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PREFACE

This report documents the latest version of the three-dimensional
ray tracing program originally described in ""A Three-Dimensional Ray
Tracing Computer Program,' by R. M. Jones, ESSA Technical Report
IER 17-ITSA 17, and later modified in '"Modifications to the Three-
Dimensional Ray Tracing Program Described in IER 17-ITSA 17, " by
R. M. Jones, ESSA Technical Memorandum ERLTM-ITS 134. This

report replaces all of the material contained in the above two reports.
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A VERSATILE THREE-DIMENSIONAL RAY TRACING
COMPUTER PROGRAM FOR RADIO WAVES
IN THE IONOSPHERE

£ e
R. Michael Jones and Judith J. Stephenson

This report describes an accurate, versatile FORTRAN
computer program for tracing rays through an anisotropic
medium whose index of refraction varies continuously in three
dimensions. Although developed to calculate the propagation
of radio waves in the ionosphere, the program can be easily
modified to do other types of ray tracing because of its organi-
zation into subroutines.

The program can represent the refractive index by either
the Appleton-Hartree or the Sen-Wyller formula, and has
several ionospheric models for electron density, perturbations
to the electron density (irregularities), the earth's magnetic
field, and electron collision frequency.

For each path, the program can calculate group path
length, phase path length, absorption, Doppler shift due to
a time-varying ionosphere, and geometrical path length. In
addition to printing these parameters and the direction of the
wave normal at various points along the ray path, the program
can plot the projection of the ray path on any vertical plane or
on the ground and punch the main characteristics of each ray
path on cards.

The documentation includes equations, flow charts, pro-
gram listings with comments, definitions of program variables,
deck set-ups, descriptions of input and output, and a sample
case.

Key words: Ray tracing, computer program, radio waves,
ionosphere, three-dimensional, Appleton-
Hartree formula, Sen-Wyller formula.
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1. INTRODUCTION

This report describes a three-dimensional ray tracing program
written in FORTRAN language for the CDC-3800 computer. Copies of
the program deck are available from the Institute for Telecommunication
Sciences.

Earlier versions of this program have been in use now for over nine
years, both by us and by people scattered all over the world. During that
time we have improved and modified the program to the extent that we now
need to document these changes so that the present program will be easier
to use. We have included the input parameter forms that we use to request
ray path calculations because they give nearly all the necessary input data

and describe the electron density, collision frequency, and magnetic field

models,

2. GENERAL DESCRIPTION

This computer program traces the path of radio wave through a
user-specified model of the ionosphere when given the transmitter location
(longitude, latitude, and height above the ground), the frequency of the
wave, the direction of transmission (both elevation and azimuth), the

receiver height, and the maximum number of hops wanted.

3. RAY TRACING EQUATIONS

The program calculates ray paths by numerically integrating
Hamilton's equations. Lighthill (1965) gives Hamilton's equations in
four dimensions (three spatial and one time) for Cartesian coordinates.
Haselgrove (1954) gives Hamilton's equations in three dimensions for
spherical polar coordinates. Combining the two gives Hamilton's
equations in four dimensions in which the three spatial coordinates are
spherical polar (see Table 1 for a definition of the symbols):

dr _ 3H

= , (1)
dr akr



Table 1. List of the More Important Symbols

A In section 3, absorption in decibels.

Bo Magnetic induction of earth's magnetic field.

c Speed of electromagnetic waves in free space.

C Cosine of the angle of incidence on the ionosphere.

e Charge of the electron (a negative number).

B(w) Biwm) =G, palw) 4 ':_ Cg /o) = 3/121 féff’i’ S
(Davies, 1965, p. 86) o

f Wave frequency.

Af Frequency shift of a wave due to a time varying iono-
sphere (sometimes called Doppler shift).

fH Gyro frequency for electrons, |e lBo/an.

fN Plasma frequency, (Ne® /4n? eom) )

G(w) wF(w).

H Hamiltonian.,

kr’ ka, kcp cCll.czk:'rqzic?mem:s of the propagatio.n vector inthe r, 8, ©

irections--a vector perpendicular to the wave front

having a magnitude 2r/A = w/v.

m Mass of electron.

N Number of electrons per unit volume.

n Phase refractive index (in general complex).

n'! Group refractive index (in general complex).

P Phase path length, phase of wave divided by free space
wave number 211/10.

2! Group path length ct.

r, 9, © Coordinates of a point in spherical polar coordinates.

s Geometric ray path length.

S Sine of the angle of incidence on the ionosphere.




Table 1. (Continued)

Time, travel time of a wave packet.
1 - iZ in the Appleton-Hartree formula or Z/F(1/2Z) =
1/G(1/2Z) in the Sen-Wyller formula,

Components of the wave normal direction in the r, 8,
and ¢ directions, normalized so that V2 + V2 + V=2 =

2 r e ©
Real {n®}.

Phase velocity.

wEN Jw® = f?\T J? = Nea/(eomwe).

wH/ w = fH/ f.

Y cos §.

Y sin §.

v/w or Um/m.

Electric permittivity of free space.

Colatitude in spherical polar coordinates.
Wavelength.

Wavelength in free space.

Electron collision frequency.

Mean electron collision frequency.
Characteristic wave polarization (definition in Table 6).
Longitudinal polarization (definition in Table 6).
Independent variable in Hamilton's equations.
Longitude in spherical polar coordinates.

Angle between wave normal and -Bo.

2nf, angular wave frequency.

2mAf, angular frequency shift.

Z-rer = ]e \Bo/m, angular gyrofrequency.

zﬂfN = (Nea/eom) , angular plasma frequency.




ds 1 3H
s, (2)
dr r 3 5
a8, Lt OF, (3)
dt r sin8 3k
@
dt oH
e 4
dr 3w (1)
dk
_r__°H de .o 30
dr =2 op +'k6d'r+kcp smed_r s (5)
dk
o _1/ 3H dr dﬁ)
—_— = (- = - — + <] s 6
T "= 05 “Fe oy Ko T S0%% ar (6)
dk
o By g B2 do ) -
ar —remd\ ap Fa Mg KT g ) (7)
do _ 3H
d'r_at ] (8)

The variables r, 8, ¢ are the spherical polar coordinates of a point on

o’ and k are the components of the propagation vec-
®
tor (wave normal direction normalized so that in free space

the ray path; kr, k

wa

kr2 + kea + k; == , (9)

9]

where w = 21f is the angular frequency of the wave and c is the speed of
propagation of electromagnetic waves in free space); t is time, in (4) it
is the propagation time of a wave packet, in (8) it expresses the varia-
tion with time of a time varying medium; 7 is a parameter whose value

depends on the choice of the Hamiltonian H.



For actual calculation, the ray tracing program uses group path
P' = ct as the independent variable because the derivatives with respect
to P' are independent of the choice of Hamiltonian, allowing the
program to switch Hamiltonians in the middle of a path. This choice
automatically causes the program to take smaller steps in real path
length near reflection where the calculations are more critical. The

resulting equations obtained by dividing (1) through (8) by c times (4)

are:
s —7—'&{/&3]&]r (9)
dP' ~ ¢ 3H/3w ’
de -_1_ aH/ake oy
dP' ~ rc dH/zw '’
dap! rc sin® 3H/3w
_ 1 3H/er do
dp! =< 3H/3w * kB d.P' + k sin@ 17 (12)
dk
1 /1 aHéae dr
o _1/2 _ .
apy " » (c 3H /30 kB ap kr:p r cos® d_Q_P' ; (13)
dk@ = 1 2 —LMH 9 k 81n9—d -k rcos8 <9 ) (14)
dP' - T SinG (C aH/auJ Cp dpP! fp dP' 3
d(af) _ 1 daw _ 1 do (15)

i BH,«?’at
T2 dH /23w



Equation (15) for the frequency shift of a wave propagating through
a time varying medium follows directly from Hamilton's equations (4)
and (8). An alternative derivation is given by Bennett (1967). For large
frequency shifts, the frequency shift should be accumulated along the
ray path and the shifted frequency used in calculations at each point on
the ray path. Equations (1) through (8) imply that all eight dependent
variables vary along the path, and that at each point on the path the instan-
taneous value of all parameters (including frequency) is used in further
evaluations of the equations. However, the time variation of the iono-
sphere due to natural causes (such as solar flares) is so slow that the
resulting frequency shifts are small enough (less than one part in 10%)
to have negligible effect on the propagation. For this reason, the pro-
gram calculates frequency shift to compare with frequency shift measure-
ments, but does not adjust the carrier frequency of the wave used in the
propagation calculations.

The first six differential equations (9) through (14) are always
integrated. The user can choose whether to have the program integrate
(15) to calculate the frequency shift.

There are three other quantities that can be calculated by integra-
tion along the ray path. The phase path P (phase divided by the free

space wavenumber ZW/AO = w/c) is calculated by integrating

dP ¢ /. dr dg _ dy
Tl O thy Papi T, T 00 Gm )
3H 3H oH
k Smi—— i ——
1 T Bkr * kB ake * kcp akco
= - - : 16
W 3H/ 3w (16)

If the absorption per wavelength is small (as it must be for this type of

ray tracing to be valid), then an approximate formula can be integrated



to give the absorption in decibels

- (.Ua 2
dA g i SORENGE BT} gp
dP'~ "log 10 ¢ k®+k2+ k> dP!
e I g Q
5 3H 3H 3H
imag (25 n?) K 3k N ke 3k ! kcc ak
_ 10 c r ) : (17)
- 2 2 2 - ]
log 10 kZ+kf +kq0 c 3H/3w

where n is the (complex) phase refractive index. The geometrical path

length of the ray can be calculated by integrating
ds dr \® - 7 d8 \* " dep
ap ‘/(dp') +1° (gp) + % sin®o (dP‘)

JE & (&
= - - e (18)
c 3H/3w

2

The user can choose to have frequency shift, phase path, absorption,
or path length calculated using equations (15), (16), (17), or (18) and
printed by setting the appropriate value in the input W array. (W59,
W57, W58, W60 in Table 2.)

If the user wants to add differential equations to the program, he
can do so by modifying subroutine HAMLTN, which evaluates Hamil-
ton's equations.

The Hamiltonian and its derivatives are calculated by one of the
versions of subroutine RINDEX, which also calculates the phase refrac-

tive index and its derivatives.

4, CHOOSING AND CALCULATING THE HAMILTONIAN
Because Hamilton's equations guarantee that the Hamiltonian is con-

stant along the ray path and because it is desirable to have the dispersion



relation satisfied at each point on the ray path, it is usual to write the
dispersion relation in the form H = constant and choose that H as the
Hamiltonian. Two problems arise. First, in a lossy medium the dis-
persion relation is complex, so that the resulting complex Hamiltonian
gives ray paths having complex coordinates when used in Hamilton's
equations. Second, in some cases some forms of the dispersion rela-
tion have computational advantages over others when used as a Hamil-
tonian.

Allowing the coordinates of the ray path to assume complex values
is called ray tracing in complex space (Budden and Jull, 1964; Jones,
1970; Budden and Terry, 1971) which is the extension to three dimen-
sions of the phase integral method (Budden, 1961). Ray tracing in
complex space is necessary to calculate the propagation of LF radio
waves in the D region of the ionosphere (Jones, 1970), and it may also
be needed for some medium frequencies. |

However, the effect of losses on the ray path of HF radio waves in
the ionosphere is probably small, so that the only effect of losses
is to attenuate the signal. For this case, then, it is desirable to find a
prescription for calculating ray paths having real coordinates. Several
methods exist for doing this, and except for computational difficulties,
one is probably as good as another. One should recognize that along
the ray path:

(1) the dispersion cannot be exactly satisfied, or

(2) Hamilton's equations cannot be satisfied, or

(3) both of the above.

In our program, we have chosen to keep Hamilton's equations and re-
quire only the real part of the dispersion relation to be satisfied,
neglecting the imaginary part. Another approach (Suchy, 1972) is to
alter Hamilton's equations so that the full complex dispersion relation

is still satisfied along a ray path having real coordinates. We are



reasonably certain that for any situation in which Suchy's method gives
significantly different answers from ours, neither method is valid;
ray tracing in complex space or an equivalent method would then be
required.

Three choices for the Hamiltonian illustrate the computational dif-

ficulties involved. Haselgrove (1954) used the following Hamiltonian

X
(k? + k2 + k3)%
T 8 [{s)

L G (19)

3
= W real (n)

which, except for the effects of errors in the numerical integration and

the value of the independent variable, is equivalent to

H=1-2 real (n)
- - 1
€ (k2 + k2 +Kk?)2
8 [
= real {1 -2 & . j. ; (20)
(k2 + k2 + k2)®
T 8 ®

There are eight versions of the subroutine RINDEX which calculate

the Hamiltonian and its partial derivatives. (Eight versions allow the
user to choose the Appleton-Hartree formula or the Sen-Wyller formula,
and to include or ignore the earth's magnetic field and collisions.) Six of
these versions (subroutines AHWFWC, AHWFNC, AHNFWC, AHNFNC,
SWWEF, and SWNF) use the following Hamiltonian:

L rc® 2 2 2 2
H=3 (mz (k? + k2 +k?) - real (n ))
L jef 2 2 2 2
i £ = . 21
real {2 (ag' (kr +k9 +ktp) n )} (21)

The other two versions (subroutines BQWFWC and BOQWFNC) use as a
Hamiltonian the real part of the quadratic equation whose solution is

the Appleton-Hartree formula (Budden, 1961)

10



H = real {[(U -X) U2 -Y2U] c*K* + X(k- Y)? c*K° +
+ [-2U(U -X)? + Y3(2U -X)] ®KRu® -X(k- Y)® c*o® +
+[(U-X)* - ¥*](U-X) ] (22)

except in or near free space (defined by X < 0.1) where they also use
(21) as the Hamiltonian. In(22), U=1 -iZ, and X, Y, and Z are the
usual magnetoionic parameters.

In a lossy medium, the Hamiltonians in (20), (21), and (22) determine
slightly different ray paths, but the differences are significant only when
it is no longer valid to represent ray paths with coordinates that are
real rather than complex. In fact, this is a weak criterion. The ray
paths determined by these three Hamiltonians will become invalid be-
fore there are noticeable differences between the three ray paths. In
a lossless medium, the above three Hamiltonians determine identical
ray paths (except for integration errors).

For either a lossy or lossless medium, some of the above three
Hamailtonians have computational difficulties. Special care must be
taken in using (19) or (20) in an evanescent region (which is frequently
necessary at or near vertical incidence because the numerical integra-
tion subroutine usually requires the evaluation of the differential equa-
tions not only on the ray path, but also at points near the ray path). For
instance, in a lossless medium, real (n) is zero in an evanescent
region, which leads to problems in(19) and (20). This problem will
not arise in (21) because real (n®) is well behaved in or at the boundary
of an evanescent region, nor will it occur in using (22).

Neither (20) nor (21) (nor any other Hamiltonian based on the refrac-

tive index) will work for a ray passing through,a spitze (Davies, 1965,

P. 202) because the refractive index is indeterminate at a spitze, and

11



some of the derivatives of n diverge. So far, we have had no problems
using (22) to calculate ray paths through a spitze with or without
collisions,.

However, the Hamiltonian in (22) will not work in or near free space
because all of its derivatives are zero in free space. This problem is
related to (22) not being able to distinguish between ordinary and extra-
ordinary waves. To get started, the program uses (21) until the elec-
tron density is large enough that X is equal or greater than 1/10.

As far as we can tell, the AHWFWC (Appleton-Hartree, with field,
with collisions) version of subroutine RINDEX has been made obsolete
by the BQWFWC (Booker quartic, with field, with collisions) version.
The latter will do everything the AHWFWC version will do and in addi-
tion it will calculate rays through spitzes. A few trial runs, however,
indicate that AHWFWC runs about 30 percent faster than BQWFWC.

Similarly, the AHWFNC (Appleton-Hartree, with field, no colli-
sions) version has been made obsolete by the BQWFNC version, which
apparently runs just as fast as the AHWFNC version. We are continu-
ing to include the AHWFNC version just in case there are undiscovered
problems with the BQWFNC version.

In addition to the Appleton-Hartree formula, which is based on a
constant collision frequency, the program also includes the generalized
formula of Sen and Wyller (1960), which assumes a Maxwell-Boltzman
distribution of electron energy and a collision frequency proportional to
energy. Two versions of subroutine RINDEX use the Sen-Wyller formula
for calculating the refractive index and the resulting Hamiltonian with
its derivatives. These are SWWF, which includes the effects of the
earth's magnetic field, and SWNF, which neglects the Earth's magnetic
field. The SWWF version will probably not work for calculating rays

through a spitze. It would be possible to make a version which used as

12



its Hamiltonian the quadratic equation whose solution is the Sen-Wyller
formula for calculating rays through a spitze, but it is unlikely that we
will ever do that.

The versions of subroutine RINDEX that use (21) for a Hamiltonian

use the following formulas for calculating the derivatives of that

Hamiltonian.
3H _  2n
3t T3t ! {23)
H_oa.2 (24)
ar ar
sH _ __3&n
20 38 (23)
oH 3n
0 s 22 26
foloo} nacp (2%)
1
CLE (27)
dw w
ﬁ_ik _Enﬁ_ (28)
3 A W r w  d . g
3H c? c_ 3¥n
ot ol Sk (29)
s 6 w 8 w BVB
oH c? c an
‘gr:w—-kcp—;n‘—v—-, (30)
Q ©
=¥ oH aH oH 3H 2
kS =k == 4+k =4k 2= 1
3k ~ “rak_ | 8ok, Boak, 2 @ {34}

where n' is the group refractive index defined by

13



dn dn
T — —_— = + —_—
n n+f T n+w du (32)

and Vr' Ve, and V are the components of the wave normal direction in

©

the r, 8, and @ directions normalized so that

2 2 - - 2
Vr +Ve -I-V'cp = Real {n°} . (33)

The derivatives of the Hamiltonian in (22) are given in section 5. 5.

5. REFRACTIVE INDEX EQUATIONS

The refractive index equations used in this ray tracing program
are based either on the Appleton-Hartree formula (Budden, 1961) or on
the generalized formula of Sen and Wyller (1960). There are eight ver-
sions of SUBROUTINE RINDEX, the subroutine that calculates the re-
fractive index and its gradient:

(1) Appleton-Hartree formula with field, with collisions.

(2) Appleton-Hartree formula with field, no collisions.

(3) Appleton-Hartree formula with collisions, no field.

(4) Appleton-Hartree formula no field, no collisions.

(5) Booker quartic with field, with collisions.

(6) Booker quartic with field, no collisions.

(7) Sen-Wyller formula with field.

(8) Sen-Wyller formula, no field.

Each of these eight versions calculates n®, nn', n 3n/3r, n 3n/38,

n Bn/acp, n an/3Ve, n an/aVe, n an/ach, n 3n/3t, and the polarization,
where n is the complex phase refractive index; n' is the complex group
refractive index; r, 8, and ¢ are the spherical polar coordinates of a
point on the ray path, and Vr, Ve, and ch are the components of the

wave normal direction in the r, 8, and p directions. The quantities
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dn dn
1 — —— = .
11—n+fdf n+wdw : (32)

and V , Ve, and V are the components of the wave normal direction in
: J

®

the r, 6, and ¢ directions normalized so that

2 2 2 _ 2
Vr +Ve +ch = Real {n°} . (33)

The derivatives of the Hamiltonian in (22) are given in section 5. 5.

5. REFRACTIVE INDEX EQUATIONS

The refractive index equations used in this ray tracing program
are based either on the Appleton-Hartree formula (Budden, 1961) or on
the generalized formula of Sen and Wyller (1960). There are eight ver-
sions of SUBROUTINE RINDEX, the subroutine that calculates the re-
fractive index and its gradient:

(1) Appleton-Hartree formula with field, with collisions.

(2) Appleton-Hartree formula with field, no collisions.

(3) Appleton-Hartree formula with collisions, no field.

(4) Appleton-Hartree formula no field, no collisions.

(5) Booker quartic with field, with collisions.

(6) Booker quartic with field, no collisions.

(7) Sen-Wyller formula with field.

(8) Sen-Wyller formula, no field.

Each of these eight versions calculates n?, nn', n 3n/3r, n 3n/38e,

n an/acp, n 3n/3Ve,n an/ave, n an/avtp, n 3n/3t, and the polarization,
where n is the complex phase refractive index; n' is the complex group
refractive index; r, 6, and ¢ are the spherical polar coordinates of a
point on the ray path, and Vr, Ve, and V are the components of the

@
wave normal direction in the r, 8, and @ directions. The quantities
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X, 3X/ar, a3X/3ae, aX/acp, and 3X /3t are supplied by one of the versions
of subroutine ELECTX which defines the electron density model. The
quantities Y, dY/ar, 3Y/236, 3Y/ap, Y_, 3Y_/ar, 3Y /38, 3Y_/av,

Y. 3Y /3T, 3Y /38, 3Y / %, ¥, 3Y /2% ach/ae, and 3Y /Bcp are
supplled by one of the vers:.ons of subroutlne MAGY which deflnes the
magnetic field model. The quantities Z, 32/3r, 3Z/36, and BZ/Bcp are
supplied by one of the versions of subroutine COLFRZ which defines
the collision frequency model.

In our formulation, we have tried to avoid using multivalued
functions, such as the square root or cos-l, wherever possible. Only
twice do we use the square root. One instance is the square root in the
Appleton-Hartree formula, unavoidable without adding more differential
equations to the system. The second instance is a square root used to
calculate polarization. This latter use is unimportant because the
polarization is not used in the ray tracing equations.

It is desirable to avoid multivalued functions because, unless
extreme care is used, the value of such a function can change discon-
tinuously from one point on the ray path to the next. A particularly
troublesome case occurs at reflection for vertical incidence. At that
point, the real part of n2 goes through zero, and n changes from
approximately purely real to approximately purely imaginary. Since

the numerical integration subroutine usually requires the evaluation of

the differential equations not only on the ray path, but also at points
near the ray path, it is necessary to be able to evaluate the differential
equations above the reflection height, that is, in an evanescent region.
We have found that it is possible to regroup the variables in the
equations to avoid this problem: we calculate the real part of n® and
its derivatives instead of the real part of n and its derivatives. And

we calculate nn’ instead of n’.
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It was not easy to avoid using multivalued functions, however. Many
of the usual parameters used to compute the refractive index require the
use of multivalued functions in their calculation. Thus, we couldn't

calculate

V=Jv2 + V2 + V2
r 8 )

nor cos Y, nor sin |, where | is the angle between the wave normal
direction and the earth's magnetic field. Thus, we also could not

calculate

Y

L. Y cos ¥

nor

Y1

Y sin ¥ .
The most difficult part of avoiding the use of multivalued functions was
in calculating the derivatives.

The following is a list of the equations calculated by the eight versions

of subroutine RINDEX.

5.1 Appleton-Hartree Formula with Field, with Collisions

The square of the complex phase refractive index is given by

o® = 1-2X ieiink ; : (34)
s 3oy o vl z 3 7137 %3
2(1-i2)(1-1Z-X) - Y2 + /YL + 4Y2 (1-iZ-X)
where £2
%= —E’— , (35)
f
f
- H
v
Z=oF (37)
Y =Y sint, (38)
YL =Y cos VU, (39)
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f__is the plasma frequency, f

N

the electron collision frequency, f is the wave frequency, and V is

H

is the electron gyrofrequency, Vis

the angle between the wave normal direction and the earth's magnetic

field.

The following equations parallel the formulas in this version of

RINDEX.

V-Y=V_Y_ +V
r r

Vz

i 2 + 2 mE 2
Vr Ve ch
+
5 Ye ch ch
LoV
v V=2
¥v2 = (V‘Y)Z
L V2

T L
v = (2
T F

U=1-iz

—_ 4 2 2
RAD = fJYT +4Y2 (U-X)

n
YLY

T

D = 2U(U-X) - Y2 + RAD

3n
oY

T
2 _ 2X(U-X)
n° =1 - ———D
( Y?I,- 2(U-X)? )
2X(U-X)\ -1 + RAD
D=2

Vil ¢

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)



g Y d Y
¢ a0 Sroay (% %% o e (L
T L or Y ar r dr g8 or @ dr v
2 Y Y Y
gy 2. Trar (( T, Do, o)l
T L38 Y 3 r J6 8 286 © 36 Vv
2 Y
YYB_E[L_YLﬂ_vaYr . 3Y . Y, 5
T L3 Y 3 r 0 6 3y ® du A
3
Y"T (U-ZX)+4Y2L(U-X)
(ZU(U X)?-Y_*(U-2X) + = )
OB .
X D?
4 2 2
on _2xw-x) (. +YT+2.YL(U-X)
Y D® Y T RAD
Yﬂr
dn _iX 2 a T
o S (-Z(U—X) -3, s
dn _ 3dn 09X dn dY dn dZ n dn Y
"3r 93X or TP3Y 3¢ TR3z $+——YLYT 3¢ ‘LT 3¢
3n d3n aX dn 3Y an 3dZ n an U
B3 T B3X 36 P37 38 T P57 36 +YLYT 30 ‘1YL 38

9% o pon 9%

aon 3n Y dn 3Z P on v oy
3y

n — — — —

13X 39 3Y 39 @ "3z 3o Y ¥ 3V T L 3w

=2
3V, T Y Y 3\ 2 7 .
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(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)



6 L. T
0 dn _ n _Zig(
oV YLYT v

dn
ro_ 2
nn =n (ZXn 3%

+%

.2z
Y

+ Zn

an
dZ

eY;-fRAD)JVﬁ
2(0-X) V - Y

Polarization = p = -i

(Budden, 1961, page 49).

iXVY?2

T

Longitudinal polarization =

(Budden, 1961, page 54).

5.2 Appleton-Hartree Formula with Field, no Collisions

The equations are the same as with field with collisions except for:
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(U-X)(U+i X

p)

)

(61)

(62)

(63)

(64a)

(64Db)

(65)

(66)

(67)



5.3 Appleton-Hartree Formula no Field, With Collisions

U=1-1iZ (68)
X
2 - - —
*=le-F (69)
on _ .5
na—x S - U (70)
on . 5iX
nﬁ == Ua (?l)
J- on. S
nn° =n -(2xnaX+ZnBZ) (72)

B3 23X 3 TP3zZar (73)
on _ 3m 3X _dn 32
nae--na e+na 5 (74)
dn _ _3n 3X dn 3Z
30 T "3X 3o 3Z 30 (75)
dn  _
asy— = 0 (76)
T
on
n e 0 (77)
g
3n
n BT =0 (78}
®
Polarization = i (79a)
Longitudinal polarization = 0 (79b)
on 528 3X
73 TRAX Bt (80)
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5.4 Appleton-Hartree Formula no Field, no Collisions

n® =1-X (81)
dn _
na_X = -, 5 (82)
on _ (30 (3%
B3 T (nax) (ar ) 82)
dn _ ( _dn )ax
nIg = (nBX,BB (84)
L (R (-
3o T (na ) © (en)
dn _
r
on
ll-av—: 0 (87)
8
dn  _
naT— =0 (88)
@
nn’ =1 (89)
Polarization =i (902a)
Longitudinal polarization = 0 (90Db)
dn _ 3dn 3X
"3t T PX 3t (31)

5.5 Booker Quartic with Field, with Collisions
The form of the dispersion relation used for the Hamiltonian in
this version of subroutine RINDEX is the quadratic equation whose

solution is the Appleton-Hartree formula. This Hamiltonian, given by
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(22), is also a special case of the Booker quartic for S=0and C=1
(Budden, 1961). This version uses the Hamiltonian in (22) only when
the electron density is large enough that X is greater than or equal to
1/10. For X less than 1/10, the Hamiltonian in (21) is used.

Below are the equations for the derivatives of the Hamiltonian in
(22). The equations for the derivatives of the Hamiltonian in (21) are

the same as those in section 4.1.

kazk:+k§+k$ ’ (92)
k- Y=k Y +kY + kach , (93)
U=1-izZ , (94)
A =(0 -X)U* ~0O%% (95)
B = -2U(U - X)® + Y?(2U - X) , (96)
= Actk* + X(k * Y)® c4k® (97)
B=Bc®k%w?® -X(k"* Y)? c2u® , (98)
y ={((U - X)® - Y2)U - X) o* , (99)
H=ao+p+YyY , (100)
g% = -U2c* k* +(k* Y)? c*k® +(4U(U -X) -Y?)c®*KPuw? +

{k*Y)PcPw? +(-3(U - X)® +Y?)* , (101)
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oH

3(Y=)
aH 2 2 2
e ——— (T [ & [ & kz-
= TP - b
§E=(2U(U-X)+U3—Y2)c"k‘+
U
+2(Y? - (U - X)® -2U(U - X)) c?KPo® +
+(3(U - X)? - Y®) o* ,
8H _ , 8H
3Z U !’
£=2Ac4k2+X(k-Y)2 c® + Be 24®
3(K®) ’
oH _ 3H 3X
3  ¥3X ot
oH _ aH 3X oH 3Y , 3H 37
r X ar TOYR) Yap Taz ap T
oY Y Y
sH T 8 \
+2 ———=— (k- Y) (k 4 —
B((k'Y))( )(1‘ ar tKg Br+kcp ar )’

sH

= -U *Kk* + (2U - X) c®KPw® - (U - X) 0* ,

BH 3X  , _3H . 3Y  3H 3Z

Y

36 33X 36 a(YR) " 38  3Z 39

+

- Y _ ?Y 3Y
— (k- +k +k —2
2 k- vy Y (kr 28 8 28 o a6
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(102)

(103)

(104)

(105)

(106)

(107)

(108)

(109)



3 sH oY BH 3Z

gl

3H
2 "X 3 AT L T3Z
Y Y 3Y
3H r e P
e T k + k Fle —T Y , 110
t2gmerE e D (3 R e TR, ) ¢ (110
H 3H X 3H Y*?
= (28 + 4y)/w - 2 — X o -2 ST
3H (k- Y)®? aH Z
- L 111
Ak -YPF) o 22w )
oH sH oH
= + 2k Y) ————Y , 112
3k - 230 5 T Fne Yy Ve (112)
3H __ _»H , 3H
Bk, ~ 2307 Ko T AR ) - vy Yo -
oH oH oH
—_— 2 —_—Y 114
B, T AT (k- Y) S0 707 Yo (114)
K®(calculated) = k& =B i"’zz e, (115)
3H _ . 3H 3H 3H
k ak_krak +ke ak ktpak = 4o+ 28 , (116)
r @
2 ...
Polarization = i E (U + 253 - g) ’ (117)
k-Y c -
calculated
Longitudinal a (k-%)* 2.2
- chje calculated
SoneiFoesm sk ) 1
Polarization = i T-x (1 e ) (118)
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5.6 Booker Quartic with Field, no Collisions
All the equations here are the same as for the Booker quartic version

with collisions (section 5.5) except for:

3Z JdZ BHZ
Z =—=—=—=90 ,
ar 28 20 Lt

U= 1. (120)
All the variables except polarization are real; polarization is pure
imaginary.

5.7 Sen-Wyller Formula with Field
It is possible to write the generalized Appleton-Hartree formula

of Sen and Wyller (1960) in the following form:

2X(U-X) + 2 AUX sin®y

%=1 - S5(0 X)17A) + 2 AUX sin? §-U((1 -BC)U +A(U+X)) sin®y + RAD ,
(121)
where
RAD = +,/U3((1-BC) U+A(U+X))? sin*{ + U3(U-X)?(C-B)? cos®y ,
(122)
A=CZB-1, (123)
1
.,
=t (124)
F —
(2
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- ’ (125}
1 + Y
(=)
U = Zl (126)
*(z)
® 3/2 -t
F(w) =w C, /(W) +i3 Cy /) (W) = 31| [ (127)
E : (0]
fZ
X = 2 , (128)
£
Y = fﬁ , (129)
\)m
Z = . ! (130)

fN is the plasma frequency, fH

mean electron collision frequency, f is the wave frequency, and | isthe

is the electron gyrofrequency, Vo is the

angle between the wave normal direction and the earth's magnetic field.

(Note that if we would use

Flw) = —— , (131)

w -1

then (121) would reduce to the usual Appleton-Hartree formula. )

This version of RINDEX calls subroutine FSW,., The first
argument in the calling sequence is the argument w of F(w). The second
argument in the calling sequence is the value of the function F(w) cal-
culated by FSW. The third argument in the calling sequence is the de-

rivative of the function, F'(w).
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The following equations parallel the formulas in this version of

RINDEX.

7
v=g
3U _ o
az'(“'az)/OL
- &
B=3
3B _B B8
dY  Z B
3B _ B [af B"
3Z -Zz ( a ~{1-¥) B )
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(132)

(133)

(134)

(135)

(136)

(137)

(138)

(139)

(140)

(141)

(142)



Q
C == 143
3 (143)

3C c v’
9 L S ¥ 144
3 Z ¥y ( )
dC c [af Y’)
— = a= (—=— - (14Y) — 145
S 3 (a ( ) 7 (145)
A = .5(B+C) - 1 (146)
A 3B ac
_— =, _— F — -1
d3Y 5(aY 3 ) (147)
dA _ 3B 3C
RE a2 (az. % az) (148)
V2 = v?® w2 gv* (149)
T 6 ©
VY=V Y +V_. Y +V Y (150)
r r 8 8 ® o
2 _ (V-Y)?
YL R~ (151)
2 _ w2 _ 2
YT =Y YL (152)
Y 2
sin®§ = —= (153)
YE
Y 2
2 _ E,
cos” | = e (154)
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T, = [(1-BC) U + A U(U+X)] sin®{

aT 2
P = :
5% +AU sin®™ |

AT dA aC 0B
— -1 = — 2 i f 2
5y (U(U-I-X)BY U (B—-—aY + CBY )) sin® {

d3T1 _ 3U dU s . 3C 3B
ke (ZUaz (1-BC+A) + AX3s— - U (Baz # G )
3A . 3
+ U'(U+X)az ) sin® |
1 3T, _ 2T,
= s
Yitp % ¥R
T, = U? (C-B)® (U-X)? cos®y
3T
—_—_ = - r 2 n 2 2
3% 2(U-X) U (C-B)°cos” {
afa . 2 2 2 3C 9B
=2 =2 & - o
o UP(U-X)® cos®§(C-B) (55 = 55
3T 3C 3B 1 1
ot~ - 2 - 2 - AR N, 2 = o=l RN
=52 = 2U® (U-X)?(C-B) (az az) cos?{y + 2T, (U Himee e

13 2T

—2 = . 2
Y Y. 3 Yy
LT L

RAD = + VT; + T,
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(155)

(156)

(157)

(158)

(159)

(160)

(161)

(162)

) (163)

(164)

(165)



3RAD _ 113X 2 23X
3X RAD

Ta aTI + 1 as

3RAD Y ' 2 dY
3Y RAD

3T 1 3T

Pz G oot 2

3RAD _ 1237 '3 32
d3Z RAD

1 3Ty\ L/ 1 3T,
Y Y_ 3¢ 2\Y ¥ 3

R =

Y. X 3V

D = 2U(U-X) (1 + A) - T, + RAD + 2AUX sin® ¢

:_[1 = -zu-aaf; 38 ?;;‘D + 2 AU sin® ¢
gg = 2U(U-X) 23 - %'l,;} P 22D 2Usin2‘lrg—$
22 = 20144) 2L (2U-X) + 2U(U-X) 2 -%h, 2RAD
+ 2AX sin®y g—g- + 2 UX sinaw-g—;'
e B ) (e 232 o
LT LT LT
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(166)

(167)

(168)

(169)

(170)

(171)

(172)

(173)

(174)



n® <1.= "—]235 ( (U-X) + UA sinzlli) (175)
n® =1 + (n® -1) (176)
on 1 oo L _13),X
nax'z(n'l)(X'Da )+D (177)
dn _ X Usin®¢ 3A (n®-1) 3D
"3 T T D d3Y - 2D 3y (178)
an X gy U XU o 3 (n®-1) 3D
B3z - "p WHAsTY) o - 5 st 5 - S 5z (179)
n dn _  XUA (n°-1) ( 1 3D ) (180)
= - = oD
Y. Y, 3y Y2 D 2D Y Y. oV
2
Y. Y ﬂ-__YLa_Y-(v Y 6\Ye+v aYCp—g—V'Y (181)
L' Tdad Y or r Or 6 or @ or \'s
2
Y Y 2 'L a—Y-(v b +V e +V —an’)v'Y (182)
LT 38 Y 28 r 36 8 938 ® 38 / °
2
¥ a _ Loy (v i +V il +V Ty )V'Y (183)
L T3 Y 3¢ r OU 8 2w @ Y V2

on _ dm 3X dn 3Y dn dZ n odn Ay
m 3 - "3Xar T3y ar %3z or +(Y ¥ aw)(Y ¥ ) (1e2)

on _ _on 3X on Y on JZ n an A
R38 - 23x 98 T PoY 38 T %%z Se +( )(Y 4 ) (185)

on _ _on X on 3Y dn 3Z n on oY
nacp- BXBcp+ aY aqj+:1az atp+( )(YY ) (186)
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on  _ n dn 2 . 2
nok - (Y - )(v Y2 (v Y)Yr)/v (187)
T LT
on ( n an)( 2 ) /
n—— = =) (VY2 - (v- Y)Y V2 (188) |
BVG YLYT o)

on ( n an) ( a )/ 2
n = —1 V.Y - (VY)Y v (189)
avw YLYT v @ L @

nan' = n° _(ZX ( %) + Y(n%%:) + Z (n%%)) (190)

i(T, -RAD)Y fV?

polarization = p = TO-X)(C-B)V - ) (191a)
SN Vnrwe-u]
longitudinal polarization = X{. 51(G-B)p +Acosl ) Vsin ¥ - (191b)
p((U-X)(1+. 5i(C-B)ocos¥)+A(U-Xcos=V))
where
v . }C
cos ¥ = (192)
/v
dn dn aXx
2% - U3 3t {138

5.8 Sen-Wyller Formula no Field
This subroutine uses the function G which is related to the function F

(defined in the previous section) as follows:
G(w) = wF(w) . (194)

The following equations parallel the formulas used in this version of

RINDEX.
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on _ 1
BEx T Tz &
s XG

o7 222

1
]
14}
i
ﬁ
[N
>
P
B
o/|o
M,”
Sst®
+
N

polarization =i

o]
o/l
"llt:!

