI4,2(16XI4)) 134700
8 FURHIAT(6X,61( ZH+ )) 134800
9 FURiiAT( 1XA1A3,1H+,61(A1,X), 1H+,A3) 134900

1U FURI'IAT(5Xy1UA8) 135000
11 FURAT(5Xt 'BLAST ALTITUDE IS ,F5, ' K . , 135100

$ 5X, 'AZIIMUTH OF GROUND ZERO IS ,F5, ' DE(,. ' 135200
$ SX, 'TIME STE-P IS ,F5, ' SEC.',/, 135300
$ 5X, RANGE TO GROUND ZERO IS ,F5 ' K.', 135400
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$ 5X,IRADAR COLATITUDE IS ,F5 ' DE(,.') 135500
12 FORMAT( 1H ) 135600
13 FRMAT(5X,'TEMP QUANT. LIMITS/ ', 'UPPER',9I10) 135700
14 FURiAT(25X,'LUWER',10X,9II0) 135800
15 FURMAT(5X, 'TEMPERATURE CODES/', 17X, 9(19, 1X)) 135900

16 FURIIAT(5XIPATH LOSS DISPLAY LIMIT/',F6.1,' )B', 136000
$ ' ANGULAR RES/',F5.1, ' DEG. ', 136100
$ ' RADAR FREQ/',F7.1,' MHZ') 136200

1363 (JU
136400

PRINT 1,ALAB 136500
PRINT 12 136600
PRINT 2,LABELS,LIMIT,UNITS,AS,RF 13670)
IF(LL.NE.-5) G TO 25 13720U
PRINT 13, (R( l), I=1,9) 137300
PRINT 14, (RC I), 1=1,9) 137400
PRINT 12 137500
11=0 137601)
PRINT 15,(II= 1,9) 13771)0
GO TO 35 137800

25 CONTINUE 13791)0

DO 150 1 = 1,10 138000
150 L(I) = R( I) 138100

PRINT 3(L( I ),I=1, 10) 138200
11=0 138300
PRINT 4, (1,I=II,9) 138400
PRINT 12 138500
PRINT 5 138600

35 CONTINUE 138700
PRINT 12 1388(
PRINT 7AZLAb 138900
PRINT 8 139000
DO 100 J=1,M 13910()

100 PRINT 9,EL(J),ELAB(J), (A(I,J),I=,N),ELA8(J) 139200
PRINT 8 139300
PRINT 7,AZLAB 139400U
PRINT 6,THETAU 139500
PRINT 12 13960)
PRINT 10,TITLE 139700
PRINT 11,BA,AGZTS,RGZ,RC 139800
RETURN 139900
EIND 140000

140100
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SLJURUIJT Ii91E L)GRUP ( !,I\kL1C(1LL,ijU;,1vPF ,I:)GkiP )

CUlIUN /1R /RUt K , RU 1 L Lli, RiJ IULrl

ReAL IIULX ., I NIlE X2, K(AP PA, I IC, IN C2 , C(JLL , N I T2, NlX2, NlXl , C T
REAL \LI ,i\JEiiNMOJO, LIm'I iiU, IN, Ii)E X, 11, 2, i'3, L

C IG RIl UP

C
(;

CALCUJLATES GROUP REFRACTIVE INIEX AiIU THNC ICRtemiNI\iTAL (ROUP
FURIR ULA: NIvUGRP = Vil-J + 1R'I)IMli/D)N4R I
FORMULA FUR MU0 ANU l)MU/l1K COMES RUI' A-H RELATIO(IN ASSJi INGC 1E
MAGETTIC FILI I) AIA SHKARIJFSKY HIGH FREWiOJtICY APPRUXIINATI TI I
FXPRESSIU1US APPLY T) GEII-IAL CSF (iF VIATIVE ASURPTIUI\

X= ( PE /R ) 2
IF(lN'UC(LL.EQ.0.0)GU T(J 100
Z = i'UCU L L/VR
F=WK' 2/ (WNR'*2+\)lCU LL':' 2)
A= ( X:Z ':F ) A:* 2+ ( 1. ()-X: F )P:' 2
IF ( AS( A) .LE. RERK ) A=O.
A= SRT ( A)
DRV V=X*F** -: 2*( 2.0 ( A+i.0) -X' (Z:'2'' 1.0+2. OXF) +

$ 2.0A'F) )/(4. 0*AU*AWR
GlJ T iJ 200

100 I)RVTV=X/ ( WR''iiU
2(00 )RGRP=MU+WR::DRVTrV

RETUR N
E1))
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1 40 200
140 300
1 40400
14(0 5()0
14() 6(o
140 70U
1 40 ()o
14( 9()
141000)
14 11 U)U
1 41 2o(1
141 30U
1 414()0
141 (1(0

1 41 6(J
141 7U
1 41 800
141 9(0(0
1 4200U
142 10)
1 4220U
142 300
1 42 40(
142 50()
142600
142 70(1
1 42 8()
142 90()
1 43000
143100
1 43200
1.43300
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SlJNRuUTINE GUM(XYZCIOC20,C301,RGRP, ISTIRERRORAERRORDISM IS, 143400
$ kANGECULATITHETAXH3,YBZb) 143500

143600
143700

COMJON/ IR/SPL 143800
CUMfON/LR/NONE, I SEi I E 143900
COMivMUN/RU/RERR, ROILLMRO 1OLM 144000

144100
144200

C ERR COAPUTES REFRACTIO ANGLE ERROR SING LAW OF COSINES. 144300
C AERROR IS THE ERROR IN RADAR POINTING ANGLE. 144400
C RKRRUR IS THE ERROR I RAlAR RANGE TO TARGET. 144500
C DISMIS IS THE RADAR mIlSS DISTANCE (SPATIAL SEPARATION IN KM. 14460U
C bETWEEN APPARENT RADAR TARGET POSITION AND ACTUAL TARGET 144700
C POSITION). 144800

144900
145000

PRX=RGRP P C1U 145100
PRY=RGRP.'C2U 145200
PRZ=RGRP: C3U 145300
CALL ACOOR(XYZXBYB3,ZHRANGECOLATITHETA) 145400
RERRUR=RGRP-I)ISTL 145500
DISi#IS=SORT ( ( PRX-Xt) ',''2+( PRY-Yb)*4:2+( PRZ-Zb)''*2) 145600
AERRUR=(DIST1 : *2+RGRP*'2-DISMIS,: 2)/( 2.0*n UIST1* RGRP) 145700
IF(AERRUR.(7E.RU1LLIMi.A19D.AERROR. LE.ROlULN9|)AERROR=1.0 145800
AERROR=ARCOS( AERROR) 145900
RETURN 146000
E N1 146100

146200
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SUbRUUTINE IIT(SHURAY,NM) 146300
1 464(O0
146500

INTEGER SHURAYtBLNKS 146600
146700
146800DATA BLNKS/' 'I/ 146900

DIMErNSION SHDRAY(NM) 147000
147100
147200DO 100 =1,N 147300

DO 100 J=1,M 147400
100 SHDRAY(IJ)=BLNKS 147500

RETURN 147600
END 147700

147800
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SlJKRIUTINI- ITERP(TABZZ,IAB,VAL, LPC) 147900
148000
1481(00

[DIlvltNSIUN TZ( 134), TAB( 134) 1 482(00
148300
148400N= 0 148 500

0O 800 I=1,LPC 148600
IF (Z.EW.TAbIZ( I) )U TU 500 14870)0
GO L10T 60(0 148800

500 VAL=TA6( I ) 148900
RETURJN 149000

600 IF(L.LT.TA13Z( I+1).A\D.Z.GT.TAbZ( I G);f T 700 149100
0G 10'( 8 149200

700 O)ELTA=(TAB( I )-TAB( 1+1)) /(TA8Z( I )-TABZ( I+1)) 149300
VAL=TAH(I)+0ELTA*(L-TABZ(I)) 149400
RElzTURiN 149500

800 C I\IT INUE 149600
RE T R N 149700
F N 149800

149900
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SUKROUT 1'1- ilUOATM ( IT2,1(X2.N()X 1I NE , T Z )

CO I I Kt EiAUS IN OTA CARUS FOR NFOEL IONiSPHERE-ATt)SPHeRE ANU

C CARRIES UU1 INTERPULATION IN ALTITUDE.

REAL IEX1Il\lUIEX2KAPPAliN4C, Ii\C2,Ni\UCULLNIT2,l\UX2,0Xl, NCT

REAL II\ EviN0)),LINITIlU, IN, INI)EX,N1, N2, N3, NE

TAtZ( 134),TAN1( 134), T8N2( 134),TA8N3( 134),
$ TiA8NlE-( 134),TABT( 134)

)ATA 1'abZ/
$ 30.0, 3
$ 38.0, 3
$ 46.0, 4
s 54. 0, 5
. 62. 0, 6
$ 70.0, 7
I 78 . 0, 7
$ 86.0, 8
$ 944.0, 9
$ 1U2.0, IC
* 110.0, 11
$ 118.0O, 11
$ 180. 0, i
S 2 .O. z7
$ 380.0, 4(.
$ 540.0, )5e
$ 700.0, 7z

W\T/x TAbN1/
3.004+017,

$ 1.209+017,
$ 5.U98+U16,
$ 2.242+U16,
* 1.063+016,
$ 5. 105+015,
$ 2.328+015,
s 1.U07+015,
$ 4.083+014,
$ 1.449+014,
$ 4.965+013,
$ 1.626+013,
$ 5.704+012,
$ 2. i74+012,
$ 8.606+Ull,
$ 4.000+Ul,
$ 7.284+U9,
$ 8.34U+U8,
$ 1.480+008,
$ 6.637+U(6,
s 3.8z1+05,
.5 2.386+004,)
5 1.640+U03,

2.573+017,
1.044+ 17,
4.433+U016,
1.963+U16,
9.5UO+015,
4.529+015,
2.()50+015,
8. 800+014,
3.523+014,
1.212+014,
4.103+013,
1.362+(13,
4.804+012,
1.875+u12,
7.46))+011,
i.383+ 011,
4.794+009,
6.138+008,
8.666+U07,
4.169+U06,
2.390+005,
1.517+U04,
1.)59+UU3/