"

~

B
o/|os

E

S S—
a/
ﬂ’;;q
+
P iV
B

longitudinal polarization = 0

pdn _ j3m 3X
3t ~  3X ot
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(195)

(196)

(197)

(198)

(199)

(200)

(201)

(202)

(203)

(204)

(205)

(206a)

(206b)

(207)



6. IONOSPHERIC MODELS

When using the program, one must specify ionospheric models
which define electron density, collision frequency (if the effect of
collisions is being considered), and the earth's magnetic field (if its
effects are being taken into account) as a function of position in space.
Each of these three characteristics of the ionosphere is defined by a
separate subroutine.

Appendices 3, 4, 5, and 6 contain descriptions, input parameter
forms and listings of ionospheric models that now exist. These iono-
spheric models are not likely to cover the needs of everyone who wants to
use the program. Anticipating this when we wrote the program, we made
it possible to add models easily. The user may make up his own iono-
spheric models by simply writing subroutines to define electron density,
collision frequency, and the earth's magnetic field (and their gradi-
ents) as a function of position in space in spherical polar coordinates,
following the form of the subroutines in appendices 3, 4, 5, and 6.

Appendix 3 contains electron density models; appendix 4 con-
tains models of irregularities which may be applied as perturbations
to any of the electron density models; appendix 5 contains models of
the earth's magnetic field; and appendix 6 contains collision frequency
models.

Having several versions of the subroutines for refractive index,
electron density, collision frequency, and the earth's magnetic field
gives the user not only a wide choice among ionospheric models,
but also a variety of compromises between cost and an accurate

description of the ionosphere, while still keeping the program simple.
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7. FINDING THE RAY PATHS THAT CONNECT A TRANSMITTER
AND RECEIVER

The reason for using a ray tracing program is to find all impor-
tant ray paths that connect a given transmitter and receiver (either or
both of which may be on a satellite) on a particular frequency and such
properties of these ray paths as group time delay, phase time delay,
and absorption of the wave. ''"All important'' ray paths include those
that reflect from the various ionospheric layers (including multiple
reflections) and that propagate off the great circle path.

Since basically all that a ray tracing program can do is to calcul-
ate the path of a ray when given the transmitter location, frequency, and
direction of transmission, it cannot directly calculate those ray paths that

arrive at a specified receiver. The problem is to know, before tracing
the ray, in which directions to transmit the ray so that it will arrive
at the receiver. Since there are no general solutions to this problem,
the user of a ray tracing program must rely on some sort of trial and
error technique to find those ray paths that connect the transmitter and
receiver. This involves varying the direction of transmission until a
ray is found that reaches the receiver. If a ray tracing program does
this automatically, we say that it has a homing feature. This program
does not have such a feature. To find all the paths connecting the trans-
mitter with the receiver requires a very elaborate homing routine be-
cause ''homing in'" on a receiver takes more judgment and common

s ense than speed in performing massive calculations. Therefore, the
person using the program is more fitted to this task than is the computer
program itself.

As an aid, however, the program allows the user to specify the
receiver height, the number of hops, and a range of azimuth and eleva-

tion angles-of-transmission that he thinks will include those rays that
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will arrive at the receiver. The program then calculates a ray path for
each of the azimuth and elevation angles-of-transmission specified in
the range. Usually only in the case of ionospheres with large horizon-
tal gradients will the azimuth angle-of-transmission have to be varied.
The program will calculate each ray path far enough to intersect or
make a closest approach to the receiver height for the requested
number of hops. The user can then interpolate between those rays
which surround the receiver.

We define the point of '"closest approach' as the point on the ray
path where the wave normal direction is horizontal. It approximates an
apogee if the receiver is above the apogee height and it approximates a
perigee if the receiver is below the perigee height. The approximation
is good for oblique propagation. When the earth's magnetic field is
neglected, a point of '"closest approach' is exactly an apogee or perigee.

We count one hop every time the ray crosses the receiver height.
If the receiver is on the ground, a ground reflection counts as one hop
for the downcoming ray before the ground reflection, and another hop
for the upgoing ray after the ground reflection. We count two hops
every time the ray passes through a point of '"closest approach' to the
receiver height. This procedure helps make rays that have the same
hop number have a ground range that is a continuous function of the

direction of transmissicn.

8. OUTPUT
8.1 Printout
Periodically and at selected points during a ray trace, the
program will print information giving the position of the current ray
path point, the direction of the wave normal, and the cumulative values
of quantities being integrated along the ray path such as group path,
phase path, absorption, and Doppler shift. Appendix 8c contains a

sample of the printout.
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8. 2 Punched Cards

The program will punch a card at the beginning of each ray, a
card at each ground reflection, a card at each crossing of the receiver
height, two cards for each closest approach to the receiver height, and
a card at the end of each ray to summarize the main results of the ray
path calculations. These cards are explained in figures 1 and 2.

These cards are very useful as input data to other computer
programs and for plotting the results of the ray tracing. In fact, these
cards represent the most useful form of output for production ray path
calculations. This method, called the rayset information-storage
technique, was developed by Dr. T, A, Croft (Croft and Gregory, 1963)

of Stanford University.
8.3 Plots of the Ray Path

A plot of the actual ray path, especially for very irregular iono-
spheres, can be helpful in understanding what sometimes seems like
strange results in light of the input data. Thus, the program has an
option for plotting, providing, of course, that the user has a plotter and
plotting subroutines such as those described in appendix 7. The program
can plot the projection of the ray path on any vertical plane or on the
ground. The input parameter forms for plots of the ray path (appendix 1i)

give more details. Appendix 8e contains sample plots of the raypath.

9. DECK SET UP

The versatility gained by having several versions of some of the
subroutines is somewhat offset because the user must learn the deck
set up in order to make necessary substitutions. Figure 3 shows the
deck setup, including the subroutines that make up the main deck and
those which are frequently exchanged with alternate versions. The

order of the subroutines is unimportant.
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"T'" indicates ray at transmitter

Col, 80

L indicates implied decimal

Ionospheric identification
38

Sample transmitter rayset.

Figure 1.
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Figure 2. Sample minimum distance rayset.
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Subroutine to calculate the strength
and direction of the earth's magnetic
field and its spatial derivatives.

(Use only with versions of RINDEX with
the earth' s magnetic field.)

Subroutine to calculate collision
frequency and its gradient. (Use
only with versions of RINDEX with
collisions.)

Subroutine to define a
perturbation to an electron
density model.

Subroutine to calculate
electron density and its
gradient.

SUBROUTINE (any name) \
ENTRY COLFRZ
SUBROUTINE (any name)
Insert one of eight versions of ENTRY: MAGY
RINDEX to calculate the refrac- EII-LBTI:{(:’UEJ_H.};E(::;TW name) \
tive index and its gradient.
(Described in section 5.) SUBROUTINE (any name) \
ENTRY ELECTX
SUBROUTINE (any name) \
| ENTRY RINDEX
| SUBROUTINE RKAM
| SUBROUTINE HAMLTN
| SUBROUTINE LABPLT
These routines | SUBROUTINE PLOT
make ap the | SUBROUTINE RAYPLT
main deck [ SUBROUTINE PRINTR
| SUBROUTINE POLCAR
| SUBROUTINE REACH
| SUBROUTINE BACK UP
| SUBROUTINE TRACE
[ SUBROUTINE READW

PROGRAM NITIAL

Figure 3. Program deck set-up
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10. INPUT

The input data for a ray tracing program divide themselves
naturally into two groups:

First, data that control the type of ray trace requested, such as
the transmitter location and frequency, plus parameters describing
analytic models of the ionosphere. Since there are few of these,
efficiency in packing such data can be exchanged for versatility and
ease of data handling. Therefore, by putting only one piece of data on
each card, we gain the conveniences of reading in these data in any order
and of having the program read in only those data that are different
from those of the previous case. A number in the first three columns
of each card identifies the data being read in. Table 2 defines the
identifying numbers that are subscripts for a linear array, W. The
last 56 columns of the card are available for comments.

We have also provided a method for conversion of units for input.
The computer program needs angles in radians, whereas people usually
like to use angles in degrees. The program is set up for angles in radians,
but putting a "1" in column 18 allows the user to enter the angle in degrees
and have the program make the conversion. A '"1" in column 19 allows
the user to enter central earth angles as the great circle distance along
the ground in kilometers. (The program will calculate the latitude of a
transmitter which is 500 km north of the equator, for instance.) The
program expects distances in kilometers. A '"1" in column 20 indicates
a distance in nautical miles and a ""1" in column 21 indicates a distance
in feet.

Appendix 8b contains a sample of how the cards are to be punched.
If two or more cards have the same identifying number, the last one
dominates. A card with the first three columns blank indicates the end

of this type of data cards.
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Table 2. Description of the Input Data for the W Array

w1 = 1. for ordinary ray
=-1. for extraordinary ray

w2* Radius of the earth in km

w3 Height of transmitter above the earth in km

w4 North geographic latitude of the transmitter

W5 East geographic longitude of the transmitter

w7 Initial frequency in MHz

w8 Final frequency in MHz

w9 Step in frequency in MHz (zero for a fixed frequency)

w1l Initial azimuth angle of transmission

wiz Final azimuth angle of transmission

w13 Step in azimuth angle of transmission (zero for a fixed azimuth)

W15 Initial elevation angle of transmission

wlé Final elevation angle of transmission

w17 Step in elevation angle of transmission (zero for a fixed elevation)

w2o Receiver height above the earth in km

w21 Nonzero to skip to the next frequency after the ray has penetrated
the ionosphere

w22 Maximum number of hops

W23% Maximum number of steps per hop

W24% North geographic latitude of the north geomagnetic pole

wzs* East geographic longitude of north geomagnetic pole

W4l% =1, for Runge-Kutta integration

=2. for Adams-Moulton integration without error checking
=3. for Adams-Moulton integration with relative error check
=4. for Adams-Moulton integration with absolute error check

W42% Maximum allowable single step error

W43 Ratio of maximum single step error to minimum single step error
W44k Initial integration step size in km (step in group path)
W45% Maximum step length in km

W4 6% Minimum step length in km

W47 Factor by which to increase or decrease step length

w57 =1, to integrate, =2. to integrate and print phase path
W58 =1. to integrate, =2. to integrate and print absorption
W59 =1. to integrate, =2. to integrate and print doppler shift
w60 =1, to integrate, =2. to integrate and print path length
w71 Number of steps between periodic printout

w72 Nonzero to punch raysets on cards

wsl =0. to not plot ray path

=1. to plot projection of ray path on a vertical plane
=2. to plot projection-of ray path oa the ground

w8z-88 Parameters used when plotting

W100-149 Parameters for analytic electron density models
W150-199 Parameters for perturbations to electron density models
W200-249 Parameters for analytic magnetic field models
W250-299 Parameters for analytic collision frequency models

#These values have been initialized in the main program but may be reset by reading
them in. See Appendix lb for the initial values.
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A second group of input data cards are necessary if nonanalytic iono-
spheric models such as the electron density profile defined by subroutine
TABLEX or the collision frequency profile defined by subroutine TABLEZ
are used. Each subroutine defining a nonanalytic ionospheric model reads
in data cards according to a format defined in that subroutine. An ele-
ment in the W array controls the reading of these cards. (See table 2.)

Figure 4 shows the order in which these data cards should be arranged.
11. ACCURACY

The numerical integration subroutine has a built-in mechanism to
check errors and adjust the integration step length accordingly. If
the errors get larger than a maximum specified by the user, the routine
will decrease the step length in order to maintain the accuracy. On the
other hand, if the accuracy is greater than that required by the user,
the routine will increase the step length in order to reduce the comput-
ing cost. The user specifies the desired accuracy in W42 (see
table 2). W42 is the maximum allowable relative error in any single
step for any of the equations being integrated. To get a very accurate
(but expensive) ray trace, one can use a small W42 (about lﬂ_sor 10-8 ).
For a cheap, approximate ray trace, one should use a large W42
(10-3 or even 10 ° ). For cases in which all of the variables being inte-
grated increase monotonically, the total relative error can be guaranteed
to be less than W42. Otherwise, the total relative error cannot be
easily estimated.

The far left column of the printout from the ray path calculation
gives an indication of the integration error in the magnitude of the vector
which points in the wave normal direction. Although the calculation of
this error is made independently of the error calculation in the numeri-
cal integration routine, we have found that except near reflection for ver-

tical or near vertical incidence this error is usually of the same order
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etc.

i

i .
i 4
1

TITLE CARD

| Collision frequency profiles (if any

lM.a netic field data (if an \ ””I
.l N\ .'l
| Electron density profiles (if any)\\

| Blank Card
L 1

ol
I Data for the W ARRAY
TITLE CARD

| |
| Collision frequenc rofiles (if an',m
A llls
| Magnetic field data (if any)
I .I'
I \
Electron density profiles (if any) \\

A card with the first three column

blank to indicate the end of data
in put into the W ARRAY -

L
1

DATA for the W ARRAY, one per -

card as shown in Appendix 8b. by This may be repeated
as often as necessary.

TITLE CARD, the first three
columns identify the ionosphere

Figure 4. Data deck set-up.
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of magnitude as that specified in W42. We have found that whenever
this error has exceeded W42 by several orders of magnitude, the elec-
tron density subroutine we had written was calculating a gradient of
electron density inconsistent with the spatial variation of electron
density being calculated. See the general description of electron

density models in Appendix 3a for more information.

12. COORDINATE SYSTEMS

The program uses two different spherical polar coordinate
systems, namely, a geographic and a computational coordinate system.,
Input data for the coordinates of the transmitter (W4 and W5) and input
data for the coordinates of the north pole of the computational coordi -
nate system (W24 and W25) are entered in geographic coordinates.
(Putting W25 equal to 0° and W24 equal to 90° would superimpose the
two north poles and equate the two coordinate systems. )

When the two coordinate systems do not coincide, the three types
of ionospheric models calculate electron density, the earth's magnetic
field, and collision frequency in terms of the computational coordinate
system. In particular, the dipole model of the earth's magnetic field
uses the axis of the computational coordinate system as the axis for the
dipole field. Thus, when using this dipole model, the computational
coordinate system is a geomagnetic coordinate system, and both elec-
tron density and collision frequency must be defined in geomagnetic
coordinates. Dudziak (1961) describes the transformations between

these coordinate systems.
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13, HOW THE PROGRAM WORKS

This ray tracing program consists of various subroutines that per-
form specific tasks in calculating ray paths. This division of labor
facilitates modifying the program to solve specific problems. Often it
may be necessary to change only one or two subroutines to convert the
program to a different use.

The main program (NITIAL) sets up the initial conditions (trans-
mitter location, wave frequency, and direction of transmission) for
each ray trace. In setting up the initial conditions for each ray trace,
the main program (NITIAL) steps frequency, azimuth angle of trans-
mission, and elevation angle of transmission. The details of the workings
of NITIAL can be found in the flow chart in figure 5. Then subroutine
TRACE calculates one ray path for the requested number of crossings
of the specified receiver height. Subroutine TRACE is the heart of the
ray tracing program. It is the most complicated subroutine included,
but also the most important to understand. The flow chart in figure 6
should help to explain TRACE.

Subroutine RKAM integrates the differential equations numerically
using an Adams-Moulton predictor-corrector method with a Runge-
Kutta starter. Subroutine HAMLTN evaluates the differential equa-
tions to be integrated. Subroutine RINDEX calculates the phase refrac-
tive index and its gradients, the group refractive index, and the polariza-
tion. (Eight versions of subroutine RINDEX are included.) Subroutines
ELECTX, ELECTI1, MAGY, and COLFRZ calculate the ionospheric
electron density, perturbations to the electron density (irregularities),
the earth's magnetic field, and the electron collision frequency, respec-
tively. Several versions of these four subroutines are included and it
is easy to add more. Subroutine REACH calculates a straight-

line segment of a ray path in free space between the earth and the
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Figure 5. Flow chart for program NITIAL.
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Figure 6. Flow chart for subroutine TRACE.

The ray graphics illustrate the path of a ray during a single step.
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ionosphere or between ionospheric layers. Subroutine BACK UP finds
an intersection of the ray with the receiver height or with the ground.
Subroutine PRINTR prints information describing the ray path and
punches the results on cards (raysets). Subroutine RAYPLT plots the
ray path. The block diagram in figure 7 shows the relationship among
these (and other) subroutines.

The listings of most of the subroutines have comments that should
help in understanding how they work. In addition, Tables 3 through 14

define the variables in the common blocks.

14, ACKNOWLEDGMENTS

Part of the organization of this program into subroutines follows
that of the program of Dudziak (1961), in particular for subroutines
RKAM, HAMLTN |, RINDEX, ELECTX, MAGY, and COLFRZ. Also,
the coordinate transformation in subroutine PRINTR and the method for
data input via the W array are taken from the program of Dudziak (1961).
The term ''rayset, ' the idea of punching results of each hop for each
ray trace onto cards, and the idea of automatically plotting ray paths
come from the program of Croft and Gregory (1963). The quasi-parabolic
layer electron density model QPARAB is taken from the paper by Croft
and Hoogasian (1968). Notice that the quasi-parabolic layer that is
now in the program is slightly different from the one in the program of
Jones (1966). Subroutine RKAM is a modification of subroutine RKAMSUB,
which was written by G. J. Lastman and is available through the CDC
CO-OP library (the CO-OP identification is D2 UTEX RKAMSUB). Sub-
routine GAUSEL was written by L., David Lewis, Space Environment
Laboratory, National Oceanic and Atmospheric Administration. Sub-
routine FSW was written in conjunction with Helmut Kopka of the Max-

Planck-Institut fiir Aeronomie, Lindau/Harz, Germany.
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PROGRAM NITIAL
Sets conslants
Initializes the W-array
Decides when to read dato into the W-array

SUBROUTINE READW

Resets soma of the W-orray

Punches some of the W-array (ionospheric
porameters ) on cards

Prints the W-array

SUBROUTINE PRINTER

Prints o line describing a
point on the ray path
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Reads input data into the W-array |

Steps frequency, azimuth angle of fransmission
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Sets the initial conditions for each roy troce
Prints page headings

Prints column headings

SUBROUTINE TRACE
Calculates one ray path from the initial conditions
specified by PROGRAM NITIAL for the
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SUBROUTINE RAYPLT
Plots a point of the ray path. [

ENTRY ENDPLT

Drows axes and calls for label-
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A ;7

SUBCROUTlNE REACH ¥ I___SUBROUTINE BACK UP
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Converts the position of and direction al that
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SUBROUTINE RINDEX - SUBROUTINE LABPLT
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SUBROUTINE ELECT1 | SUBROUTINE ELECTX SUBROUTINE MAGY SUBROUTINE COLFRZ
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Figure 7.

SUBROUTINE PLOT
A general plotting routine which

interpolates between points lying
outside the plotting area

ENTRY PLTEND =
Terminates o plot

]

Block diagram for the ray tracing program.



Tatle 3.

Definitions of the Parameters in Blank Common

Position in Variable

Common Name Definition

1-20 R The dependent variables in the dif-
ferential equations being integrated--
the definitions of the first six are
fixed, but the others may be varied
by the program user.

1 R(1) T

2 R(2) 8

3 R(3) ®

4 R(4) kr

5 R(5) ke

6 R(6) kcp

7-12 R(7)-R(12) Those variables the user has chosen
to integrate, taken in the following
order:

P -phase path in kilometers

A -absorption in decibels

Af -Doppler shift in hertz

s -geometrical path length in kilo-
meters

13-20 R(13)-R(20) Reserved for future expansion.

21 T Group path in kilometers (the inde-
pendent variable in the differential
equations).

22 STP Step length in group path.

23-42 DRDT The derivatives of the dependent

variables with respect to the inde-
pendent variable T.

R and T are initialized in program NITIAL and changed in subroutines

RKAM, REACH, and BACK UP.

STP is calculated in subroutine RKAM,

DRDT is calculated in subroutine HAMLTN

RKAM.

and used in subroutine
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Table 4. Definitions of the Parameters in Common Block /CONST/

Position in Variable

Common Name Definition

1 PI m

2 PIT2 2

3 PID2 /2

4 DEGS 180. 0/m

5 RAD 7/180.0

6 K Ratio of the square of the plasma
frequency to the electron density in
MHz?cm?® = r c2/m = €2 /(47® ¢ m),
where r is the classical electron
radius, c is the free space speed of
light, e is the charge on the electron,
m is the mass of the electron, and
€, is the capacitivity of a vacuum.

7 C Free space speed of light in km/sec.

8 LOGTEN

loge 10

These parameters are set in

program NITIAL.
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Table 5. Definitions of the Parameters in Common Block /RK/

Position in Variable

Common Name D efinition

1 N The number of equations being
integrated.

2 STEP The initial step in group path in
kilometers.

3 MODE Defines type of integration used
(same as W41), see Table 2.

-+ EIMAX Maximum allowable single step
error (same as W42),

5 E1MIN Minimum allowable single step
error (= W42/W43).

6 E2MAX Maximum step length (same as W45).

7 E2MIN Minimum step-length (same as W46).

8 FACT Factor by which to increase or de-
crease step length (same as W47).

9 RSTART Nonzero to initialize numerical inte-

gration, zero to continue integration.

These parameters are calculated in program NITIAL (some are
temporarily reset in subroutine BACK UP) and are used in subroutine

RKAM.,

53



Table 6. Definition of the Parameters in Common Block /RIN/

Postion in Variable

Common Name Definition

1,2:3 MODRIN Description of version of RINDEX in
BCD.

4 COLL = 1 if this version of RINDEX in-
cludes collisions, = 0 otherwise.

5 FIELD = 1 if this version of RINDEX in-
cludes the earth's magnetic field,
= 0 otherwise.

6 SPACE TRUE, if the ray is in a nondevia-
tive, nonabsorbing medium.

7,8 KAY2 K=, square of the complex phase
refractive index times w® /c®.

9,10 H Hamiltonian (complex)

11,12 PHPT 3H /3t (complex)

13, 14 PHPR 3H/3r (complex)

15, 16 PHPTH 3H /36 (complex)

17, 18 PHPPH 3H /3 (complex)

19, 20 PHPOM 3H /3w (complex)

21,22 PHPKR aH/akr (complex)

23,24 PHPKTH aH/ake (complex)

25, 26 PHPKPH aI—I/akCp (complex)

27, 28 KPHPK k- aH/'c‘:E (complex)
=k 3H/3k_+k 3H/3k_ +k 3H/3k

& r 8 I ©
29,30 POLAR Characteristic polarization of the

wave; equal to the ratio of the com-
ponent of the electric field perpen-
dicular with the earth's magnetic

field to the transverse component of
the electric field parallel with the
earth's magnetic field (complex)

(Budden, 1961, p. 49, eq. (5.13)).
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Table 6. (Continued)

Position in Variable
Common Name Definition

31, 32 LPOLAR Characteristic longitudinal polariza-
tion of the wave; equal to the ratio of
the longitudinal component of the
electric field to the component of the
electric field perpendicular with the
earth's magnetic field. (complex)
Budden, 1961, p. 54, eq. (5. 38)).

33 SGN =+1 or -1; used for ray tracing in
complex space.

These parameters are calculated in subroutine RINDEX and used in
subroutine HAMLTN,

Note: In some subroutines, the real and imaginary parts of the com-
plex variables have separate names.
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Table 7.

Definitions of the Parameters in Common Block /FLG/
(See Subroutine TRACE)

Position in
Common

Variable
Name

Definition

NTYP

NEWWR

NEWWP

PENET

LINES

IHOP

HPUNCH

= 1 for extraordinary, = 2 for no
field,
= 3 for ordinary

Set equal to . TRUE. to tell sub-
routine RAYPLT there is a new W
array.

Set equal to . TRUE. to tell sub-
routine PRINTR there is a new W
array.

Set equal to . TRUE. if the ray just
penetrated.

Number of lines printed on the cur-
rent page.

Hop number (at the beginning of each
ray, subroutine TRACE sets this
parameter to zero so that subroutine
RAYPLT will begin a new line in
plotting the ray path and subroutine
PRINTR will print column headings
and punch a transmitter rayset).

The height to be punched on the ray-
sets.
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Table 8. Definitions of the Parameters in Common Block /XX/

Position in Variable

Common Name D efinition

1 MODX(1) BCD name of the electron density
subroutine.

2 MODX(2) BCD name of the subroutine defining
a perturbation to the electron density
model,

3 X X in Appleton-Hartree formula,
square of the ratio of the plasma
frequency to the wave frequency.

- PXPR X
or
X

5 PXPTH 36

X

6 PXPPH oo
[l
X LT

7 PXPT -é? , where t is time; used for cal-

culating Doppler shifts.

8 HMAX Height of maximum electron density.

These parameters are calculated in subroutine ELECTX, possibly
modified in subroutine ELECTI1, and are mainly used in subroutine

RINDEX.
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Table 9.

Definitions of the Parameters in Common Block /YY/

Position in Variable

Common Name Definition

1 MODY BCD name of the subroutine defining
the earth's magnetic field.

2 b Y in the Appleton-Hartree formula,
ratio of the electron gyrofrequency
to the wave frequency.

3 PYPR -
ar

4 PYPTH L
06
Y

5 PYPPH S
o

6 YR Y , proportional to the component of
the earth's magnetic field in the r
direction.
3Y

7 PYRPR —

ar
oY

8 PYRPT —

36
Y

9 PYRPP —

°p

10 YTH YG
aYe

11 PYTPR =

ar

BYG

2 PYTP —_—
1 YTLPeT 50
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Table 9. (Continued)

Position in Variable
Common Name Definition
aYa
13 PYTPP —
o
14 YPH Y
®
Y
15 PYPPR —l
ar
Y
16 PYPPT =
36
dY
17 PYPPP 0
3

These parameters are calculated in subroutine MAGY and are mainly
used in subroutine RINDEX.
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Table 10. Definitions of the Parameters in Common Block /ZZ/

Positionin Variable

Common Name Definition

1 MODZ BCD name of the collision frequency
subroutine.

2 V4 Z in the Appleton-Hartree formula,
ratio of the electron-neutral collision
frequency to the angular wave fre-
quency.

3 PZPR 22
ar
37

4 PZPTH S
fo13]

5 PZPPH _B_g
o

These parameters are calculated in subroutine COLFRZ and are mainly

used in subroutine RINDEX.
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Table 11.

Definitions of the

Parameters in Common Block /TRAC/

Position in Variable

Common Name Definition

)} GROUND . TRUE. if the ray is on the surface
of the earth.

2 PERIGE . TRUE. if the ray has just made a
perigee.

3 THERE . TRUE. if the ray is at the receiver
height.

4 MINDIS . TRUE. if the ray has just made a
closest approach to the receiver
height.

5 NEWRAY Set equal to . TRUE. to tell sub-
routine REACH that this is a new
ray.

6 SMT An estimation of the vertical distance

to an apogee or perigee of the ray.

These parameters are used for communication between subroutine
TRACE and subroutines REACH and BACK UP.

Table 12.

Definition of the Parameter in Common Block /COORD/

Position in Variable
Common Name Definition
1 S The straight line distance along the

ray from the position of the ray

where REACH was called to the present

position.

This parameter is used for communication between subroutine REACH
and subroutine POL CAR.
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Table 13, Definitions of the Parameters in Common Block /PLT/

Position in Variable

Common Name D efinition

1 XMINO, XL The x coordinate of the left side of
the plotting area in kilometers.

Z XMAX0,XR The x coordinate of the right side of
the plotting area in kilometers.

3 XMINO, YB The y coordinate of the bottom of the
plotting area in kilometers.

= YMAXO0,YT The y coordinate of the top of the
plotting area in kilometers.

5 RESET Set equal to one whenever the plotting
area is changed.

These parameters are used for communication between subroutine
RAYPLT and subroutine PLOT.
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Table 14. Definitions of the Parameters in Common Block /DD/

Position in Variable
Common Name

1

D efinition

IN

IOR

IT

IS

1C

ICC

R

Intensity.
IN = 0 specifies normal intensity.
IN = 1 specifies high intensity.

Orientation.

IOR = 0 specifies upright orientation.

IOR =1 specifies rotated orientation
(90° counterclockwise).

Italics (Font).

IT = 0 specifies non-Italic (Roman)
symbols.

IT = 1 specifies Italic symbols.

Symbol size.

IS = 0 specifies miniature size.
IS = 1 specifies small size.

IS = 2 specifies medium size.
IS = 3 specifies large size.

Symbol case.
IC = 0 specifies upper case.
IC =1 specifies lower case.

Character code, 0-63 (R1 format).
ICC and IC together specify the
symbol plotted.

X -coordinate, 0-1023.
Y -coordinate, 0-1023.
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We also want to thank those who have used our program and have
pointed out errors or made suggestions. In particular, we are grate-
ful to Dr. T. M. Georges of the Wave Propagation Laboratory, National
Oceanic and Atmospheric Administration, for his suggestions resulting
from extensive use of the program, for development of some of the
ionospheric models (DCHAPT, DTORUS, WAVE, WAVE2), and for
financing part of the development of ray tracing through a spitze.

Examples of use of the ray tracing program are shown in the

reports by Stephenson and Georges (1969) and Georges (1971).
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APPENDIX 1, LISTINGS OF THE MAIN PROGRAM AND
SUBROUTINES IN THE MAIN DECK

This appendix contains listings of the main program and those sub-
routines that have only one version (with the exception of subroutine
RAYPLT, which has a do-nothing version for users lacking a plotter to
plot ray paths). Thus, the routines which form the contents of this appen-
dix will be used in all ray path calculations.

Additionally, this appendix contains the main input parameter form
for ray tracing and the input parameter forms for plotting. These forms
are very useful when using the program because they indicate the input
parameters needed for ray path calculations

The contents of this appendix are arranged as follows:

a Main input parameter form 68
b. Program NITIAL 69
c. Subroutine READ W 72
d Subroutine TRACE 72
e. Subroutine BACKUP 74
f. Subroutine REACH 76
g. Subroutine POLCAR 77
h. Subroutine PRINTR 78
i. Input parameter forms for plotting 82
i Subroutine RAYPLT 84
k. Subroutine PLOT 86
L. Subroutine LABPLT 87
m. Subroutine RKAM 88
n. Subroutine HAMLTN 90

67



INPUT PARAMETER FORM
FOR THREE-DIMENSIONAL RAY PATHS

Name Project No. Date
Ionospheric ID (3 characters)
Title (75 characters)
Models: Electron density
Perturbatioa
Magnetic field
Ordinary (Wl=+1.)
Extraordinary (W1 =-1.)

Collision frequency

Transmitter: Height

Latitude
Longitude
Frequency, initial
final
step
Azimuth angle, initial
final
step
Elevation angle, initial
final
step

Receiver: Height

Penetrating rays: Wanted
Not wanted

Maximum number of hops
Maximum number of steps per hop
Maximum allowable error per step
Additional calculations:

Phase path

Absorption

Doppler shift

Path length
Other

Printout: Every

Punched cards (raysets):

68

km, nautical miles, feet (W3)
rad, deg, km (W4)
rad, deg, km (W5)
MHz (W7)
(W8)
(W9)
rad, deg clockwise of north (W11)
(wW1z)
(W13)
rad, deg (W15)
(W16)
(W17)

km, nautical miles, feet (W20)

(W21 = 0,)
(W21 = 1.)

(wzz)
(wW23)
(wW42)

1

= 1. to integrate

= 2. to integrate and print
(W5s7)

(W58)

(W59)

(W60)

steps of the ray trace (W71)

(W72 = 1.)



Cevwe

Ceverevw®s INITIALIZE SOME VARIABLES IN THE W ARRAY

Cee*®vesss READ W ARRAY AND PRINT NON=-ZERO VALUES

10

12

13

14

PROGRAM NITIAL

SETS THE INITIAL CONDITIONS FOR EACH RAY AND CALLS TRACE

JIMENSION MFLD(2)

COMMON /CONST/ PIL4PIT2,PID2+DZGSyRAD+K,C4LOGTEN
SOMMON /FLG/ NTYP NEWWR,NEWWP,PENET 4 LINES, IHOP 4HPUNCH
COMMON /RIN/ MODRIN(3) 4COLL+FIELDySPACE,N2,N2I,PNP(10),PILAR,

1 LPOLAR 4 SGN

COMMON /RK/ NySTEP,MODE,EL1MAX,EL1MIN,E2MAX ,E2MIN,FACT 4 RSTART
COMMON /XX/ MOOX(2) y X4 PXPRyPX?THyPXOPHPXPTsHMAX

COMMON /YY/ MOOYeY(1B) /ZZ/ MODZ,2(4)

COMMON R(20),T7,STP,0RDT(20) /WW/ IX(10)4WO.W(L0OD)

EQUIVALENCE (RAYsW(1)) s (EARTHRyW(2)) ¢ (XMTRHeW (3)) o (TLATyA () ),
L (TLONWW(5)) 4 (FyW(B))y (FBEGyW(T7)) s (FENDsW(R)) 4 (FSTEP,H(9)),

2 (AZ14W(10)) s (AZBEGWI11)) 4 (AZEND4W(12)) 4 (AZSTEP,HI(L3)),

3 (BETAsW(L14))y (ELBEGsH(15)) 4 (ELENDsW(16)) s (ELSTEP,W(17)),

NITIODL
NITIOG2
NITIOO3
NITIOO
NITIOO0S
NITIOO0®
NITIOO7
NITIOOS
NITIOOS
NITIO10
NITIOL1
NITIO12
NITIOL3
NITIOL4
NITIO15

4 (ONLYoW(2L)) 4y (HOP,W(22)) 4y (MAXSTO,W(23)),(PLAT,H(24)),(PLONysW(25))INITIOLE

59 (INTYPyW(41)) s (MAXERR W (%2)), (ERATIOsW(43)) 4 (STEPLyW(LG)),
& (STPMAX,WI{43) ) (STPMINsW(U4BE)) , (FACTR,H(LT)) 4 (SKIPH(T71)),
7 (RAYSET.M(72))s(PLT,H(B1)),(?ERT4A(150))

LOGICAL SPACE.NEWWR (NEWWP,PENET

REAL N2 4N2I,LIGTEN, K,MAXSTP,INTYP,YAXERR,MU

COMPLEX PNP,POLAR,LPOLAR
NDATE=IDATE (0}
SECOND=KLOCK(D)*.001
OLL=4H NI

IF (COLL<NE«O.) KOLL=4HWITH
“e®e* CONSTANTS
PI=3.1415326536
PIT2=2.*PI

PI02=PL/2.

DEGS=180./PI

RAD=PI/180.

5=24997925E5
K=2.81785E-15%C**2/PI
LOGTEN=ALJG(10.}

DO 5 NW=1,40C
H(NW) =0,
PLON=0.
PLAT=PID2
EARTHR=6370.
INTYP=3.
MAXERR=1.E-4
ERATIO=50.
STEP1i=1.
STPMAX=100.
STPMIN=1.E-8
FACTR=0.5
MAXSTP=1000.
HOP=1.

CALL READ W
F=BETA=AZ1=0.

[F (SKIP.EQ.D.) SKIP=MAXSTP
RAY=SIGN(L.,RAY)
NTYP=2.+FIELD*RAY

GO TO (13514415)s NTYP
MFLO(1) =BHEXTRADRD
MFLD(2)=5HINARY

30 TO 16

MFLD(1)=8HNO FIELD
MFLD(2)=1H

50 To 1e
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NITIO17
NIT I018
NITIO1S
NITIOZ20
NITIO021
NITIQ22
NITIOD25
NITIO026
NITIOZ27
NITIO28
NITI029
NITIO30
NITIO31
NITIO032
NITIO33
NITIO34
NITIO3S
NITIO036
NITIO37
NITIO038
NITIOD39
NITIOWO
NITIOW1
NITI042
NITIO&3
NITIO&G
NITIO04S5
NIT I04B
NITIO&?
NITIO48
NITIO0&S
NITIO0S0
NITIOS1
NITIO052
NITIOS3
NITIOS4
NITIOD55
NITIO56
NITIOS7
NITIOSS
NITIO0S9
NITIO60
NITIO61
NITID62
NITIO63
NITIOBG
NITIO06S



15 MFLD(1})=8HORDINARY NIT1066

MFLDI(2)1=8H NITI067

16 MODSAV=MODX(2) NITIO&SB
IF (PERT<EQs0Q0s) MODX(21=6H NITI069

IF (RAYSET«NE«O«) PUNCH 2000+ IDsMODX(1)s (WI(NW)sNW=101310T1}» NITIOT7O

1 MODX(2)s (WINW) sNW=151+15T7) +sMODYs (WINW) :NW=2013207)» NITIOT71

2 MODZ s (W(NW) sNW=251+257) NITIOT2
2000 FORMAT (10ABs4(/AB+2X+TE10.3)1} NITIO73
PRINT 1000s IDsNUATE sMODX sMOUY » MODZ s MOCR INsMFi LD s KOLL NiliU s

1000 FORMAT (1H1s10ABs25XsAB/4(1XsAb)s2GXs3ABLXsA0IAD s LASAGS NITLO/!S
1 11H COLLISIONS/! NITIOT76
PRINT 1050 NITIOT7

1050 FORMAT (85H INITIAL VALUES FOR THE W ARRAY —-= ALL ANGLES IN RADIANmiI iU/0
15s ONLY NONZERO VALUES PRINTED/) NIILLUTS

DO 17 NW=1s400 NITIUBO

IF (W(NW) aNEeOe) PRINT 1700 NWsW(NW) NITIOB]

1700 FORMAT (14+E19411) NI1TIOB2
17 CONTINUE NITIOB3
CHxexuse® LET SUBROUTINES PRINTR AND RAYPLT KNOW THERE IS A NEW W ARRAYNITIOB&
NEWWP =« TRUE « NITIOBS
NEWWR=«TRUE « NITIO086
Codxednxd® INITIALIZE PARAMETERS FOR INTEGRATION SUBROUTINE RKAM NITIOB7
N=6 NITIOS88

DO 20 NR=7s20 NITIOB9

IF (WI50+NR)«NE.Oo! N=N+1 NITIO90

20 CONTINUE Ni1IIu9l
MODE=INTYP NITI092
STEP=STEP1 NITIU93
EIMAX=MAXERR NIIIU94
EIMIN=MAXERR/ERATIO NITIO095
EZMAX=STPMAX NITIO96
E2MIN=STPMIN NITIOST
FACT=FACTR NITIO98
CrEx®EER®E DETERMINE TRANSMITTER LOCATION IN COMPUTATIONAL COORDINATE NITI099
CHupng®ex® SYSTEM (GEOMAGNETIC COORDINATES IF DIPOLE FIELD 1S5 USED! NITI100
RO=EARTHR+XMTRH NITI101
SP=SIN (PLAT! NITI102
CP=SIN (PID2-PLAT) NITI103
SDPH=SIN (TLON-PLON) NITI104
COPH=SIN (PID2-(TLON-PLON!] NITI1US
SL=SIN (TLAT) NITI106
CL=SIN (PID2-TLAT) NITI107
ALPHA=ATANZ (-SDPH#*CP +=CDPH*CP*5L+SP*CL) NITI108
THO=ACOSs (CDPH*CP*CL+5P#*5L! NITI109
PHO=ATAN2 ( SDPH*CL y CDPH#*SP*CL~-CP#*5s ) NITI110
CH®u®uxx*® | OOP ON FREQUENCYs AZIMUTH ANGLE» AND ELEVATION ANGLE NITI11l1
NFREQ=1 Nirit12

IF (FSTEP<NE«Oe) NFREQ=(FEND-FBEG!/FSIEP+Lle5 NIT1LL3
NAZ=1 NITI11l4

IF (AZSTEPeNEsOe) NAZ=(AZEND-AZBEGI/ALSIEP+14% NITI115
NBETA=1 NITIll6

IF (ELSTEP«NE<Os) NBETA=(ELEND-ELBEG)/ELSTEP+1.5 NITI117

DO 50 NF=1sNFREQ NITI118
F=FBEG+(NF-1)*FSTEP NITI119

DO 45 J=1.NAZ NITI120
AZ1=AZBEG+{J-1)*AZSTEP NITI121
AZA=AZ1*DEGS NITI122
GAMMA=P[-AZ1+ALPHA NITI123
SGAMMA=SIN (GAMMA) NITI124
CGAMMA=SIN (PID2-GAMMA] NITI125

DO 40 I=1sNBETA NITIl26
BETA=ELBEG+(I-1)®#ELSTEP NITI127
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FL=RFTA#NFRS NITTI128

CBETA=SIN (PID?-BETAI NITI129
Ri{1)=Rn NITI130
Ri21=THn NITI131
R(3)=PHN NITI132
R(a)=SIN (BETAI NITI133
R(5)=CBETA*CGAMMA NITI13a
R{61=CRBETA*SGAMMA NITI135

T=Ne NITI136
RSTART=1, NITI137

C SGN=1. (NEED FOR RAY TRACING IN COMPLEX SPACE.) NITI138
Cedndsxdnx Al|LOW [ONOSPHERIC MODEL SUBROUTINES TO READ AND PRINT DATA NITI139
CALL RINDFX NITIl4u

IF (IeNEsle ANDeNPAGE«LTe3«ANDaLINES«LE«17) GO 10O 25 NIIT141
NPAGE=LINFS=N NITI1a2
PRINT 1n00s IDsNDATE +MODXsMUDY sMONZ s MUDKINsMFLD s RULL NITI143
PRINT 24nns FsAZA NITIl4g

2400 FORMAT (18Xs11HFREQUENCY =3F1l2e6537H MHZs AZIMUTH ANGLE OF TRANSMINITI145
1SSION =3F12e694H DEG) NITI14e

25 NPAGE=NPAGE+1 NITI14T
PRINT 2500s EL MITI148

2500 FORMAT (/31Xe33HELFVATION ANGLE OF TRANSMISSIUN =skl2eb34H DEG/) NITTl49
IF (N2GTeNs) GN TO 30 NITI18C

CALL FLECTX NITI151
FN=SIGN (SQRT (ABS (X))1%F4x) NITI152
PRINT 29nns FN NITI152

2900 FORMAT (58HOTRANSMITTER IN EVANESCENT REGION, TRANSMISSION [MPOSSINITI1S54
1BLE/20HNPLASMA FREGUENCY = +E17«1n0) NITI155

GO TO 44 NITI156

30 MU=SQRT (N2/(R(4)*#¥2+R(5)*#*#¥24R(6)%22)) NITI157
DO 34 NN=4,6 NITI1®B

34 RUNN)=R(NN)*MU NITI1R9
DO 35 MN=T7,N NITI160

35 RI(NN)=N, NITI161
CALL TRACE NITIl62
OSEC=SECOND NITI163
SECOND=KLNCK(n)*a0n1 NITI164
DIFF=SECOND-0SEC NITIl65
PRINT 35004+ DIFF NITI166

3500 FORMAT (36Xs26HTHIS RAY CALCULATION TOOK sFBe3s&H SEC) NITI167
IF (PENET«ANDsONLYeNE«N«sANDe IHOP.FNal) GO TO 44 NITI168

40 CONTINUE NITI169
44 IF (PLTeNEe«Oe) CALL ENDPLT NITI170
45 CONTINUE NITI1T71
IF(PENET ¢ ANDoONLY e NE Qs s ANDs IHOP o EQ e 1 e ANDaNAZ eEQe1 4 ANDeNBETALEQe 1INITI1T2

1 GO TO 55 NITI173

50 CONTINUE NITI174
58 IF (RAYSET«NE«O«) PUNCH 5000 NITI175
5000 FORMAT (78Xs1H-) NITI17s
MODX(2)=MADSAV NITT177

GO To 10 NITI178
END NITI179-
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SUBROUTINE READ W READOO1

C READS W ARRAY READOO?2
C A 1 IN THE FOLLOWING COLUMNS WILL MAKE THE DESCRIBED CONVERS]ONSREADOO3
coL 18 DEGREES TO RADIANS READOOQ&
coL 19 GREAT CIRCLE DISTANCE IN KM TO RADIANS READOOS
coL 20 NAUTICAL MILES TO KM READOO&
coL 21 FEET TO KM READOO7Y
C READOOS
COMMON /CONST/ PlsPIT2sPID2+DEGS+RADDUMI2) READOQ9
COMMON /WW/ ID(10)sWOsW(400! READO10
EQUIVALENCE (EARTHRyW(2)) READO11
INTEGER DEGsFEET READO1?

READ 1000, ID READO13

1000 FORMAT (10A8! READO14
IF (EOFs60) 3.4 READO15S

3 CALL EXIT READO16

4 READ 1100+ NWsW(NW) sDEGsKMsNMyFEET READO17
1100 FORMAT (I3+E16447s511) READO18
IF [NW+ERen) GO T0 10 READO19

IF (NWeGTeNeANDNW.LE«400) GO TO & READO20

PRINT &4n00s NW READO21

4000 FORMAT (15H1THE SUBSCRIPT s13s77H ON THE W—ARRAY INPUT IS OUT OF ROREADO22
1UNDSe ALLOWABLE VALUES ARE 1 THROUGH 400. ! READO23

CALL EXIT READO24&

5 IF (DEGeNE«Oe) WINW)=W(NW)*RAD READO25

IF (KMJNF.0) WINWI=WI(NW!/EARTHR READO26

IF (NMoNEO! WINW)=WINW)*].852 READO27

IF (FEET«NE«O) WINW)=WINW)*3,048006096E-4 READO28

GO TO & READOZ29

10 RETURN READO30
END READO31-
SUBROUTINE TRACE TRACO001

c CALCJULATES THE RAY PATH TRACOO2
OIMENSION ROLDC(20),CROLIC(20) TRACODO3
COMMON /RK/ NySTEP,MODE+EL1MAX,EL1MIN,E2MAX ,E2MIN,FACT,RSTART TRACOO04
COMMON /FLG/ NTYP yNEWWRyNEWWP,PENET,LINES,IHOP,HPUNCH TRACOOS
COMMON /TRAZ/ GROUND,PERIGE, THERE,MINDIS,NEWRAY,SMT TRACOOB
COMMON /RIN/ MOORIN(3),COLL,FIELO,SPACEsN2,PNP(10),POLAR,LPOLAR TRACOO07
COMMON /XX/ MODX(2) 4X4PXPR,PXPTH,PXPPH PXPT,HMAX TRACOO0B
COMMON R(20) 4T,STF,0RDT(20) /WW/ IDC10),WO0,W(400) TRACOOS
LOGICAL SPAZE,HOME,KWASNT,UNDRGD,GROUND,PERIGE, THERE,MINDIS,NEWHR, TRACO10

1 NEWAP, PENET ,NEWRAY , HAS TRACO11
REAL MAXSTP TRACD12
COMPLEX N2 ,PNP,POLAR,LPOLAR TRACO013
ZQUIVALENCE (EARTHR4W(2)) 4 (RCVRHy;W(20) )y (HOP,W(22) ), (MAXSTP,W(23))TRACO14

1y (SKIPyM(71) )y (RAYSET,W(72)) 4 (PLT,W(81)) TRACO1S
N4OP=HOP TRACO16
MAX=MAXST? TRACO17
NSKIP=SKIP TRACO18
RSTART=1. TRACO19
GALL HAMLTN TRACO20
HOME=DRDT(1) *(R(1) =EART43=RCVRH) «GE. 0. TRACO21
Ceeesvsvss THOP=0 TELLS PRINTR TO PRINT HEADING AND PUNCH A TRANSMITTER TRACO22
Cr¥¥s*¥evs RAYSZT AND TELLS RAYPLT TO START A NEW RAY TRACO23
IHOP=0 TRACO24
CALL PRINTR (BHXMTR +0.) TRACO2S

IF (PLT«NE.O0.) CALL RAYPLT TRACO26
HTMAX=0. TRACO27
NEWRAY=.TRUE, TRACD28
THERE=R (1) -EARTHR.EQ.RCVR+4 TRACD29
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greEvs
10

Ceees

12
13

14

Cress

20

crees
30

40

¥¥®x® LOOP ON NUMBER OF HOPS

IHOP=IHOP+1

IF (IHOP.GT.NHOP) RETURN

PENET=.FALSE.

APHT=RCVRH
#¥¥¥s LOOP ON MAXIMUM NUMBER OF STEPS PER HOP

D0 79 J=1,MAX

H=R (1) -EARTHR

IF (ABS(H=-RCWRH).GT.ABS(APHT-RCVRH)) APHT=H
HTMAX=AMAXL1(H, HTHAX)

IF (.NOT.SPACE) GO TO 12

CALL REACH

RSTART=1.

H=R(1)-EARTHR

IF (ABS(H=-RCVRH) .GT.ABS(APHT-RCVRH)) APHT=H
HTHAX=AMAK1(H,HTHAX)

IF (.NOT.SPACE) GO TO 12

IF (PERIGE) CALL PRINTR (BHPERIGEE 4+0.)

IF (THERE) 30 TO 51

IF (MINDIS) GO TO &0

IF (GROQUND) 50 TO &0

IF (PLT.NE.0.) CALL RAYPLT

IF (PERIGE) GO TO 79

30 13 L=1i,N

RO0LDC(L)Y =R (L)

DROLD(L)=DROT(L)

TOLO=T

AAS=THERE

CALL RKAM

H=R (1) -EARTHR

THERE=.FALSE.

AASNT=.NOT .HOME .

HOME=DRDT(1) * (H-RCVYRH) «GE .0+
THP=(DRDT(1)=DRGO(1))*(T=TOLD)

SMT=0.

IF (TMP.NE.0<) SMT=0.5%*(R(1)-ROLO(1)+0.5*THP)**2/ABS(THMP)
IF (((A=-R3VA) *(ROLO(1)-EARTHR=-RCVRH) « LT+ 0ecAND..NOT.HAS) .0OR.
1 (WAS.AND.ORDT (1) *DROLD(1).LT.0..AND.HOME)) GO TO 50
IF (HOME.AND.AASNT) GO TO 30

IF (HelToeDW2eORDROTI(L)e5To00 «AND.DROLDO(L) sLT o0« ANDSMTGTH)
1 GO TO 24

IF (DROLD(1) «LTe0««AND.DROT(1).GTu0.) CALL PRINTR(BHPERIGEE ,+0.)
IF (DROLD(1) «5T.04+«AND.DRIT(1)«LT.0.) CALL PRINTR(BHAPOGEE ,0.)
IF (DROLO(2)*IRDOT(2)«LT«04) CALL PRINTR(BHMAX LAT ,0.)
IF (DROLD(3)*DROT(3).LTe0.) CALL PRINTR(8HMAX LONG,0.)
J0 14 I=4,56

IF (ROLD(I)*R(I).LT.0.) SALL PRINTR(BHWAVE REV,0.)
CONTINUE

G0 TO 75
*¥%x® RAY WENT UNDERGROUND

CALL BACK UP(0.)

G0 TO 50
*#e¥¥% RAY MAY HAVE MADE A CLOSEST APPROACH

CALL GRAZE (RCVRH)

IF (THERE) GO TO 51

DRDOT(1)=0.

HPUNCH=R(1)-EARTHR

CALL PRINTR(BHMIN DIST,RAYSET)

IF (PLT.NE.O.) CALL RAYPLT

IF (IHO?.GE.N40P) RETURN

IHOP=IHOP+1

CALL PRINTR (S8HHMIN DIST,RAYSET)

GO TO 89
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TRACD30
TRACO31
TRACO032
TRACO33
TRACD34
TRACO35
TRACO36
TRACO37
TRACO38
TRACO39
TRACO4O
TRACO41
TRACD&2
TRACO&43
TRACO4G
TRACD&4S5
TRACO4®
TRACOL7
TRACOD4S
TRACOLS
TRACO50
TRACO51
TRACO52
TRACO53
TRACOS,L
TRACO55
TRACO56
TRAGO57
TRACOS8
TRACO59
TRACO60
TRACO61
TRACO62
TRACO63
TRACOGY
TRACOB5
TRACOB6
TRACOBT
TRACOGS
TRACO69
TRACO70
TRACO71
TRACO72
TRACO73
TRACO74&
TRACO75
TRACO78
TRACO77
TRACO78
TRACO79
TRACOBO
TRACOBL
TRACO82
TRACOSB3
TRACOB4
TRACO085
TRACOS8®E
TRACOB7
TRACOBS
TRACO89
TRACO90
TRACOS1
TRACO92



Cewvsvvwvss RAY CROSSED RECEIVER HEIGHT TRACO93

50 CALL BACK UP(RCVRH) TRACOS4
THERE=« TRUE. TRACO09S

51 R(1)=EARTHR+RCVRH TRACO96
HTMAX=AMAX1(RCVRH,HTHMAX) TRACO097
HPUNCH=APHT TRACO98
CALL PRINTR(B4RCVR yRAYSET) TRACO099

IF (PLT.NE.D.) CALL RAYPLT TRAC100

IF (RCVRH.NE.D.) GC TO 89 TRAC101

IF (IHOP.GE.NHOP) RETURN TRAC102
IHOP=IHOP+1 TRAC103
APHT=RCVRH TRAC104
C¥**®r¥¥¥% GROUND REFLECT TRAC105
60 R(1)=EARTHR TRAC106
IF (ABS(RCVRMH) .GT.ABS(APHT=RCVRH)) APHT=0. TRAC107
R(4)=ABS (R(4)) TRAC108
DROT(1)=A3S (DRDT(1)) TRAC109
RSTART=1. TRAC110
HPUNCH=HTMAX TRAC111
CALL PRINTR(BHGRND REF,RAYSET) TRAC112
HTMAX=0. TRAC113

IF (RCVRH«NE«D.) GO TO 65 TRAC114
THERE=.TRUE. TRAC11S
HPUNCH=APHT TRAC116
CALL PRINTR (8HRCVR +RAYSET) TRAC117

GO T0 89 TRAC118

55 H=0. TRAC119
THERE=«FALSE. TRAC120
CHerxrrors TRAC121
75 IF (PLT«NE.0O.) CALL RAYPLT TRAC122
IF (H.6T.HMAX.AND.H.GT.RCVRH.AND.ORDT(1).GT.0.) GO TO 90 TRAC123

IF (MOD(JsNSKIP).EQ.0) CALL PRINTR(8H e 0s) TRAC124

79 JONTINUE TRAC125
Ce*¥vssavs EXCEEDED MAXIMUM NUMBER OF STEPS TRAC126
HPUNCH=H TRAC127
CALL PRINTR(BHSTEP MAX,RAYSET) TRAC128
RETURN TRAC129
c“l'l!lll TR“ciau
89 HOME=.TRUE. TRAC131
GO TO 10 TRAC132
Ceerseevss DAY PENETRATED TRAC133
30 PENET=.TRUE. TRAC134
HPUNCH=H TRAC135
CALL PRINTR(BAPENETRAT,RAYSET) TRAC136
RETURN TRAC137

END TRAC138
SUBROUTINE BACK UP({HS) BACKOO1
COMMON /RK/ NsSTEPsMODEsEIMAXsEIMINE2MAX+E2MINsFACTsRSTART BACKQO02
COMMON /TRAC/ GROUNDSPERIGE s THEREZMINDISsNEWRAY sSMT BACKO003
COMMON R(201sT+STPsDRDT(20) /WW/ ID(10)+sWOsW(400) BACKOO&4
EQUIVALENCE (EARTHRsW(2) )+ (INTYPsW(&11)1s(STEPL sW(&&)) BACKOOS

REAL INTYP BACKOO6
LOGICAL GROUNDPERIGEsTHERFsMINDISsNEWRAY s HOME BACKOQO7
Cexnunnss® DIAGNOSTIC PRINTOUT BACKOOB
C CALL PRINTR (BHBACK UPDs0.) BACKOQS
CE*uRu2x%® GOING AWAY FROM THE HEIGHT HS BACKO10
HOME=DRDT(1)#(R(1)-EARTHR-HS) «GE«04 BACKO11

IF (HSeGTeOseANDs s NOToHOME+OReHS4EQ o0 s ANDDRDT(1).GT40,) GO TO 20BACKO12
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Ce#ukxexnx FIND NEAREST INTERSECTION OF RAY WITH THE HEIGHT HS
NO 10 I=1,10
STEP=-(R(1)-EARTHR-HS) /DRDT (1)
STEP=SIGN(AMIN]1 (ABS(STP) sABSISTEP) ) ,STEP]
IF (ABS{R(1)-EARTHR=HS) «LTeeSE-4+ANDLABS(STEP)«LT41s! GO TO 60
Cruxpfanie® DIAGNOSTIC PRINTOUT
C CALL PRINTR(BHBACK UP1s0s)
MODE=1
RSTART=1.
CALL RKAM
10 RSTART=1.

C
CHEREREERE TIND NEAREST CLOSEST APPROACH OF RAY TO THE HEIGHT HS
ENTRY GRAZE
THERE=eFALSE.
Cr¥énkns®®® DIAGNOSTIC PRINTOUT
C CALL PRINTR (BHGRAZE 0 sNe)
IF (SMT«GT«ABS(R(1)-EARTHR-HS)) GO TO 30
DO 20 I=1,10
STEP==R(4) /DRDT (4)
STEP=SIGN(AMIN1 (ABS(STP)sABSI(STEP) ) ,STEP)
IF (ABS(R(4))4LEelaE-64ANDABSISTEP).LT4ls) GO TO 60
CHuuduuxn® DIAGNOSTIC PRINTOUT
C CALL PRINTR (BHGRAZE 1 04!
MODE=1
RSTART=1.
CALL RKAM
RSTART=1.
IF (DRDT(4)#(R(1)-EARTHR-HS)«LT«0.) GO TO 30
IF(R(5)«EQe0«sANDsR(6)+EQeDs) GO TO 60
20 CONTINUE
Créudmunus [F A CLOSEST APPROACH COULD NOT BE FOUND IN 10 STEPSs IT
CHRek®u®e® PROBABLY MEANS THAT THE RAY INTERSECTS THE HEIGHT HS
3n CONTINUE
CHERERERRE DTAGNOSTIC PRINTOUT
C CALL PRINTR (BHBACK UP2+04)
MODE=1

Cuundunun® FSTIMATE DISTANCE TO NEAREST INTERSECTION OF wAY WITH HEIGHT

CH*ERE®ua® HS BEHIND THE PRESENT RAY POINT
STEP=(-R(4)-SQRT(R(4)##2-2 #(R(1)-FARTHR-HS)*DRDT(4)))/DRDT(4)
RSTART=1.

CALL REKAM
RSTART=1.

CHexkmnex® FIND NEAREST INTERSECTION OF RAY WITH HEIGHT HS
DO 40 I=1,10
STEP==(R(1)-EARTHR-HS) /DRDT(1)
STEP=SIGNIAMIN] (ABSISTP ) +ABS(STEP) | 4STEPI
IF (ABS(R{1)—EARTHR=HS ) L TaeS5E-4+sAND.ABSISTEP)«LTale! GO TO &0

CHapeen®d DIAGNOSTIC PRINTOUT

C CALL PRINTR (BHBACK UP3s0w)

MODE=1
RSTART=1.
CALL RKAM
40 RSTART=1le.
50 THERE=eTRUEs
CrEXEEXXX® RESET STANDARD MODE AND INTEGRATION TYPE
60 MODE=INTYP
STEP=STEP1
RETURN
END

i)

BACKO13
BACKO14
BACKO15
BACKO1l6
BACKO17
BACKO1E
BACKO19
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BACKO21
BACKO22
BACKO23
BACKO24
BACKO25
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BACKO28
BACKO29
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BACKO31
BACKO32
BACKO33
BACKO34
BACKO135
BACKO36
BACKO37
BACKO38
BACKO39
BACKO40
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BACKO43
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BACKO45
BACKO46
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BACKO48
BACKO49
BACKOS0
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BACKO52
BACKO053
BACKOS4
BACKOS55
BACK056
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BACKO59
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BACKO62
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SUBROUTINE REACH REACOCL

G CALCULATES THE STRAIGHT LINE RAY PATH BETWEEN THE EARTH REACDO02
c AND THE TIONOSPHERE OR BETWEEN IONOSPHERIC LAYERS REACOD3
COMMON /RK/ N,STEP,MODE yE1MAX E1HIN,E2MAX,E2MIN,FACT,RSTART REACD G4
COMMON /TRAC/ GROUND,PERIGE,THERE MINDIS,NEWRAY 4SMT REACC 35
COMMON /CO2RD/ S REACQOA
COMMON /RIN/ MODRIN(3),COLLFIELDsSPACEsN2,N2I,PNP{10),PILAK, PEAGEOT7

1 LPOLAR REACLLS
COMMON /XX/ MOOX{2) yX 4PXPR,PXPTHyPXPPH,PXPT ,HMAX REACL S9
COMMON P(22),T,STP,0RDT(20) /WH/ ID(10) ,W3,W(&30) REACC10
FQUIVALENGE (EARTHR,W(2)) 3 (XMTRHyW(3) ), (RCVRH W (201 ) RSACOLL
LOGICAL CPOSS,CROSSGsCROSSR,SPACE,GROUNDs PERIGE yTHERE4MINDIS, REACT 12

1 N:WRAY,RSPACE REACS13

REAL N2 4NZI REAC 1w
COMPLEX PNP,POLAR,LPOLAR REAC 15

DATA (NSTFP=500) REAC 15

CALL HAMLTN CEAC 17

H=R (L) =EARTHR REAC 18

IF (+NOT.NEWRAY.AND,«NOT.RSPACE) CALL PRINTR(BHEXIT IONs0.) REAC 17
NEWRAY=.FALSE. RZAC 21
V=SARTIR (L) **2+R(5) **2+¢R(6) *32) REAC 21
Cresressws NORMALIZE THE WAVE NORMAL OIRSECTION TO ONE REAC 22
RIL)=(L) sV REAC 23
RI5)=R(E) /V REAC 24
RIE)=R(E) LV REAC 25
Ce¥vs»xwses® NEGATIVE OF DISTANCZ ALONG RAY TO CLOSEST APPROACH TO CENTER REAC 26
CH*¥¥¥*28x® OF EARTH REAC 27
UP=R(1) *R (&) REAC 23
RADG=EARTHR**2=R( 1) **2%* {R(5)**2+R (6} **2) RZAC 27
DISTG=SQRT (AMAXL1(0.,RADG)) REAC 3]
Ceexwxsxxs DI STANCE ALONG RAY TO FIRST INTERSECTION WITH OR CLOSEST REAC 31
C***®exx®% APPROACH TO THE EARTH REAC 32
SG=-UP-DISTG REAC 33
Ceerxsves® CROSSG IS TRUE IF THE RAY WILL INTERSECT OR TOUCH THE cARTH REAC 34
CROSSG=UP.LTe04sAND.RADG.GE 4D, REAC 35

RADR= (EARTHR#RCVRH) *¥2-R(1) *#2% (R(5)**2+R (6) *¥2) REAC 36
DISTR=SQRT (AMAXL (0.,RADR)) REAC 37
C*sxxxx¥xs OISTANCE ALONG RAY TO THE FIRST INTERSECTION WITH OR CLOSEST REZAC 38
Ce*¥*¥*¥¥¥¥% APPROACH TO THE RECEIVER HEIGHT REAC 39
SR=DISTR=UP REAC &1

IF (UPeLT.0es AND,DISTR.LT.=UP.AND.R(1)4NE.EARTHR+RCVRH) SR=-DISTR REAC 41

1 -UP REAG &2
Cexs¥xrex¥ CROSSR IS TRUE IF THE RAY WILL INTERSECT WITH OR MAKE A REAC 43
Cewsx¥xxxs (| OSEST APPROACH TO THE RECEIVER HEIGHT REAC Lk
CROSSR=R(L) LTe0as0RsR(1) LT (EARTHR#RCVRH) REAC 45
CROSS=CROSSG.OR.CROSSR REAC 46
C¥®*¥®sxsx® MAXTIMUM DISTANCE IN WHICH TO LOOK FOR THE IONQSPHERE REAC 47
S1=AMIN1(SR,SG) REAC 4B
IF{.NOT.CROSSG) S1=SR REAC 49

IF (UP.GE.D.) GO TO 15 REAC 50
CROSS=. TRUE., REAC 51
C**=*¥x®xxx [F RAY IS GOING DOWN, Si IS AT MOST THE DISTANCE TO A PERIGEEREAC 52
S1=AMIN1{S1,=UP) REAC 53
Ce®¥sxxes® CONVERT THE POSITION ANO DIRECTION OF THE RAY TO CARTESIAN  REAC S&
C¥»*®¥¥¥3% COORDINATES REAC 55
15 CALL POL CAR REAC 56
SSTEP=100. REAC 57
S=S'STEP REAC 58

D0 20 I=1,NSTEP REAC 59

IF ((S=SSTEP).GT.S1.AND.CROSS) GO TO 25 REAC 60
c*®ewvx¥¥¥® CONVERT POSITION AND DIRECTION TO SPHERICAL POLAR COORDINATESREAC 61
Cessxvssxs AT A DISTANGE S ALONG THE RAY REAC 62
CALL CAR FOL REAC 63

CALL ELECTX REAC 64
Cr¥*®¥¥8%¥ FREE SPACE REAC 65
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IF (X.EQ.C.) GO TO 20 REAC 65

CALL RINDEX REAC &7
C¥sesxssxs -FFECTIVELY FREE SPACE REAC 68
IF (SPACE) GO TO 20 REAC &9
IF (SSTEP.LT.0«5E=-4) GO TO 25 REAC 70
Ce¥*exx¥us® DAY IN THE LONOSPHERE. STEP BACK OUT REAC 71
S=S=~SSTEP REAC 72
Cr¥xs¥w¥r® QECREIASE STEP SIZE REAC 73
SSTEP=SSTeP/10. REAC T4
20 S=S+SSTEP REAC 75
PRINT 20037, NSTEP REAC 75
2000 FOPMAT (9H EXCEEDED,I5,25H STEPS IN SUBROUTINE REACH) RZAC 77
CALL EXIT REAC 73
2% IF(CROSS) S=AMINL(S,S51) REAC 73
Ceersxxrs® CONVERT POSITION ANG DIRECTION TO SPHERICAL POLAR COGRJIINATESRZALC #)
Cresyrexxx AT A DISTANCE S ALONG THE RAY REAC 81
CALL CAF POL REAC 82
Ce¥rsxsss® AyQI0 THE RAY BEING SLIGHTLY UNDZRGROUND REAC 53
QUL )=AMAXLIR(1) 4EARTHR) ReAC B4
Crv®rerexw ONE STEP INTEGRATION REAC B85
IF (N.LT.7) GO TO 31 RZAC K&
DO 30 NN=T,N RFAC a7
30 RINN)=P (NN} +S*DROT(NN) REAC 8%
31 T=T7+S REAC RS
CALL RINDEX REAC 30
c!'!ﬁl#!l' ﬂT ﬁ thIGEE anc (31
PEFIGE=S. 504 (=UP) REAC 32
Cee®vexrwen CORRECT MINOR ERRORS REAC 93
IF (PERIGE) R(4)=0. REAC 9+
Cee¥sxws®s UCEP CONSISTENCY AFTER CORRECTING MINOR ERRORS RZAC 95
DROT(1)=R (L) REAC 95
Ce**rrx¥vx ON THE GROUND REAC 97
GROUND=S.5Q0.5G«AND.CROSSG RFEAC 9%
Cessxseser AT THE RECEIVER HEIGHT REAC 99
THERE=S «EQe SR« AND.CROSSR, ANDs « NOT .PERIGE REAC10D
Ceervreeves AT A CLOSEST APPROACH TO THE RECEIVER HEIGHT REAC131
MINDIS=PERIGE +AND.S.EQ. SR.AND.CROSSR REAC10?
RSPACE=SPACE REAC1103
V=SARTI(N2/(RIL)**24R(5)**24+R (6]} **2)) REAC1G4G
Cr*s*x>xxvs* RENORMALIZE THE WAVE NORMAL DIRECTION TO = SQRTI(REAL(N®¥2)) REAC105
RILI=R(4)*Y REAC136
R(5)1=R(5)*V REAC1G7
RIBI=R(E) ¥V REAC108
RSTART=1. REACL103
IF (.NOT.SPACE) CALL PRINTR (BHENTR ION,0.) REAC110
RETURN REAC111
END REAC112-
SUBROUTINE POL CAR POLCOO1
DIMENSION XO0(6)sX(6)sRO(4) POLCO02
COMMON R(&) /COORD/ S POLCO03
COMMON /CONST/ PI+PIT2sPID2sDUMI(S) POLCOO4
C POLCOOS
(= CONVERTS SPHERICAL COORDINATES TO CARTESIAN POLCO06
IF (R{5)4EQe0seAND«RI(6)EQeDa) GO TO 1 POLCOOT
VERT=0. POLCOO0B
SINA=SIN(R(2)] POLCOO9
COSA=SIN(PID2=-R(2)) POLCO10
SINP=SIN(R(3]) POLCO11
COSP=SIN(PID2-R(3)) POLCO12
X0(1)=R(1)*SINA®COSP POLCO13
X0(2)=R(1)%SINA®SINP POLCO14
X0(3)=R(11%COSA POLCO15
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X(4)=R(4)%SINA*COSP+R(5) *COSA*¥COSP-R(6)*SINP
X(5)1=R(4)*SINA*SINP+R(5)*COSA*SINP+R(6)*CO5P
X(61=R(4)*COSA-RI(5)*5INA
RETURN
VERTICAL INCIDENCE
1 VERT=1.
RO(1)=R(1)
RO(2)=R(2)
RO(3)=R(3)
RO(4)=SIGN (1ssR(4))
RETURN

STEPS THE RAY A DISTANCE S» AND THEN
CONVERTS CARTESIAN COORDINATES TO SPHERICAL COORDINAT
ENTRY CAR POL
IF (VERT.NE«Os) GO TO 2
X(1)=X0(1)+S%X (4}
X(2)=X0(2)+5%X(5}
X(3)=X0(3)+5%X(6)
TEMP=SQRT(X(1 ) ##24X(2)%%2)
RI11=SORT(X(1)*%24X(2)%#%#24X(3)%%2)
R(2)=ATAN2(TEMPsX(31))
RIII=ATAN2(X(2)sX(1))
RUG)=(X(1)®X(4)+X(2)*#X(5)+X(3)%X(6))/R(1)
RISI=(X(3) (XTI *X(L)4X(2)%X(5) )= (X(1)**24X(2)%%2)%X(6))/
1 (R{1)%TEMP!
RIG)=(X(1)%X(5)=X(2)%X(4))/TEMP
RETURN
VERTICAL INCIDENCE

2 R(1)=RO(1)+RO(4)*S

R({2)=R0O(2)
R{3)=R0O(13)
Ri4)=RO(4)
R{51=0s
RI6)=De
RETURN
END

SUBROUTINE PRINTR(NWHY,CARD)
PRINTS OUTPUT AND PUNCHES RAYSETS WHEN REQUESTED

DIMENSION G(393)461(3,3),TYPE(3),HEADR1(20),HEADR2(20),UNITS(20),

1 HEAD1(20) ,HEAD2(20), UNIT (20) ,RPRINT(20) 4 NPR(20)
COMMON /CONST/ PI4PIT2,PID2,DEGSyRAD,DUM(3)
COMMON /FLG/ NTYPyNEWHRyNEWWP,PENET, LINESy IHOP HPUNCH

COMMON /RIN/ MODRINC(3) ,COLLyFIELDy SPACEsN24N2I,PNP(10) ,POLAR(2),

1 LPOLAR(2)
COMMON R(20) 47 /WW/ ID(10),HO,W (400)
EAUIVALENCE (THETAR(2)),4 (PHI,R(3))

ES

EQUIVALENCE (EARTHR,W(2)) 4y (XMTRHyW(3)) s (TLAT W (4)),(TLON,N(5)),

L (FyW(B))y (AZLyW(10)) 4 (BETAyW(1L4) )y (RCVRHyH(20)) 4y (HOP4W(Z2)),

2 (PLAT,W(24)) 4+ (PLONsH(25)) 4 (RAYSET,H(72))

LOGICAL SPACE.NEWWR,NEWHP,PENET

REAL N2 4N2I,LPOLAR

COMPLEX PNP

DATA (TYPE=1HX,1HN,1HO)

2, (HEADR1(7)=564 PHAS), (HEADR2(7)=6HE PATH) , (UNITS(7)=6H

3 (HEADR1(8)=5H ABSO),(HEADR2(8)=6HRPTION),(UNITS(B)=6H

% (HEADR1(3)=6H DOP) , (HEADR2(9)=6HPLER ), (UNITS{(9)=6H C
5 (HEADR1(10)=5H PATH ) ,(HEADR2(10) =BHLENGTH) 4 (UNITS(10)=6H
CALL RINDEX

IF (NOT.NEWW?) GO TO 10
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Te = =

POLCO16
POLCO17
PoLCO18
POLCO19
POLCO20
POLCO21
POLCO22
POLCO23
POLCO24
POLCO25
POLCO26
POLCO27
POLCO2Z8
POLCO29
POLCO30
POLCO31]
POLCO32
POLCO33
POLCO34
POLCO35
POLCO36
POLCO37
POLCO38
POLCO39
POLCO040
POLCO41
POLCO42
POLCO43
POLCO44
POLCO45
POLCO46
POLCO47
POLCO48
POLCO49
POLCO50
POLCOS51
POLC 52-

PRINOO1
PRINDO2
PRINOO3
PRINOOG
PRINDOS
PRINOO®
PRINODO7
PRINOOS
PRINODS
PRINO10
PRINO11
PRINO12
PRINO13
PRINOLY4
PRIND1S
PRINO16
PRINO17
PRINO1B
PRINO19
PRINODZ20D
PRINO23
PRINOZ2&L
PRIND25



Ce®®®¥®2¥® NEW W ARRAY ~-- REINITIALIZE
NEWWP=,FALSE .