)A-fA TA6N2 /
$ 7.-745+016, 6.636+016,
$ 3.118+016, 2.692+U16,
$ 1.315+016, 1.143+U16,

33.(0,
41.0U,

), 49.0,
57.0,

), 65.0,
73.)0,

), 81.0,
), 89.0,
), 97.0,
), 105.0,
), 113.0,
). 130.0,
, 21(. U0
), 290.0,
), 440.0,
), (,U(. 0,
), 76). 0,

2* 205 +U 17,
9.U23+016,
3.860+016,
1.720+016,
8.3 67+015,
3. 952+()15,
1. 77 1+015,
7 .517+014,
2. 963+(014,
1. 14+0 14 ,
3.*544+013,
1.146+U13,
4. 06)+012,
1.620+012,
6.b13+011,
6.30)2+01(0,
3.*249+0U9,
4. 558+008,
5. 137+U07,
2.577+UU6,
1.499+005,
9. 673+00)3,

5.687+016,
2.327+016,
9.953 +0 15,

34. 0,
42.0,
5 0. 0,
5 8. 0,
66. 0,
74. 0,
8 2. 0,
9(. U ,
98. U,

10J6. (,
114.0,
141). 0,
220 ( . 0,
30) * U,
460. 0,
620. 0,
7 80. 0,

1.894+017,
-7. 808+01 6,
3 . 365+U 16,
1.535+016,
7 .460+015,
3.497+015,
1.554+015,
6.543+014,
2. 478 +0 14,
8.*480+U13,
2.831+013,
9.673+012,
3.453+U12,
1.365+012,
5.7 73+ull,
3.3U8+01(),
2.254+009,
3.41 1+008,
3.075+U07,
1.591+006,
9.428+004,
6.184+003,

4.885+016,
2.013+016,
8.678+015 ,

35. 0,
43. 0,
51. ,
59. 0,
67. 0,
7 5. 0,
8 3. 0,
9 1. O,
99. 0,

107. ,
1 1 5. 0 
150. O,
2p 30. 0,
320U. ,
48). 0,
640. ),
8 U(). () /

36. 0,
44. 0,
51-. T
60. 0,
68. U.
76. O 0
84. 0,
9 2. U0

10). 0,
108. 0,
1 16. 0,
160. 0,
2 40. 0,
340. 0,
500. ,
660. ,

1.629+017,
6.769+0 16,
2. 9 37+))16,
1.344+016,
6. 553+)15,
3.041+015,
1.337+015,
5. 568+014,
2.072+014,
7. )9 5+013,
2.349+013,
8. 178+012,
2. 950+ 12,
1.164+012,
5.057+011,
1.891+010,
1.594+009,
2.569+008,
1.854+007,
9.858+005,
5. 9 47+ 004,
3.963+0u03,

4. 2 )))+016,
1.745+016,
7.573+U15,

37. 0,
45. 0,
53. 0,
61. O,
69. O,
77. 0,
85. (,
9 3. 0,

101. 0,
1)9. (,
11 7. (
170. ),
250.0,
360. 0,
520. O
68 ). 0,

1. 4) 2+0 1 7,
5. 871+1)16,
2. 5 65+0 1 6,
1. 204+016,
5. 829+0 1 5,
2. 684+0 15,
1. 1 72+015,
4. 82 6+ 14.
1. 733+0 14,
5.934+O13,
1.947+013,
6. 817+)12,
2.529+012,
9.983+011,
4.478+011,
1. 147+01)),
1. 1 46+00 9,
1.945+(08,
1.125+007,
6. 128+005,
3. 762+00 4,
2. 546+003,

3. 616+()16,
1. 514+0 16,
6.615+(15,

1 50000
15() 100
1 50200
150 300
1 50400
150 500
1 560 U
1 50 700
1 50800
150900
1 51000
151100
1 51200
151300
1 51400
151501
1 51502
151503
1 51 50 4
151 50 5
1 51 50 6
151 507
1 51508
151509
1 51510
151511
1 5151
151513
1 51514
151515
1 5151 6
151 517
1 51518
151601
1 51602
151 603
1 51604
151605
151606
151607
1 51608
15 609
1 51610
151 61 1
1 51 61 2
151613
1 51614
151615
1 51616
151617
1 5161 8
151 619
1 51620
151 621
1 51 622
151 623
1 5162 4
151 70 1
1 51 702
1 5 1 70 3
1 51704

I)IlEN S I i N

1. 0,
9.0,
7.0,
5.0,
63 .0,
1. 0,
9. ),
87. ()

95.0,

.1.0,
.9. 0,
90.0,
'0. 0,
)0. O,
)U. ,
20. 0,

32 . 0
40.0
48. 
5 6. 0
64 C
7 2 0

88. * 

9 6 C
104. C
112.(.
120. * 

420). 

42 80.)(780.)

96.)0
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$ 5.781+015,
$ 2.853+015,
$ 1.370+015,
$ 6. 46+014,
$ 2.702+U14,
$ 1.096+014,
$ 3.888+013,
$ 1.332+013,
$ 4.296+012,
$ 1.359+012,
$ 4.809+Ull,
$ 1.757+011,
$ 7.500+010,
$ 8.737+008,
$ 7.596+007,
$ 1.066+007,
$ 3.200+005,
$ 1.188+004,
$ 5.004+002,
$ 2.352+001,
DATA TAT /

5. 061+015,
2. 549+u 15,
1. 215+U15,
5.499+014,
2. 3 60+0 14,
9.455+013,
3. 251+013,
1. 101+u13,
3. 553+012,
1. 131+012,
4. 093+U1 1,
1.501+Ull
2. 325+ 010,)
5.4 63 +008 ,
5.3 67+007,
5. 797+006,
1.829+005,
6.954+003,
2.984+u02,
1.427 +00 1/

$ 230.1, 232.1,
$ 246.4, 248.5,
$ 262.8, 264.9,
$ 259.9, 257.2,
$ 238.0, 235.3,
$ 216.6, 213.5,
$ 192.1, 189.1,
$ 185.9, 185.9,
$ 195.9, 198.2,
$ 215.7, 220.0,
$ 251.1, 261.6,
$ 334.0, 344.4,
$ 9UO.0, 1100.0,
$ 1907.0, 1975.0,
$ 2468.0, 2541.0,
$ 2681.0, 2687.0O
$ 2704.0, 2699.0,
DATA TN3 /

$ 0.000+00(,
$ 0.000+000,
$ 0.000+000,
$ 0. 000+000,
$ 0.000+000,
$ O. UOO+000,
$ 0.000+000,
$ 0. 000+000,
$ 0.000+000,
$ 9.500+010,
$ 1.250+011,
$ 4. 100+011,
$ 4.760+011,
$ 2.510+011,
$ 1.347+011,
$ 7.600+010,
$ 5.335+009,
$ 1.403+009,
$ 5.053+008,
$ 6.487+007,
$ 1. 650+007,
$ 3.384+006,

/34.,
25 O.'
2 66.'
254.L
232.1
21(0. 
186. (
185.'
200.1
224. 
271.'
355. 

1310.)(
2043. 
25 66. (
2695. 
2694. (

U.000+UOO,
0. OOO+UOO,
0. 000 +000,
U. 000+000,
0.000+000,
0. 000+UUO,
0. 000+000,
0. 000+000,
0.000+000,
9. 800+010,
1.420+U 11,
4. 5 15+01 1,
4.425 +0 II,
2. 230+011,
1. 235 +0 11,
3. 650+0 10,
4. 099 +009,
1. 168+U09,
3.702+008,
4.913+007,
1.262+007,
2. 613+006,

4.436+015,
2.245+015,
1.06(+(15,
4.752+014,
2.017+U14,
7.950+U13,
2.721+013,
9.188+012,
2.936+012,
9.443+011,
3.492+011,
1.292+011,
9. 729+009,
3.5 27 +008,
3. 829+007,
3.195+0)6,
1.050+005,
4.081+UU3,
1.785+002,

2, 236.2,
5, 252.6,
9, 269.0,
4, 251.6,
5, 230. 0,
5, 207.4,

). 186.0,
9. 185.8,
4. 202.4,
h, 229.0,
9, 282.3,
O. 445.0,
), 1400. 0,
O. 2111.0,
). 2591.0,
O 2703.O
), 269(.0,

0. 0()0+000,
O. OO+OuO,
0.000+000,
0.000+(00,
0.000+000,
0. 0(0+000,
0.0(0+000,
0.000+000,
8. 500+0 10,
1. 015+()11,
1.680+011,
4.800+0 1,
4.050+011,
2.000+011,
1.125+011,
2.154+010,
3.216+009,
9. 783+008,
2.035+008,
3 -729+007,
9.667+006,
2. 021+006.

3.959+0 15,
2. 002+015
9. 380+ 014,
4. 170+014,
1. 7 5 6+0 1 4,
6. 649+013,
2. 275+013,
7. 361+01 2,
2.423+012,
7. 932 +()11,
2.9 3+ 0 1 1,
1. 119+0)11,
4. 746+009,
2. 336+0(8,
2. 755+0u7,
1. 7 79 +00 6,
6. ()58+04,
2. 404+003,
1.)71+00)2,

2 38. 3,
254. 6,
27 1. 0,
248.8,
227. 3,
204. 4,
186.4,
185. 8,
2)4. 4,
233.4,
292.7,
54). 0,

15 20. 0,
217 8. ()
2615. 0,
2703. 0,
2 685. 0,

3. 605+0 1 ,
1. 7558+ t)5,
8. 160+014,
3. 588+014,
1. 49 4+0 14,
5. 559+013,
1.906+013,
6. 146+012,
1. 99 4+ 1 ,
6. 693+0u1 1,
2.443+011,
9. 7 44+010,
2. 42+0o9,
1. 581+0U08,
1. 99 6+0( 7,
9.991+(0)6,
3. 507+U)4,
1. 42()+0o3,
6. 442+00 1,

24). 3,
256.7,
2 68. 2,
246. 1,
224. 6,
201. 3,
186. 0,
188. 4,
206. 3,
237.9,
31)2. 9,

630. 0,
1630. 1,
2151. O,
2040. ),
271)3. 0,
2681). 0/

0. (00+(00,
0. ()00+000,
0. 000+00(,
0. 0(()+OOU,
0. 00+000,
(. (0()+000,
0. 000+000,
0. 00()+ 000,
8. 700+0 10,
1. 055 + )11,
2.060+011,
4. 935+0I1,
3 .610+011,
1. 8 12+011,
1. 020+0 11,
1.41 1+010,
2.565+009,
8.242+008,
1.522+008,
2.836+007,
7. 418 +006,
1.565+006,

242. 3,
258. 7,
265. 5,
243. 3,
221. 9,
195 . 2,
1.86. ),
190.9,
2()8. 1,
24Ž. 3,
313. 1,
72O. (0,

17 30. 0,
222 4. ),
2665. 0,
2704. 0,

(). 00(+O(U,
0. 000+000,
0.000+00
0. 000+00u,
0. 000+00u,
0. ()0O)+0)U,
0. 000+0OU,
0. 00(+000,
8. 930+)) 10,
1. 15+011,
2. 660+)11,
5. 00()+0 11,
3. 21o+0 11,
1.642+011,
9.250+010,
9.817+009,
2.075+01)9,
6.975+01)8,
1. 142+008,
2. 161+007,
5. 701+(00,
1. 214+0U6,

3.22 9+0 15,
1.5 64+(0 1 5,
7. 20()8()14,
3. 145+)].4,
1.295+1()14,
4.648+01'3,
1. 98P+ 013,
5.1 90+ 1,
1.644+01 2,
5. 665+( 1 1,
2. 066+(11,
8.501+010,
1. 454+009,
1.088+008,
1. 455+007,
5. 50+ 00 5,
2. 038+004,
8.41 7+002,
3.887+001,

244. 4,
26(). 8,
262. 7,
24(.6,
219.3,
195. 2,
185.9,
193. 5,
212.2,
246. 8,
323. 6,
81.(. (

1839.0,
2 39 5. 0,
2673.0,
2704.0,

0.(((+000,
0. ()()()+0((,
0. 000+(((,
0. 000+000',
0. 000+000,
0. 0)0+0)))),
0. 000+000,
0. )00+(00,
9. 210+)1]),
1.165+011,
3. 410+0 11,
4.945+011,
2.835+011,
1.487+011,
8.400+010,
7. 122+0(9,
1.698+009,
5.927+008,
8.588+007,
2. 161+007,
4.389+006,
9.429+00S,

89

1 51 7) 5
1 51 7o6
151 Y 7
1 517)8
1 1 70 9
1 51710
1 5 1 71 1
1 5. 71 2
151 713
1 51714
151715
1517 1 6
1 51 71 7
1 5171 8
151 719
1. 51 72)
151721
1 51722
151 723
1 51 7 4
15 1 01
1 51 80 2
16181)3
1 51 8()4
15181)5
1 516 86
151807
1 51808
151809
1 51 8 1(
151811
1 51812
15181 3
1 51814
151815
1 51 81 6
151817
1 51 8 18
1519) 1
1 51 9()2
151903
1 51904
15 191)5
1 51 90 6
151907
1 51908
151909
1 51910
151911
1 51912
151 913
1 51914
151915
1 51916
151917
1 5191 8
151919
1 51 921)
151921
1 51922
151923
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$. (..34+ 006),

3; 0. 000+000,
3; U. 8190+ U00,
S (9. UU+ (O(,
s; 5.0o(+O()1,
$ 1. '.,) + o)2,
'i 5.9U0+001,
s 7.t()i0+00,2
; 1. U00+003,
6 1.940+UO)3,

5 5.480+003,
$ 2. b30+u4,

4* 10t0+004,
$ 7.60U+004,
$ 1.00U+005,
$ 9. 3u0+004,
3; Ž.3(0+0UU5
'b 4. (0+005,
3. i. (0(+0(0

'b 1. 270+005
$ 6. 300+0U4

3.800+004,
$ 2. 600+004,

5.-713+uo5/
/

U. ()J(+(.)o)(,

U. ()()O+UO)()
0.000+000,U. (.00(+o00,
6. 00t0+00 1,
9. 75o+001,
1. s5 +ut0.,
b. 0U0+80Ž,
1. 15+uu3,
2. 40+003,
8. ].40+uu3,
2.880+(U4,
5. 180+uo4,
7.900+u04,
9.8')0+004,
1. 00+ oo '
3. 000+O05 
4. 6)0+u5,
. .840+005,

1. 140+U0),
5.700+004,
3. 600+UU4,
2.400+004f/

(). ((1(1 + 01 0,
O. o(1((1+00O01
0. ( 0(8+(1O9 ,
) 000+ 1.10,

7. O((1+ 1,
7. ()00+( 1,
, * (1 ( 1+ (111)Ž
8. o(1 + 00Ž,
1. Ž5(1+0()3,
3 ()()+ (103
1. 080+004,
3. l4o+004,
. 65U+004,

8. 2((+U(94T
9.7(0+OU4,
1. 00+015,
3 .4(0(+UO5,
4.3i;)+1(1)j,
2.491+10 6,
1.(11(+U(5,
5.10(0+U04,
3.4 41(11+1104,

(. O(8 +(((0,

(. (O00+ (UU0,
(. ()00+00 .,
0). ( ()0 + I,

1. 2,)+((i3.

3. 1))(Of
1. 5u(9+004,
3. 240+0(94,

1. 6Ž0+UO4,

3. 6 80+00 4,
1. 600+004,
3. 54((+005,

4.000+004),
4. (4(0+005
2. 40((+uu,
8. R (00+00,
4F. (140+ 0U4,

3. U1.)+U f,

(). (( ( ,
0. 0((+ o0 ,
0. (((1(9+ U01(

0. ((0+0(0U,
1. 50!O+ 0 0 ,
4. (01)+0u 1,
4. j()()+ 8o0,
9. 600o+ 00Ž,z 

1 * ( ( + 1 3 ,
4. 600+003,
1. 9 0+ o 4,
3.9 30+004,
6. ')(0+ 00,
9. 1(10+00 4,
9. 400+ 004,
1. 6()()F()5,
4. 500+ 00,
3. 76(0+05,
1. 7 6((+ UO5,

7. 5()0+0t)4,
4. 5()+ 04,
3. (00+104,

(). O O( +OCH)),

O. (( (+(100,

1. (378{+(10Ž.)

6 * (10+00Ž,
9). 7(1(+1(((Ž,

1. . 078+(O,
9. 0740+ 003t,
1. * 7()+00()4,
4. 3Ž)O+004,
7. 0 10) ( 4,
9. 550+004,
9 . 350+00 4,
1. 800+1(006,

4. Y(( 0-F (() 5,
3. 48 + 00,)
1. 400+0( 5,
6. 9(1(1+1(114,
4. 1)1(1+1(1 4,
2. 9(0+001(4,

CQLL IIT8RP(1AbZ , Z,T A i8!, NF, 13'3)
C/LL ITERI' ( rFAZ, , hT, T, 133 )

100 CAL L I NERP ( T-AAZ,Z,TIbI\(1, NIi2, 133 )
CA LL Il\'8R8P ( 6A3Z, ZT 6Ab\(2,\N()X), 133 )
CALL INT(- RP ( A6Z , ZTA6N3, 1)Xl 133)
RET U RN

(1 1)

90

. 51924
1 52k00 1
I 62O() 2
1 13 ? O U i
1. 521(04

1 (1.( 6
].D2 O 7

1 5(08
1 5 ' ) )9I. 5Ž01
1 50 14

1 5Ž0 10

1 52 14

1 t) 2-( 1 1 60()1 6

1 520 1 8
1 5 20 1 9

1 '.() (I

1520Ž2
1 20Ž4 3
1 6)204
1 5 2.,- u0
1 52300
1 52 40
1 t)2 5Ž00
1 52 hU(
1 56 700
1 5 8 0U
1 52 900
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SUhiOUT Il'\IE PUS IT ( A, Jl)NKR, bLi\'KS, A2ER(), HliN , I 1(, \i!P iX I\I , 1) 1D3000
1 53100u
1 3 (U15 3200

DIPLN)SIUN A(NNo ),JUNKR(I\Ivl) 1 533()
153400
1 53500

INTEGRE A,LiLI\tKS 1536(
REAL INC 153700

153800
1 5390(

1 FRiAT (54H THE FOLLOWING ISPLAY IS bLhAiK DUE TO A ERROR IN THE, 154000
.S 51H PR(JGRAl, THET-A iN. IS CUI'IPLETELY FF THE )ISPLAY.,/, 1.54100

'591i CHECK THE STATEiTEwTS STARTIN'G JUST bEFORE STATEFMIEINT NO. 60) 154200
1 54300
154400

01) 2U I=1I\ 1 54500
01j 100 J=1,lv1 154600
JUNi\KR (I, J ) =bLNKS 1 54 700

100 CoNT INUE 15480()
200 C\!rII\j E 1 54900

I C= 1 1 5500
N2=!\1/2 1 55100
SIINC=AZER(J-( IC,"i\!2) 15521)0

3(00 IF( SICCE T HvlN ANo.S I C+ I NCUTTI-Gi ) GU T 5()) 1 553(10
SIiNC=SIiNC+ INC 155400
IC=IC+1 15551)0
IF ( IC. GT.\N ) GU T) 400 15560(0
GU To 3U 155700

4()U PRINT 1 155800
RETURN 15590))

500 CUNTINUE 156()(O
N Pj' =1' PlvX 1561(10
M1b 'i 156200

I=1 1563)
600 JUI\ KR( IC IHb)A( I NhPI ) 156400

M B=m 1H-1 1565)1)
NPN,= Pil -1 15660)
IF( Iim. LE. 0.UK.NP"I. LE. U) GJ T 700 15671)0
Go -r 6U0 156800