SPL=SIN (PLON=TLON)
CPL=SIN (PID2=-(FLON=TLON))
SP=SIN (PLAT)

CP=SIN (PID2-PLAT)

SL=SIN (TLAT)

CL=SIN (PID2=-TLAT)

Ceevrrvwrs MATRIX TD ROTATE COORDINATES
G(1,1)=CPL*SP¥CL-CP*SL
G(1,2)=SPL*SP
G(143)==-SL*¥SP*C F-CL*CP
G(2,1)==SPL*CL
G(24+2)=CPL
G(2,3)=5L®*SPL
G(3,1)=CL*CP*CPL+SP*SL
G(3,2)=CP*SPL
G(343)=-SL*CP*CFL+SP*CL

PRIN026
PRINO27
PRINO28
PRIN029
PRIN030
PRINO31
PRINO32
PRIN033
PRINO34
PRINO3S
PRIN036
PRINO37
PRIN038
PRIN039
PRINO4O
PRINOG1
PRIN042
PRINO43

DENM=G(1,1)%G(2,2)*G(3,3) 4G (1,2)%G(3,1)%G(2+3)+4G(2,1)%G6(3,2)*G(1,3PRINDOLL

1)=G(242)*6(341)%G(143)-6(1,2)%G(241)%G(343)-G(1,1)%G(3,2)%*G(2,3)
Creerevv®s® THE MATRIX G1 IS THE INVERSE OF THE MATRIX G
GL(1,1)=(G(25,2)*G(3,3)-6G(3,2)%G(2,3))/0ENM
G1(1,2)=(G(3+2)*G(1,3)-5(1,2)%G(3,3))/DENM
GL(1+3)=(6(142)%G(2,3)-G(2+2)%G(1,3))/DENM
GL(21) =(5(3+1)%G(2,3)=G(2+1)%G(343)) /DENM
G1(2,2)=(G(1,1)*G(3,3)-6G(3,1)%G(1,3))/0ENM
G1(2,3)=(G(2+1)*G(1,3)-6(1,1)*G(243))/DENN
GL(3,11=(6(241)%*G(3,2)-6(3,1)*G(242)) /DENM
G1(3,2)=(6(3+41)%G(1,2)-G(1+1)%G(3,2)) /DENM
GL1(3,3)=(G(141)%*G(2,2)-6(2,1)%G(1,2))/DENM
RO=EARTHR+XMTRH
C¥eexeners CARTESIAN COORDINATES OF TRANSMITTER
XR=R0*G (1,1)
YR=RO*G (2, 1)
ZR=RO*G(341)
CTHR=G(3,1)
STHR=SIN (AGOS (CTHR))
PHIR=ATANZ (YR,4 XR)
ALPH=ATAN2(G(3,2) ,G(3,3))
Cressrevrs
NR=6
NP=0
00 7 NN=7,20
IF (W{NM#+50) .EQ.0.) GO TO 7
C#wewserss DEPENDENT VARIABLE NJMBER NN IS BEING INTEGRATED
Ceew¥euv®® NR IS THE NUMBER OF DEPENDENT VARIABLES BEING INTEGRATED
NR=NR+1
IF (W(NN#50) «.NE.2.) GO TO 7

Cevwesvwess DEPENDENT VARIABLE NJMBER NN IS BEING INTEGRATED AND PRINTED.

Cees¥evrevy NP IS THE NUMBER OF DEPENDENT VARIABLES BEING INTEGRATED AND
c!¥illl¥l¥ PRINTEJ

NP=NP#1
C**sss¥vs¥ SAVE THE INDEX OF THE DEPENDENT VARIABLE TQO PRINT

NPR (NP) =NR
4EAD1 (NP)=HEADRL (NN)
HEAD2 (NP)=HEADR 2(NN}
UNIT(NP)=UNITS (NN)

7 CONTINUE
NP1=MINO (NP, 3)
PDEV=ABSORB=DOPP=0.
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PRINDS®
PRINOS7
PRINOSS
PRINOS9
PRINOGED
PRINO61
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PRINOG3
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PRINO065
PRINOG6
PRINOG7
PRINOGS
PRINOGY
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Ce#¥¥xvsvx>® PRINT COLUMN HEADINGS AT THE BEGINNING OF EACH RAY PRINOBG

10 IF (IHOP.NE.O0) GO TO 12 PRINDB7
PRINT 1100, (HEADZ1 (NN) ,HEADZ (NN),NN=1,NP1) PRINOBSB

1100 FORMAT (44X, 7THAZIMUTH/43X,9H0DEVIATION,8X,SHELEVATION/ PRINOBSY
1 19X316HHEIGHT RANGE 1 X+ 2(5X, 1 2HXMTR LOCAL) +5X,26HPOLARIZATIPRINOSO

20N GROUP PATH,5A6,A5) PRINOS1
PRINT 11504 (JNIT(NN) yNN=1,NP1) PRINOSZ2

115) FORMAT (13X,2(8X,2HKM) 42K 42 (6Xy3HDEG,5Xy3IHDEG) 656Xy 12HREAL IMAG,PRINODS3
1 7X2HKM 4Xy3(4Xy AB42XK)) PRINOSYL

IF (RAYSET.EQ.0.) GO TO 12 PRINOSS
Crrrervvrr PUNCH A TRANSMITTER RAYSET PRINOD96
TLOND=TLON®*3JEGS PRINO97

IF (TLOND.LT.0.) TLOND=TLOND+360. PRINO9S
TLATD=TLAT*DEGS PRINO99

IF (TLATDLT.0.) TLATO=TLATD+360. PRIN1O0O
AZ=AZ1*DESS PRIN101
EL=BETA®*DEGS PRIN1D2
NHOP=HOP PRIN1D3

PUNCH 1200, ID(1)sTYPE(NTYP) yXMTRH,TLATO, TLOND 4RCVRH,F,AZ,EL,POLARPRIN1OG

1y NHOP 41 HT PRIN10S

1200 FORMAT (A3 ,A144PF9.0,3P2FB6.044P2F9.04y5P2F10.045X,2P2F5.0,4 I1, A1) PRIN1OB
c"‘“l"" PRIN107
12 V=0, PRIN1OB

IF (NZ2<NE«QOs) V=(R(L)**24+R(5)**2+R(6)**2) /N2-1. PRIN1DS9
H=R(1)=-EARTHR PRINi1i0
STH=SIN (THETA) PRIN111
CTH=SIN (PID2-THETA) PRIN112
C#ereevvs¥ CARTESIAN COORDINATES OF RAY POINT, ORIGIN AT TRANSHMITTER PRINL13
XP=R(1) #*STH*SIN (PID2-PHI)-XR PRIN11G
YP=R(1) *STH*SIN (PHI)-YR PRIN11S
ZP=R(1) *CTH-ZR PRIN116
Crrerevrve CARTESIAN COORDINATES OF RAY POINT, ORIGIN AT TRANSMITTER ANDPRIN117
Cre¥*eev%% ROTATED PRIN118
EPS=XP*G1(1,1) +YP*G1(1,2) +ZP*G1(1,3) PRIN119
ETA=XP*GL(2,1) +YP*G1(2,2) +ZP*G1(2, 3) PRIN120
ZETA=XP¥G1(3,1)+YP*G1(3,2) +ZP*G1(3,3) PRIN121
RCE2=ETA®**2+ZETA**2 PRIN122
RCE=SQRT (RCE2) PRIN123
C*Fr¥3%¥¥%® GROUND RANGE PRIN1Z4
RANGE=EARTHR®*ATANZ (RCE,EARTHR+EPS) PRIN125
Creervresys ANGLE OF WAVE NORMAL WITH LOCAL HORIZONTAL PRIN126
ELL=ATANZ2(R(4) SQRT (R(5)**2+R(B)**2)) *DEGS PRIN127
C¥¥¥#evw®y STRAIGHT LINE DISTANCE FROM TRANSMITTER TO RAY POINT PRIN1Z28
SR=SQRT (RCE2+EPS**2) PRIN129

IF (NP.LT.1) GO TO 16 PRIN130

00 15 I=1,NP PRIN131
NN=NPRI(I) PRIN132

15 RPRINT(I)=R(NN) PRIN133

16 IF (SR.GE.1.E-6) GO TO 20 PRIN134
Cr®s®s %855 TQD CLOSE TO TRANSMITTER TO CALCULATE DIRECTION FROM PRIN135
Coe¥xv¥¥e¥ TRANSMITTER PRIN136
PRINT 1500y VyNWHY HyRANGE,ELLPOLAR T4 (RPRINT (NN) ,NN=1,NP1) PRIN137

1500 FORMAT (1X+EBaOy1XsAByFLl0a44F11.4326X3F8s34F9.3,F8.3,4F12.4) PRINi38
GO TO &40 PRIN139
Ce¥*xvesss ELEVATION ANGLE OF RAY POINT FROM TRANSMITTER PRIN14O
20 EL=ATAN2(EPS,RCE)}*DEGS PRINi41

IF (RCE.GE.i1.E-B) GO TO 30 PRIN142
C¥vevevers NEARLY DIRECTLY ABOVE OR BELOW TRANSMITTER. CAN NOT CALCULATEPRIN143
Cresxrvrevr®s A7TMUTA DIRECTION FROM TRANSMITTER ACCURATELY PRIN1LY
PRINT 25004 VyNWHY HyRANGEELyELLyPOLAR,T 4 (RPRINT(NN),NN=1,NP1) PRIN1LS

2500 FORMAT (L1XsEBPaOsiX sAB3F10atssFlleley17X3FI.3,F8.3,F9.3,F8.3, PRINLLE
1 4F12.4) PRIN14LT

GO TO 4O : PRIN1LS
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Cervrswuxx A7TMUTH ANGLE OF RAY POINT FROM TRANSMITTER
30 ANGA=ATANZ2(ETALZETA)
AZDEV=180.-AMOD(540.~-(AZ1~-ANGA) *DEGS,360.)
IF (R(5).NE.0«<0R.R(B).NE«0O.) GO TO 34
Ce#svsrowr®s WAVE NORMAL IS VERTICAL, SO AZIMUTH DIRECTION CANNOT BE
Ceevsewers CALCULATED

PRINT 3000, VyNWHY, HsRANSZ,AZDEVsEL+ELL,POLAR, T4 (RPRINT(NN),NN=1,

L NP1)
3000 FORMAT (1X4EBe04iXsAB4F10.44F11.4yF9.3,8X,FI.3,F8.34F9.3,F8.3,
1 4F12.%)
GO TO 40
34 ANA=ANGA-ALPH
SANA=SIN (ANA)
SPHI=SANA®*STHR/STH
CPHI==SIN (PID2-ANA)*SIN (PIDZ2-(PHI-PHIR))+SANA®SIN (PHI=-PHIR)
1 *CTHR

PRIN149
PRIN150
PRIN151
PRIN152
PRIN153
PRIN1S4L
PRIN1S55
PRIN156
PRIN157
PRIN1S58
PRIN159
PRINLGO
PRINiG1
PRIN1B2
PRIN163
PRIN164L

AZA=180.-AMOD (540.-(ATAN2(SPHI,CPHI)~ATAN2(R(6),R(5)))*DEGS,360.)PRIN1ES
PRINT 3500, VsNWHY ,H;RANGE,AZDEV,AZA,EL,ELL,POLAR,T, (RPRINT(NN),NNPRIN1iGG

1 =1,NP1)
3500 FORMAT (1X4EB+041XsAByFL10s49F11.442(F9.3,FB.3),F3.3,FB.3,
1 4LF12.4)
C“-“"‘¥.
40 LINES=LINES+1
IF (NP.LE.3) GO TO 45
Cevewevrss ADDITIONAL LINE TO PRINT REMAINING DEPENDENT INTEGRATION
Cevrsvvrvs YARIABLES
PRINT 4000, (RPRINT(NN) NN=4 4NP)
4000 FORMAT (99X,3F12.4)
LINES=LINES+1
45 IF (CARD.EQ«0+) RETURN
Cc
Ce¥¥rsvvss PUNCH A RAYSET
IF (AZDEV.LT.-90.) AZDEV=AZOEV+360.
IF (AZA.LT.=-30.) AZA=AZA+3060.
TDEV=T=-SR
NR=6
IF (W(57).EQ.0.) GO TO 47
Cevesrvvvs PHASE PATH
NR=NR+1
PDEV=R(NR) -S?
47 IF (W(58).EQ.0.) GO TO 4B
Ceevrsssss ARSORPTION
NR=NR+1
ABSORB=R(NR)
Cewsssvess DOPPLER SHIFT
48 IF (W(59).NE.0.) DOPP=R(NR+1)
PUNCH 45004 HPUNCH,RANGE,AZDEV,AZA,ELL,+SR,TDEV,PDEV,ABSORB,00PP,
1 POLARyIHOP,NHHY
4500 FORMAT (4P2F3.043P3F6.043PF8.0,43P4UFB.0,2P2F5.0,1I1,4A1)
RETURN
END
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INPUT PARAMETER FORM FOR PLOTTING THE PROJECTION

OF THE RAY PATH ON A VERTICAL PLANE

Coordinates of the left edge of the graph:

Latitude

Longitude

rad
deg north (W83)
km

rad
deg east (W84)
km

Coordinates of the right edge of the graph:

Latitude

1]

Longitude

Height above the ground of the

Distance between tic marks =

(W81 = 1.)

rad
deg north (W85)
km

rad
deg east (W86)
km

bottom of the graph =

rad
deg (W87)
km

82

km (W88)



INPUT PARAMETER FORM FOR PLOTTING THE PROJECTION
OF THE RAY PATH ON THE GROUND

Coordinates of the left edge of the graph:
rad

deg mnorth (W83)
km

Latitude

rad
deg east (W84)

Longitude

Coordinates of the right edge of the graph:

rad
Latitude = deg north (W85)
km
rad
Longitude = deg east (W86)
km
Factor to expand lateral deviation scale by = (W82)
rad
Distance between tic marks on range scale = deg (W87)
km

(W81 = 2.)
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SUBROUTINF RAYPLT
C REPLACES SUBROUTINES RAYPLTsPLOTs AND LABPLT IF PLOTS ARE
C NOT WANTED OR [F A PLOTTER IS5 NOT AVAILABLE

COMMON /WW/ ID(10)sWOsW(400)

EQUIVALENCE (PLT.W(81))

PLT=0.

ENTRY ENDPLT

RETURN

END

SUBROUTINE RAYPLT
C WiB1l)=1, PLOTS PROJECTION OF RAYPATH ON VERTICAL PLANE
C =2+« PLOTS PROJECTION OF RAYPATH ON GROUND
COMMON /PLT/ XL sXR+YBsYT+RESET
COMMON /CONST/ PIsPIT2sPID2+DUMI(S)
COMMON /FLG/ NTYP,NEWWR yNEWWP s PENETsLINES s IHOP s HPUNCH
COMMON R(A!) /WW/ ID(10)4WOWW(4DO)
EQUIVALENCF (THsR(2) 15 (PHsR(2))
EQUIVALENCE (EARTHRsW(2))s (PLATsW(24)) s (PLONsWI25) ) s (PLTW(B1))»

YPLTOO]
YPLTOO2Z
YPLTOO3
YPLTOO4
YPLTOOS
YPLTOOs&
YPLTOO7
YPLTOOS
YPLT 9-

RAYPOO1
RAYPOO?2
RAYPOO3
RAYPOO4
RAYPOOS
RAYPOO&
RAYPOOYT
RAYPOOSB
RAYPOO9

1 fFﬁCTRrNIBZiI0(LLAT!H!BB]Ii(LLONinBﬁ?]DTRLAT;WIB5]?lfRLONtH[86}IR£Yp010

22(TICsWI(BT7)) s (HReWI(BB]))
REAL LLATsLLOMNSLTIC
LOGICAL NEWWRsNEWWPsPENET
IF («NOT.NEWWR) GO TO s§

C

C NEW W ARRAY —-— REINITIALIZE
NEWWR=.FALSE.
RESET=1.

CONVERT COORDINATES OF VERTICAL PLANE FROM GEOGRAPHIC TO GEUMAGNETIC

SW=SIN (PLAT)
CW=SIN (PID2-PLAT)
SLM=SIN (LLAT)
CLM=SIN (PID2-LLAT!
SRM=SIN (RLAT)
CRM=SIN (PID2-RLAT)
CDPHI=SIN (PID2-(LLON-PLON))
PHL=ATAN2(SIN (LLON-PLON)*CLMsCDPHI*SW*CLM=CW*SLM)
CTHL=CDPHI *CW*CLM+SW*SLM
STHL=SIN (ACOS (CTHL!)
CDPHI=SIN (PID2-(RLON-PLON))
PHR=ATAN2(SIN (RLON-PLON)*CRMsCDPHI*SW*CRM-CW*SRM)
CTHR=CDPHI #CW*CRM+SW*SRM
STHR=SIN (ACOS (CTHR))
CLR=CTHL*CTHR+STHL*STHR*SIN (PID2-(PHL=PHR) )
SLR=SQRT (1.-CLR*%2)
IF (PLT«EQe2e) GO TO 3
FACTR=1.
RO=EARTHR+HB
ALPHA=+5%AC0OS (CLR)
XR=RO#SIN (ALPHA)
XL==XR
YB=RO*SIN (PID2-ALPHA)
YT=YB+2.*XR
GO TO 5§

3 IF (FACTR+EQ.0.) FACTR=1.
ALPH1=ATANZ2(STHR*SIN (PHR-PHL) s {CTHR-CTHL*CLR)/STHL)
XL=0,.
XR=EARTHR*ACOS (CLR)
YT=0.5%XR/FACTR
YB==YT
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RAYPO12
RAYPO13
RAYPO14
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5

10

20

25

30

40

50

STH=SIN (TH!

CTH=SIN (PID2-TH!
CR=CTHR*CTH+STHR*STH*SIN (PID2-(PHR-PH))
CL=CTHL*CTH+STHL*STH®#SIN (PID2-(PHL=PH))
CEA=ATAN2 (CR-CL*CLRsCL*SLR)

NEW=1

IF (IHOP.NE«0O!) NEW=0D

IF (PLT4EQeZ2+! GO TO 10

CALL PLOT (RU1)*SIN(CEA-ALPHA)»R(1)%SIN(PID2-(CEA-ALPHA) ) *sNEW)

RETURN

SL=SQRT (1l.-CL%*%2)
TMP1=STH#SIN (PH-PHL !
TMP2=(CTH-CTHL*CL!/STHL
ALPHZ2=0.

IF (TMP1.NE«Q«eOR.TMP2.NEaOe) ALPH2=ATANZ2(TMP1,TMP2)
CALL PLOT (EARTHR*CEA+EARTHR*ASIN(SL#SIN (ALPH1-ALPHZ))sNEW)

RETURN

DRAW AXES AND CALL FOR LABELING AND TERMINATION OF THIS PLOT

ENTRY ENDPLT
TICKX=0+01%(YT-YB)
IF (PLT<EQe2e) GO TO 25
R1=EARTHR-TICKX
x=XL
Y=YB
CALL PLOT (XsYsl)
NTIC=2
IF (TICeNE«Oe«) NTIC=NTIC+2.*ALPHA/TIC
NLINE=MAX0 (1s100/NTIC)
DO 20 I=1sNTIC
ANG=-ALPHA+([-11%TIC
CALL PLOT (R1*SIN (ANG)sR1*¥SIN (PID2-ANG) 0!
CALL PLOT (XsYs0)
DO 20 J=1sNLINE
ANG=ANG+TIC/NLINE
X=EARTHR*SIN (ANG)
Y=EARTHR*SIN (PID2-ANG)
CALL PLOT (XsYs0!
CALL PLOT (XRsYR»0)
GO To 50
DTIC=TIC*EARTHR
LTIC=DTIC/FACTR
TICY=XL+0.01%(XR-XL)
NTIC=YT/LTIC
TIC1==LTICHNTIC
CALL PLOT (XLsYB»s1)
NTIC=2%NTIC+1
DO 30 I=1+NTIC
Y=TIC1+(I-1)#LTIC
CALL PLOT (XLsYsO)
CALL PLOT (TICYsYs0O)
CALL PLOT (XLsYs0!
CALL PLOT (XLs¥YTs0)
CALL PLOT (XL»0e21)
NTIC=(XR-XL!)/DTIC
DO 40 I=1sNTIC
X=[#pTIC
CALL PLOT (Xs0es0!}
CALL PLOT (X+TICKXs0)
CALL PLOT (Xs0410!
CALL PLOT (XRs0es0!
CALL LABPLT
CALL PLTEND
RETURN

END
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SUBROUTINE PLOT (XsYsNEW) PLOTOO1

10

11

12

13

14

16

20
21

22

26

an

COMMON /PLT/ XMINOsXMAXOsYMINOsYMAXNsRESET PLOTOO2
COMMON /DD/ INT+IORsITsISsICHICCsIXa1Y PLOT003
DATA (INITAL=1) s (MINX=0) s (MINY=0), (MAXX=1023)(MAXY=1023)> PLOTOO4
1 (MINXO=23)s (MINY0=23)s(MAXX0=1022)+(MAXY0=10231 PLOTOOS
PLOTOCSG

INITIALIZE LIBRARY PLOTTING ROUTINES PLOTOO7

IF [INITAL.EQeO) GO TO 1 PLOTOOS8
INITAL=n PLOTOOS
CALL DDINIT (1s+1H ) PLOTO10
PLOTO11

COMPUTE SCALE FACTORS PLOTO12

IF (RESET.FQe0.) GO TO 5§ PLOTO132
RESET=0. PLOTO14
XSCALE=(MAXXC-MINXQ)/(XMAXO=XMINO) PLOTO15
YSCALE=(MAXYO-MINYO )/ (YMAXO—-YMINO PLOTO16
XMIN=XMINO-(MINXO-MINX)/XSCALE PLOTO17
YMIN=YMINO-(MINYO-MINY)/YSCALE PLOTO18
XMAX=XMAXO+(MAXX-MAXX0) /XSCALE PLOTO19
YMAX=YMAXO+(MAXY-MAXYO) /YSCALE PLOTO20
PLOTO21

START A NEW LINE PLOTO22

IF (NEW+EQ«O!) GO TO 10 PLOTO023
IX=MINXQ+(X-XMINO)*XSCALF PLOTO24
IY=MINYO+(Y-YMINO) #YSCALE PLOTO25
IF (IXeGE«MINXeAND e IXoLEeMAXXeaANDe Yo GE«MINY o ANDeIYeLE«MAXY) PLOTO26
1 CALL DDRP PLOTO027
GO TO 50 PLOTO28
PLOTO029

HORIZONTAL DISPLACEMENT PLOTO30
XS=X-XO0LD PLOTO31
YS=Y-YOLD PLOTO32
IF (XS) 11+12916 PLOTO33
NEGATIVE PLOTO34
X1=XMAX PLOTO35
X2=XMIN PLOTO36
GO To 20 PLOTO27
ZERO PLOTO38

IF (YS) 13+50s14 PLOTO39
S1=({YMAX-YOLD!/YS PLOTO40
$2=(YMIN-YOLD! /YS PLOTO4&1
GO TO 40 PLOTO0&42
S1=(YMIN=-YOLD!/¥YS PLOTO42
S2=(YMAX-YOLD)/YS PLOTO44
GO TO 4n PLOTO45
POSITIVE PLOTO46
X1=XMIN PLOTO4T
X2=XMAX PLOTO48
PLOTO049

VERTICAL DISPLACEMENT PLOTOS0

IF (YS) 21422426 PLOTOS1
NEGATIVE PLOTOS2
Y1=YMAX PLOTOS3
Y2=YMIN PLOTOS54
GO To 30 PLOTOS5
ZERO PLOTOS6
S1=(X1-XOLD! /XS PLOTO57
52=(X2-X0LD} /X5 PLOTOSS
GO TO 40 PLOTO59
POSITIVE PLOTO0&0
Y1=YMIN PLOTO61
Y2=YMAX PLOTO62
PLOTO063

S1=AMAX1((X1-XOLD)/XSslY1-YOLD!)/YS) PLOTO64
S2=AMIN1((X2-XOLD)/XSs(¥Y2-YOLD) /YS! PLOTO65
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40

42

44

50

1000 FORMAT (3HF =yF7.39y6Hy AZ =1F7.2|2H| gﬁB'ZH' |F?-2'2’-0H KM BETHWEEN

2033

PLOT LINE -- CHECKING FOR BORDER CROSSINGS
S=SQRT [ XS**24+YS*%2)
IF (S2«LT+0es0RaS*¥51-5.GT40s) GO TO 50
IF (S1eLTeDs! GO TO 42

PREVIOQUS POINT OFF GRAPH
IX=MINXO+ ([ XOLD+XS#S1-XMINO) *XSCALE+N«5
IY=MINYO+(YOLD+YS*S1-YMINO)*YSCALE+n.5
CALL DDBP
IF (5#52-5.GT«0s! GO TO 44

CURRENT POINT NFF GRAPH
IX=MINXQO+(XOLD+X5%#S2~-XMINQ I #XSCALE+Ne5
TY=MINYO+(YOLD+YS*#S2-YMIND) *YSCALF+Ne5
CALL DDVC
Go To sn

CURRENT POINT ON GRAPH
IX=MINXO+(X-XMINO)*XSCALE+0«5
[IY=MINYO+(Y=-YMINO)*YSCALE+045
CALL DDVC

EXIT ROUTINE
XoLD=Xx
YOLD=Y
RETURN

TERMINATE THE CURRENT PLOT
ENTRY PLTEND
CALL DDFR
RETURN
END

SUSROUTINE LA3PLT
LABEL THE CURRENT PLOT
JIMENSION LABELI(9),TYPE(3)
COMMON /007 INT.ICR,IT,ISsIC4ICCyIX,1IY
COMMON /CONST/ PI+PIT2,PID2+DEGS:DUM(4)
COMMON /ZFLG/ NTYP,NEWWP,NEWWPsPENETs LINES 4 IHOP yHPUNCH
COMMON /WW/ I0(10) 4HWO4H(401])
EQUIVALENCE (EARTHR,W(2)) 3 (FyW(6)) 3 (AZ1yW (10)) 4 (PLT4H(B1)),
L (FACTR,W(B2)) 4 (TIC,W(B7))
LIGICAL NEWWR,NEWWP,PENET

REAL LTIC

JATA (TYPE=BHZXTRAORD,8HNO FIELD,8HORDINARY)

IOR=IT=0

IS=2

IX=0 € 1IY=1023 § CALL ODTAB $ CALL DDTEXT (7,ID)

NDATE=IDATE(D)

CALL DDTEXT (L,NDATE)

AZA=AZ1*DEGS

OTIC=TIC*EARTHR

ENCODE (72,1000,LABEL) F,AZA,TYPE(NTYP),DTIC

LTICK MARKSZ#.)

IX=10 $ I¥=991 § CALL DDTAB $ CALL DDTEXT (9,LABEL)

IF (PLT.EQ.1.) RETURN
LTIC=DTIC/FACTR
ENCODE (32,2000,LABEL) LTIC

FORMAT (F7.2,24H KM BETWEEN TICK MARKS%.)
I0R=1
IX=0 $ Iv=0 § CALL DDTAB % CALL DOTEXT f(4,LABEL)
I0R=0
RETURN
END
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320

1000

16J1

1350

1034

1039

1400

150

2000

2048

2051

SUBROUTINE RKAM

NUMERICAL INTEGRATION OF DIFFERENTIAL EQUATIONS
COMMON /RK/ NN,SPACE,MODE,ELMAX,EL1MIN, E2MAX, E2ZMIN,FACT,RSTART

COMMON Y(20) 4T,STEP,DYDT(20)

DIMENSION DELY(4,20),BET(%) s XVI(5) 4FVI(4,20),YU(5,20)

TYPE DOJBLE YU

IF (RSTART.EQ2.0.) GO TO 1000
LL=MM=1

IF (MODE.EQ.1) MHM=4
ALPHA=T

EPM=0.0
BET(1)=BET(2)=0.5
BET(3)=1.1
BET(4)=0.0
STEP=SPACE
R=19.0/270.0
XVI(MM) =T

IF (E1MINJLE.D.) E1MIN=ELMAX/55.

IF (FACT.LE.D.) FACT=0.5
CALL HAMLTN

DI 320 I=1,NN

FVIMHM, I)=0YDT(I)
YUCMM,I) =Y (I)

RSTART=0.

GO TO 1001

IF (MODE.NE.1) GO TO 2000

RUNGE-KUTTA
D0 1034 K=144
D0 1350 I=14NN
DELY(KyI)=STEP*FV (MM,I)
Z=YU(MM,I)
Y(I)=Z#BET(X)®DELY (K, I)
T=BET(K)®*STEP+XV(MMN)
CALL HAMLTN
DO 1034 I=14NN
FVI(MM, 1) =0YDT(I)
DO 1039 I=14NN

DEL=(DELY(14I)#2.0%0ELY(2,I)42.0%DELY(3,L)+DELY(L,I)) /6.0

YU(MM+1 4, I)=YUCMM, I)+DEL
HM=MM+1
XVIMM) =XV (HM=1) +STEP
00 1400 I=1,NN
Y(I)=YU(MN,I)

T=XV(HM)

CALL HAMLTN

IF (MODE.EQ.1) GO TO 42
DO 150 I=1,NN
FV(MM,I)=DYDOT(I)

IF (MM«LE.3) 30 TO 1001

ADAMS~-MDJLTON
00 2048 I=14NN

DEL=STEP®*(S55.¥FV(U,I)=59.FFV(3,I)+37.*FV(2,1)=-9.*FV(L1,I))/24.

Y(I)=YU(4,I)+DEL
DELY (1, I)=Y(I)
T=XV (&) +STEP
CALL HAMLTN
Xv(5)=T

D0 2051 I=1i,NN

DEL=STEP* (9. *DYDT(I)+19.*FV (4, IV~5.*FV(3,1)+FV(2,1))/24.