7()0 CUI\1T INUE 1569()0
MN= 1570111
N p il = N Pjv X 1 571)0

IC=IC+1 15720)
I=I+1 157300
IF ( IC.GT.N.UR. I .;T.I1\ ) GJ TO 80 15741)0
Gl) T 600 15751)

8()U CIJIITINUE 157600
RETURN 157700
END 157800

1579))

I
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SUBROUT I818 PRELDA 19EXT, LAST, WR1RIVIAXHGT1 ) 158(00
C INPUT IS TAPE FROM LATE CHEmISTRY 158100
C 158200

COMMON/SCRACH/SKIP(26,51,2) 15h300
C DIMENSIONS ARE GIVEN IN TAPF READ SEGMvENTS 158400

DIMENSION CNST(26),ClOR(3), CURDU( 267), C(RURU 26, 8), 15850()
1 ZCUNST (7),' ZC(51),ZH(51), 158600
2 PLASMA (26,51,2), PLASMib(26,51,2)t PLASiC(26,51), 158700
3 BFIELD(26,51,2), FIELA(26,51), 158800
4 CHECUA (26,51,2), CHECOB (26,51,Z), CHECOC(26,sl, 2), 158900
5 CHECUD (26,51), TE(26,51), RHU(26,51), CHLCUE(26,51), 159000
6 WPN(11), AMBNT(90,5), SPFC(100,3) 15910

C 159200
C TE IN EV AND DENE 111 [\IUI�LbER DENSITY IN CHEC;)I 159300
C IS USED FOR T AND RHO. 159400
C DIMENSION FOR DATA TO E EQUIVALENCED TO BE USED Y AME 1595 0()

DIMENSION R( 26), P)R(26) 159600
C EQUIVALENCE FUR DATA TO BE USED Y NAME 159700

EQUIVALENCE ( CUNST(5)l9TIME), (CUNST(14),RB), 159800
1 (CUORD (2) ,NR ) ( ( CO)R)AC 1 1), R (1)), ( C('RIA) 1 7), P). (1)), 1599(
2 (ZCUNST(3),PUZ), (ZCONST(6),NZI),(WPI(4),HGT) 160000

C EQUIVALENCE FUR DATA TO E SKIPPED 160100
C 160200

EQUIVALENCE (SKIP(1 1,1), CORD8(1, 1),ZH( 1), 160300
1 PLASMA( 1,1,1), PLASML( 1, 1 ) PLASi C( 1, 1 ) , 160400
2 LFIELD(1,1,1), FIELA( 1,1), CHECOA( 1,1,1), 16050()
3 CHECUB( 1,1,1), CHECOC( 1,1,1), CHECUO( 1,1), 160600
4 CHECUE( 1,i), ANHNT ( 1,1), SPE(( 11) ) 160700

DATA NREAU/O/, NCON/l/ 160800
IF(ICUN.EQ.0) GTO 1 160900

C CUNVERSION FACTOR FOR RHO= 4;PI E'*2/ME 161000
CO1V=12.56637 4.8024E-1() '2/9. 1066E-28 161100

CONV = SQRT(CUNV) 16120U
C CONVERT PLASI'lA FREQUEiNCY FROM kADS/SFC 1 iiEGA-RAOS/StHC. 161300

CUNV = CONV * 1.E-6 161400
NCON=O 161500

1 IF(NREAD.i\NE.-100u) GUTU 2 161600
PRINT 100 161700

100 FORMAT( EUF NOTICE IGNORED') 1618)0
STOP 161900

C 162000
2 NREAU=NEXT-LAST-1 162100

IF(NREAD.LE.U) GTO 4 16220(
C SKIP NREAD RECORDS 1623U

I)U 3 K=1,isREAD 162400
READ(9,ENU=10) 16250()0

3 CONTINUE 162600
C 1 62 700

4 REAU(9,END=10) CUNST, COORO, CUURUA, CUORB, i9)X, 162800
1 ZCUNSTt ZCt ZH, PLASMA, PLASmb, PLASMC, 162900
2 HA, bFIELO, bIELA, 163000
3 CHECOA, CHECOb, CHE-CtC, CHECO, TE, RHO, CHLCUE, 1 63100
4 WPN 163200

C 1633o
RMAX=Rl 163400
HGT 1=HGT 1635()
WR =WR1 163600
D 5 K=1,NZ1 163700
DU 5 J=1NR1 1638(U

5 RHO(JK)= C9VSQRT(RH((JK)) 1 b'39(0
RETURN 1640U0
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CR2 = .R :'T VI)4R PRL US *R ()1\E
CR3 = . :I:RT w.)RR PLUS SI1)XR
CK4 =-. 1666667 -:-UX R*R I N E ' PL OS
IN'IERPULATE li9 R
WP = R1 'ZWPRE(1) +CR24z:ZWjR(;2)
TEP = CR1 *ZTLP(1) +CR2'ZTEP(2)
CHECK FUR VER OL-S IT1Y
IF(WPE.L-.WR) G TU 30

PRIi'T 2UU, WPE
PRIN-F 2U1, TP

2() F~iAT( WPE = '-12.3)
2U1 FURivAT( I TEP = ,E12.3

WjpE =-1.
RE- UR\1

+Ck3L )PrE( 3) +CR4: ZwP ( 4)
+CR31Z EP( 3) +CR44ZTFP 4)

CHECK FR RlUi IiG ERRoIRS
30 IF(WPE.LT. 1.L-5) RETUR19

CUNR)TE UERIVATE IN Z
)CZ 1 =-. 1666667' ( P)Z': 7)1\t:ZTW)(- I)XZ ZTWI) +ZI)OE
()CZ2 =-.5 4P[)Z: ( ZTWO)JZPLL)S+ZlNinE4 (ZPLUS- 7T.iU) )
L)CZ3 =-.5 :RP9z' (ZP LIUS*0XZ- ZTwtJ:-( XZ +Z PLUS
urZ4 =-. 6666674R uZ-: ( - Zt.):-* XZ+Z P. 1)S: ( ZONE - OXZ
UU 35 1=1.4
JB = JA+1J-2
IF(JIS.EQ.O) J=2

RZWPE( I) = DCZl 4RH)9.)(JlKA-1) +)CZ2:RH(Jb,KA)
+I)CZ3'-KH( ( J13, KA+ 1) +0CZ4'RHJ ( J, KA+2)

35 CUO1'INUE

OIPEZ = CR14l)ZPE( 1) +CR2*ZDWR ( ) +CK3*)ZWP ( 3) +CR4::1)1Pt( 4)

C()NPUTE ULRIVo\TAE I; R
l)CK1 =-. 1666674E)9R(1):) RO)E :lKli) -I)XR : (K'Ii) +RONF
L)CR2 =-.5 :R'II<( 1)4 R) ;RPLOS +R))I\1E4'( RPLlUS-RT) ))
DCk3 =-.5 :'PR)R()4 (RPLJS-UXR - K NO4l )( UXR +RPLIIS))
DCR4 =-.1666674R:PI)K( 1) '(RO)NF '.)XR +RPLUS4 '(kUNt -XR) )

DWPER = UCRl'ZWPE (1) +CR2,ZlPE ( z' ) +UC.K34'Z'tE 3) +9CR44 ['(EEL 4)

IF(RXY.LU.U) 1TU 40
DWPEX = OWEPER-'cx/kXY
U',PY = UWPE-R4:Y/RXY
(,) T 45
UVEPE-X = ().
[)AwEY = (.
OWPr = SORT (U)WPEX:-:2 +wPFYE'(:42 +)1R Z s"2
IF(OlNhREQ.t 0 ) G)11) 5)
C)9SX = W PE X/W P
CUSY = UEY/01-PL
CL9SZ = NPZ-Z/uwPL
RETURi'N

CIJSx =).
COSY =0.
C'SZ 1.
R 1 R

E 1)

C

C

C
C

C
C

c

C
c

C
C

1 2 0U
1 70 3(0
1 70 4U
1 70 50U
1 70 6U0
1 '77UU
17 U 8U U
1 7U900
17 1((U
1 71 lOU
1712 U
1 71 30)
1714(0
1 71 5uu
1716o0
1 71 7(U
171800
1 719()
17 2 ()00
1 72 100
172 201)
1 72 3((
1 72400
1 72 500
1 72 6)U
]. 7270 ()U
172800
1 7 9))
17 3000
1 731(00
1 73z200
1 733)0
17 3 4() 0
1 73 5((
173600
1 73 70(9
173800))
1 739U0
1 140)00
1 74 1 0)
174200
1 74 300
17440)
1 745)0)
1 74 600
1 74 7))
1 7 800
1 74 90))9
1 7 5)0)
1 751 0)
17 5 2)0
1 75301)
].754o)()
1 75)0
175600
1 75700
175800
1 7 90 o
1 7600))

40

45

C
50(

93
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C 
1 64100

1 0 NRE AU - 1000 
164200

NEXT= -1 164300

PRINT 101 164400

1)1 ~FOMAT I END OF FIC REACHE') 164500

RERTORN 
164600

C 1 164700

C * 
164800

ENTRY PRLLP(X,Y,Z, CSX, CSYCSZ P, DW PE, TLP) 164900

C THIS PRECLP IS WITTEN FR EUAL SPACING I R AND Z 165000

C 
165100

DIIIENSIU LWP(4),ZTEP(4), OZWPE(4) 165200

TEPf 0. 165300
PLE=O. 

165400

DW P =U. 165500

C CHECK IF IN RANGE 
165600

Z = Z-HGT 
165700

IF(Z1.LT.ZC().OR.Zl.'.ZC(NZ1)) RETUR\; 165800

RXY=SRT (X :: 2+Y:: :12) 
165900

IF(RXY.GT.R(1) ) RETURN 166000

C 
166100

ZI=Z-LC( 1) 166200
ZA=Z1 P0Z 166300

C GET INDEX AN[) KEEP IIN RANGE N-1,INN+, I+2 166400

KA=ZA 
1 6650(0

KA= KA+ 1 
166600

KA=IMAX0 (2, KA) 166700

KA=NINO( NZ1-2, KA) 166800

C 
166900

RA=RXYPUR( 1) 167000

JA=RA 167100

J/Ik JA+ 1 
16720(0

JA=irlIINO(NRl-2,JA) 
167300

C 
16740U

C COmPUTE COEFFICIENT FR Z 16750U

UXZ=ZA- ( KA-1) 167600

ZONE=1.-XZ 
167700

ZTO=2.-L)XZ 167800

ZPLlS= 1. +I)XZ 167900

CZi = -. 1666667 DXZ ZfN-L-':-ZT40I 168000
CZ2 = .5 :'ZT W.)*ZPLCS*ZOEf 168100

CZ3 .5 :L ZW) ZPL)JSXZ 168200

CZ4 =- . 1666667 DXZ Z(1NF1 ZPLJS 168300

C INTERPULgTE IN Z 168400

00 2( 1=1,4 168500

Jb= JA+I-2 16860(0

C TEST FOR R - RIGIN 
168700

IF(Ji.EU.0) J=2 1688(0
Z!PE (I) =CZ1:-RhL)( JHKA-1)+CZ2-RH)(Jb, KA)+CZ3-RHUO( J, KA+1) 1689(0

+CZ4*:RHLJ(JHKA+2) 169000

Z P ( I ) =CZ 1T (J. KA- 1 ) +CZ2 TE( J, KA) +CZ 3* TE( J KA+ ) 169100

* +CZ4 IL(JB,KA+2) 169200
2( coNT I NuE 

169300

C 
169400

C COFFICILlTS FR R 169500

)XK=RNA- ( JA-1) 169600
RUNE= .-DXR 169700

RTWl)= 2.-I)XR 169800
RPLS= 1. +XR 169900

1700U

CR1 =-. 1666667 *ODXR 'RI0NE *.'RTNU4 
170100
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SUBRUUTINE REFRAC( WPENUCOLLWRKAPPA I O EX?,RKK)

C CALCULATES REAL AD IMAGINARY PARTS F REFRACTIVE INDEX t8SE[) PII\l
C COLLISIUN FREQUENCY, SHKARUFSKY FORM OF AVERAGE, AN) UPON 7ER()
C MAGNETIC FIELD.
C SHKAROFSKY G AND H FACTORS MITTED, HIGH FREQUENCY APPROX.
C WPE IS ELECTRUN PLASMA FREODENCY IN MEGA-RADIANS PR SECOND.
C INDEX2 IS REAL PART OF REFRACTIVE INDEX.
C KAPPA IS IMAGINARY PART OF INDEX OF REFRACTION.
C NUCULL IS COLLISIOIN FREQUENCY IN MEGA-RADIAN\rS PER SECUN[).
C WR IS RADAR FREQUENCY IN MEGA-RADIANS PER SECOND.

CUMiviON/LR/NOiE, ISEMIE
COMMl1UN/NR/ROERR, ROlLLM, RUlJLM

REAL NEI,19UEIvIIMIUULIMITMU,IN,INDEX,N1,N2,93,NE
REAL INLEX1,IiDEX2,KAPPA,INC,INC2.NUCULL, NIT2, NIJX2, I\10lXl,NCT

RATIO = WPE / WR
X=RAT IO**2
IF(X.LT.ROERR)X=O

C IF WPE RETURNED Y PRELP IS -1, MEDI4 IS UVERIENSE.
IF(WPE - O.)20,10.10

C IF PLASMA FREQ. IS GREATER THAN RADAR FREO., EOIUiMi IS UVERDENSF.
10 IF(RATIO - 1.) 30,20,20
20 CONTINUE

PRINT 21
21 FORMAT( UVERDENSE MEDIUM ENCOUNTERED

RETURN
30 IF(NUCOLL - .) 40,70,50
40 CONTINUE

PRINT 41
41 FORMAT( I COLLISION FREQUENCY IS NEGATIVE-CHECK'SbRUUTINES COLL

CF AND MUDATM
RETURN

50 CONTINUE
IF(X.EQ.O) G TO 80

60 C = 299793.0
Z=NUCOLL/WR
ALPHA= 1. O+Z;"* 2
RESULT=(ALPHA-X)**2+(X*Z)':2
STEP 1=SQRT( RESULT)
RESULT=(STEP1+ALPHA-X)/(2.':ALPHA)
IF (RESULT ) 61, 62, 63

61 PRINT 65,RESULT
65 FORMAT(' ----- RESULT IN REFRAC =',E13.3,' CHECK FR A ALFUNCTI

$ON ----- I)
RESULT = 

62 RKK=25
INDEX2=0
KAPPA=O.
RETURN

63 INDEX2=SQRT(RESULT)

1 76100
1 76200
1 76300
1 7 6 4t00
1 76500
176600
1 76700
176800
1 76 900
177000
1 77100
17720 0
1 77300
177400
1 77500
1 7 7600 U
1 77700
1-77 8(00
1 77900
178000
1 781OU
178200
1 78300
178400
1 78 500
17 8 600
178 70
17 8 8 0
1 78 900
179000
1 79100
179200
179300
179400
1 79500
179600
1 7970()
1 7 98 00
1 799(
18000()
1 80 100
180 200
180300
180400
1 80 500
180 600
1 80 700
180800
1 80 900
18 10(0
181100
18 1 200
181300
181400
1 81 500
181600
181700
181800
1 81 900
18 2000
1 82 1 00
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63 lN1.)LX2=US()RT (ESULf) 18Ž200
CHI=X*Z/( 2.':'ALPHA' Ilull)lX2) 1823(00
KAPPA=10)i:::6l'blKR*CHI/C 182 400
RETURIN 182500

70 KAPPA = 0.0 182600
INOJ0EX2 = SORT(1.() - X) 182 700
RETURN 182800

80 KAPPA = 0.0 182900
IAOL-X2 = 1.0 183000
RET U RN 1 83100
F) 183200

183300
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SUHWOUTINE RFRAC2( INDEX2)

C" "'''CALCULATES RRACTIVE INDEX IN TROPOSPHERE FOR ALTITUDES BELOnw
C 30R1I. AN EXPONENTIAL HEIGHT DEPENDENCE IS SED - SCALE FACTOR

C IS GAMIAA IN UNITS OF 1/KM.

CONN1l'IUN RA

REAL NS ,INDEX2

DATA GAIMIMA/U. 143859/

IF(RA.GE.30.) GO TO 5
GO TO 3

5 CONTINUE
INUEX2 = 1.0
RETURN

3 CONT I NU E
NS = 313.
INDEX2 = 1. + ( NS'l.E-6),BEXP(-GAMMA*RA)
IF(INUEX2.LT.O) GU TO 10
GO TO 20

10 PRINT 15. INUEX2
15 FORmAT( ' INUtX2 IS ', E15.3. ' CHECK FOR MALFUNCTION ,/)
20 RETURN

END

97

183400
1 83 500
183600
1 83700
183800
1 83900
184000
1 84100
184200
1 84300
184400
1 84 500
184600
1 84700
184800
1 84900
185000
185100
185200
1 85300
185400
185500
185600
1 85700
185800
1 85900
18 6000
186100
186200
186300
186400
1 86500

f
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SUBROUTINE SHURAY(VARLIMITARRAYtItNTiNP)

INTEGER ARRAY,BLNKS
REAL LIMIT

DIMENSION ARRAY(61,41),NU§II(10)

DATA NUM/1O'1, l 121, '3', 14', 151, '61, 171, 181, 191/
DATA BLNKS/' 'I/

C SHDRAY CONSTRUCTS A 2-D ARRAY WHOSE ELEMENTS ARE INTEGEKS,I,
C ARRAY(MN)=I-1 IF VAR(MN) EXCEEDS LIMIT AT RANGE (I)

IF(I.GT. 10) GO TO 150
IF(ABS(VAR).GT.LIM IT.AN[D.ARRAY(NT,NP).EQ.0BLNKS
GO TO 200

100 ARRAY(NT,NP)=NUM(I)
GO TO 200

150 ARRAY(NTNP)=BLNKS
200 RETURN

END

) GO T( 100

186600
1 86700
186800
1 86900
18 7000
187100
187200
1 8 7300
18 -7400
1 87500
187600
1 87700
187800
1 87900
18 0000
1 88100
18 2 00
188300
188400
1 8 5()0
188600
1 88700
188800
1 88 900
18 9000
1 89100
109200

m
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SUliRUUT INE SUI'iARY ( LL)

0IfME8NSI(JN IRKK( 16)
DIMENSION LSSP( 16), IGRND( 16), IRAYI( 16), EDUD0 16 ), IlPD( 16 ),

$ MANYl(16),ILLRK(16)

C0I(M0N/S/SR/EL(200),AZ(A200),R(200),RKK(200),AbS(200),PL(200),
$ AER(200),RER(200),MSI)( 200),TMP( 200),ADEV( 200)

DATA LOSSP/
$ 'X ',
$ ' ,
$ IAI ,
$ ''l ,
$ is',
$ ' I ' ,
$ 'P', 'A', 'T'
$ 1/1, ,'L',

I~ 'P IKI)/ I '$ '( ', 'I, 1l l,

$ 1 1, 'R', Ij ~I,

$ 'E', 'F', 'L',
$ 'E', 'C', '1 '.