YU(S5,I)=YU(,I)+DEL
Y(I)=YU(5,1)

CALL HAMLTN

IF (MODE.LE.2) GO TO 42
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3033

3035

5363

ke

12

ERROR ANALYSIS
SSE=0.0
D0 3033 I=14NN
EPSIL=R*ABS(Y(I)~DELY(1,I))
IF (MODE.EQe3<AND.Y(I).NE.O.) EPSIL=EPSIL/ABS(Y(I))
IF (SSE.LT.EPSIL) SSE=EPSIL
GONTINUE
IF (E1MAX.GT.SSE) GO TO 3035
IF (ABS(STEP).LE.E2MIN) G0 TO 42
LL=MM=1
STEP=STEP®FACT
GO TO 1001
IF (LLeLE+1.0R.SSE.GE.E1YIN.OR.E2MAX.LE.ABS(STEP)) GJ TO 42
LL=2
MM=3
Xv(2)=XV(3)
XV (3)=XV(5)
DD 5363 I=1sNN
FVi(2,I)=FVI(3,1)
FV(3,1)=DY0T(I)
YU(24I)=YJ(3,1)
YU(3,I)=YJ(5,I)
STEP=2.0%5TEP
GD TO 1001

EXIT ROUTINE

LL=2
MM=4
20 12 K=1,3
XV(K) =KV (Kel)
D0 12 I=14NN
FVIKeI)=FVI(K#1,1)
YU(Ks I) =YU(K+L, 1)
XKV {4)=XV(3)
D0 52 I=14NN
FY(4,I)=0YDT(I)
YUy I)=YU(5,1)
IF (MODE.LE.2) RETURN
E=ABS(XV(4)-ALPHA)
IF (E.LE.EPM) GO TO 2000
EPM=E
RETURN

END
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SUBROUTINE HAMLTN HAMLOO1

Ce#wswwsus® CALCULATES HAMILTONS EQUATIONS FOR RAY TRACING HAMLOOZ2
COMMON /CONST/ PI,PIT2,PID2,0EGSyRAD+K+CyLOGTEN HAMLOO3
COMMON /RIN/ MODRIN(3) ,COLL,FIELD,SPACE,KAY2,KAY2I, HAMLOO 4
1 HsyHIyPHPT4PHPTI,PHPR,PHPRI yPHPTH,PHPTHI  PHPPH, PHP?HIHAMLO0OS
2y PHPOM,PHPOMI,PHPKRyPHP{RI,PHPKTH,PHPKTI, PHPKPH,PHPKPI HAMLOOB
3 s KPHPK4KPHPKI s POLARyPOLARI,LPOLAR,LPOLRI HAMLOO7

COMMON R(20)4T,STP,DRDT(20) /WH/ ID(10),WO,H(400) HAMLOOSB

EQUIVALENCE (THsR(2)), (PHsR(3)) s(KRsR(4)) s (KTHsR(5)), (KPH,R(B)), HAMLOOO
1 (DTHOT,0RDT(2)), (DPHDT4DROT (3)), (DKRDOT,DRDT (4)) 4 (DKTHOT,DROT(5) ) ,HAMLO10

2 (DKPHDT,DRDT(B)) y(F4H (B)) HAMLO11
REAL KRyKTHyKPH;KPHPK KPAPKILPOLAR, LPOLRI,LOGTEN K KAY2,KAY2I HAMLO12
OM=PIT2*%1.E6*F HAMLO13
STH=SIN(TH) HAMLO14
CTH=SIN(PID2=TH) HAMLO1S
RSTH=R(1) *STH HAMLOLE
RCTH=R(1) *CTH HAMLO17
CALL RINDEX HAMLO18
DROT=-PHPKR/ (PHPOM*C) HAMLO19
DTHDT==PH>KTH/ (PHPOM*R (1) *C) HAMLOD20
DPHDT==PHPKPH/ (PH POM*RSTH*C) HAMLO21
DKROT=PHPR/(PHPOM*C) +KTH*DTHOT +KPH*STH*DPHDT HAMLD22
DKTHOT=(PHPTH/ (PHPOM*C) =K TH*DROT+KPH*RCTH*0OPHD T) /R (1) HAML023
OKPHOT= (PHPPH/ (PHPOM*C)-KPH*STH*DROT-KPH*RCTH*DTHDT) /RSTH HAMLO024
NR=6 HAML 025
C¥FIFO$!¥¥ pH“SE P“TH HnRana
IF (W(57).EQ.0.) GO TO 10 HAMLOZ27
NR=NR+1 HAMLO28
OROT(NR) ==~ KPHPK/PHPIM/OM HAML D29
Crex*esssy ABSORPTION HAMLO30
10 IF (W(58)+EQ.0.) GO TO 15 HAMLO31
NR=NR+1 HAMLO32
DRDT(NR)= 10./LOGTEN*KPHPK*KAY2I/ (KR*KR+KTH*KTH+KPH*KPH) /PHPOM/C HAMLO33
C¥e¥sesesy DOPPLER SHIFT HAMLO3 G
15 IF (W(59).EQ.0.) GO TO 20 HAMLO3S
NR=NR#+1 HAMLO36
DROT(NR)==PHPT/PHFOM/C/PIT2 HAMLO37
C¥*#vvsrsxrs GEOMETRICAL FATH LENSTH HAMLO38
20 IF (W(B0).EQ.0.) GO TO 25 HAMLO39
NR=NR+{ HAMLOGLO
DROT(NR) ==SQRT (PHPKR**2+PHPKTH**2 +PHPKPH**2) /PHPOM /C HAMLOGLY
Cr¥rxeeavr OTHER CALCULATIONS HAML 042
25 CONTINUE HAMLO43
RETURN HAML 044

END HAMLO4S -
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APPENDIX 2. VERSIONS OF THE REFRACTIVE INDEX
SUBROUTINE (RINDEX)

This ray tracing program gains versatility without sacrificing speed
by having several versions of some of the subroutines. For example,
the 8 versions of the refractive index subroutine allow the user to decide
for each ray path calculation whether to include or ignore various aspects
of the propagation medium such as the earth's magnetic field or collisions
between electrons and neutral air molecules.

If collisions are included, the user has the option of using the Apple-
ton-Hartree formula (which assumes a constant collision frequency) or the
Sen-Wyller formula (which assumes a Maxwell distribution of electron
energies and a collision frequency proportional to energy). The Sen-
Wyller formula is generally assumed to be more accurate, especially
in the lower ionosphere, but the Appleton-Hartree formula can often be
used with an effective collision frequency profile to save computer time.

When the effect of the earth's magnetic field is included and ray
paths are calculated near vertical incidence, a spitze (Davies, 1965, p.
202) often occurs in the ray path. (At a spitze, the usual formulas for
refractive index become indeterminate because the wave normal is paral-
lel with the earth's magnetic field and the wave frequency equals the
local plasma frequency.) Two versions of the refractive index subrou-
tine have been developed to calculate ray paths through a spitze. These
two versions will also work in the absence of a spitze, but the standard
versions are much faster.

The input to the refractive index subroutines is through blank com-
mon and common blocks /XX/, /YY/, and /ZZ/. Output is through com-
mon block /RIN/. The refractive index subroutine is called through the
entry RINDEX. The subroutine names are used only for user identifica-

tion. The following 8 versions of the refractive index subroutine are
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listed in this appendix:

a.

Subroutine AHWFWC (Appleton-Hartree formula
with field, with collisions)

Subroutine AHWEFNC (Appleton-Hartree formula
with field, no collisions)

Subroutine AHNFWC (Appleton-Hartree formula
no field, with collisions)

Subroutine AHNFNC (Appleton-Hartree formula
no field, no collisions)

Subroutine BQWFWC (Booker Quartic with field,
with collisions)

Subroutine BQWFNC (Booker Quartic with field,
no collisions)

Subroutine SWWF (Sen-Wyller formula with field)

Subroutine SWNF (Sen-Wyller no field)
Subroutine FGSW

Subroutine FSW

Fresnel integral function C

Fresnel integral function S
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SUBROUTINE A4AFHC WFHCOO01
CALCULATES THE REFRACTIVE INDEX AND ITS GRADIENT USING THE HFWCO002
APPLETON-HARTREE FJIRMULA WITH FIELD, WITH COLLISIONS HFWCO003

COMMON /CONST/ PI,PIT2,PID2,DEGS,RADIAN.K,C,LOGTEN WFHCOO0 G

COMMON /RIN/ MODRIN(3) 4CO_L,FIEL)ySPACEsKAY24yHsPHPT 4PHPRyPHPTH, WFWCOO05

PHPPH , PHPOM, PHPKR  PHPKTH, PHPKPH ,KPHPK , POLARy LPOLAR  WFHCO06

COMMON /XX/ MIDX(2) 4XyPXPR4PXPTH, PXPPHPXPT, HMAX WFWC007

COMMON 7YY/ HODY,Y,PYPR,PYPTH,PYPPH,YR,PYRPR,PYRPT,PYRPP,YTH,PYTPRWFNCOO0B

sPYTPT 4PYTPP,YPH,PYPPR,PYPPT, PYPPP WFWCO09

COMMON /Z2Z/ MODZ,2Z+PZPR4yPIZPTH,PZPPH HFWCO10

COMMON RyTHyPHsKRyKTH,KPH /HW/ ID(10),HO0,H(LOD) HFWCO011

COMMON /RK/ NySTEP,MODEyZ41MAX,E1MIN,EZ2MAX 4E2ZMIN,FACT,RSTART WFWCO012

EQUIVALENCE (RAY, k(1)) (FeH(B)) WFWCO013

LOGICAL SPACE WFWCO14

REAL KRyKTHyKPH K2 WFHCO015

COMPLEX N2 ,PNPRyPNPTH,PNPPH,PNPVRy PNPVTHy PNPVPHyNNP4PNPT, WFHCO016

POLARyLPOLAR+IyUyRAD+D+PNPPSsPNPX sPNPY 4PNPZUX UX2,02, WFWC017
KAY2 343 PHPT 4PHPRy PHPTHy PHPPH 4 PHPOM,PHPKR s PHPKTH, PHPKPH, WFHCO18
KPHPK HFWCO019

JATA (MODRIN=BHAPPLETON,8H-HARTREE ,.8H FORMULA) s {COLL=1.), WHFWCO020
(FIELD=1.), WFWCO021
(X=0e)y (PXPR=04)y (PXPTH=0:) s (PXPPH=04) 3 (PXPT=0.) 4 WFWC022
(Y=0u)y (PYPR=0:) o (PY?TH=04) g (PYPPH=04) 3 (YR=04) y (PYRPR=04) 4 WFHCD023
(PYRPT=0:) 4 (PYRPP=0.) 4 (YTH=04) 4 (PYTPR=0.) 5 (PYTPT=0.), WFHCO024
(PYTPP=04)y (YPHZ0.) s (PYPPR=0.) o (PYPPT=0.) 4 (PYPPP=0,) WFHC025
9(Z=04)3 (PZPR=04) 3 (PZ?TH=04)y (PZPPH=0.), WFWC026
(I=(0s91a)) 4y (ABSLINM=1L.E=-5} WFHCO027

ENTRY RINDEX WFHWCO028

OM=PIT2%1.EB*F WFWC029

c2=C*C WFWCD30

K2=KR*KR+KTH*KTH+KPH*KPH WFWCO031

OM2=0M*0H WFHC032

VR =C/0M*KR WFHC033

VTH=C/0M*KTH HFHCO34

VPH=C/0M*KPH HFWCO035

CALL ELECTX WFWCO036

CALL MAGY WFHCO37

V2=VR** 24 ¢y TH®**2+YPH**2 HFHC038

VDOTY=VR*YR+VTH*YTH+VPH*YPH HFHCO39

YLY=VDOTY/V2 HFWCO4LO

YL2=v0OTY®*2/v2 HFWCDL1

YT2=yY**2-yL2 WFHCO42Z

YT=YT2%YT2 HFHCOL3

CALL COLFRZ WFRCOGL

U=sCMPLX(1.,-2) HFHCO45

JX=U=X HFHCO4E

uxz=ux+*ux HFHCO0&4T

RAD=RAY®CSQRTIYT4+4 . *YL2*UX2) WFHCOL4B

D=2 . ¥U*UX-YT2+RAD WFRHCO04S

02=D*D WFHCOS50

N2=1.,-2.*X*UX/D WFHCO51

PNPPS=2 . *X*UX* (-1.+(YT2=-2.%UX2)/RAD) /D2 HFWC052

PPSPR =¥YL2/Y*PYPR =(VR*PYRPR+VTH*PYTPR+VPH*PYPPR)*YLV WFWCO053

PPSPTH=YL2/Y*PYPTH=(VR*PYRPT«VTH*¥PYTPT +VPH*PYPPT) *YLV HFACOS54

PPSPPH=YL2/Y*PYPPH=(VR*PYRPP+VTH*PYTPP+VPH*PYPPP) *YLV WFHCO055

PNPX==(2.FURUX2=YT2% (U=2.%X) # (YTGT (U-2 . *X) +4 *YL2®UX*UX2) FRAD) 702 WFWCO56

PNPY=2.*XPUX*(=YT2+(YTLe2 . %YL2¥UX2)/RAD)/ (D2%Y) HFHCO57

PNPZ=1%X¥*(=2,*UX2~-YT2+YTL/RAD) /D2 WFWC058

PNPR =PNPX*PXPR +PNPY¥PYPR +PNPZ*PZPR +PNPPS*PPSPR WFHC059

PNPTH=PNPX*PK> TH+PNPY*PYPTH+PNPZ*PZPTH+PNPPS*PPSPTH HFWC 060

PNPPH=PNPX*PXPPH+FPNPY*PY?PH+PNPZ*PZPPH+PNPPS*PPSPPH WFHCO61

PNPVR =PNPPS® (VR *YL2/V2-YLV*YR ) HFWC 062

PNPVTH=PNPPS* (VTH*YL2/V2=-YLV*YTH) WFHCO063

PNPYPH=PNPPS* (VPH*YL2/V2=-YLV*YPH) HFHCD64L

NNP=N2= (2 *X*PNPX+Y*PNPY+Z*PNPZ) HFHC0BS
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PNPT=PNPX*PXPT
SPACE=REAL (N2) «EQs1..AND. ABS(ATMAG(N2))«LT.ABSLIM
POLAR==I*SQRT(V2)* (-YT24+A0) /(2.*VDOTY*UX)
SAM=(-YT2+¢RAD) / (2.*UX)
LPOLAR=T*X¥*SQART(YT2)/ (UX* (U+GAM))
KAY2=0M2/C2%N2
IF(RSTART.EQ.0.) GO TO 1
SCALE=SIRT (REAL(KAYZ) 7K2)
KR =SCALE*KR
KTH=SCALE®*KTH
KPH=SCALE*KPH

1 CONTINUE

Crevrxvresrs

CALCULATES A HAMILTINIAN H

H=.5%(C2%K2/0M2-N2)

Crevsspney
Cressssasn
PHPT
PAPR

AND ITS PARTIAL DERIVATIVES WITH RESPECT TO

TIME, R, THETA, PHI, OMEGA, KR, KTHETA, AND KPHI.
==PNPT

==PNPR

PHPTH==PNPTH
PHPPH==PNPP+4
PHPOM==NNP/OM
PHPKR =C2/0M2%*KR =-C/0M*PNPVR
PHPKTH=C2/0M2*KTH-C/0OM*PNPVTH
PHPKPH=C2/0M2*KPH=-C/0H*PNPVPH
KPHPK=N2
RETURN

END

SUBROUTINE AHWFNC

CALCULATES THE REFRACTIVE INOEX AND ITS GRADIENT USING THE

APPLETON-HARTREE FORMULA WITH FIELD, NO COLLISIONS

COMMON /CONST/ PI4PIT2,PI02,DEGSyRADIANsK,CyLOGTEN
SOMMON /RIN/ MODRIN(3) ,COLL,FIELD,SPACE,KAY2,KAY2I,

HeHI 3 PHPT 4 PHPT I, PHPRyPHPRI yPHPTH PHPTHI 4PHPPH, PHPPHIWFNCOD06
s PHPOM 4 PHPOMI 4 PHPKRyPHPKRI yPHPKTH s PHPKTI 4 PHPKPHy PHPKPIHFNC007

[P R o

+ KPHPK s KPHPKI s POLAR,POLARILPOLAR, LPOLRI,SGN

COMMON /XX/ MODX(2) 4XyPXPR4yPXPTH,PXPPH,PXPT,HMAX
COMMON 7YY/ MODY,Y,PYPRyPYPTHsPYPPHs YR,PYRPR,PYRPT,PYRPP, YTH,PYTPRHFNCO10D

1

+PYTPT ,PYTPP,YPH,PYPPR, PYPPT,PYPPP

CIMMON /ZZ7 MODZ,Z(4)

COMMON

SOMMON R3THyPH,KRyKTH, KPH /WW/ ID(10),WO,W(400)
EQUIVALENCE (RAY W(1)),(FsH(B))
LOGICAL SPACE

REAL KRyKTHyKPHyK24KPHPKy KPHPKI,KAY2,KAY21,N2,NNP,LPOLAR,LPOLRI
DATA (MODRIN=BHAPFLETON,8H-HARTREE8H FORMULA) 5 (COLL=04),
(FIELD=14) 4 (KAY2I=04) s (HI=0.) y (PHPTI=0.) y (PHPRI=0.),
(PHPTHI=0.) y (PHPPHI=D.)  (PHPOMI=0.) y (PHPKRI=0.) 4 (PHPKTI=0:),
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(PHPKPI=0.) y (KPHPKI=0.) 4 (POLAR=04), (LPOLAR=04)4
(X=0e)y (PXPR=0:)y (PXPTH=0.)y (PXPPH=0.) s (PXPT=0.)

(Y=0.)s (PYPR=0.) 4y (PYPTH=0.) s (PYPPH=0.) s (YR=0.) 4 (PYRPR=0.),
(PYRPT=0.) y (PYRPP=04) s (YTH=04) 3 (PYTPR=0.) y (PYTPT=0.) »
(PYTPP=04) 43 (YPH=0.) 4 (PYPPR=0.) 4 (PYP2T=0.) 4 (PYPPP=0.),

(MODZ=1H ), (U=1.)

ENTRY RINJEX
OM=PIT2%*1.EB%*F

Ce=C*C
K2=KR*KR+KTH*KTH+KPH*KPH
IM2=0M*0OM

VR =C/0M*KXR

VTH=C/JM*KTH
VPH=C/0M*<P4
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/RK/ Ny STEP,MODEsE1MAX,EL{MIN,E2MAX ,E2ZMIN,FACT,RSTART

HWFHCO066
WFWCO0B7
WFHCOE8
WFWC06S
WFHCO70
WFWCO71
WFWCOT2
HFHCO73
WFWCO74
WFWCO7S
WFHCO76
WFHCO77
WFWCO78
WFWCO79
WFWCO080
WFHCO81
WFHC 082
WFWCO083
WFWCOBY4
WFHCO08S
WFWCOB6
HFRCOB87
WFWCOB3
WFHCO89
WFWCO090
WFHCO091
WFWC092

WFNCOO01
HWFNCOO02
WFNCOO03
HFNCOO0&
WFNCO05

WFNCOOB
WFNC009

WFNCO11
WFNCO12
WFNCO13
WFNCO1&
WFNCO015
WFNCOD16
HFNCO017
HFNCO18
WFNCO19
WFNCO20
WFNCO21
WFNCO022
HFNC023
WFNCO24
WFNCO25
WFNC026
WFNCO027
WFNCO028
WFNC029
HFNCO30
WFNCO031
WFNC032
WFNC033
WFNCO034



CALL ELECTX HWFNCO035

SALL MAGY WFNC 036
V2=VR¥* 24+ TH * 2+ YPH**2 WFNCO37
VDOTY=VR* YRVTH* YTH+VPH®YPH WFNC038
YLV=VDOTY/V2 WFNC039
YL2=VvDOTY**2/¥2 WFNCO040
YT2=Y®®2-YL2 WFNCO41
YTu=YT2*YT2 WFNCO042
UX=U=-x WFNCO043
UX2=UX*UX WENCOLY4
RAD=RAY®SIART(YTh4+ 4. *YL2%UX2) WFNCO45
D=2.¥UX=YT2¢RAD HFNCO046
D2=0%0 HFNCO47
N2=1.=2.%X*UX/D WFNCO48
PNPPS=2.*X*UX® (~1.+(YT2-2.%UX2) /RAD) /02 WFNCO049
2PSPR= YL2/Y*2YPR = (VR*PYRPR+VTH*PYTPR+VPH*PYPPR) *YLV WFNCO50
PPSPTH=YL2/Y*PYPTH-(VR*PYRPT +VTH*PYTPT +VPH*PYPPT) *YLV WFNCO51
PPSPPH=YL2/Y*PYPPH=(VR*PYRPP+VTH*PYTPP+VPHEPYPPP) *YLV WFNC052
PNPX==(2,%UK2=YT2% (U-2.%X) ¢ (YT4®(U=-2.%X) +4,*YL2*UX*UX2) /RAD) /D2  WFNCO53
PNPY=2.*X*UX® (-YT2+(YT4+2.*YL2%UX2) /RAD) 7 (02%Y) WFNCOS4
NNP=N2=- (2. *X*3INPX+Y*PNPY) HFNCO055
PNPR =PNPX*PXPR +PNPY*PYPR +PNPPS*PPSPR WFNCO056
PNPTH=PNPX*PXPTH+PNPY*PY>TH+PNPPS*PPSPTH WFNCO57
PNPPH=PNPX*PXPPH+PNPY*PYPPH+PNPPS*PPSPPH © WFNCOS8
PNPVR =PNPPS®*(VR *YL2-VDOTY*YR )/v2 WFNC059
PNPVTH=PNPPS* (VTH®YL2-VDOTY*YTH)/V2 WFNC060
PNPVPH=PNPPS* (VPH* YL2=-VDOTY*YPH) /V2 WFNC061
PNPT=PNPX*PXPT WFNCO062
SPACE=NZ2.EQ«1. WFNCO063
POLARI=SQRT(V2)*(YT2-RAD) 7/ (2.*VDOTY*UX) WENCO064
GAM=(-YT2+RAD) / (2.%UX) WFNCO065
LPOLRI=X*SQRT(YT2) / (UX* (U+GAM) ) WFNC066
KAY2=0M2/C2%N2 WFNC0B7
IF (RSTART.EQ.0.) GO TO 1 WFNCO068
SCALE=SQRT (KAY2/K2) WFNC069
KR =SCALE®KR WFNCO70
KTH=SCALE®KTH WFNCO71
KPH=SCALE*KPH WFNCO72

1 CONTINUE WFNCO73

Ceweseser® CALCULATES A HAMILTONIAN H WFNCOT74
H=.5% (C2*K2/0M2-N2) WFNCO75

cesvrewrsrs AND ITS PARTIAL DERIVATIVES WITH RESPECT TO WFNCO76

Ccess¥seves® TINE, R, THETA, PHI, OMEGA, KR, KTHETA, AND KPHI. HFNCO77
PHPT ==PNPT WFNCO78
PHPR =-PNPR WFNCO079
PHPTH==PNPTH WFNCOB80
PHPPH==PNPPH WFNCO081
PHPOM=~NNP /0M WFNC082
PHPKR =C2/042%KR -C/OM*PNPVR WFNCD83
PHPKTH=C2/0M2*KTH=-C/OM*PNPVTH HFNCOB8Y4
PHPKPH=C2/0M2*KPH~C/0M*PNPVPH WFNC085
KPHPK=N2 WFNC086
RETURN WFNCO087

END WFNCDBB -
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SUBROUTINE A4NFWC NFWC010
c CALCULATES THE REFRACTIVE INDEX AND ITS GRAOIENT USING THE  NFWCO11
c APPLETON-HARTREE FOIMULA == NO FIELD, WITH COLLISIONS NFNCO012

SOMMON /CONST/ PI,PIT2,PI02,DEGS,RADIAN,K,CsLOGTEN NFWC013

COMMON /RIN/ MOORIN(3) ,COLL,FIELDsSPACE,KAY2,H,PHPT,PHPR,PHPTH,  NFWCO14

1 PHPPH,PHPOM, HPKRy PHPKTH y PHPKPH , KPHPK,POLAR, LPOLAR, NFWC015
2 SGN NFWCO16
COMMON /XX/ MODX(2)4XyPXPR,PXPTH,PXPPH,PXPT,HMAX NFWCO17
COMMON 7YY/ MODY,Y (16) NFWCO18
COMMON /ZZ/ MDDZ+Z+PZPR,PZPTH,PZPPH NFWCO019
COMMON /R</ Ny STEP,MODE,ELMAX,E1MIN, E2MAX,E2MIN,FACT,RSTART NFWC020
COMMON Ry THyPH KRyKTHyKPH  /WW/ I0(10)4HO,H(400) NFWC021
EQUIVALENGE (RAY,W (1)), (F4W(B)) NFWC022
LOGICAL SPACE NFWC023
REAL KR¢KTHyKPH,K2 NFHCO024
COMPLEX KAY24H,PHPT,PHPR, PHPTH,PHPPH,PHPOM,PHPKRsPHPKTH,PHPKPH,  NFWC025
1 KPHPK, POLAR,LPOLAR,U,I,PNPX,PNPZ, NFWCO026
2 N2 yPNPRy PNPTH,PNPPH, PNPVRs PNPV TH, PNPVPH,NNP, PNPT NFHC027

OATA (MODRIN=8HAPPLETON,8H-HARTREE8H FORMULA),(COLL=1.), NFHC028
1 (FIELD=04) (POLAR=(04s14)) 4 (LPOLAR=(0440.)), NFHWC029
2 (X=04)4 (PXPR=0.), (PXPTH=04), (PXPPH=0.), (PXPT=0.) 4 NFNCO030
3 (MODY=1H ), NFHCO31
4 (Z=04)3 (PZPR=0.), (PZPTH=0.), (PZPPH=0.), NFHC032
5 (I=(0.s14))y (ABSLIM=1,E=5) ,(PNPVR=04), (PNPVTH=0.) 4 (PNPVPH=0,) NFHCO33

ENTRY RINDEX NFWCO34

OM=PIT2*1.E6*F NFWC035

Cz=C*C NFHCO036

K2=KR*KR+KTH*KTH+KPH*KPH NFWC037

OM2=0M*OM NFWC038

VR =C/OM*KR NFWC039

VIH=C/OM*KTH NFHCO40

VPH=C/0M*KPH NFHCO41

CALL ELECTX NFHC 042

CALL COLFRZ NFHCO43

Js1.-1%Z NFHCOUL4

N2=1.-X/U NFHCO045

PNPX==1./(2.%U) NFRCO46

PNPZ==I*X/(2.%U**2) NFHCO47

NNP=N2= (2, *X*PNPX +Z*PNPZ) NFHCO48

PNPR =PNPX*PXPR +PNPZ*PZ3R NFHC049

PNPTH=PNPX*PKPTH+PNPZ*PZ?TH NFHCO50

PNPPH=PNPX*PXPPH+PNPZ*PZ?>H NFHCO51

PNPT=PNPX*PXPT NFHC052

SPACE=REAL (N2) «EQ«1..AND. ABS(AIMAG(N2))4LT.ABSLIN NFWC053

KAY2=0M2/C2%N2 NFWCO054

IF (RSTART.EQ.0.) GO TO 1 NFHC055

SCALE=SQRT (REAL (KAY2) /K2) NFHCO056

KR =SCALE®KR NFHCO57

KTH=SCALE®KTH NFHCO058

KPH=SCALE*KPH NFHCO059

1  GCONTINUE NFHC060
Cewwsesvsx CALCULATES A HAMILTINIAN H NFHCO61
=.5%(C2*K2/042~-N2) NFHCO062
Ce¥s*+®s%% ANO ITS PARTIAL DERIVATIVES WITH RESPECT TO NFHCO063
Crevwsenés TINE, R, THETA, PHI, OMEGA, KR, KTHETA, AND KPHI. NFHCO64

PHPT ==PNPT NFWC065

P4PR ==PNPR NFHC 066

PHPTH==PNPTH NFWCO67

PHPPH==PNPPH NFWC068

PHPOM==NNP/0OM NFHC069

PHPKR =C2/0M2*KR NFWCO70

PHPKTH=C2/0M2*KTH NFHCO71

PHAPKPH=C2/0M2*KPH NFWCO72

KPHPK=N2 NFHC073

RETURN NFHCO74

END NFWCO075-
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SUBROUTINE AHNFNC NFNCOO1

c CALCULATES THE REFRACTIVE INDEX AND ITS GRADIENT USING THE NFNCO02
C APPLETON-HARTREE FORMULA == NO FIELD, NO COLLISIONS NFNCOO03
COMMON /CONST/ PI,PIT2,PID2,0EGS+RADIANsK,CyLOGTEN NFNCOO&
SIMMON /RIN/ MOODRIN(3)+COLL.FIELDySPACE.KAY2,KAY2I, NFNCOOS

1 HeHI+ PHPT PHPTIPHPRy PHPRI4PHPTH, PHPTHI . PHPPH ,PHPP4I,NFNCOO®

2 PHPOM, PHPOMI  PHPKR s PHPKRI PHPKTH, PHPKTI,PHPKPH, PHPKPINFNCOO7

3 s <PHPK KPHPKI POLAR,POLARI,LPOLAR, LPOLRI,SGN NFNCOO08
COMMON /XX/ MODX(2) 4XsPXPRsPXPTH:PXPPH,,PXPT,HMAX NFNCO09
COMMON 7YY/ MODY,Y(16) /Z2Z/ MODZ4Z(4) NFNCO10
COMMON /RK/ N,STEP,MODE,Z1MAX,E1MIN,E2MAX,E2ZMIN,FACT,RSTART NFNCO11
COMMON RyTHyPHyKRyKTH,KPH /WHW/ TO(10)4WO,W(LOD) NFNCO012
EQUIVALENCE (RAY,HW(1))4(FsH(B)) NFNCO1L3
LOGICAL SPACE NFNCO14
REAL N2yNNPyKR+KTH KPH K2 y KPHPK 4 KPHPKI 4KAY2,KAY2I,LPOLAR, LPOLRI NFNCO015
DATA (MODRIN=BHAPPLETON+84-HARTREE,8H FORMULA) 4 (COLL=0.), NFNCO16

1 (FIELD=04) 4 (KAY2I=0.) y (HI=0.) 4 (PHPTI=0.), (PHPRI=0.), NFNCO017

2 (PHPTHI=0.)y (PHPPHI=0.) y (PHPOMI=0.) 4y (PHPKRI=04), (PHPKTI=0.), NFNCO18

3 (PHPKPI=04.) y (KPHPKI=0.)  (POLAR=0.) +(POLARI=1.) 4 (LPOLAR=0.)y NFNCO19

+ (LPOLRI=1.), NFNCO20

B (X=04)y (PXPR=04) y (PXPTH=04) 4 (PXPPH=0.)4 (PXPT=0.), NFNCO21

5 (MODY=1H },(MODZ=1H ), NFNCO022

2 (NNP=1.) 5 (PNPX==0.5) y (PNPVR=0.) 5 (PNPVTH=0.), (PNPVPH=0.) NFNCO023
ENTRY RINDEX NFNCO24
IM=PIT2*1.EB*F NFNCO025
c2=Cc*C NFNCO26
K2=KR¥*KR+KTH*KTH+KPH¥*KPH NFNCO27
OM2=0M*0OHM NFNCO028

VR =C/0M*(R NFNCO029
VIH=C/0M*KTH NFNCO030
VPH=C/0N*KPH NFNCD31
CALL ELECTX NFNCO032
PNPR =PNPX*PX°R NFNCO033
PNPTH=PNPX*PXPTH NFNCO34
PNPPH=PNPX*PXPPH NFNCO035
PNPT=PNPX*PXPT NFNCO036
N2=1.-X NFNCO037
SPACE=N2.EQ.1. NFNCO38
KAY2=0M2/C2%N2 NFNCO039
IF(RSTART.EQ.D.) GO TO 1 NFNCOLO
SCALE=SIRT (KAY2/K2) NFNCO41

KR =SCALE*KR NFNCO&42
KTH=SCALE®KTH NFNCO&3
KPH=SCALE*KPA NFNCOLL

1 CONTINUE NFNCO45
Ce¥vvevss¥ CALCULATES A HAMILTONIAN H ' NFNCOLE
H=.5%(C2%X2/042-N2) NFNCO&7
Cesvsvwavs AND ITS PARTIAL DERIVATIVES WITH RESPECT TO NFNCO&4B
CFe®svss¥* TIME, Ry THETA, PHI, OMEGA, KRy KTHETA, AND KPHI. NFNCO4S
PHPT ==PNPT NFNC050
PHPR ==PNPR NFNCO051
PHPTH==PNPTH NFNCO052
PHPPH==PNPPH NFNC053
PHPOM==NNP/OM NFNCOS54
24PKR =C2/0M2*KR NFNCO055
PHPKTH=C2/0M2*KTH NFNCO0S56
PHPKPH=C2/0M2*KPH NFNCO57
KPHPK=N2 NFNCO58
RETURN NFNCO059

END NFNCOBO0
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SUBROUTINE BQWFWC BQWCOO01

##*& CALCULATES A HAMILTONIAN H Bawco02
##*%* (= BOOKER QUARTIC FOR VERTICAL INCIDENCE, S=0, C=1) BAWCO03
®¥®¥® AND ITS PARTIAL DERIVATIVES WITH RESPECT TO BAWCOO&
##%% TIME. ¥y THETA, PHI, OMEGA, KR, KTHETA, AND KPHI. BAQWCOOS
®¥E¥ WITH FIELOy WITH COLLISIONS BQWCO06
COMMON /CONST/ PILPIT2,PID2,0DEGSyRADIANsK,CyLOGTEN BAWCOOT
SIHHON /RIN/ MODRIN(3) +COLL.FIELD4SPACEsKAY24H4PHPT4PHPR, PHPTH, BAQWCOO0A
PHPPH,PHPOMy PHPKR y PHPKTHy PHPKPH s KPHPK,POLAR, LPOLAR, BQWCO0O0S

SGN BQWCO10

CIMHMON /XX/ MODX(2) 4XsPXPR4yPXPTHyPXPPH,PXPTsHHMAX BQWCO11
COMMON /YY/ MODY,Y+PYPR4PYPTH,PYPPH,YRsPYRPR,PYRPT,PYRPP,YTH,PYTPRBAWCO12
yPYTPT sPYTPP,YPH, PYPPRsPYPPT,PYPPP BQWCO01L3

COMMON /ZZ/ MIDZ4+Z4+PIPR4PZPTH,PZPPH BAWCO14
COMMON Ry THyPHsKRyKTH,KPH FWN/ TI0C10) WO,W(400) BAQWCO15
COMMON /RK/ Ny STEPyMODE+ELMAX,EL1MIN,EZMAX,E2MIN,FACT,RSTART BAQWCO16
ZOMMON /FLGY NTYP 4 NEWWRyNEWWP,PENET4LINES,IHOP ,HPUNCH BAWCO17
EQUIVALENCE (RAY,HW(1))4,(F4H(B)) BAWCO18
LOGICAL SPACE BAWCO019
REAL KRyKTHsKPH,K2,KD0TY,<4,KD0TY2 BQwWCO20
COMPLEX KAYZ2444PHPT4PHPRyPHPTH,PHPPH,PHPOM,PHPKRPHPKTH,PHPKPH, BQWCO21
POLARy LPOLARs I+UsRAD+DyPNPPS,PNPX PNPY ,PNPZ,UX,UX2,02,4 BQWCO022
KPHPK,UZyA yB4ALPAA,BETA ,GAMMA, PHPX,PHPY2,PHPK2 4PHPU,PHPZ, BQWC023

N2 4PNPRy PNPTH,PNP2H, PNPVRyPNPVTH, PNPVPH ,NNP, PNPT BAWCO024

OATA (MODRIN=8HBOOKER QyBHUARTICs ,8HS=0, C=1),(COLL=1.), BQWCO25
(FIELD=1.), BawCo02e
(X=0a) g (PXPR=04) y (PXPTH=04) ) (PXPPH=0.), (PXPT=04.), BaWCco27
(Y=0a)y (PYPR=0.) 4y (PY?TH=04) 4 (PYPPH=0.) 4y (YR=04) 4 (PYRPR=0.), BAQWCO028
(PYRPT=04) s (PYRPP=0,.) 3 (YTH=04) s (PYTPR=0.) , (PYTPT=0,), BQAWCO029
(PYTPP=0a) s (YPH=04.) 4y (PYPPR=04) 4y (PYPPT=04.) 4 (PYPPP=0.) BAWCO30
2(Z2=04) s (PZPR=04) 4y (PZPTH=04)y (PZPPH=04)» BQWCO31
(I=(0ae9le)) g (ABSLIM=1.E=5) 4 (SGN=1,) BQWCD32
ENTRY RINDEX BQWCO033
OM=PIT2%1.E6*F BAWCO3&
c2=C*C BAWCO3S
K2=KR*KR+KTH*KTH+KPH*KPH BAQWCO036
OM2=0M*0H BQWCOD37
CALL ELECTX BAQWCQ38
IF(XelLTael) GI TO 2 BAWCOD39
Kh=K2%K2 BQWCOLO
OM4L=0M2*%0NM2 BAWCO&41
Ck=C2*C2 BAWCO42
CALL MAGY BQWCO43
Y2=Y*Y BAWCO&L4
KDOTY=KR*YR+KTH*Y TH+KPH*YPH BAWCOD4S
DOTY2=KDOTY*KDOTY BAQWCO4LE
CALL COLFRZ BAWCO4T
U=CHPLX (L1.e4+=2) BAWCOLB
Ja=u*u BAWC 049
Ux=u=Xx BAWCOS50
UX2=UxX*ux BQWCO51
A=UX*U2-U*Y2 BaQWCO052
B=2.%UTUX2+Y2* (2 .%U=-X) BAWCOS53
ALPHA=A®*CL*K4+X*KDOTY2*CL*K2 BAWCO0S4
3ETA=B*C2%0M2¥K2-X*KDOTY2*C2*0M2 BQWCO55
GAMMA=(UX2~-Y2) *UX*0OM4 BQWC0S6
H=ALPHA+BETA+3AMMA BQWCO57
PHPX==U2*C4* K4 +KDOTY2*CLU®* K2+ (L4 . *URUX~-Y2)*C2*OM2*K2~-KDOTY2*C2*0M2+ BQWCOS58
(=3.%UK2+Y2)*0OMy BQWC059
PHPY2==U*C4*K4+(2.*U~-X) *C2*OM2*K2~-UX* O M4 BQWCO060
PHPKY2 =X*C2*(C2*K2-0M2) BAQWCO061
PHPU= (2 *URUK+U2=Y2) *CL*KL4+2 . *(Y2-UX2-2.%U*UX) *C2*K2*0OM2+ (3. *UX2 BQKWCO062
-Y2)*0M4 BQWCO063
PHPZ==I*PHPU BAWC 064
PHPK2=2.*A*C4*K2+X*KDOTY2*C4L+B*C2%0M2 BQWCO065
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1