DATA IRAYD/

$ lGI,1X 1, 3 ,

$ 'E', IS1, C8
$ 'DI,' ,

$ EI' , 'E',I 1,$ ' E ' ,I 'L)I0 I \ I, I I /

DATA IYD/

$ l(J j- I ~ I E IX I 

$ I I, I I, 101,
$ 'E', , 'S',
$ I I, I l , 1 1 

DATA MAEYOD/
$ I II,'l 0, 'l ,

$ IR I l II~v l~ A ,

$ ' N ' I,' Y S ,DAT A IMPDC/
T7 I , IV , I, pAI

$T7 '1 I, I I, IU ',

$ 1 lCIlull
$ l s l§.i IIIl 

DAT A MANYH/
$ 'T','O', U',
$ 1 OMlll I 'Al,

$ IN',IYl, 1,
$ b', 'E ', I i\ I 

$ IDIISI, I 11I I
DATA I LLRK/

$ 'I I '.'LI', ' L '
$ 'E', 'G'. '9'
$ I L', ' 1, 'R ',
$ IKI, IKI,l I ,
$ l tl .l

1 F IvmAT ( 30X ' S U 0 ivI A R Y I I / )

1 89300
18 9400
1 89500
189600
1 89700
18 98 00
1 89900
190000
190 1(0
190 200
1 90300
190400
1 90 500
190600
1 9070(0
1908(00
1 909(0
19 100(
191100
191 200
1 91300
191400
1 91500
191600
1 91700
1918(0
1 91900
1920()0
1 92100
192200
192300
192400
1 92 500
19 2 600
1 92 700
192800
1 929()()
193000
1 93 10(
193200
1 933(O
193400
1 93 5(
193 600
1 93700
1938(00
1 9390(
194000
1 94100
194200
1 94300
194400
1 945(10
194600
1 94700
194800
1 94900
19 50 (0
1 95 100
195200
1 9530()
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2 FURIvIAT(1X, ' REASON FUR TERM. ', 195400
$ 'ELEVATION', 195500
$ 2X,'AZIMUTH', 195600
$ 6X, 'RANGE1, 195700
$ 2XIA8SORPTION', 195800
$ 2X, IPATH LOSS', 195900
$ 2X,'ANGLE ERROR', 196000
$ IX, 'RANGE ERROR', 196100
$ 2X, 'MISS DISTANCE', 196200
$ 2X, 'TEMPERATURE', 196300
$ 1Xt8H RAY DEV) 196400

3 FURIvIAT(2X, 16A1, 196500
$ F10.3, 196600
$ F9.3, 196700
$ F11.4, 196800
$ F12.3, 196900
$ F11.3, 197000
$ F13.5, 197100
$ F12.4, 197200
$ F15.4, 197300
$ F13.4, 197400
$ F9.2) 197500

4 FURRIAT(lHl) 197600
5 FURiMIAT( 21X, I (EG. ) ', 197700

$ 3X, ' (DEG. ) ', 197800
$ 6X, I( Kil. ) 1, 197900
$ 5X, '(D)', 198000
$ 8X,'(DB)', 198100
$ 6X,'(RADS)', 198200
$ 7X, ' ( Klv. ) , 198300
$ 9X,I(KM.)', 198400
$ 8X,'(DEG. K)', 198500
$ 2X' (UEG. ) ' ) 198600

198700
198800

PRIiJT 4 198900
PR I 'NT1 199000
PRINT2 199100
PRIi'jT 5 199200
DU 80 I=1,LL 199300
IF(RKK(I).NE. l.O)GU T 10 199400
DlJ 51 J=1, 16 199500

51 IRKK(J)=LOSSP( J) 199600
GU T 70 199700

10 IF(RKK(I).NE.5.0)G T 20 199800
nu 15 J=1,16 199900

15 IRKK(J)=IGRN)( J) 200000
DO 1- 7 200100

20 IF(RKK(I).NE. 10.0) GO TO 30 200200
DO 25 J=1 16 200300

25 IRKK(J)=IRAYU( J) 200400
GU T 70 200500

30 IF(KKK(I).NE.25.0) GU T 40 200600
Du 35 J=1,16 200700

35 IR KK( J ) =IE0UO( J) 200800
GU 1-( 70 200900

40 IF(RKK(I).NrE.100.0) GU TO 50 201000
DU 45 J=1,16 201100

45 IRKK(J)=IMPDC(J) 201200
GU TO 70 201300

50 IF(RKK(I).)iNE.200.0)GO TO 60 201400

100
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DO 55 J=1,16 2U1500
55 IRKK(J)=MANYb(J) 201600

GU 1 70 201700

60 DU 65 J=l,16 20 1800
65 IRKK(J)=ILLRK(J) 201900
70 CONTINUE 202000

PRINT 3IRKKEL(I),AZ(I),R(I),ABS(I),PL(I),AER( I)RERI),ISD(I), 202100
$ TMP(I),AUEV(I) 202200

80 CONTINUE 202300
PRINT 4 202400
RETURN 202500
END 2U2600

202700
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SUbROUOT INE EST( X,Y, Z,PL, L3,Ii ) X,RKK<,EL, IL, I)ABS, I 1c-X2, 202800
'5 XPLo,YPLJZPLU, RAPlIAXtT I, INULC(LL ,I/Ri/ JP , KAPPA,RGRP, URGRP, 2U290)
$ iEl!iP, ALSUb, ITER, /AjSI) iN,9N2 \!3,0WPC1, ,2, C3 KKR, KKK, IR, )IST, 20300()

$ ARGIN, ITR(P) 2031 0(
203200
2U330(0

DIML-NSIUN NUvI( 10) 2U3400
203500U
203600

CUNri0N/ER/NCRIT ( 61,41) 203700
Cui0iiVIU\/HR/C-,NPHI , (THETA 203800
C(.iON/R l ROLR/RL)E R, ROI LLi,RlI II 203900
Cul0NIiN/UR/LviU, LABS,tiEL1,l)EL2, ITERl,ITERZ 204000
CUMPi UN/PR/HGT 204100
CUUON A 2042O

204300
20 44)0

REAL LI1,U,LAoS 2045((0
REAL NUE ,'OEiiIiO, LlMIT,2v, IN, INIILX, NIN2, 3,,th 2046()0
REAL IN01:X1, 20EX2,KAPPA, Ii\C, I '(2, oLIILL, NI T2, 80X2, Ii)X1, NT 204700

?048(0
204900

C' | '' I'T IETE) CHECKS FRACTIn(NAL CHANGE IN REFRACTIVE INI)EX AGAINST LIJ 205000
C AND) INCREMENTAL A)RPTION AAIN'ST LAbS AT EACH STEP UF A RAY PATH 20510(
C SEGmENT .. )TESTa) ALSO E.)FTER1,11NES HE THER T-E MEDI(1M IS UVERDRFNSE 205200
C AN HETHER THE RAY TIP IS LCATEDI IN THE CRI TICAL RI-LECTINI RFG I 2()53()0(
C' ''''RAY TERIIMATION CUE 2540(1
C RKK=10 ... RAY EVIATION EXCESSIVE. 20550(1
C RKK=25 . . .UVEK()ENSE MEDION ENCOLUNTERF) 20560(0
C RKK=10(1 . . . IMPiiSSIbLE SET OF IRECTI()N CSI('IES. 20570((

2115800
205900

f)ATA (i(/ 0U, 1, ' ' l, 3', '4', 5', 6', 7', d ' , 9'/ 2060(0
20610(0
206200

1000 FURvAT( 42H ARGIN = Cl:'iNl+C2,'112+C3''I3, ARGI N GT. 1.u,/, 206300
$ ' C1 =',F10.4, 206400
$ ' N1 =',F1U.4, 20)65((1
$ ' C2 =',F 10.4, 2066(1U$ ' N2 =lF1.4 206700$ ' C3 =',F 10.4, 206800
$ ' N3 =, F 1U.4) 206900

207(((0
207100

C ' TRAI8S CALCULATES HEIGHT F THE RAY TIP AJV A SPHERICAL EARTH 207200
CALL TRANS(X,YZ,RA,l,\12,M3) 2U73(0

20 74(0
2075((1

C' ' CHECK FR INTERSECTION WITH GROUNID 2076(0
IF (RA . LT. U. )G(O TI) 625 2077((1

2078(0
2079(0

C' ''CHECK AGAINST NUMI NAL CEILI NG OF TROPOSPHERE 208000
IF (RA .GE. 30. ) G TU 90 208100
ITUP= 1 2082((0

2083(0
208400

C 'CALCULATE REFRACTIVE IN.)EX AND ASIRPTI(jI'\ I N THE TRUPUSPHERE 208500
KAPPA=O 2U86(0
CALL RFAC2(INEX2) 2087(0
ORGRP=I N IEX2 2U8800

102
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CALL RkPAT (WK, PH I, ATTRO) 208900
TTRUP=2b0. 209000
G - 221 209100

209200
209300

9U IF ( ITK(JP .IIE. 1) GO -0 91 209400
TEMP=TE'iP+ (1.- EXP -ATTRO ) ) 'TTROP 2U9500
ITRU P=0. 209.600

209700
209800

C"'''' SUHRUUT INE PRELP INTERPOLATES WITHIN THE PHENOlmENOLOGY GRID T GIV 209900
C ELECTRON ENSITY, AND ITS VECTOR GRADIENTAND TEMtPERATURE AT THE 210000
C RAY TIP PSITION (X,Y,Z) 210100
C TEP IS PHENUMENOLOGY REGION TEMPERATURE IN ELECTRON VOLTS 21(0200
C WPE IS PLASMA FREOUENCY IN EGA-RAIANS PER SECONO. 210300
C COLLISION FREQUENCIES ARE I MEGAHERTZ. 210400
91 CALL PRELP(X,Y,Z,N1,1N2,N3,W'1PE,0)WP,TEP ) 210500

210600
210700

C'''' 'CHECK FUR VEkENSE N MEDIUM 210800
IF(WPE.EQ.-l.O) GO 1-U 100 210900
GO T 200 211000

100 IF(L3.LT.ITER) GO TO 150 211100
211200
211300

C' '''PREPARE FOR KAY TEKiMINATIOt 211400
NCRIT(NTHETA,NPHI)=NUI) 211500
CALL CLLF(XY,ZTEP,WPEiN\COLL,NJEIiNJEl,NI T2, NUX2, NUXI, T. NE, 211600

$N1,IN2,N3 ) 211700
TEMP=TEI'P+EXP(-2.0='AbSD),'T 211800
INEX2=0. 211900

101 FURMAT( ' tVEKDEINSE MEDIUM HIT IN TEST') 212000
PRIiT 101 212100

110 CUN-II1NUE 212200
RGRP=RGKP+0L*ORGRP 212300
WPE = -1. 212400
RKK=25 212500
RETURN 212600

2127()0
212800

C' '''STEP ACK... REDUCE STEP SIZE ... ADVANCE IN SMALLER STEPS 212900
150 PL=PL-DL 213000

WPE=0.0 213100
L3= L3+ 1 213200
IR=IR+1 213300
GO T 7U00 213400

213500
213600

C''' 'NUT IN TROPO REGION.. PHENOMENOLOGY REGION NT OVERDENSE. .. GO TO 213700
C CULLF FOR CALCULATION OF CLLISION FREOUENCY 213800

200 CALL CLLF(XYZTEPWPEiNUCOLLNJEI,NOEW],iNIT2,10X2,N\UXI,T,NE, 213900
$N1,N2,N3 ) 214000

214100
IF(WR-NUCOLL) 700,720,720 214200

700 CONTINUE 214300
PRINT 710 214400

710 FURMAT( SHKARUFSKY HIGH FRE(QUENCY APPROXIMATION IS 11NVALID FOR 214500
CTHIS CALCULATION ) 2146()0

PRINT 715,RA,T,1E ,WPE ,WR,i9UCOLL,NLJEI ,NUEI 214700
715 FORMAT( ' ALTITUDE = ',E13.3, 'T = ',E13.3, 'NE = ',E13.3, 'WPE = , 214800

$E13.3, / , ' WR = ',E13.3, 'NUCULL = ',E13.3, 'NUEI = ',E13.3, 214900
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$ NUEM = ',E13.3

C"''''RECHECK FOR UVERDENSE MEDIUM
720 CONTINUE

RAT IO=WPE/WR
IF(RATIO .GE. 1.) GO TO 100

C"'II'CALCULATE PHASE AND GROUP REFRACTIVE INDICES
220 CONTINUE

CALL REFRAC(WPENUCOLLWRKAPPAINDEX2,RKK)
CALL DGROUP(WR,1UCOLL,INDEX2,WPE.ORGRP)

C '"'CALCULATION OF SCALAR PRODUCT OF RAY DIRECTION
C GRADIENT OF ELECTRON DENSITY
221 ARGIN=Cl',Nl+C2*N2+C3*N3

ONE= 1.
IF ( ARGIN .LT. 0. ) NE = -ONE
IF (AbS(ARGIN).GT.RJLLM AND. AS(ARGIN) .LT.
IF(Ak3S(ARGIN).GT.1.0)G( TO 228
GO TO 229

228 PRINT 100O,Cl,NlC2,N2,C3,N3
RKK= 100.
RETURN

229 CONTINUE
IN=ARCUS( ARG IN)
RARG=INEX1*SIN(IN)/INDEX2
IF (RARG .GE. .-. OE-7) RARG = 1.
IF(RARG .GE.1)GO TO 230
GO TO 250

VECTOR WITH

RO JL Ll) ARGIN=ONE

C' '''CHECK ON CRITICAL EFLECTI(ON FLAGS AND RESET AS REOOUIKE(
230 IF (KKR .GE. 5) GO TO 231

KKR=5
GO TO 232

231 KKR=KKR+1
KKK=-1

232 IR=IR+1
L3=L3+1

240 PL=PL-DL
GO T 7000

250 IF(KKR.GE.5) GO TO 650

C" I'' CALCULATION OF VARIABLES TO HE TESTED AGAINST THE CRI TER IA FR

C BENDING.
MUU=(INDEX1-INDEX2)/INDEX2
DABS=DAbS+KAPP A*DL
RGRP=RGRP+ORGRP*DL
IF(KAPPA*DL *GE.LAbS.UR.AbS(MUU).GE.LiV1U)GO TO 500

C' ''''CHECK T SEE IF ONE IS STILL IN A REFRACTI I\G-ABS ORI I'G wiE[)I(1M.
IF(AHS(0A8S).LE.1.OE-5.AND.AHS(MUU).LE.1.OE-5)G T 300
GO TO 600

300 DEL=OEL1
RETURN

215000
2 1 5100
21 5200
2 1 5300
215400
2 1 5500
215600
215700
21 5 800
215900
2 1 6000
216100
21 6200
2 1 6300
21 64(10
2 1 6500
21 6600
2167(0
21 6800
2 169()0
21 7000
217100
21 72(00
21730
21 7400
217500
217600
2 1 770(0
217800
217900
218000
2181(1(1
21 82(00
218300
218400
2 1850
21 860(
2 1 87()(
218800
218900
219000
219100
21 9200
219300
219400
21950(1
219600
2 197()()
2198(10
2 19900
220000
22( 100
220200
220300
220400
2 20 500
22()600
220700
2208()0
220900
22 100

104
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22 1100
C' 'II 'RAY INTERSECTS GRUJND.. *TERMII\ATE RAY R SlEP IiACK A'IU TAKE SALLE 221200
c STEPS 2Ž21 300

62 5 IF(ITIER-L3.GT.O)GU TO 500 221400
R KK= 5 221500
RE-TU0RN 221600

221700
Ž21800

CIIII HBEN\l CRITERIA HAVE BEEN EXCEEUED,... STEP ACK ANI) PRUCEED FRWAR[) 221900
C AGAIN, BuT I SMALLER STEPS 222000

500 PL=PL-DL 22?100
RGRP=RGRP-URGKP' DL 222200
llABS=DAbS-KAPPA ' ')L 222300
L3=L3+ 1 22?4 U
I R=IRk+1 2~22500
GO TO 700 222600

222700
222800

600 RETURN 222900
65 0 PL=PL-DL 22 300()

7000 )IST = ( ( X-LJL'C1 )-XPLU ):X2+( ( Y-0L6C2 )-YPLlJ J):"2+( ( Z-I)L-;C3) -ZPLfl) X a 2 223100
RETURN 223200
END 223300

2234U(

r
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SUBROUTINE TKANS(X,Y,ZRA, N, 12, N3 ) 223500
223600
223700

REAL N1,N2,N3 223800
223900
224000

C PERFURMS COORDINATE TRANSFORM TO CALCULATE HEIGHT ABOVE 224100

C EARTH SURFACE FOR CORRECT MODEL ATIvIUSPHERE PARAMETERS, 224200

C AN() ALSO CALCULATES MAGNITUDE OF DIRECTION CSI19ES 224300

C OF LECTR01N DE19SITY GRADIENT DERIVED FROM lNIODEL ATM'AOSPHERE. 224400

C RE IS EARTH iMlEAN RADIUS IN K. 224500
224600
224700

RE = 6371.2 224800

OA = Z + RE 224900

OH = X *;2 + Y**2 + OAX::.:2 225000

QC = SORT(Qb) 225100

RA = QC - RE 225200

1\1 = X/QC 225300

N2 = Y/QC 225400

N3 = (Z + RE)/C 225500

RETURN 225600

ENL) 
225700
225800
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SUBROUT INE TRUPAT (WR, PHI, ATTRU)

C'I ' TRUPUSPHERIC ATTENUATI()N MODEL.
C''' FREQUENCY RANGE OF MODEL IS 10OMHZ TO OGHZ.

DIMENSION A(5), E(5), C( 5), D(5,5)

DATA
$
$
$
$
$
$
$

0/
0.2,
1. 2,
3. 0,
3.9,
5 .7,
/

0. 1 6,
0. 67,
1. 85,
2. 3,
3. 2,

0. 13,
0.56,
1.3,
1. 6,
2. 1,

0. 0,
0. 3,
0. 65,
0. 8 9,
1. 0,

0. ( ,
0. 16,
0. 34,
0 . 4,
0. 52

P I = 3. 1415 92 654
F = WR/(2. 1PI)
EL = (PI/2. ) - PHI
EL = EL 180./PI

C'" "'' INTERPOLAT ION IN FREQUENCY - ONCE.
10 CONTINUE

JSTEP = JSTEP + 1
A(1) = 100.
A(2) = 300.
A(3) = 1000.
A(4) = 3000.
A(5) = 10000.

C
C( 1)
C(2)
C ( 3 )

= 0.
= 1.
= 2.

C(4) = 5.
C(5) = 10.
IF(F.LT.A(1))GO TO 22
JA = 2
IF(F.LE.A(2 ))GU TO 25
JA = 3
IF(F.LE.A(3 ))GO TO 25
JA = 4
IF(F.LE.A(4))GO TO 25
JA = 5
IF(F.LE.A(5))GO TO 25

22 PRI1NT 13, F
13 FORMAT( FREQUENCY IS ',Fl0.2, '19HZ AND LIES OUTSIDE RANGE OF MODE

$Lt )
24 ATTRO = 0.

RETURN
25 DO 30 KA=1,5
30 B(KA) = (F - A(JA-1))*(D(KA,JA)-D(KAJA-1)), /(A(JA) - A(JA-1 ))

$ + O(KA,JA-1)
100 CONTINUE

C"'"'' INTERPOLATION IN ELEVATION ANGLE - ONCE PER RAY.

r
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225900
226000
226100
226200
22 6300
226400
226500
226600
226700
22 6800
226900
227000

227100
227200
227300
227400
227500
227600
227700
22780 (0
227900
228000
228100
228200
228300
22 8400(
22850 0
228600
22870U
228800
228900
229000
229100
229200
229300
229400
22 9 500
229600
229700
229800
229900
230000
230100
230200
230300
230400
230500
230600
230700
230800
230900
231000
231100
2 31 200
2 31300
231400
231 500
231 600
231700
2 31 800
2 31900
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IF(EL.LT.0) GU TO 40
KB = 1
IF(EL.LT.1.)GO TO 50
KB= 2
IF(EL.LT.2.) GO TO 50
KB =3
IF(EL.LT.5.) GO TO 50
K =4
IF(EL.LE. 10. ) GO TU 50
ATTRU = 0.
RETURN

40 PRINT 41
41 FORMAT( ' NALFUNCTION - ELEVATION ANGLE LESS THAN

ATTKU =0.
RETURN

50 ATTRO = B'(Kb) + (EL -C(KB))*(B( KB) - d(Kt+1) )/(C(
RETURN
END

ZERU DEGREES. ' )