PHP T=PHPX*PXPT

PHPR =PHPX*PXPR +PHPY2¥2.*Y*PYPR #PHPKY2 *2.*KDOTY*
L (KR*PYRPR¢KTH*PY TPR+KPH*PYPPR) +PHPZ*PZPR

PHPTH=PHPX *PXPTH+PHPY2%2, *Y*PYPTH¢ PHPKY2 *2,%*KDOTY*®

1 (KR*PYRPT +{T4*PYTPT+KPH*PYPPT) +PHPZ*PZPTH

PHPPH=PHPX*PXPPH+PHPY2*2, *Y*PYPP4+PHPKY2 *2.%*KDOTY*®
1 (KR*PYRPP+KTH*PY TPP+KPH* PYPPP) #PHPZ*PZPPH
PHPOM=(2.*BETA+4 . *GAMMA) /OM
1 =2.*PAPX*X/04-2.*PHPY2¥*Y2/0M-2.*PHPKY2 *KDOTY2/0M =-PHPZ*Z/0M
PHPKR= 2.%PHPK2*KR +2.*KJOTY®*PHPKY2 *YR
PHPKTH=2,*PHPK2*KTH+2 . *KDOTY*PHPKY2 *YTH

PHPKPH=2 . *PHPK2*KPH+2.*KJITY*PHPKY2 *YPH

<AY2=K2* (~BETA+ SGN*RAY*CSQRT(3ETA®*2-4 . *ALPHA*GAMMA) ) / (2. % ALPHA)

IF(RSTART.EQ.0.) GO TO 1

SCALE=SQART ((-REAL (BETA)+35N*RAY*SQRT (REAL (BETA)**#2
1 =L*REAL(ALPHA)*REAL (GAMMA)))/(2.*REAL(ALPHA)))

<R =SCALE*KR

KTH=SCALE*KTH

KPH=SCALE®*KPH

SONTINJE

Ceev*evvs¥ THE FOLLOIWING 3 CARDS USED FOR RAY TRACING IN COMPLEX SPAGE

C
c
C

"~

IF(CABS((-BETA=-SGN*RAY*CSQRT (BETA**2~-4 ,*ALPHA*GAMMA) ) /ALPHA=24) 4
LLT.CABS((-BETA+SGN*RAY*CSIRT(BETA®**2-4 . *ALPHA® GAMMA)) /ALPHA=2,)
2 «AND.RSTART.EQ.0.) SGN==-5GN

KPHPK=4 . *AL>HA+2 . *BETA

SPACE=CABS(C2*KAYZ/0M2-1.) .LT.ABSLIN

POLAR =SQRT(K2)*(U+X*0OM2/ (C2*KAY2-0M2))/KDOTY*I

LPOLR = SQRT(Y2-KDOTY2/K2) /UX* (1.-C2*KAY2/0M2)*1

RETURN

CALCULATES THE REFRACTIVE INDEX AND ITS GRADIENT USING THE
APPLETON-HARTREE FORMULA WITH FIELD, WITH COLLISIONS

SCONTINUE

VR =C/0M*KR

VTH=C/0MN*KTH

VPH=C/0N*KPH

CALL MAGY

V2=VR**Z2+VTH**2+VPH**2

VOOTY=VR*YR+VTH*YTH+VPH*YPH

YLv=vDOTY/V2

YL2=vDOTY®*2/v2

YT2=yY**2-yL2

YTh=YT2%*YT2

CALL COLFRZ

U=CHMPLX (1.4=2)

ux=u=x

uxz=ux®*ux

RAD=SGN*RAY®*CSQART(YT4+4.*YL2*UX2)

D=2.*U*UX=-YT2¢RAD

D2=0D%D

NZ2=1.=-2.*X*UX/0

PNPPS=2 . *X*UXK* (-1.+(YT2-2.%UX2) /RAD) /D2

PPSPR= YL2/Y®*PYPR =(VR*PYRPR+VTH*PYTPR+VPH*PYPPR) ®*YLV

PPSPTH=YL2/Y*PYPTH=-(VR*PYRPT+VTH*PYTPT+VPH*PYPPT) *YLV

PPSPPH=YLZ2/Y*PYPPH=(VR*PYRPP+VTH*PYTPP+VPH*PYPPP) *YLV

PNPX==(2,%U%UX2=-YT2% (U=2.*X) + (YTL¥ (U=2.%X) 4. *YL2*UX*UX2) /RAD) /D2

PNPY=2.®*X*UX® (=YT2+(YT4+2.*YL2%UX2) /RAD) / (D2%Y)
PNPZ=I*X*(~2.*UX2-YT2+YT4/RAD) /D2

NNP=N2= (2. *X*2NPX + Y*PNPY + Z*PNP Z)

PNPR =PNPX*PXPR +PNPY*PYPR +PNPZ*PZPR +PNPPS*PPSPR
PNPTH=PNPX*PXP TH+ PNPY*PYPTH+PNPZ*PZP TH+PNPPS*PPSPTH
PNPPH=PNPX*PXPPH+PNPY*PYPPH+PNPZ*PZPPH+PNPPS*PPSPPH
PNPVR =PNPPS*(VR *YL2-VDOTY*YR )/V2
PNPVTH=PNPPS® (VTH* YL2-VDOTY*YTH) /V2

PNPVPH=PNPPS* (VPH*YL2-VDOTY*YPH)/V2
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BQWCD67
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BAWCO78
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BQWCD83
BQWCO84
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BQWCO086
BQWCDB7
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BAWCO089
BQWCO90
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BQWCO092
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BQWCO094
BAWCO095
BAWCO096
BQWCO097
BQWCO098
BQWC099
BAWC100
BQWC101
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BAWC103
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BQWC105
BQWC1i06
BAWC107
BaQWCi08
BQWC109
BAWC110
BQWC111
BAQWC112
BQWC113
BQWC114
BQWC115
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BAQWC117
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PNPT=PNPX*PXPT

SPACE=REAL(N2) +EQ«1..AND. ABS(AIMAG(N2)).LT.ABSLIMN
POLAR==I*SQRT(V2) * (-YT24RAD) /(2.*VOOTY*UX)

GAM=(=YT2+RAD) /(2. %UX)
LPOLAR=I*X*SQRT(YT2)/ (UX* (U+GAM))
KAY2=0M2/C2%N2
IF (RSTART.EQ.0.) GO TO 3
SCALE=SQRT (REAL (KAY2) /7K2)
KR =SCALE*KR
<TH=SCALE®KTH
KPH=SCALE®*KPH
CONTINUE
H=.5% (C2*K2/042-N2)
PHPT =-2NPT
PHPR ==PNPR
PHPTH==PNPTH
PHPPH==PNPPH
PHPOM=~NNP /0N
PHPKR =C2/0M2*KR -C/OM®*PNPVR
PHPKTH=C2/0M2*KTH=-C/OM*PNPVTH
PHPKPH=C2/ 0M2*KPH=C/OM*PNPVPH
KPHPK=N2
RETURN
END

SUBROUTINE BQAMFNC
###% CALCJLATES A HAMILTONIAN H

#%#%% (= BOOKER QUARTIC FOR VERTICAL INCIDENCE, S=0, C=1)
C¥svsss¥3s AND ITS 2ARTIAL DERIVATIVES WITH RESPECT TO

®¥®* TIME, Ry THETA, PHI, OMEGA, KR,

¥#%#% WITH FIELD, NO COLLISIONS

KTHETA, AND KPHI.

CIMMON /CONST/ PI,PIT2,PID2,0EGSyRADIANsK4+CyLOGTEN
COMMON /RIN/ MODRIN(3) ,COLL,FIELD,SPACE.KAY2,KAY2I,
43HI yPHPT yPHPTIsPHPRy PHPRIyPHPTH, PHPTHIPHPPH,PHPPHI ,BQNCOD9
°HPUH'PHFUHI.PHPKR;PHPKRI|PHPKTH|PHPKT}.PHPKPH.PHPKPIBQNCﬂiﬂ
s KPHPK, KPHPKI  POLAR,POLARI,LPOLAR,LPOLRI,SGN

COMMON /XX/ HMDDX(2) 4XsPXPRyPXPTHs PXPPH ,PXPTyHMAX
COMMON 7YY/ MODY,Y;PYPRyPYPTH,PYPPH,YR;PYRPR,PYRPT,PYRPP;YTH,PYTPRBQNCO13
+PYTPT 4 PYTPP+Y?H,PYPPR,PYPPT,PYPPP

COMMON /Z2Z/ MODZ4Z (4)

COMMON /RX/ Ny STEP,HMODE,E1MAX,E1iHIN,E2MAX,E2HIN,FACT,RSTART

COMMON R, THy P+, KR, KTH, KP4 /HW/ T0(10)sHO,H(4LOQ0)

EQUIVALENCE (RAY.W(1)),(F,H(B))
LOGICAL SPACE

REAL N2.NNP; LPOLARyLPOLARI+KRyKTHe KPH4+K2,KDOTY K4, KDOTY2,

KPHPKKPHPKI y KAY2,KAY2I
DATA (MODRIN=8HBOOKER Q,8HUARTIC,

yBHS=0,

C=1) , (COLL=0.)

(FIELD=1.)y(KAY2I=04)s (HI=0a) s (PHPTI=0.) s (PHPRI=0.),

(PHPTHI=0.) 4 (PHFPHI=0.) y (PHPOMI=0.), (PHPKRI=0.) , (PHPKTI=0.)

(PHPKPI=0.) 4 (KPHPKI=0.)  (POLAR=0.)s(LPOLAR=0.),
(X=0.) s (PXPR=0.) 4 (PXPTH=04) s (PXPPH=0.) 4 (PXPT=0.),

(Y=0.)3 (PYPR=0.) (PYPTH=0.)y (PYPPH=0.)y (YR=0.) s (PYRPR=0.),
(PYRPT=04) 4 (PYRPP=0:) 4 (YTH=04) 4 (PYTPR=04) » (PYTPT=04)
(PYTPP=04.) s (YPH=0.), (P¥YPPR=04),(PYPPT=0.) , (PYPPP=0.),

(MODZ=1H ), (U=1.),(U2=1.)
ENTRY RINOJEX
OM=PIT2%1.E6*~
c2=c*C
K2=KR*KR+KTH*KTH+KPH*KPH
0M2=0M*0OM
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CALL ELECTX BQANCO36

IF(XeLTaol) GO TO 2 BANCO37
C4=K2%¥K2 BQNCO38
OML=0M2%0N2 BQNC039
AT BQNCO040
CALL MAGY BQNCO41
Y2=Y*y BANCO42
KDOTY=KR*YR+KTH®Y TH+KPH®Y PH BANCO43
KDOTY2=KDOTY *KDOTY BANC 044
Ux=uU=-x BANCO4S
UX2=UX*UX BANCO46
A=UXPUZ-U*Y2 BANCO47
Bz=2.%U%UX24Y2¥ (2.%U=X) BANCO4B
ALPHA=A®CGL*K4 4 X*KDOTY2*C4*K2 BQNC 049
3ETAZB*C2*0M2*K2=X *KDOTY2*C2*0M2 BANC 050
SAMMA=(UX2-Y2) *UX*OM4 BANCO51
H=ALPHA+BETA+GAMMA BANCOS2
PAPX==U2%C4* <4 +KDOTY2%C4* K2+ (4. *UPUX=Y2) *C2*OM2*K2-KOOTY2*C2*0M2 + BANCO53

L (-3.%UX2+Y2) *0Mu BANCOS54
PHPY2==U*C4* K4+ (2. %U=X) $C2%0M2%K2-UX* O My BQANCO55
PHPKY2  =X*C2*(C2*K2=0M2) BANCO056
PHPK2=2 . *A*CL*K2+X*KDOTY2*C4 +B*C2%OM2 BANCO057
PHPT=PHPX*PXPT BQNCO058
PHPR =PHPX*PXPR +PHPY2%2.*Y*PYPR +PHPKY2 *2.*KDOTY* BANCOS9

1 (KR*PYRPR+XTH*PYTPR+KPH*PYPPR) BQNCOGB0
PHPTH=PHPX*PXPTH+PHPY2%2. *Y*PYPTH+PHPKY2 *2.*KDOTY* BANCO61

1 (KR*PYRPT4KTH*PYTPT+KPH* PYPPT) BANC062
PHPPH=PHPX*2XPPH+PHPY2*2, *Y*PYPPH+ PHPKY2 *2.%*KDOTY*® BANC063

L (KR*PYRPP+KTH*PYTPP+KPH®* PYPPP) BANCO64
PHPOM=(2.*BETA+4L . *GAMMA) /DM BANCO65

L =2.*PHPX*X/04=2.*PHPY2*Y2/0M=2,*PHPKY2 *KDOTY2/OM BANC066
PHPKR= 2.*PHPK2*KR +2.°KDOTY®*PHPKY2 *YR BANC067
PHPKTH=2.*PHPK2Z*KTH42.*KDITY*PHPKYZ *YTH BANC068
PHPKPH=2.%PHPK2 *KPH+2,*KDOTY*PHPKY2 *YPH BQANC069
KAYZ = K2  *(=BETA+RAY*SQRT(BETA®*2-4.*ALPHA® GAMMA) )/ (2.*ALPHA) BQNC070
IF (RSTART.EQ.0.) GO TO 1 BANCO71
SCALE=SQRT (KAY2/K2) BANC072
KR =SCALE*KR BQNCO73
KTH=SCALE*KTH BANCO74
KPH=SCALE®KPH BQNC075
CONTINUE BANCO76
KPHPK=4.*ALPHA+2. *BETA BANCO77
SPACE=KAY2.E2.0M2/C2 BANCO078
POLARI=SQRT(K2)* (U+X*OM2/ (C2*KAY2-0M2) ) /KDOTY BQNC079
LPOLRI= SQRT(Y2=KDOTY2/K2) /UX*(1.-C2*KAY2/0M42) BANC 080
RETURN BQNCO81

CALCULATES THE REFRACTIVE INDEX AND ITS GRADIENT USING THE  BQNCO82

APPLETON-HARTREE FORMULA WITH FIELD, NO ZOLLISIONS BQNCO083
SONTINUE BANCOB4
VR =C/0M*KR BQNC085
VTH=C/OM*KTH BANCO086
VPH=C/OM*KPH BANCO087
CALL MAGY BQNC088
V2=VR*$24VTH®* 2 4YPH**2 BQNC089
VDOTY=VR*YR+VTH®Y TH+VPH*YPH BANC 090
YLV=VDOTY/ V2 BANCO091
YL2=VDOTY®*2/v2 BANC092
YT2=Y*%2-vL2 BQNC093
YTu=YT2¥YT2 BQANCO94
JX=U=X BQNC095
UX2=UX* UX BANC096
RAD=RAY *SQART (Y T4+ L *YL2¥UX2) BANC097
D=2.%UX-YT2+RAD BANCO98
02=0%D BQNC099
N2=1.=2.*X*UX/0 BQANC100
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PNPPS=2.*X*UX® (=1, 4+(YT2-2.%UX2) /RAD) /D2
PPSPR= YL2/Y*PYPR =(VR¥PYRPR+VTH*PYTPR+VPH*PYPPR) *YLV
PPSPTH=YL2/Y*PYPTH=(VR*PYRPT+VTH¥PYTPT+VPH*PYPPT) *YLV
PPSPPH=YL2/Y*PYPPH=(VR*PYRPP+VTH*PYTPP+VPH*PYPPP) *YLV
PNPX==(2.*UX2=YT2% (U=2.*X) ¢ (YT4* (U=2.%X) +4.*YL 2*UX*UX2) /RAD) /D2
PNPY=2. *X*UX* (=YT2+(YT4#2,*YL2*UX2) /RAD) / (D2%Y)
NNP=N2= (2. *X*PNPX ¢ Y*PNPY)
PNPR =PNPX*PX2R +PNPY*PYPR +PNPPS*PPSPR
PNPTH=PNPX*PXPTH+PNPY *PYPTH+PNPPS*PPSPTH
PNPPH=PNPX*PXPPH+P NPY*PYPPH+PNPPS* PPSPPH
PNPVR =PNPPS*(VR *YL2-VDITY*YR )/Vv2
PNPVTH=PNPPS*(VTH*YL2=-VDOTY®*YTH)/v2
PNPVPH=PNPPS® (VPH*YL2=VDOTY*YPH) /V2
PNPT=PNPX*PXPT
SPACE=N2.EQ.1.
POLARI=SQRT(V2)*(YT2-RAD) 7 (2.*VOOTY*UX)
GAM=(=YT2+RAD) 7 (2.%UX)
LPOLRI=K*SQRT(YT2)/ (UX* (J+GAM) )
KAYZ=0M2/C2*N2
IF (RSTART.EQ.0.) GO TO 3
SCALE=SQRT (KAY2/K2)
KR =SCALE*KR
KTH=SCALE*KTH
KPH=SCALE®KPH
CONTINUE
A=.5% (C2%K2/042=N2)
PHPT ==PNPT
PHPR ==FNPR
PHPTH==PNPTH
PHPPH==PNPPH
PHPOM==NNP/0M
PHPKR =52/0MZ*KR =-C/OM*PNPYR
PHPKTH=C2/0M2* KTH=-C/OM*PNPVTH
PHPKPH=C2/0M2*KPH=C/0M*PNPVPH
KPHPK=NZ2
RETURN

END

SUBROUTINE SHMWF
CALCULATES THE REFRASTIVE INDEX AND ITS GRADIENT USING THE
SEN-WYLLER FORMULA -- WITH FIELD
NEEDS SUBROUTINE FSW AND FUNCTIONS C AND S.
COMMON /CONST/ PI,PITZ2,PID2,DEGS+RADIANsK,SEA,LOGTEN
COMMON /RIN/ MODRIN(3),COLL,FIELD,SPACE,KAY24H,PHPT;PHPR,PHPTH,
PHPPH,;PHPOMy PHPKR y PHPKTH, PHPKPH s KPHPK y POLAR, LPOLAR,
SGN
COMMON /XX/ MODX(2) 3 Xy PXPRyPXPTHyPXPPH ,PXPT,HHMAX

BANC101
BANC102
BANC103
BANC104
BQNC105
BANC106
BANC107
BANC108
BANC109
BANC1i10
BANC111
BANC112
BANC113
BANC1i1i4
BQNC115
BANC1i16
BANC117
BQNC118
BQNC119
BANC1i20
BANC1i21
BQNC1i22
BANC123
BANC124
BQNC125
BANC1i26
BANC127
BANC128
BANC129
BQNC130
BANC131
BANC132
BANC133
BANC134
BQNC135
BANC1i36
BANC137-

SHWFOO01
SWWFO02
SHHFOO03
SWHFOO0&4
SHWFO05
SWHFDO06
SWWFOO7
SHKHFOO08
SWHFO09

COMMON /YY/ HODY,Y,PYPRyPYPTH,PYPPHsYR4PYRPRy,PYRPTsPYRPP,YTH,PYTPRSWHFO10

+PYTPTsPYTPPsYPH,PYPPR,PYPPT,PYPPP
COMMON /ZZ/ MODZ,Z4PZPR+PZPTH,PZPPH
COMMON /RK/ N,STEP,MODE,E1MAX,ELiMIN, E2MAX,E2MIN,FACT,RSTART
SCOMMON Ry THyP4,KRsKTH,KPH /HH/ I0(10)4WO,H(L0D)
EQUIVALENCE (RAY,W (1)) ,(FyW(B))
LOGICAL SPACE
REAL KR+KTHsKPHsK2
COMPLEX KAY24HyPHPT 4PHPRy PHPTH,PHPPH,PHPOM; PHPKRyPHPKTH,PHPKPH,

KPHPKyPOLAR;LPOLAR,I,UyRAD,D,PNPPS;PNPX,PNPY,PNPZ,UX,UX2,

ALPHA,BETA,GAMMA,A,B,C,TEMP1,TEMP2,TENP3,ALPOAL,BEPOBE,

SHWFO11
SHWFO012
SHHFO13
SHNFO14
SHHFO01S
SKHWFO16
SHHFO17
SHWFO18
SHKFO019
SHHFO20

GAPOGA,CB2,N2M1,J2,D2GA,DAL,DBET,DGAM, DADY,0ADZ,0B0Y,0BDZ,SHKFO021
ocor,DCDZ,DUDZ,DTL10X,0T10Y,071DZ,0T10PS,0T20X,0T20Y,072DZ,SHHF 022

DT20PS, DRADDX,DRADDY,DRADDZ,DRODPS,000X,000Y,000Z,000PX,
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5 UPXy N2y PNPRyPNPTH 4 PNPPHPNPVR, PNPVTH , PNPVPH , NNP, PNPT SHHF D24

DATA (MODRIN=BH SE+BAN-WYLLER,BH FORMULA) 4, (COLL=1.)4 SHHFO025
1 (FIELD=1.) 4y (LPOLAR=(04y0s)), SHWHFD26
2 (X=04)y (PXPR=04)y (PXPTH=04) 4 (PXPPH=0.), (PXPT=0,), SHNFO27
3 (Y=0a)y (PYPR=04) 4 (PYPTH=0.)y (PYPPH=0.) s (YR=04) 4 (PYRPR=0) o SHWFD28
4 (PYRPT=0.) 4 (PYRPP=0.) 4 (YTH=0.) 4 (PYTPR=0.) 5 (PYTPT=0.), SHWF029
5 (PYTPP=0.) 4 (YPH=0.) 4 (PYPPR=0.), (PYPPT=0.)  (PYPPP=0.), SHWF030
5 (Z=0.)9 (PZPR=04)4 (PZPTH=0.) 4 (PZPPH=0.), SHWF031
7 (I=(0epla))y (ABSLIM=1.E-5) SHWFO032

ENTRY RINDEX SHWF033

OM=PIT2%1.E6*F SHHF 034

C2=SEA*SEA SHWNFO35

K2=KR*KR+KTH*KTH+* KPH*KPH SHHFO036e

IM2=0M*OM SWWFO037

VR =SEA/OM*KR SHHFO038

VTH=SEA/OM*KTH SWHF039

VPH=SEA/OM*KPH SHHFOLO

CALL ELECTX SHHFO41

CALL MAGY SHHFO42

OPY=1.+Y SWHFO43

OMY=1.=-Y SHHF 044

CALL COLFRZ SHWF 045

12=2*2 SHHFO4B

CALL FSW(1./Z,ALPHA,DAL) SWNWFO47

ALPOAL=DAL/ALPHA SHHFOuB

CALL FSW(OMY/Z,BETA,DBET) SHHFOLY

BEPOBE=DBET/BETA SHHFO50

CALL FSW(OPY/Z,GAMMA,DGAY) SHHF 051

GAPOGA=JGAM/GAMMA SHHF052

U=Z/ALPHA SHWHFO53

DUDZ=(1.+ALPOAL/Z)/ALPHA SHWHFO54

uz=u*u SHHF055

UX=U=X SHHFO56

UPX=U#+X SHHWFO5T

B=ALPHA/BETA SHNF058

030Y=B*BEPO3E/Z SWHFO059

0BDZ=-B* (ALPOAL-OMY*BEPOBE) /22 SHWF 060

C=ALPHA/GAMMA SHHFO0B1

DCOY=-C*GAPOGA/Z SHHFO62

DCDZ==-C* (ALPOAL-OPY*GAPJGA) /22 SWHF063

=,5%(B+C)-1. SHHFO0BL

DADY=.5%(0DBDY+DCOY) SHHFO0B5

DADZ=.5%(DBDZ+0DCDZ) SHHF 066

TEMP3=(1.~B*C) *U2+ A*U*UPX SHHF067

v2= VR*® 24 VTH**2+VPH*®2 SHHF068

VOOTY=VR*YR+VTH*YTH+VPH*YPH SHHF 069

YLZ2=VDOTY®*2/v2 SWHFO70

YT2=Y**2-vL2 SHWFO71

Y2=Y*Y SHWFO072

S2PSI=YT2rsY2 SHWFO073

C2PSI=YL2/Y2 SHHFO74

Uxz2=ux*ux SWHFO075

CB2=(C=-B)**2 SWHFO786

TEMP1=TEMP3*52PSI SHHFO77

DT10X= A*U®*S52PSI SHHFO78

DT10Y=(U*UPX*DADY~-U2* (B*OCDY+C*0DBODY) ) *#S2PSI SHHF 079

DT10Z=(2.%U*DUDZ* (1 .-B*C+A) +A*X*DUDZ-U2*(B*DCDZ+C*DBDZ)+U*UPX*DADZSHHFOB0
1 )*S2PSI SHHFO081

(1/YLYT) D/DPSI(TEMPL) SHKF0B2

IJTLDPS=2.%*TENP1/YT2 SWHFOB3

TEMP2=U2*CB2*JX 2*C2PSI SHNFOAaL

DT20X==2.*UX*U2*CB2*C2PSI SHHFOB5

DT20Y=2.*U2¥UX2*C2PSI* (C-B)* (DCDY=-DBDY) SHHF(086

0T20Z=2.*U2%UX2*C2PSI*(C~B) * (DCDZ-0BDZ)#2 .*TEMP2* (1./U+1./UX)*DUDZSHHFQAB7

(1/YLYT) D/ODPSI(TEMP2) SHWFOBa
DT2D0PS==2.*TENP2/YL2 SHHF 089
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RAD=RAY®*CSQRT(TEMF1**2+TEMP2) SHHF090

DRADDX=(TEMPL*DTL10X +.5  *DT20X ) /RAD SWHF091
ORADOY=(TEMP1*0T1DY +  .5%DT20Y ) /RAD SHHF 092
DRADDZ=(TEMP1*0T1DZ + .5%*DT20Z ) /RAD SWHF 093

c (1/YLYT) D/OPSI(RAD) SWHF 094
DRDOPS=(TEMP1*0DT1DPS+  .3*DT2DPS) /RAD SHWF095

D=2 . #U*UX* (1.+A) ~TEMPL+RAD+2 . * A*U* X*S2PST SHHF 096
0DDX==2.*U-DT10 X+DRADDX+2.*A*U*S2PSI SHWF097

DODY= 2.¥U*UX*DADY-DTLDY+DRADDY+2. *U*S2PSI*DADY SHHF 098
0D0Z=2+*(1.+A) *DUDZ* (U+UX) +2 . #U*UX*DADZ-DT1DZ+0RADDZ+2 . *X*S2PSI* SWWF 099

1 (A®DUDZ+J*IADZ) SHWF100

c (17YLYT) D/OPSI(D) SWWF101
000PS=-0T1DPS¢0RODPS+2.*A*U*X/Y2 SHWF102
N2Mi==-2 . *X*(UX+U*A*S2PS]I) /0 SHWF103
N2=1.+N2M1 SWHWF104

c N D/DX(N) SWWF105
PNPX==(JX+U*A®S2PSI)* (1.-X*D0ODX/D) /D+X /0 SHWF106

c N D/DY (N) SWWF107
PNPY=-X*U*S2PSI/D*DADY~-.5%N2M1/D*D0DY SWHF108

c N D/DZ(N) SHWF109
PNPZ==X*(1.+A*S2PSI)/0%DUDZ-X*U*S2PSI/D*DADZ~.5*N2M1/D*DDDZ SWHF110

c (N/YLYT) D/OPSI(N) SHWF111
PNPPS==X*U*A/(D*Y2) ~+5*N2M1/D*DDOPS SWHF112
YLV=VDOTY/ V2 SWWF113

c (YLYT) D/OR(PSI) SWWF114
PPSPR=YL2/Y*PYPR- (VR*PYRPR+VTH* PYTPR4VPH* PYPPR) *YLV SHWF115

c (YLYT) J/DTHETA(PSI) SWWF116
PPSPTH=YL2/Y*PYPTH=(VR*PYRPT +VTH*PYTPT+VPH*PYPPT) *YLV SWWF117

c (YLYT) D/OPHI(PSI) SWHF118
PPSPPH=YL2/Y*PYPPH=(VR*PYRPP+VTH*PYTPP +VPH*PYPPP) YLV SWWF119
PNPR=PNPX* PXPR+PNPY*PYPR+PNPZ* PZPR+PNPPS* PPSPR SHNF120
PNPTH=PNPX*PXP TH+PNPY*PYPTH+PNPZ*PZPTH+PNPPS*PPSPTH SWHF121
PNPPH=PNPX*PXPPH+ PNPY*PYP2H+PNP Z*P ZPPH +PNPPS*PPSPPH SWWF122
PNPVR=PNPPS* (VR*YL2/V2-YLV*YR) SHWF123
PNPVTH=PNPPS®* (VTH*® YL2/V2-YLV*YTH) SWHF124
PNPVPH=PNPPS® (VPH®YL2/V2=YLV*YPH) SHWF125
NNP=N2=- (2. *X*PNPX +Y*PNPY+Z*PNPZ) SHWF126
PNPT=PNPX*PXPT SHHF127
POLAR=I* (TEMP1-RAD) *Y*SQRT (V2) / (U*UX* (C=B) *VDOTY) SHWF128
COSPSI=VDOTY/(Y*SQRT(V2)) SHWF129
LPOLAR= (,5*I* (C~B) *POLAR+A*COSPSI) *SQRT(S2PSI) / SWHF130

L (POLAR®(JX*(144.5%I*(C~8)*COSPSI*POLAR) +A* (U-X*C2PSI))) SWWF131
SPACE=REAL (N2) «EQ«1++AND, ABS (AIMAG(N2)).LT.ABSLIN SHWF132
KAY2=0M2/32%N2 SHWF133

IF (RSTART.EQ.0.) GO TO 1 SHWF134
SCALE=SQRT (REAL(KAY2) /K2) SWWF135

KR =SCALE*KR SWHF136
KTH=SCALE®KTH SHWF137
<PH=SCALE*KPH SHWF138

1 CONTINUE SHWF139
Creeresevs CALCULATES A HAMILTONIAN H SHWF140
=.5% (C2*K2/0M2-N2) SWHF141
Cessssssrs AND ITS PARTIAL DERIVATIVES WITH RESPECT TO SHHF142
Cesesevsss TIME, Ry, THETA, PHI, OMEGA, KRy, KTHETA, AND KPHI. SHWF 143
PHPT ==PNPT SWHF 144

PHPR ==PNPR SHHF 145
PHPTH==PNP TH SWWF 146
PHPPH==PNPPH SHWF147
PHPOM==NNP/0M SWHF 148

PHPKR =C2/0M2*KR -SEA/OM*PNPVR SWHF 149
PHPKTH=C2/0M2*KTH~-SEA/OM*PNPVTH SHWF150
PAPKPH=C2/0M2® KPH=-SEA/OM® PNPVPH SHHF151
KPHPK=N2 SHWF152
RETURN SHWF153
END SWWF 154~
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SUBROUTINE SHNF

Ooo0o

ZOMMON
COMMON
1
2
COMMON
COMMON
COMMON

COMMON
COMMON

CALCULATES THE REFRACTIVE INDEX AND ITS GRAODIENT USING THE
SEN-WYLLER FORMULA == NO FIELD
NEEDS SUBROUTINES FGSW AND FSW AND FUNCTICONS C AND S.

/CONST/ PI,PIT2,PI)2,0EGS,RADIANsK+CsLOGTEN

/RIN/ MODRIN(3) ,COLL+FIELDy SPACEsKAY24H4PHPT,PHPRyPHPTH,
PHPPH 4 PHPOMy PHPKR y PHPKTH y PHPKPH s KPHPKy POLAR, LPOLAR,
SGN

FXX/ MODX(2) +XsPXPRsPXPTHyPXPPH PXPT,HMAX

7YY/ MODY,Y(1i6)

/277 MODZ4Z,PIPR,PZIPTH,PZPPH

/RK/ NySTEP,MODE,E1MAX,E1MIN, E2MAX ,E2MIN,FACT,RSTART

RyTHy PHy KRy KTH, KPH /WR/ T0(10),W0,W(40Q)

EAUIVALENCE (RAY,HW(1)),(F,H(B))

LOGICAL SPACE

REAL KR,KTH; KPH,K2

CIMPLEX KAY2444PHPT+PHPRy 2HPTH PHPPH,PHPOM, PHPKR s PHPKTHy PHPKPH,

-

KPHP <, POLAR,LPOLAR,PNPX,PNPZ,F1,0F,G1,0G1,
N2 yPNPRyPNPTH,PNPPHy PNPVRy PNPVTH, PNPVPH yNNP 4 PNPT

DATA (MODRIN=BH SEs84N-HYLLER,8H FORMULA) 4 (COLL=14),

Wi E W

(FIELD=0.) y (POLAR=(0e91¢)) y(LPOLAR=(0440.)),
(X=0e) s (PXPR=04)y (PXPTH=04)y (PXPPH=0.), (PXPT=0.),
(MODY=1H ),

(Z=04 )y (PZPR=04) 4y (PZPTH=0.)y (PZPPH=0.)»
(ABSLIM=1.E~5), (PNPVR=0.) 4 (PNPVTH=04), (PNFVPH=0.)