KB) - C(KB+1) )
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232000
232100
232200
232300
232400
232500
2 32 6.00
232700
232800
232900
233000
2 33100
233200
233300
233400
233500
233600
233700
233800
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SUBROUTINE XCOORD(XRYRZR,XB,YB,ZB,RANGE,COLAT1,THETA) 233900
RE=6371. 2 234000
THETAC=RANGE/RE 234100
SINTC2=SIN(THETAC/2. 0) 234200
COSTC2=COS( THETAC/2.0) 234300
SINT=SIN (THETA) 234400
COST=COS(THETA) 234500
CH0RD=2. 0*RE*SINTC2 234600
PROJ=CHORD: CUSTC2 234700
XU=PROJ*SINT 234800
YO=PROJ*COST 234900
ZO=CHURD*SINTC2 235000
X=XR-XO 235100
Y=YR-YO 235200
Z=ZK+ZO 235300
CUSC1=CUS( CULATI) 235400
COSTC=CUS(THETAC) 235500
SINCl=SIN(CULATI) 235600
SINTC=S IN( T HETAC) 235700
CULAT2=ARCUS( COSC1*''COSTC+SINC1*SINTC ' C)ST) 235800
SINC2=SIN(COLAT2) 235900
CUSC2=CUS( COLAT2) 236000
DELTA=ARSIiN ( SINTC*SINT/SINC2) 236100
COSD=COS( DELTA) 236200

SIND=SIN(DELTA) 236300
Xb=CUSD*X+ SI NDCOSC I*Y- SIND *SI NC l--Z 236400
Yb=-COSC2*S IND'X+( COSC2,CUS,'COSCI+SI NC 1*SINC2)*Y- 236500

$ (CUSC2.CUSD*SIINC1-SINC2"'CUSC1)*Z 236600
ZB=SINC2''SIND*X-( SINC2:* COSD:COSC1-COSC2*SINC1)*Y+ 236700

$ (SINC2*CUSDSINC+COSC2C(JSC1)*Z 236800
RETURN 236900
END 237000

237100
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SUBROUTINE XRCOS(X,Y,ZXB,YB,Zb,RANGE,C(LAT1, THETA) 237200
RE=6371.2 237300
THE1AC=RANGE/RE 237400
COSC1=CUS( COLAT 1) 237500

COSTC=CUS(THETAC) 237600
SINCl=SIN(CULATI) 237700
SINTC=SIN( THETAC) 237800
CUST=CLiS(THETA) 237900
SINT=SIIN (THETA) 238000
CULAT2=ARCUS( Ct)SC CU STC+S I NCl SIN TC: C ST) 238100
SINC2=SIN(CULAT2) 238200
C(JSC2=CUS( COLAT2 ) 238300
DE LTA=ARSIN( SINTC SINT/SIl9C2) 238400
COSU=COS(DELTA) 238500
SI NU=SIIN(DELTA) 23860)
X8=CUSD:X+SINU-N' COSCl:: Y-SIIND' SIINCl':Z 2387()0
Yb=-C(JSC2;SIND *X+( CSC2--C(SD)*cCJSCI+SIiCl1'SINC2) '-Y- 238800

$ (CUSC2*CUSD::SI\ICI-SIINC2:'COSCI)-:Z 2389()0
Zb=SIINC2: SIND::X-( SINC2: CuSr) 'CtJSC1-C0SC2*SIi NCI )*Y+ 239000

$ ( SIC2' CUSD0-SIi\CI+COSC2:'CUSC ) Z 239100
RETURIN 239200
END 239300

239400
FUNLTIIN PJWRF(R1,K2) 239500
PUWRF = EXP(R2:::ALUOG(R1)) 239600

RETURN 239700
END 239800
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Appendix D

USER INSTRUCTIONS

CONTROL CARDS

To use the RAEC program on the 0/S 360 system at Oak Ridge, the following deck
structure is necessary:

0/S 360 Control Cards

JOB
JOBLIB
EXEC
FT1 8FO01
FT1 7F001
FT51 FOOl
FT50FOO1 DD *(only used if edit cards follow)
followed by edit cards, if any
EXEC FRTHCLG
FORT.SYSIN
GO.FT09001
GO.FT51FOOl
GO.FT50FOO1 DD *

followed by the data deck.

The above cards are listed by name only. See the attached listing for parameters and/or
options associated with each card.

0/S 360 CONTROL CARDS

The control cards listed below are those currently being used to run on the 360/91.
All cards start with a // in columns 1 and 2. The columns on each card that may change
are indicated by an asterisk on the line below.

//KEMlF030 (12772,,,100)CLASS=F,MSGLEVEL=1,TYPRUN=HOLD** ****** ***** *** * * ** *********

//JOBLIB DD DSN=NVRL .LLOAD2 ,DISP=SHR ,UNIT=2314 ,VOL =SE R=NRLPAK

//Z EXEC PGM=MIMAW,REGION-470K,TIME=(00,30)
**** ** **

//Z.FT18F001 DD DSN=NVRL.RDISKM.RAEP,DISP=(OLD,KEEP),
// UNIT=2314,VOL=SER=NRLPAK

//Z.FT17FOO1 DD DSNAME=&CARFI,DISP=(NEW,PASS),UNIT-SYSDA,
// SPACE=(800,(300,9)),DCB=(RECFM=FBLRECL=80,BLKSIZE=800)

ill



MEAD AND WAGNER

//Z.FT51FOO1 DD SYSOUT=A,DCB=(RECFM=FBA,LRECL=133,BLKSIZE=
3 458 ),

// SPACE =(3200,(100,50),RLSE)

//FT50FOO1 DD *

The above card is used only when edit cards are inserted here.

// EXEC FORTHCLG,PARM.FORTHCLG,PARM.FORT='NOXREF'
// PARM .LINK='MAP' ,TIME=30,REGION.GO=300K,PARM .GO='EU=-1,EO=200'

//FORT.SYSIN DD DSN=&CARFI,DISP=(OLD,DELETE)

//GO.FT09FOO1 DD DSN=NVRL.HUSER.P1O,

// UNIT=TAPE9,LABEL=(,NL),

// DCB=(RECFM=VBS,BLKSIZE =8912,DISP=(OLD,KEEP),
// VOLUME=SER=5642

The above 4 cards are used when data for PRELDA is on tape.

//FTSlFOO1 DD SYSOUT=A,DCB=(RECFM=FBA,LRECL=133,BLKSIZE=3
4 58),

// SPACE=(TRK,(800,200),RLSE)

//GO.FT50FOO1 DD *
Data deck follow s.

DATA DECK

Explanation, read statement, and format of the data deck follows. All angles are

read in degrees.

Card 1

READ 27, ELAB(41), ELAB(31), ELAB(21), ELAB(11), ELAB(1)
FORMAT(5A3)

Used to annotate the Y axis of the contour plot. The first number is ELMIN, second

is ELMIN+1O*INC, third is ELMIN+20*INC, fourth is ELMIN+30*INC, and fifth is ELMIN+

40*INC, where INC is the scan increment (elevation and azimuth) of the experiment.

Card 2

READ 21, TITLE
FORMAT (1OA8)

Used as a title for the sky maps and can contain absolutely anything you wish for a

title up to 80 characters, including spaces.
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Card 3

READ 15, DELI, DEL2, ITER1, ITER2
FORMAT(2F10,2110)

DELl determines the maximum ray path step size in a non-refracting environment.
DEL2 determines the maximum ray path step size in a refracting environment.
ITER1 determines the minimum ray path step size in a non-refracting environment.
ITER2 determines the minimum ray path step size in a refracting environment.

Card 4

READ 15, LMU, LABS, ISEMIE
FORMAT(2FI0,I10)

LMU is the granularity limit on refractive index for determining slab width.
LABS is the granularity limit on incremental absorption for determining slab width.
ISEMIE is a flag to determine if the semi-essential print-out is desired. (ISEMIE =0

means do not print) (ISEMIE 0 means print) (See program running options.)

Card 5

READ 25, RAMAX, RANGE, THETA, CLATI
FORMAT(4F 5)

RAMAX is the maximum distance to which a ray is traced.
RANGE is the distance from the radar to ground zero.
THETA is the azimuth of ground zero, measured from the radar.
COLATI is the colatitude of the radar.

Card 6

READ 1, (R(I), I = 1, 10)
FORMAT(10F8)

R is an array which allows up to 10 reference ranges to be read in. One more than
what is read in is computed to insure that the last reference range is greater than RAMAX.

Card 7

READ 2, ABSL, RFRCL, GRPL, MISL, RTRGET, PATHL, IFLAG, DEVL
FVRMAT(6F8,I8,F8)

The following are program variables and an option flag (for choosing between path
loss or absorption in output sky maps):

ABSL is the signal absorption limit.
RFRCL is the radar direction angle-error limit.
GRPL is the radar range error limit.
MISL is the radar miss distance limit
RTRGET is the target engagement range.
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PATHL is the signal path loss limit.
IFLAG = 0 means do the absorption sky map

= 1 means do the path-loss sky map.
DEVL is the ray deviation limit.

Card 8

READ 3, FR
FORMAT(E 10.4)

FR is the radar frequency in megahertz.

Card 9

READ 4, NREC
FORMAT(I5)

NREC is the number of the phenomenology time step. It determines the input data
tape block to be read from the Plasma Physics phenomenology tape.

Card 10

READ 5, THETMN, THETMX, THETAO, ELMIN, ELMAX, ELEO, INC, AZERO
FORMAT(8F10)

The following is the angle information needed for scan and display control of ray
tracing:

THETMN is the smallest angle in the azimuth scan loop.
THETMX is the largest angle in the azimuth scan loop.
THETAO is the azimuthal angle for the engagement computation.
ELMIN is the smallest angle in the zenith scan loop.
ELMAX is the largest angle in the zenith scan loop.
ELEO is the zenith angle for the engagement computation.
INC is the angular resolution of the calculation (scan increment).
AZERO is the azimuthal angle that will be centered on the sky map plot. It is also

used to redefine THETMN and/or THETMX in the event that the selected ones do not fit
onto the contour plots.

Card 11

READ 1, TSKY
FORMAT(F8)

TSKY is the average background-sky temperature.