ENTRY RINJEX
OM=PIT2*1.E6%F

c2=Cc*C

K2=KR¥KA+KTH*K{TH+KPH*KPH
OMZ2=0M*0OM

VR =C/0H*KR

VTH=C/0M*KTH

VPH=C/0M®*KPH

CALL ELECTX

CALL COLFRZ

CALL FGSW(1.r/Z,F1,DF1,G1,061)
N2=1.-X*G1

PNPX==.5%G1
PNPZ=,5%X*DG1/2**2
PNPR=PNPX*PXPR+PNPZ*PZPR
PNPTH=PNPX*PXPTH+PNPZ*PZPTH
PNPPH=PNPX*PXPPH+PNPZ*PZPPH

NNP=NZ2~-

(2.*X*PNPX +2*PNPZ)

PNPT=PNPX*PXPT
SPACE=REAL (N2) +EQ.1..ANO.ABS(AIMAG (N2) ).LT,ABSLIM
KAY2=0M2/C2*N2
IF(RSTART.E2.0.) GO TO 1
SCALE=SQRT (REAL (K AY2) /K2)
KR =SCALE®KR
KTH=SCALE®KT 4
KPH=SCALE*KPH

1 CONTINUE

Cesereerss CALCULATES A HAMILTONIAN H
H=.5%(32%K2/0M2-N2)

Cesexsxsxx AND ITS PARTIAL DERIVATIVES WITH RESPECT TO

C*s»¥¥¥exs TIME, R, THETA, PHI, OMEGA, KRy KTHETA, AND KPHI.
PHPT ==PNPT
PHPR ==PNPR
PHPTH==PNPTH
PHPPH==PNPPH
PHPOM==NNP/0Y4

PHPKR

=C2/0M2%KR

PHPKTH=C2/0M2*KTH

PHPKPH=

C2/0M2*KPH

KPHPK=NZ

RETURN
END
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SHNFO01
SHNFO02
SHNFO003
SHNFOO04&
SHNFO0S
SHNFO06
SWNFO0B7
SWNFO08
SHNFO09
SHNFOL10
SWNFO11
SHNFQO12
SHNFO013
SHNFO14
SHNFO015
SHNFO016
SHNFO017
SHNFO018
SWNFO19
SHNF020
SWNF021
SHNF022
SHNF023
SHNFO024
SHNF025
SHNF 026
SHNFO027
SHNF028
SWNFO029
SHNFO030
SHNF 031
SHNFO032
SHNFD33
SHNFO34
SHNF035
SHNFO036
SHNFO037
SWNF038
SWNFD39
SHNFO&0
SWNFOu41
SHNFOL2
SHNFOL3
SHNF DG4
SHNFOLS
SHNFO46
SHNFO&47
SHNFO4S8
SHNF 049
SWNFO050
SWNFOS51
SWNF052
SWNF 053
SHNF 054
SHNF 055
SWNF056
SHNFQS7
SHNFO058
SKNF0S59
SHNFO060
SHNFO61
SHNFO0B2
SWNF063
SHNF 064
SHNF 065
SHNF 066
SHNFO067~-



SUBROUTINE FGSW (XsFsDF»GsDG) FGSW0O01

COMPLEX F+DF+GsDG FGSW0O0?2

CALL FSW (X»F+DF) FGSW0O02
IF(ABS(X)eGTe50e!) GO TO 1 FGSW004

G=X*F FGSWOO05
DG=F+X*DF FGSwW0U0s

RETURN FGSWOO7

1 X2=X#*X FGSwW0O0B
X3=X2#%X FGSWNO09
T2=2,%X2 FGSWO10
T3=3,.%X2 FGSWO011

Ta=4 o %X? FGSW012
T8=8.%X2 FGSW013
T12=12.%X2 FGSWOla
T16=16.%X2 FGSWO015
G=CMPLX(1a=35a/T4¥(]1e=99a/T46%(1a=195,/T4%(1e=323e/T4)))/ Tl FGSWO01e
1265%() a=63/Ta®(14=143./T4%(]1+=255./T4*(1,-399,/T4))11/X) FGSWO017

DG= e 5*CMPLX(35,%(1,-99,/T2%(1,-585,/TB%(1.,=323,/T3%(1,-2415./T16))FGSW018

1 1)/X3» FGSW019
2=5a®(]4=189e/Ta®*(]1,=T15e/T12%(1.=-2357./T4*(1.-512,/Ta)))1/X2) FGSW020
RETURN FGSW021
END FGSW 22-
SUBROUTINE FSWH (Z,F,0F) FSKH 001

c F(Z) = Z%C3/72(Z) + 2.5%*I%*C5/2(Z) AND DF(Z) = OF/DZ FSW 002
c WHERE THE INPUT Z IS REAL AND THE OUTPUT F AND DOF ARE COMPLEX. FSW 003
C NEEDS THE SUBPROGRAMS FOR THE FRESNEL INTEGRAL FUNCTIONS S AND CFSHW 004
DIMENSION A(10) .B(10),0(10) FSW 005
COMPLEX F3DF4C14,L£2+C3,C8,H,TEMP,I FSH 006

DATA (I=(0s91e))y (PI=3.1415926536) ,(A3=1,333333333) FSW 007

DATA (C2=(1e914)) 4 (C3=(1ey=14)),(ClU=,79788456 ),(C6=-1.333333333) FSK 008

c C4=SQART(2./P1) FSW 009
JATA(A=,36230845E-024+.29579186E+00,.2319358BE+01+.91355870E+01, FSW 0410
1.25856287E+02, .604B88560E+02, .12562218E+03,.24214980E+03, FSW 011
2.44918106E403,.842LLTTLE+DI), FSHW 012
J(B=.16747479E~02, +8L796280E~01,.25285001E+00,.22665857E+00, FSW 013
4.83871933E-014y+13811875E-014.980174417E-03,.2629914BE=04, FSW 014
319761006E-05y«18781476E=-09) , FSW 015
5(0=.10080553E-03,.46117941E-01,.38507643E+00,.68507885E+00, FSW 018
7.42648105E+00, .10742102E+00,.109853206E-01,.40924533E~03, FSH 017
B.41881263E-05y « 54513142E~08) 4(G=1.5045055) FSH 018
C1=2./3.*1 FSHW 019
S8=C2%A3%SQRT(PI/2.) FSK 020

X=Z FSW 021
X2=X*X FSH 022
X3=X2*X FSW 023
IF(ABS(X).GT.50.) GO TO 500 FSH 024
IF(ABS(X) «GT4Bas) GO TO 1 FSKW 025
IF(ABS(X)«LT++.05)CG0 TO 200 FSW 026

C FRESNEL FSH 027
IF(X«GT«0.) GO TO 300 FSW 028

100 Y=C4*SQART (=-X) FSK 029
X2=X*X FSK 030
W=(COS(X) +I*SIN(X))*(1L.-C3*(C(Y)#I*S(Y))) FSW 031

F =C1+CH* (X#23*X*X/Y*W) FSH 032
DF=A3%CHMPLX( 14 4X) +CHPLX (1.5, X) *A3*C3I*X/Y*W FSH 033
RETURN FSH 034

300 Y=CL4L*SQART (X) FSW 035
X2=X*X FSH 036
A=(COSC(X) #I*SIN(X))*(1.-C2* (C(Y)=I*S(Y))) FSW 037

F =CL+Ch* (X-C2%X*X/Y*KW) FSW 038
DF=A3*CMPLX(1syX)=CMPLX(1.5,X) ®A3*C2*X/Y*HW FSW 039
RETURN FSH 040
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c

200

500

POKER SERIES

X=ABS(Z)

X2=X*X

X3I=X2*X

X4=X*X3

XS=X*XY4

TEMP==-CB* SQRT (X) *CEXP(I*X)
FoCMPLX (4o /3o ¥ X=1Ba/9e*X3+64a/315.%X542+/34B:/3:.%X2=32.745.%K4)
1 +TEMP*X

DF=CHPLE (4 e/ 34=16./3%X2+bLa/BIa*Kbslb/3¥X-128.745.%X3
1 +256../945.%X5)
2 +TEMP*CMPLX (1.54X)

IF(Z.GE«0«) RETURN

F==CONJG(F)

JF=CONJG(DF)

RETURN

HERMITE

XQ = X*#2

X2=XQ

FR = 0«

FI = 0.

OFR 0.

DFI 0.

0o J = 1,110

SS A(J) + XQ

SB B(J) /7SS

SO DCJ)/SS

FR FR + S3

FI FI + SD

OFR = DFR # S3/SS

OFI = DFI + SD/SS

F = CMPLX(X*FR,FI)*G

DF = G*(FR = 2.*X*CMPLX(X*DFR,DFI))
RETURN

wnuwnnNnMN

ASYMPTOTIC

X2=X*X

X3=X2%X

X4=X3*X

KS=X4*X

T2=2.%X2

T3=3,%x2

Th=4.*X2

T8=8.%X2

T16=16.%X2

T28=28.%X2

F=CMPLX ((1.-35./TL% (1.=99./T4% (1.-195. /T4*(1.-323./T4)))) /X
195.%(1a=63./Tk® (1.-163./T6*(1.-255./TL*(1.-399./T4))))/T2)

FSH
FSW
FSH
FSH
FSH
FSH
FSK
FSH
FSH
FSK
FSHW
FSHW
FSH
FSH
FSH
FSH
FSH
FSH
FSH
FSH
FSH
FSH
FSW
FSH
FSHW
FSHW
FSH
FSHW
FSH
FSH
FSH
FSH
FSH
FSH
FSH
FSHW
FSH
FSH
FSH
FSH
FSH
FSH
FSH
FSH
FSW
FSHK
FSH

DF==CMPLX((La=105./T4* (1a=165./T* (1.-273./T4*(1.-2907./728))))/X2FSH

195¢%(1e=53./T2%(1.-4L29,/TB¥(1.-255./T3%(1.~-1995./T16))))/X3)
RETURN
END
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FSHW
FSHW
FSH

04t
042
043
Dbt
045
046
047
048
049
050
051
052
053
054
055
056
057
058
059
060
061
0e2
063
064
065
066
087
068
069
070
071
072
073
074
07s
076
o777
078
079
080
oa1
gaz
083
084
085
086
087
oas
089
090
91~



FUNCTION C(X] C 001
DOUBLEPRECISION PIHs XD+ Ys Vs Ay QZs QNs Q» 2 C 002
DATA (A1=0.31B83099)4,(A2=0410132)+(B1=0.0968),(B2=0.154) C 003
PIH = 1570796326794897 C 004
XA = ABS(X) ¢ 005
IF (XAeGTebe! GOTO 20 C 006
C 007
XD = X C 0os
Y = PIH=XD*XD € 00¢g
V o= YaY C 010
A = 1.D0 & 011
2= A C 012
M = 154%(XA + 1! ¢ 013
DO 10 I = 1y M C Ola
KZ=2%(1-1) c 01s
KV=4%(]-1) C 016
Q2 = KV + 1 C 017
ON = (KZ + 1)%(KZ + 2)%(KV + 5) € 018
Q = QZ/0N c 019
A = —ARQEV C 020
Z =24+ A C 021
2 = Z#XD C 022
cC=2 C 023
RETURN C 024
€ 025
W = PIH*X#®X C 026
XV=XA#*4 C 027
C=0e5+(A1-BLl/XVI*SIN(W) /XA=(A2-B2/XV)#COS(W!/XA%%3 C 028
IF (XalTaOu! C = -C C 029
RETURN C 030
END C 31—
FUNCTION S(X! S 001
DOUBLFPRFCISION PIHs XDs Y» Vs Ay QZs QNs Qs 2Z S 002
DATA (Al1=0e3183099)s(A2=0410132)s(R1=040968)(B2=0e154) 5 003
PIH = 1.570796326794897 5 004
S 005
XA = ARS(X) S 006
IF (XA«GTele! GOTO 20 S 007
S 008
XD = X ) 009
Y = PIH®XD#*XD S 010
V = Ya»Y s 011
A = Y/3.D0 S 012
Z = A S 013
M = 15.%(XA + 1! S 014
Do 10 I =1+ M s 015
KZ=2%(]-1) s 016
KV=4%(]-1) 5 017
QZ = KV + 3 s 018
QN = (KZ + 2)%(KZ + 3)%(KV + T) 5 019
Q = QZ/QN 5 020
A = —AxQ®V S 021
Z =2+ A S 022
Z = Z#*XD S 023
5=.2 S 024
RETURN s 02s
s 026
W = PIHEX®EX S 027
XV=XA#®®4 S 028
S=045-(A1=-B1l/XV)%*COS(W)/XA-(A2=-B2/XVI#SINIW) /XA%%3 5 029
IF (XeLTe0a! S = -5 S 030
RETURN S 031
END S5 32~
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APPENDIX 3, ELECTRON DENSITY SUBROUTINES WITH
INPUT PARAMETER FORMS
The following electron density models are available. The input
parameter forms, which describe the model, and the subroutine listings

are given on the pages shown.

a. Tabular profiles (TABLEX) 111

Subroutine GAUSEL 113
£ Chapman layer with tilts, ripples, and

gradients (CHAPX) 115
d. Chapman layer with variable scale height

(VCHAPX) 117
e. Double, tilted a-Chapman layer (DCHAPT) 118
f. Linear Layer (LINEAR) 120
g. Plain or quasi-parabolic layer (QPARAB) 121
h. Analytic equatorial model (BULGE) 122
i. Exponential profile (EXPX) 124

A further source of versatility in this ray tracing program is the
ease with which specific ionospheric models, suited to the users needs,
may be introduced. To add electron density models not included in the
program, the user must write a subroutine that calculates the normal-
ized electron density (X) and its gradient (3X/3r, 3X/38, 3X/3y) as a
function of position in spherical coordinates (r, 8, ®). (X = 80.5x10"°N/f?,
where N is the electron density in cm™ and f is the wave frequency in
MHz. )

Both X and its gradient must be continuous functions of position.

The formulas for 3X/3dr, 3X/38, and 3X/3p must be consistent with the
variation of X with r, 8, and ¢¢. Otherwise, the program will run
slowly and give incorrect results.

The coordinates r, 6, v refer to the computational coordinate sys-
tem, which may not be the same as geographic coordinates. In particular,
they are geomagnetic coordinates when the earth-centered dipole model
of the earth's magnetic field is used,

The input to the subroutine (r, 8, ¢) is through blank common. (See
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Table 3. ) The output is through common block /XX/. (See Table 8.) It
is useful if the name of the subroutine suggests the model to which it cor-
responds. The subroutine should have an entry point ELECTX so that
other subroutines in the program can call it. Any parameters needed by
the subroutine should be input into W 101 through W 149 of the W array.
(See Table 2.) If the model needs massive amounts of data," these should
be read in by the subroutine following the example of TABLEX. As in
the already existing electron density subroutines, provision should be
made for perturbations to the electron density model (irregularities) by
having the statement

IF(PERT.NE. 0. ) CALL ELECT!1
before the RETURN statement at the end of the subroutine.
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INPUT PARAMETER FORM FOR SUBROUTINE TABLEX

TONOSPHERIC ELECTROW DENSITY PROFILE

First card tells how many profile pointe in I4 format. The cards following the first
card give the height and electron density of the profile points one point per card in F8. 2,
E12. 4 format. The heights must be in increasing order. Set W100 = 1.0 to read in a new
profile. After the cards are read, TABLEX will reset W100 = 0. 0. This subroutine
makes an exponential extrapolation down using the bottom 2 points in the profile.
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1000

1200

10

11

SUBROUTINE TABLEX
CALCULATES ELECTRON DENSITY AND GRADIENT FROM PROFILFS HAVING
THE SAME FORM AS THOSE USED BY CROFTS RAY TRACING PROGRAM

MAKES AN EXPONENTIAL EXTRAPOLATION DOWN USING THE BOTTOM TWO POINTS

NEEDS SUBROUTIME GAUSEL
DIMENSION HPC(2501sFN2C(250) sALPHA(250)+BETA(250) sGAMMA(250) ,
1 DELTAL28N)sSLOPF(250) sMAT (435
COMMON /CONST/ PIsPIT2+PID2+DEGSsRADSKsDUM(2)
COMMON /XxX/ MODX(2) s XsPXPRsPXPTHsPXPPHsPXPT ysHMAX
COMMON RUg&) /WW/ ID(10)sWOsW(400)
EQUIVALENCE [(EARTHRsW(2) ) s (FoW(6)) s (READFNsW(100)) s PERTsW(1501))
REAL MAT,K
DATA (MORX(1)=AHTABLEX)
ENTRY ELECTX
IF (READFN.EQ.04) GO TO 10
READFM=N
READ 1000s MNOCs (HPC(I)sFN2CII)sI=1sNOC)
FORMAT (14/(FBea23E12e4))
PRINT 1200s (HPC(I)sFN2C(I)sI=1sNOC)

TABX001
TABXUUZ
TABX0O03
TABXO0U4
TABXOOs
TABX0UO6
TABXDO7
TABXOOSB
TABX0O9
TABX010
TaABXO011
TABXO12
TABX013
TABXU1l4
TABX015
TABXO16&
TABX017
TABXO018
TABX019

FORMAT {1H1+14X9s6HHEIGHT +4X s 16HELECTRON DENSITY/(1XsF2U.103E20.10))TABX020

A=Ol

IF(FN2C(1)aNEeO«) A=ALOG (FN2C(2)/FN2C(1))/{HPC(2)-HPC(1))
FN2C(17=k*FN2C(1)
FN2C(2)=k*#FN2C(2)
SLOPE(1)=A#FN2C(1)
SLOPE(NOC)=0.

NMAX=1

DO 6 I=2sNOC

IF (FN2C(1)eGTaFN2CINMAX)) NMAX=I
IF (1.EQeNOC) GO TO &
FN2C(I+1)=K*FN2C( [1+1)

Do 3 J=1.3

M=1+J-2

MAT[J;11=1.

MAT(Js2)=HPC (M)
MAT(Je3)=HPCI(M) #%>
MAT(Js& ) =FN2CIM)

CALL GAUSEL (MATs& s394 9NRANK)
IF (NRANK«LT«3) GO TO 60
SLOPE(I)=MAT(2:4) 42 #*MAT (34 ) *¥HPC (T
DO 5 J=1s2

M=I+J=2

MAT[J;]_J:l.

MAT(Js2)=HPCIM)
MAT(Js3)=HPC(M) %%>

MAT (Je& ) =HPC (M) #%3
MAT[Js5)=FN2CIM]

L=J+2

MAT(Ls1)=0s

MAT(Ls2)=1,

MAT (L s3)=2,%HPC (M)

MAT(L 24 ) =3 ¥HPC (M) %%
MAT(Ls5)=SLOPE (M)

CALL GAUSEL (MATs&4 9495 9sNRANK )
IF (NRANK.LT.4) G0 To &0
ALPHA(T)=MAT(14+5)
RFTA(T)I=MAT(24+5)
GAMMA(T)=MAT(3,45])
DELTA(I)=MAT(4,55)
HMAX=HPC({NMAX)

NH=2

H=R(1!}-EARTHR

F2=F*F

PXPR=04

IF (HeGELHPC(1)) GO TO 12
NH=2

X:O.
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TABX021
TABX022
TABX023
TABX024
TABX025
TABX026
TABX027
TABX028
TABX029
TABX030
TABX0131
TABX032
TABX033
TABX034
TABX035
TABX036
TABX037
TABX038
TABX039
TABX040
TABX041
TABX042
TABX043
TABXO044
TABX045
TABX046
TABXO0&47
TABX048
TABX049
TABX0S0
TABX051
TABX052
TABX053
TABX054
TABX055
TABX056
TARXOST
TARX058
TABX0S59
TABX060
TABX061
TABXUG2
TABXUG3
TABX064
TABX065
TABX066
TABX067



IF(FN?C(1)«ERNeDe) GN TO 50 TABX048

X=FN2C (1) #EXP (A% (H=-HPC(1))) /F2 TABX069
PXPR=A#*X TABXOT70

GO TO Sn TABX071

12 IF (HeGE.HPCINOC!) GO TO 18 TABX072
NSTEP=1 TABX073

IF (HeLT«HPC(NH-1)}) NSTEP=-1 TABXO074

15 IF (HPC(NH-1)eLEeHsANDsHsLT«HPCINH!) GO TO 16 TABX07S
NH=NH+NSTEP TABX076

GO TO 15 TABX077

16 X=(ALPHA(NH)+H* (BETA(NH)+H* [GAMMA{NH ) +H*DELTA(NH) 1)) /F2 TABXO78
PXPR=(BETA(NH) +H* (2 . #GAMMA (NH ) +H#*3 . *DELTA(NH) 1) /F2 TABX079

G0 TO 50 TABX080

18 X=FN2C(NOC!/F2 TABX081
50 IF (PERTeNE«0.) CALL ELECT1 TABX0B2
RETURN TABX083

60 PRINT 6n00s TsHPCI(I) TABXO0B4&
6000 FORMAT (4H THE»143955HTH POINT IN THE ELECTRON DENSITY PROFILE HAS TTABX085
1HE HEIGHT sFB8+2s40H KM» WHICH IS THE SAME AS ANOTHER POINT.) TABX086
CALL EXIT TABX087

END TABX088
SUBROUTINE GAUSEL [CsNRDsNRRsNCCsNSF! GAUS0O01
CH¥u®Ratx®® SAMEF AS SUBROUTINE GAUSSEL WRITTEN BY L. DAVID LEWIS #*##%%2%GAUS002
DIMENSION CU(NRD,NCC)sL(12842) GAUS003

c BITS = 2.%%-18 GAUS004
DATA (BITS5=3.8146972656E~6) GAUSOOS5
NR=NRR GAUS006
NC=NCC GAUS007
IF(NCsLTaNReORsNReGT2128s0R.NR.LE«O} CALL EXIT GAUS008

C GAUS009
C INITIALIZE. GAUSO010
NSF=0 GAUSO11
NRM=NR-1 GAUS012
NRP=NR+1 GAUS013

D=1. GAUSO14

LSD=1 GAUSO15

NO 1 KR=1sNR GAUSO16
LIKRs+1)=KR GAUS017

1 LIKR»2)=0 GAUSO18
IF(INR.EQ.1) GO TO 42 GAUS019

< GAUS020
¢ ELIMINATION PHASEe GAUSO021
DO 41 KP=1sNRM GAUS022
KPP=KP+1 GAUS023

PM=0. GAUS024

MPN=0 GAUS025

C GAUSO026
C SEARCH COLUMN KP FROM DIAGONAL DOWN FOR MAX PIVOT. GAUS027
DO 2 KR=KPsNR GAUSO028
LKR=L{KR+1) GAUS029
PT=ABS(CILKRKP)) GAUS0130
IF(PT4LE«PM) GO TO 2 GAUS0131

PM=PT GAUS032
MPN=KR GAUS033
LMP=LKR GAUSO34

2 CONTINUE GAUSO0135
c GAUS036
C IF MAX PIVOT IS ZEROs MATRIX IS SINGULARe GAUS037
IF(MPN«EQ«0! GO TO 9 GAUSO038
NSF=NSF+1 GAUS0129
IF(MPN«EQeKP! GO TO 3 GAUS040

113



[“ N alal

NnNNnoow
et

AN 4

0

NEW ROW NUMBER KP HAS MAX PIVOT,.

LSD=-LSD
LIKPs2)=L(MPNs1)=L(KPy1)
LIKPs1)=LMP

ROW OPERATIONS TO ZERO COLUMN
MKP=L(KP,y1)
P=C(MKPKP)
D=D*p
DO 41 KR=KPPsNR
MKR=L(KRs1!
Q=C(MKRsKP) /P
IFIQ«EQeDa! GO TO 41

KP BELOW DIAGONAL.

SUBTRACT Q@ * PIVOT ROW FROM ROW KR,

DO 4 LC=kPPsNC

R=Q#C(MKP,LC)
CIMKRsLC)=CIMKRsLC) =R
IF(ABS(CIMKRLC) ) 4LT<ABSI(R)%#BITS)
CONT INUE

LOWER RIGHT HAND CORNERe
LNR=LI(NRs1)
P=C(LNRsNR)
IF(PeEQeOs)
NSF=NSF+1
D=D*P*LSp
IFINR<EQeNC! GO TO 8

GO TD 9

BACK SOLUTION PHASEe.
DO 61 MC=NRPsNC
C(LNRMC)=C(LNRMC) /P

IF(NR.EQ.1) GO TO 61
DO 6 LL=1+NRM
KR=NR-LL

MR=L(KRs1)

KRP=KR+1

DO 5 MS=KRPsNR
LMS=L(MS,1)
R=CIMRsMS)*C(LMSsMC)
C(MR¥MC)=C{MR»MCI-R

CIMKRsLC1=04

IFCABS(CIMRIMC! ) 4LT,ABS(R)*BITS) C(MRsMC)=0,

CI{MRIMC)=CI(MRsMC) /CIMR*KR]
CONTINUE

SHUFFLE SOLUTION ROWS BACK TO
DO 71 LL=1sNRM

KR=NR-LL
MKR=L (KR»2)
IF(MKR«EQ.0Q!
MKP=L (KRs1)
DO 7 LC=NRP*NC
Q=C{MKR,LC)
CIMKR+LC)=CIMKPsLC)
C(MKP»LC)=Q

CONT INUE

GO To 71

NORMAL AND SINGULAR RETURNS,
Cll1s1)=D
GO TO 91
Clls1)=0e

91 RETURN

END
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NATURAL ORDERs

GOOD SOLUTION COULD HAVE D=0.

GAUS041
GAUSO042
GAUSO43
GAUSO 44
GAUSO045
GAUS046
GAUSO47
GAUSO48
GAUS049
GAUSO050
GAUS051
GAUS052
GAUS053
GAUS054
GAUS055
GAUSO56
GAUSO057
GAUSO58
GAUSO059
GAUSO060
GAUSO061
GAUSOg2
GAUS063
GAUSO064
GAUS065
GAUSO66
GAUSOe7
GAUSO68B
GAUSO069
GAUSO70
GAUSOT1
GAUSOT2
GAUSO073
GAUSO74
GAUS075
GAUSO76
GAUSOT7
GAUSOTE
GAUSOT79
GAUS080
GAUSOB1
GAUSOB82
GAUSO83
GAUSOB84
GAUSO085
GAUSO86
GAUS087
GAUSO088
GAUS089
GAUS090
GAUS091
GAUS092
GAUSO093
GAUS094
GAUSO95
GAUSO096
GAUSO097
GAUsSO98
GAUS099
GAUS100
GAUS101
GAUS102
GAUS103
GAUS104~



INPUT PARAMETER FORM FOR SUBROUTINE CHAPX

An ionospheric electron density model consisting of a Chapman layer with
tilts, ripples, and gradients

2 2 -~ aZ \|
fN = ic exp-\rr{l-z-e }/
h -h
. 2 max
H
2 2 7 o 7 L \)+C:8-T-T—\"\
fc :fco \‘1+A sm\\Zﬁkﬁ ZJ/B/ . 2./ 7
m
h = h + E {/ 8 '_.\_ RO
max maxo S 2 .
f\yis the plasma frequency
h is the height above the ground
Rois the radius of the earth in km
and 8 is the colatitude in radians.
Specify:
Critical frequency at the equator, fc = MHz (W101)
o
Height of the maximum electron density at the equator, hmax - km (W102)
o  —
Scale height, H = km (W103)
o = (W104, 0.5 for an 5 Chapman layer, 1.0 for a
g Chapman layer)
2
Amplitude of periodic variation of .fc with latitude, A = (W105)
3 rad
Period of variation of fc with latitude, B = deg (W106)
km

2 -
Coefficient of linear variation of f_with latitude, C = rad ' (W107)

Tilt of the layer, E = rad (W108)
deg
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SUBROUTINE CHAPX
CHAPMAN LAYER WITH TILTSs RIPPLESs AND GRADIENTS
Wi104) = 0.5 FOR AN ALPHA-CHAPMAN LAYER
= 140 FOR A BETA-CHAPMAN LAYER

COMMON /CONST/ Pl +PIT2.PID2'DUMIS)

COMMON /XX/ MODX(2)sXsPXPRsPXPTHsPXPPHsPXPT s HMAX

COMMON R(&) /WAW/ ID(10)+WOsW(400)

EQUIVALENCE (THETAsR(2))

EJUIVALENCE (EARTHRsW(2)) s (FoWla) ) s (FCoWI101) ) s (HMaW(102)) s
1 (SHeW(103) ) s (ALPHASWI1041)» (AsWI105)1)19(BsWI106)19(CaWI(10T) )y
2 (EsW(108) )+ (PERTsW(150))

DATA (MODX(11=6H CHAPX)

ENTRY ELECTX

THETA2=THETA-PID2

HMAX=HM+EARTHR*E#THETAZ

H=R(1)-EARTHR

Z=(H-HMAX) /SH

D=0+

IF (BeNEeOs! D=PIT2/B

TEMP=1.+A*SIN(D*THETA2 ) +C*THETA2

EXZ=1.,-EXP(=2)

X=(FC/F) %% 2% TEMP*EXP (ALPHA*(EXZ-211)

PXPR=-ALPHA*X*EXZ/SH

PXPTH=X*(D*A*SIN(PID2-D*THETA2)+C) /TEMP-PXPR*EARTHR*E

IF (PERT«NE«O«) CALL ELECT1

RETURN

END
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INPUT PARAMETER FORM FOR SUBROUTINE VCHAPX

An ionospheric electron density model consisting of a Chapman layer
with variable scale height

T = [/ hmax \'X
N h &
h is the height above the ground.
Specify:
critical frequency, fc = MHz (W101)
height of maximum electron densi h =
g nsity, h km (W102)
X=_____ (Wlo03)
SUBROUTINE VCHAPX VCHAQO1
CHAPMAN LAYER WITH VARIABLE SCALE HEIGHT VCHAQO?2
COMMON /XX/ MODX(2)sXsPXPRsPXPTHsPXPPHsPXPT s HMAX VCHAOO3
COMMON R({6) /WW/ IDI10)sWOsW(40D0) VCHAOO4
EQUIVALENCE (EARTHRsW(2))a(FsW(6) ) s (FCoW(101))s(HMsW(102)) s VCHAQO5
1 (CHIsW(103))+(PERTsWI(150)) VCHAQODs
DATA (MODXI(1]=6HVCHAPX) VCHAOO7
ENTRY ELECTX VCHAOQOSB
HMAX=HM VCHAOQO®9
X=PXPR=04 VCHAO10
H=R(1)-EARTHR VCHAO11
IF (HeLEeOe!) GO TO 50 VCHAO12
TAU=(HM/H) #*CHI VCHAOQO13
X=(FC/F1##2#SQRT(TAUI*EXP(0,5%(1,-TAUI} VCHAO14
PXPR=oS*#X*#(TAU=14)*CHI/H VCHAO1S5
IF (PERTe«NE«O«) CALL ELECT1 VCHAQ16
RETURN VCHAOQO17
END VCHAQ18~
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INPUT PARAMETER FORM FOR SUBROUTINE DCHAPT

An ionospheric electron density model consisting of a double,

a-Chapman layer

2
N

2

- Z 1 "‘Zl ].
-fclexpz(l—zl-e )+fc2exp2(1-zz-e
h-h h-h
L. T ————— o g =
H )
1 1 2
2 2
f = £ C(8 -1/2
cl cl0 ( )
2 2
fcz -£c20 C(8-m/2)
b h +RE (5=) (0-5)
ml  mloO 180 2
+RE 6 -
w2 ™ Boap (180) ( )

MHz (fcl at equator)

h
Km ( il at equator)

Km

Hh
1l

MHz (f _ at equator)

c2

Km (hmz at equator)

Km

rad ™ (fractional change in f_,, f 3,

position for increases southward)
deg (positive for upward tilt to the south)
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50

1
Z

SUBROUTINE DCHAPT
TWO CHAPMAN LAYERS WITH TILTS
COMMON /CONST/ PIsPIT2+PID2»DUMIS)

COMMON /XX/ MODX(2)sXsPXPRsPXPTHsPXPPHIPXPT s HMAX

COMMON R{6) /WW/ ID(10)sWOsW(400)

EQUIVALENCE (EARTHRsWI(2)) o (FaWlB)) s (FCLaW(101)) s (HMLsW(102])),
(SHL1sW(103))s{FC2sWI106) ) s (HM2sWI105)) s (SH2sW(106) )19 (CsW(107) 1)

(E+sW(108) )y (PERTsW(150))

DATA (MODX(1)=6HDCHAPT]
ENTRY ELECTX
EARTHE=EARTHR*E
THETAZ=RI(2)-PID2
HMAX=HM1+EARTHE*THETA?
X=PXPR=PXPTH=04
H=R(11-EARTHR
IF (HelLTs0e! GO TO 50
Z21=(H=-HMAX ) /SH]
EXPZ1=1.-FXP(-71)
TEMP=1.+C*THETA2
X=(FC1/F) %% 2%TEMPREXP( 5% (EXPZ1-21))
PXPR=-0.5%X*EXPZ1/SH1
PXPTH=X#C/TEMP-PXPR*EARTHE
IF (FC2.EQ«0s) GO TO 50
22=(H-HM?-EARTHE*THETA2 ! /SH2
EXPZ2=1.-EXP(-22)
X2=(FC2/F)##2%TEMP*EXP( ,5%(EXPZ22-221))
X=X+X2
PXPR2==0«5%#X2*EXPZ2/5H2
PXPR=PXPR+PXPR2
PXPTH=PXPTH+X2#C/TEMP-PXPR2*EARTHE
IF (PERT<NEeQs) CALL ELECT1
RETURN

END
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INPUT PARAMETER FORM FOR SUBROUTINE LINEAR

An ionospheric electron density model consisting of a linear layer

N=0 for h<h

m

N=A(h-h , ) for h>h
min

in
min

Th ill i > .
e ray will penetrate if h hmax

Specify:

A = electrons/cm®/ km (W101)
By & km (W102)

h = km (W103)

min

SUBROUTINE LINEAR
LINEAR ELECTRON DENSITY MODEL
COMMON /CONST/ PIsPIT2+PID2sDEGSsRADKDUM(2)
COMMON /XX/ MODX(2)sXsPXPRsPXPTHsPXPPHsPXPT sHMAX
COMMON R(&) /WW/ [D(10).WnsW(400)
FQUIVALCNCE (EARTHRsW(2))s(FsW(B)) s (FACTsW(101})s{HMsW(102))»
1 (HMINsW(103))s(PERT»W(150)!
REAL K
DATA (MODX(1)=6HLINEAR)
ENTRY ELECTX
H=R(1)-EARTHR
HMA X =HM
X=PXPR=0as
IF {(HeLE«HMIN) GO T9 50
PXPR=K*FACT/F%%2
X=PXPR#* (H=HMIN)
50 IF (PERT.NEeO.) CALL ELECT1
RETURN
END
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50

INPUT PARAMETER FORM FOR SUBROUTINE QPARAB

1

An ionospheric electron density model consisting of a parabolic or a

quasi-parabolic layer (concentric)

2 h-h =

= 2 = 3
fl\’ f(_ L - max . ] if [N >0

Y
m

f, = 0. otherwise,
C = 1. for a parabolic layer

Rs hma. ) Ym
c=— R __:; for a quasi-parabolic layer

o

where Ro is the radius of the earth.

Specify:
Critical frequency,. fc = Mc/s (W101)
Height of maximum electron density, h B km.
max: S
Semi-thickness, Ym = km. (W103)
Type of profile:
Plain parabolic (W104 = 0.)
Quasi-parabolic (W104 =1.)

SUBROUTINF QPARAB
PLAIN PARABOLIC OR QUASI-PARABOLIC PROFILE
Wl104) = D« FOR A PLAIN PARABOLIC PROFILE
= le« FOR A QUASI-PARABOLIC PROFILE
COMMON /XX/ MODX(2)sXsPXPRsPXPTHsPXPPHsPXPTsHMAX
COMMON R(&) /WW/ ID(10)+WOsW(420)
EQUIVALENCE (EARTHRsWI(2) ) s (FaW(B) b s (FCoW(101) ) s (HMsW(102)) s
(YMsW(1C3) ) s (QUAST»W(104) )+ (PERTsWI(150))
DATA (MODX(1)=6HQPARAB)
ENTRY ELECTX
HMAX=HM
ppr'-'O -
H=R(1)-EARTHR
FCF2=(FC/F ) %%2
CONST=1.
IF (QUASTI«EQele) CONST=(EARTHR+HM-YM)/RI(1)
Z=(H=-HM) /YM®¥CONST
X=MAX1F(O4sFCF2%(1e-2%21)
IF (X«EQe0s!) GO TO 50
IF (QUASI«EQele) CONST=(EARTHR+HM)*(EARTHR+HM=YMI) /R( 1) *%2
PXPR==2+*Z%FCF2/YM*CONST
IF (PERT.NE«Os) CALL ELECT1
RETURN
END
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INPUT PARAMETER FORM FOR SUBROUTINE BULGE

An analytic ionospheric electron density model which represents the
general latitude variation of the equatorial ionosphere (afternoon,
equinox, sunspot maximum) - see the center panel of figure 3.18b,
page 133 of Davies (1965).

The model is an alpha Chapman layer with parameters which vary
with geomagnetic latitude.

-
3l-z-e )

£2 = g8 g
N ¢
h-h
where z = s
H
fN is the plasma frequency

:EC is the critical frequency

hma.x is the height of the maximum electron density
H is the scale height

h is height

f,h » H vary with geomagnetic latitude in the following way:
¢ max
if h<100 km, h =350 km, f =15 Mc/s

max c

For h=z 100 km,
h =350if L= 24°
max

h = 430 + 80 cos (180
max

l) A< 24°
2 if 4
A is the geomagnetic latitude in degrees

fc =J50<%>8 exp(Z - |%|> + 40

In all cases H is determined by the constraint that
-fN= 2 Mc/sat 100 km.
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C

FORCING PLASMA FREQ AT 100 kM TO BE 2 MHZ IN ORDER 79 CALCULATE SH

2

1

SUBROUTINE BULGE
ANALYTICAL MODEL OF THE VARIATION OF THE EQUATORIAL F2 LAYER
IN GEOMAGNETIC LATITUDE (EQUATORIAL BULGE AND ANOMALY)
SEE FIGURE 3+18Bs PAGE 133 IN DAVIES (1965).
THIS MODEL HAS NO VARIATION IN GEOMAGNETIC LONGITUDE.
COMMON /CONST/ PI.PIT2+PID2sDUMI(5]
COMMON /XX/ MODXI(2]3XsPXPR+PXPTH+PXPPHPXPT yHMAX
COMMON R(6) /WW/ ID(10)4WOsW(400)
EQUIVALENCE (EARTHR»W(2))s(FsW(6E) o (PERTsW(150))
DATA (MODX(1)=6H BULGF)
ENTRY ELFCTX
H=R(1)=-EARTHR
PHMPTH=PFC2PTH=0e
HMAX=350.
FC2=225.
{F{HQLT-IOGOJ GO TO 2
EQUATORIAL BULGE
BULLAT=7.5%(PID2-R(2))
IFIABS(BUL LAT].GE«PI) GO T2 1
HMAX=6430,+80.*COS(BULLAT)
PHMPTH=6N0*SIN(BUL LAT)
EQUATORIAL ANOMALY
ANMLAT=22.5%(PID2=-R(2))/P1
POW=2.-ABS(ANM LAT)
FC2=50«*ANM LAT®*¥2#EXP( POW ) + 40,
PFC2PTH==1125./PI*POW*ANMLAT®*EXP(POW]

ALPHA=2.*ALO(FC2/4.)+1,
Z100=-ALOG(ALPHA)

DO 3 I=1,5
Z2100=-ALOG(ALPHA=-Z100)
SH=(100«~-HMAX)/7Z100
Z=(H=HMAX 1 /SH
EXZ=1.-EXP(=Z)
X=FCZ#EXP(«S* (EXZ-Z) ) /Fe%
PXPR=-0,5%X*EXZ/SH

PXPTH=—PXPR¥(1,-Z/Z100)#*PHMPTH+(14-2Z*EXZ/(Z100%(1,-EXP(-2100)11)

*X/FC2#PFC2PTH
IF (PERTeNE«O+) CALL ELECT1
RETURN

END
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INPUT PARAMETER FORM FOR SUBROUTINE EXPX

An exponential electron density profile

N = N ea(h-ho}
(o]

h is the height above the ground.

Specify:

the electron density at the height ho, N0 =
the reference height, ho N km (W102)

the exponential increase of N with height, a =

SUBROUTINE EXPX
EXPONENTIAL ELECTRON DENSITY MODEL
COMMON /CONST/ PI+PIT2+sPID2sDEGS+RADsKsDUM(2]
COMMON / XX/ MODX(2) s XsPXPRPXPTHsPXPPHPXPTsHMAX
COMMON R(6) /WW/ 1D(10),W0sW(400)
EQUIVALENCE (EARTHRsW(2))s(FaW(g)],
1 (NOsW(101)) s (HOsWl1u2) ) s (AsWI(103) ) s (PERTWI(150))
REAL N» NO »K
DATA (MODX(1)=4HEXPX) s (HMAX=350,)
ENTRY ELECTX
H=R(1)-FARTHR
N =NO * FXP(A®(H-HO))
X=K®¥N/Fxn2
PXPR=A®*X
IF (PERT«NE«O«) CALL ELECT1
RETURN
END
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APPENDIX 4. PERTURBATIONS TO ELECTRON DENSITY
MODELS WITH INPUT PARAMETER FORMS
The following perturbations to electron density models (irregulari-
ties) are available. The input parameter forms, which describe the

perturbation, and the subroutine listings are given on the pages shown.

a. Do-nothing perturbation (ELECTI1) 126
b. East-west irregularity with an elliptical cross-

section above the equator (TORUS) 127
c. Two east-west irregularities with elliptical

cross-sections above the equator (DTORUS) 129
d. Increase in electron density at any latitude

(TROUGH) 131
e. Increase in electron density produced by a

shock wave (SHOCK) 132
f. '"Gravity-wave' irregularity (WAVE) 134

g. "Gravity-wave' irregularity (WAVE2) 136
h. Height profile of time derivative of electron
density for calculating Doppler shift (DOPPLER) 138

To add other perturbations to electron density models the user must
write a subroutine to modify the normalized electron density (X) and its
gradient (3X/dr, 3X/36, 3X/3®) as a function of position in spherical
polar coordinates (r, 9, ©.

The restrictions on electron density models also apply to perturba-
tions. Again, the coordinates r, 8, ® refer to the computational coordi-
nate system, which may not be the same as geographic coordinates. In
particular, they are geomagnetic coordinates when the earth-centered
dipole model of the earth's magnetic field is used.

The input to the subroutine is through blank common (see Table 3 )
for the position (r, 6,¢) and through common block / XX/ (see Table8)
for the unperturbed electron density and its gradient. The output is
through common block /XX/. It is useful if the name of the subroutine
suggests the perturbation model to which it corresponds. It should have
an entry point ELECT1 so that it may be called by an electron density
subroutine. Any parameters needed by the subroutine should be input
into W151 through W199 of the W array. (See Table 2.)
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If no perturbation is wanted, the following subroutine should be used.

SUBROUTINE ELECTI1 ELEC001
USE WHEN AN ELECTRON DENSITY PERTURBATION IS NOT WANTED ELEC002
COMMON /XX/ MODX(2)s+X(6] ELEC003
COMMON /WW/ ID(10)sWOsW(400) ELECO004
EQUIVALENCE (PERT,W(150)) ELEC00S
DATA (MONX(2)=6H NONC ) ELEC0O0s
PERT=0. ELECOO7
RETURN ELECOOS8
END ELEC009-
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INPUT PARAMETER FORM FOR SUBROUTINE TORUS

A perturbation to an ionospheric electron density model consisting of
an East-West irregularity with an elliptical cross section above the
equator

N = Ng (1 + A)

: 2
A'=/GCq exp{_[(Ro-i-Ho)(e-ﬂ/Z) c;is B+ (R - Ro —Ho)smB:l

L (R -Ro - Ho) cos B - (Rg +Ho)(B-11/2) sin B ]2}
) B

Ry is the radius of the earth.
R, B, @ give the position in spherical polar coordinates.

No(R, 6, ®) is any ionospheric electron density model.

Specify:

Gs = . (W151)

Semi-major axis of ellipse, A = km (W152)
Semi-minor axis of ellipse, B = km (W153)
Tilt of ellipse, B = degrees (W154)

Height of torus from ground, Hg = km (W155)

(W150: = 1. to use perturbation, = 0. to ignore perturbation)
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1

SUBROUTINE TORUS

COMMON /CONST/ PI+PIT2sPID2sDUM(5)

COMMON /XX/ MODX(2)sXsPXPRsPXPTH4PXPPHsPXPTyHMAX
COMMON R(6] /WwW/ ID(10)sWOsW(400)

EQUIVALENCE (EARTHRsWI(2))s(CUsW(151) )3 (AsW(152))9(BsW(153) 1

(BETAsW(154) )3 (HOsW(155))
REAL LAMBRDA
DATA (PDPP=0.) s (MODX(2)=6H TORUS)
ENTRY ELECT1

TOR
TOR
TOR
TOR
TOR
TOR
TOR
TOR
TOR

IF (XeEQeOs e ANDePXPReEQaOos s ANDePXPTHeEQeO e s ANDePXPPHeEQ«QOe) RETURNTOR

IF (C0<EQ«0e¢! RETURN
RO=EARTHR+HO
Z=R(1)-RO
LAMBDA=RO®(R(2)-PID2)
SINBET=SIN(BETA)
COSBET=COS(BETA)
P=_LAMBDA*COSBET+Z*SINBET
¥Y=Z*COSBET-LAMBDA*SINBET
DELTA=CO*FXP(—(P/A)*%2-(Y/B)*%2)
DEL1=DELTA+l.
PDPR=-2.,%DELTA* [P*SINBET/A**24+Y*¥COSBET/B**2)
PDPT=—-2.%DELTA* (PX*RO*COSBET/A*#2—-Y*RO*SINBET/B*%*2)
PXPR=PXPR*DEL1+X#PDPR
PXPTH=PXPTH*DEL1+X*PDPT
PXPPH=PXPPH*DEL1+X*PDPP
X=X*DEL1
RETURN

END
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INPUT PARAMETER FORM FOR SUBROUTINE DTORUS

A perturbation to an ionospheric electron density model consisting of
two east-west irregularities with elliptical cross sections above the
equator. Since the model is expressed in spherical coordinates and does
not depend on longitude, the perturbation is actually a torus circling

the earth above the equator.

N = Np (1 + 4)

A= CxeXP{-l: (rg + Hy )(B -1/ 2) ‘ffsﬂr'r“'H‘) smgjz

[ (r -1 ~-H;)cosB - (rg+ Hy )(8 =11/ 2) si.uS'a}
- B, _‘

+C, exp{—[ (rg + H)(® -1/2+86)cosB + (r-rg -H;) sinB :l

A

[ (r -1y -H,)cosB -(ro+ H,)(8 -/2 + 86) sin B ]3}
- .

86 = Northward angular displacement of the lower blob from
the upper one

tanB (ro + Hy)

re is the radius of the earth.
r, 9, ©® are spherical (earth-centered) polar coordinates.

Ngo(r, 8, ) is any electron density model.

Specify:
use perturbation (W150 = 1.)
ignore perturbation (W150= 0.)

Fractional perturbation electron density at the center of the upper
blob, C, = (W151).

That of the lower blob, C, = (W156).

Height (above ground) of the center of the upper blob,
H,; = km (W155).
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That of the lower blob, H, = km (W159).

Angle (with a horizontal southward vector) of the line joining the

blob centers, 9 = fZ: (W154).

Semi-axis of the upper blob, to the 1/e perturbation contour, in'the
direction of the line joining the blobs, A, = km (W152).

That of the lower blob, A, = km (W157).

Semi-axis of the upper blob in the direction normal to the line joining
the blobs, B; = km (W153).

That of the lower blob, B = km (W158).

SUBRQUTINE DTORUS

COMMON /CONST/ PI+RPIT2sPID2sDUMLS)

COMMON /XX/ MODX(2)sXsPXPRsPXPTHsPXPPHsPXPT

COMMON R(6) /WW/ ID(10)+WOsW(400)

EQUIVALENCE (EARTHRsWI2))s(C1aWI151))slAlaW( 1521 1+(B1eW(153) )
1 (BETA»WI154)) s (H1+WI(155)12(C2sWI156))s(A2sWI157))s(B2sW(158))
2 [H2:Wl(159))

REAL LAMBDA1lsLAMBDA?

DATA (MODX(2)=6HDTORUS) s (PDPP=0,!

ENTRY ELECT1

DTORO01
DTOROQO2
DTOROO3
DTORQO4
DTOROQOS
DTOROO&
DTOROOT
DTOROQOB
DTOROOS9
DTORC10

[F (XeEQeDeaANDPXPR.EQeaOe s ANDaPXPTHsEQ. 04+ AND.PXPPH,EQ.0s) RETURNDTORO11

IF [CleEQeDs! RETURN
R1=EARTHR+H1
R2=FARTHR+H2
Z1=R(1)-R1
Z2=R(1)-R2
LAMBDA1=R1*(R(21-PID2)
LAMBDA2=R2*(R(2)-PID2+(H1-H2)/R2/TANF(BETA)}
SINBET=SIN(BETA)
COSBET=COS(3ETA)
P1=LAMBDA1*#COSBET+Z1*SINBET
P2=LAMBDA2*COSBET+22#SINBET
Y1=Z1*COSBET-LAMBDA1#SINBET
Y2=22#COSBET-LAMBDA2%#SINBET
DELTAI=C1*EXP(-(P1/A1)1%%2-(Y1/B]1%#%2)
DELTA2=C2¥EXP(—(P2/A2)1%%#2-(Y2/B2)*%2)
DEL1=1++DELTA1+DELTA2
PDPR1==2.*DELTAI*(P1*SINBET/A1**#24Y]1*COSBET/B1%%*2)
PDPR2==2,*DELTA2*(P2*SINBET/A2¥* %24 Y2*COSBET/B2%¥2)
PDPT1=12.*DELTA1*IPI*R1*COSBET/A1**2—Y1*R1*SINBETIBI'*2l
POPT2=~24%DELTA2* (P2*R2*COSBET/A2%#%2-Y2#R2*#SINBET/B2%#%2)
PXPR=PXPR*DEL1+X*(PDPR1+PDPR2)
PXPTH=PXPTH*DEL1+X*(PDPT1+PDPT2]
PXPPH=PXPPH*DEL1*PDPP
X=X*DEL1
RETURN

END
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DTORO12
DTORO13
DTORO14&
DTORO1S
DTORO16
DTORO17
DTORO18
DTORO19
DTORO20
DTORO21
DTORO22
DTORO23
DTORO24
DTORO25
DTORO2&
DTORO27
DTORO28
DTORO29
DTORO30
DTORO31
DTOR032
DTORO033
DTORO34
DTORO35
DTORO26
DTORO3 7~



INPUT PARAMETER FORM FOR SUBROUTINE TROUGH

A perturbation to an ionospheric electron density model consisting of an
increase in electron density near any latitude

N=(l1+4)No (R, 8, 9) W=Bfor%-9-120

o Fmf2 -8 =X N2 i "
_‘—Aexp(-\—-w—jj W=BxCfor2-8-1<0

Ny (R, 6, ©) is any ionospheric electron density model,

R, 2, © give the position in spherical polar coordinates.

Specify:

Amplitude of the perturbation, A = (W151)

half width of the perturbation, B = degrees (W152)
latitude of the perturbation, A = degrees (W153)
width factor for South of trough, C = (W154)

(W150: = 1, to use perturbation, = 0. to ignore perturbation)

SUBROUTINE TROUGH TROUOO1
A PERTURBATION TO AN ELECTRON DENSITY MODEL TROUO0O2
COMMON /CONST/ PIsPIT2sPID2sDUMIS]) TROUOOZ
COMMON /XX/ MODX(2)3sXsPXPRsPXPTHsPXPPHIPXPT s HMAX TROUOO4
COMMON R(6) /WW/ ID(10)sW0OsW(400) TR0U00S
EQUIVALENCE (AsW(151))+(EsW(152))+(ALATsW(153))1+(FACTORsW(154)) TROUO0O0&
DATA (MODX(2)=6HTROUGH) TROUOO7
ENTRY ELECT1 TROUOOS8
IF (XeEQeOesANDePXPReEQeU e e ANDsPXPTHeEQeaU g s ANDePXPFHEQeDs ) RETURNTROUOO9
IF (AsEQeQ«! RETURN TROUO10
ANGLE=RI(2)+ALAT-PID2 TROUO11
WIDTH=B TROUO12
IF (ANGLE«GTe«0s! WIDTH=FACTOR*B TROUO13
ANGLE=ANGLE/WIDTH TROUO14
DELTA=A®EXP(-ANGLE*#*2) TROUO15
DEL1=DELTA+l. TROUO16
PXPR=PXPR*DEL1 TROUO17
PXPTH=PXPTH*DEL1-2+*X*ANGLE*DELTA/WIDTH TROUO18
PXPPH=PXPPH*DEL1 TROUO19
X=X#DEL1 TROUOZ20
RETURN TROUOD21
END TROUOD22-
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INPUT PARAMETER FORM FOR SUBROUTINE SHOCK

A perturbation to an ionospheric electron density model consisting of
an increase in electron density produced by a shock wave

N(R, 8, 9) = No(R, 8, ®)[1 +P8XP(—9<p° -t j)]

w

Pe = s(h - hg) -w

p=R|cos™*[cos(® - ¥) cos(\ - Ag)] |

No(R, 6, @) is the ambient electron density specified by any electron
density medel.

R, 8, © give the position in spherical polar coordinates.

h =R - a is the height above the surface of the earth,

a is the radius of the earth.

X = g - B is the latitude.

Specify:
Relative increase in electron density, P = (W151).
Width of the disturbance, w = km (W152).

Latitude of the center of the disturbance, Aq = radians or degrees
(W153).

Longitude of the center of the disturbance, ¥ = radians or
degrees (W154).

Slope measured from vertical - rate of increase of p, with height,
5 = (W155).

Height to the bottom of the disturbance, hy = km (W156).

(W150: = 1, to use perturbation, = 0. to ignore perturbation)
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SUBROUTINE SHOCK SHOC001
PERTURBATION TO AN ELECTRON DENSITY MODEL SIMULATING A SHOCK WAVE SHOCQO2

COMMON /CONST/ PI1,PIT2sPID2+DUMI(S) SHOCO003
COMMON /XX/ MODX(2)sXsPXPRyPXPTHsPXPPHsPXPT s HMAX SHOCO004
COMMON R(&) /WW/ ID(10)sWOsW(400) SHOC005
EQUIVALENCE (EARTHRsWI(2)) s (PsW(1511) s (WWsW(152))s(ALATsW(153]), SHOCO006
1 (ALON*W(1541)s(SsWi155]))siHCOsWI1561]] SHOCOO0T
REAL LATSLCN SHoCO008
DATA (MODX(2)=pH SHOCK) SHOC009
ENTRY ELECT1 SHOCO010
I[F (XeEQeCeeANDePXPR4EQeOeoeANDePXPTHeEQe Do e ANDsPXPPH.EQeOe) RETURNSHOCO11
IF (PeEQeCesDReWW.EQeOe! RETURN SHOCO012
H=R{1)-EARTHR SHOCO013
RHOC=S*( H-HO ) =Wy SHOCO14
LON=R(3)=ALON SHOCO015
LAT=PID2-R(2)-ALAT SHOCO16
COSLON=COS(LON) SHOCO017
COSLAT=COS(LAT) SHOCO018
U=COSLON*COSLAT SHOCO19
RHO=R(1)*ACOS(U] SHOCO020
DIF=RHOC~-RHO SHOC021
CON=-9 o /WWE%2 SHOC022
CONS=P*EXF(CON*DIF*%2) SHOC023
CONST=14+CONS SHOCO024
CON=2+¥CON®CONS*DIF S5HOCO025
PXPR=PXPR¥*CONST+X*CON* (S5-RHO/R(1)! SHOCO026
CONS=R(1)#(14/SQRT(1,-U%*2)]) SHOCO027
PXPTH=PXPTH*CONST+X*CON*CONS*COSLON®#SIN(LAT) SHOCO028
PXPPH=PXPPH*CONST=-X*CON*CONS*COSLAT*SIN(LON) SHOCO029
X=X*CONST SHOCO030
RETURN SHOCO031
END SHOCO032-
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INPUT PARAMETER FORM FOR SUBROUTINE WAVE

A perturbation to an ionospheric electron density model consisting of
a '"gravity-wave' irregularity traveling from north pole to south pole

N = Ng (1l + a)
b =8 exp{- [(R - Ro - zo)/H]E}.

cos{ZTT [t’ + (/2 - e)%'i- + (R - Ro)/ ;.,j}
‘éa'lj_'zn_f:lvx N06 exp-—[(R—Ro——zo)/H]a .

sin 21 |t/ 4 (/2 - ) 22 4 (R - Rg)f)«.z:l
L A
Rg is the radius of the earth.

R, B, ® are the spherical (earth-centered) polar coordinates
(A is independent of o).

No (R, 6, ®) is any electron density model.

Specify:

the height of maximum wave amplitude, zg = km (W151)

wave-amplitude ""'scale height,'" H = km (W152)

wave perturbation amplitude, & = [0. to 1.] (W153)
horizontal trace velocity, Vy = km/sec (W154)
(needed only if Doppler shift is calculated)

horizontal wavelength, A, = km (W155)

vertical wavelength, X; = km (W156)

time in wave periods, t’ = [0. to 1.7 (W157)

(W150: = 1. to use perturbation, = 0. to ignore perturbation)
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SUBROUTINE WAVE WAVEQOO1

PERTURBATION TO AN ALPHA-CHAPMAN ELECTRON DENSITY MODEL WAVEQO?Z2
COMMON /CONST/ PIsPIT2sPID2sDUM(S) WAVEOQO3
COMMON /XX/ MODX(2)3sX+PXPRsPXPTHsPXPPHsPXPT s HMAX WAVEOO4
COMMON RI(6) /WW/ IDI10)+WDWW(400) WAVEDOS
EQUIVALENCE (EARTHRsW(2) 15 (Z0sWl1511 )5 (SHsW(152)1)s(DELTA*W(1532))+ WAVEOOQG

1 (VSUBXsW(154) s (LAMBDAXsW(155) )+ (LAMBDAZsW({ 15611+ (TPsW(157)) WAVEOOQO7
REAL LAMBDAXsLAMBDAZ WAVEQOS
DATA (MODX(2)=6H WAVE ) WAVEOO9
ENTRY ELECT1 WAVEO10
IF (XeEQeaOssANDPXPR.EQaOa s AND«PXPTHsEQaOs s AND«PXPPH.EQaOs) RETURNWAVEO11
IF (DELTAEQeDesOReSHeEQu0W! RETURN WAVED12
H=R(1)1-EARTHR WAVEO13
EXPQ=EXP{-( (H-ZD)/SH!%%>3) WAVEO14
TMP=P[ T2%(TP+(PID2-R(2) ) *EARTHR/LAMBDAX+H/LAMBDAZ) WAVEO15
SINW=SINITMP! WAVEO1s
COSW=SIN(PID2-TMP) WAVEO1T
CONS=1+0+DELTA*EXPQ*COSW WAVEO18
IF (HeNEaDs! PXPR=PXPR®¥CONS~X®*DELTA®EXPQ®(2,0/SH**2% (H-20)*COSW WAVEOQO19

1 +PIT2/LAMBDAZ*SINW) WAVED20
PXPTH=PXPTH¥*CONS+X*DELTA*PT2*EARTHR/LAMBDAX*SINW*EXPQ WAVED21
PXPPH=PXPPH*CONS WAVEO22
PXPT=0a WAVED23
IF (VSUBX<NEsQ«) PXPT==PIT2%VSUBX/LAMBDAX*X*DELTA*EXPQ*SINW WAVEO24
X=X#CONS WAVEO25
RETURN WAVEO26

END WAVEQ27~-
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INPUT PARAMETER FORM FOR SUBROUTINE WAVE 2
PERTURBATION TO AN IONOSPHERIC ELECTRON DENSITY MODEL

A ''gravity-wave'' irregularity traveling from north pole to south pole -
same as WAVE 1, but with Gaussian amplitude variations in latitude and
longitude, and provision for a horizontal ""group velocity "

N =N, (1 + AC)

2 _ 2 2
Azéexp_(r-rc-z@) .exp_(EM) .exp_(_ep_)
H ® .
C=c052ﬂ[t'+(ﬂ/2-8)§l+(I‘-I‘§)”\z]

B0 = B + V t/ rg

re 1is the radius of the earth.
r, 9, © are spherical (earth-centered) polar coordinates.

No(r, ©, ®) is any electron density model.

Specify:

use perturbation (W150 = 1.)

ignore perturbation (W150 = 0.)

the height of maximum wave amplitude, zg = km (W151)

wave-amplitude "'scale height," H = km (W152)

wave perturbation amplitude, & = (0 to 1) (W153)

horizontal trace velocity, V, = km/ sec. (W154)
(needed only if Doppler shift is calculated)

horizontal wavelength, A, = km (W155)

vertical wavelength, A, = km (W156)

time in wave periods, t' = (W157)

amplitude ""scale distance'' in latitude, @ = degrees (W159)

amplitude ""scale distance" in longitude, ¢ = degrees (W160)

latitude of maximum amplitude att = 0, 8x = degrees (W158)

southward group velocity, V, = km/ sec (W161)

(needed even if Doppler shift is not calculated)
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SUBROUTIME WAVE2

PERTURBATION TO AN ANY ELECTRON DENSITY MODEL
COMMON /CONST/ PI+P[T2sPID2sDUMI(5]
COMMON /XX/ MODX(2) 39X sPXPRsPXPTHsPXPPHIPXPT
COMMON R(B) /WW/ ID(10)sWOsW(400])

EQUIVALENCE (EARTHRsW(2) )9 (Z0sW(151)) 9 (SHaW(152) )2 «DELTAsW(153) )

1 (VSUBXsW(154) 1+ (LAMBDAXsW(155]) ) s (LAMBDAZsW(1561 )1+ (TPsW(1571)
2 (THOOsWI158) ) s (THCsW(159)) s (PHIC»W(16U))s(VGXsWL161))

REAL LAMEDAXs»_AMBDAZ

DATA (MODX(2)=6H WAVEZ2)

ENTRY ELECTL

WAV2001
WaV2002
WAV2003
WAV2004
WAVZ2005
WaV2006
WAVZ007
WAV2008
WAVZ200¢9
WAV2010
WaV2011

IF (XeEQeDeeANDePXPReEQeD s s ANDePXPTHeEQeD e s ANDePXPPH.EQeCs) RETURNWAV2012

IF (DELTAEQeQesDR«SHeEQeDs) RETURN

H=R{1)-EARTHR

THO=THOD+LAMBDAX* TP %VGX/VSUBX/EARTHR
EXPR=EXP(—((H-Z0)/SHI#%2)

EXPTH=EXP(=((R(2)-THO) /THC) *%2)

EXPPHI=EXP(-(R(3) /PHIC)#%¥2)
WW=PIT2*(TP+(PID2-R(2))*EARTHR/LAMBDAX+H/LAMBDAZ)
SINW=SIN(WwW)

COSW=COS(ww!

E=DELTA*EXPR*EXPTH®*EXPPHI

CONS=1+n+E*COSW
PXPR=PXPR*CONS—X*E¥*2 ,* (COSW* (H—20)/SH**2+P1/LAMBDAZ*SINW)
PXPTH=PXPTH*CONS+2+ *E* ( X*P [*EARTHR*S INW/LAMBDAX=(R(2)-THO) /
1 THC**2%COSW)

PXPPH=PXPPH¥*CONS—X*2 ,¥E*R(3) /PHIC**2%¥COSW
PXPT=—P[T2*VSUBX*E/LAMBDAX*SINW+2 .0*E*VGX/EARTHR*COSW*(R(2)-THO
1 -LAMBDAX®*TP/EARTHR) /THC

X=X*CONS

RETURN

END
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WAV2014
WAV2015
WAV2016
WAV2017
WAV2018
WAV2019
wWAv2020
WAV2021
wWAVZ2022
WAV2023
WAV2024
Wav2025
wAvV2026
wAVZ2027
WAV2028
WAV2029
WAV2030
Wav2031
WAV2032-



INPUT PARAMETER FORM FOR SUBROUTINE DOPPLER
HEIGHT PROFILE OF aN/at

{A perturbation to an ionospheric electron density model which calculates the time
derivative of electron density for calculating Doppler shifts)

First card tells how many profile points in 14 format. The cards following the first
card give the height and dN/dt of the profile points one point per card in F8.2, El12. 4
format. The heights must be in increasing order. Set W15l =1.0 to read in a new
profile. After the cards are read, DOPPLER will reset W151=0. This subroutine
makes an exponential extrapolation down using the bottom 2 points in the profile.

' ! f [ialistial [
2/3/4/5(6]7/8 9/10]1112)13/14/15/1617 18|19j20] 1| 2| 3| 4|5|6| 7| 8|8 10|11 12]13{145]16]17]18}13}20
I 1 | !
TIME DERIVATIVE OF | TIME DERIVATIVE OF
HEIGHT ELECTRON DENSITY HEWSHT ELECTRON DENSITY
km aN/dt kth dn/dt
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oo on

MAKES AN EXPONENTIAL EXTRAPOLATION DOWN USING THE BOTTOM TWO POINTS

10

11

SUBROUTINE DOPPLER
COMPUTES ON/ODT
A5 THOSE USED BY SUBROUTINE TABLE X

NEEDS SUBRDUTINE GAUSEL

JIMENSION HPCZ(250),FN2C(250) +ALP4A4(250),BETA(250) 4GAMMA(250) 4
1 DELTA(250)+SLOPE(250) 4HAT (4,3)
COMMON /ZCONST/ PL,PIT2,PID2,DEGS,RAD+K,DUH(2)

ZOMMON /XX/ MODX(2) 4XDUM,PXPRyPXPTHyPXPPH, X, HHAX

COMMON R(B) /WW/ I0(10) WO, W(400)

EQUIVALENCE (EARTHR4W(2)) 4 (FyW(B)), (READFN,M(151))

REAL MAT,K

JATA (MODX(2)=7HDOPPLER)
ENTRY ELECT1H

IF (READFN.EQ.i.) GO TO 10
READFN=0.

READ 10004 NIC,y(HPC(I) 4FN2C(I),I=1,NOC)

FORMAT (I4/(FB.2,E12.4))
PRINT 1200y (HPC(I) 4FN2C(I)+I=1,N0OC)

FORMAT (1HL, 140, BHHEIGHT 44X, 156 INZDT

A=0«

IF(FN2C(1) .NE.0.) A=ALOG("N2C(2)/FN2C(1))/(HPC(2) =H3C (1))

FN2C(1)=K*FN2C (1)
FNZC(2)=K*FN2C (2)
SLOPE (1) =A%FN2C (1)
SLOPE(NODC)=0.

NHAX=1

D0 & I=2,NOC

IF (FN2C(I).GT.FN2C (NMAX)) NMAX=I
IF (I.EQ.NOC) GO TO &
FNZC(I+1)=K*FNZ2C(I+1)

J0 3 J=1,3

M=I+J=-2

MAT(J,1)=1.
MAT(J32)=HPC (M)
MAT(Jy3)=HPC(M)**2
MAT(J4L)=FN2C(M)

CALL GAUSEL (MATgbhL, 3,4 4+NRANK)
IF (NRANK.LT.3) 60 TO 60
SLOPE(I)=MATI(Z ;40 +2 *MAT(344)*HPC(I)
DO 5 J=1,2

M=I+J=-2

MAT(J,1)=1.
MAT(J42)=HPC (M)
MAT(Jy3)=HPC(M)**2
MAT(Jy4)=HPC (M) **3

MAT (J45)=FN2C(M)

L=J+2

MAT(Ly1)=0.

MAT(L,2)=1.
MATI(L,3)=2.*HPCI(H)
MAT(Ls4)=3.*HPC(M)**2
MAT(L+5)=SLOPE (M}

CALL GAUSEL (MATs454435,NRANK)
IF (NRANK.LT.4) 60 TO 60
ALPHA(I)=HAT(1,5)
BETA(I)=MAT(2,5)
GAMMA(I)=MAT(3,5)
DELTA(I)=MAT (4,5)
HMAX=AMAXL (HMAX ,HPC (NMAX))
NH=2

H=R (1) -EARTHR

F2=F*F

IF (H.GE.HPC(1)) GO TO 12
NH=2
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DOPPOO1

FROM PROFILES HAVING THE SAME FJIIMOOPPOO2

DoPPO03
00PPO0OG
DOPPOOS
DOPPODG
poPPOO7
DOPPOOB
poPPOO%
DoPPO10
0oPPOLL
DOPPOL2
DOPPOL3
O0PPO14
DOPPO15S
DOPPO1E
DOPPOL7
DOPPO18
pDoPPO19

/(1X,523+10,E20.13))02PP0D20

DOPPO21
DIPPO22
poPPO23
DoPPO24
DOPPO25
DOPPO26
DoPPO27
DOPPO28
DOPPD29
DOPPO30
DOPPO31
DoPPO32
DOPPO33
DOPPO34
DOPPO3S
DOPPO36
O0OPPO37
DOPPO38
DOPPD39
DOPPOLO
DOPPOLYL
DOPPO4L2
DOPPO4L3
DOPPO44
DOPPO4S
DOPPOLE
O0OPPOLY
DOPPO4S
DOPPO4LS
DOPPOSO
DOPPO51
DOPPC52
DOPPO53
DOPPOS4L
DOPPOSS
DOPPOS6
DOPPOS7
0OPPOS8
GoOPPOS9
DOPPOGO
DOPPO6G1
DOPPODE2
DOPPO63
DOPPOGY
DOPPOBS



DNPPO&G

IF(FN2C(1)+EQeDs) GO TN 50 DOPPOGT
X=FN2C(1)*EXP (A% (H~HPC (1) 1)) /F2 DOPPUGS

Go To so0 DOPPUAS

12 IF (HeGELHPCINOC)) GO TO 18 DOPPOT0
NSTEP=1 DOPPOT1

IF (HeLT«HPCINH=1)) NSTEP=-1 DoPRO72

15 IF (HPC(NH=1!)elEeHeAND«Ha«LT«HPCINH]!]) GO TO 16 DOPRO T2
NH=NH+NSTFP DOPPO T4

Gn To 15 DOPPO75

16 X=(ALPHA(NH)+H* (BETA (NH!+H*( GAMMA (NH] +H*DELTA(NH) ) 1) /F2 DOPPO76
Go To sn DOPPOT7

18 X=FN2CI(NNCI/F2 DOPPO78
5n CONTINUE DNPPOT79
RETURN nOPPOROD

6N PRINT &n0ns TsHPC(T) DOPPOEB1
6000 FORMAT (4H THE +T4s55HTH POINT IN THE DN/DT PROFILE HAS TDOPPQS82
1HE HEIGHT»FB+2+40H KMs WHICH IS THE SAME AS ANOTHER POINTe) DOPP(OB82
CALL EXIT DOPPOB4
END DOPPOBS
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APPENDIX 5. MODELS OF THE EARTH'S MAGNETIC FIELD
WITH INPUT PARAMETER FORMS
The following models of the earth's magnetic field are available.
The input parameter forms, which describe the model, and the sub-

routine listings are given on the pages shown.

8. Constant dip and gyrofrequency (CONSTY) 142
b. Earth-centered dipole (DIPOLY) 143
cs Constant dip. Gyrofrequency varies as the

inverse cube of the distance from the center

of the earth (CUBEY) 144
d. Spherical harmonic expansion (HARMONY) 145

To add other models of the earth's magnetic field the user must
write a subroutine that will calculate the normalized strength and direc-
tion of the earth's magnetic field (Y, Yr’ Ye, Yto) and their gradients
(3Y/dr, 3Y/38, 3Y/3w, BYr/a r, BYT/BB, 'c‘sYr/acp, BYe/a £, BYG/BB,
3Y efacp ' BYCD/B r, BY@/‘BB, achfam) as a function of position in spheri-
cal polar coordinates (r, 8, ®). (Y = fH/ f, where fH is the electron
gyrofrequency and f is the wave frequency.)

The restrictions on electron density models also apply to models of
the earth's magnetic field. The coordinates r, 8, © refer to
the computational coordinate system, which is not necessarily the same
as geographic coordinates. W24 and W25 give the geographic latitude
and longitude of the north pole of the computational coordinate system.

The input to the subroutine (r, 8, ¢) is through blank common. (See
Table 3,) The output is through common block /YY/. (See Table9.) It
is useful if the name of the subroutine suggests the model to which it cor-
responds. It should have an entry point MAGY so that other subroutines
in the program can call it. Any parameters needed by the subroutine
should be input into W201 through W249 of the W array. (See Table 2.)
If the subroutine needs massive amounts of data, these should be read in

by the subroutine following the example of subroutine HARMONY.
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INPUT PARAMETER FORM FOR SUBROUTINE CONSTY

An ionospheric model of the earth's magnetic field consisting of constant
dip and gyrofrequency

Specify:
gyrofrequency, fH = MHz (W201)
dip, I = degrees (W202)

radians

The magnetic meridian is defined by the geographic coordinates

of the north magnetic pole:

radians
latitude = degrees north (W2_4)
radians
longitude = degrees east (W25)
SUBROUTINE CONSTY CONYOQ1
CONSTANT DIP AND GYROFREQUENCY CONYOO02
COMMON /YY/ MODYsYsPYPRIPYPTHsPYPPH»YR+PYRPRsPYRPTsPYRPP+YTH,PYTPRCONYOO3
1sPYTPT sPYTPPsYPHsPYPPR+PYPPT +PYPPP CONYO0O4
COMMON /WW/ ID(10)sWOsW(400) CONYOQOS
EQUIVALENCE (FsW(B) )2 (FHsWI(201))»(DIPsW(202)) CONYOO06
DATA (MODY=6HCONSTY! CONYOQO7Y
ENTRY MAGY CONYOOB8
Y=FH/F CONYOO9
YR=Y*SINI(DIP! CONYO10
YTH=Y#COS(DIP) CONYO11
RETURN CONYO12
END CONYOQ13~-
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INPUT PARAMETER FORM FOR SUBROUTINE DIPOLY

An ionospheric model of the earth's magnetic field consisting of an earth

centered dipole

The gyrofrequency is given by:
“Roth 5 R
fI-IQK R, J k\l+3cos )t/

1

2

fH
The magnetic dip angle, I, is given by
tanl = 2 cot A

h is the height above the ground

R, is the radius of the earth

A\ is the geomagnetic colatitude

Specify:

the gyrofrequency at the equator on the ground, fHo =

the geographic coordinates of the north magnetic pole
radians

latitude = degrees north (W24)
radians

longitude = degrees east (W25

SUBROUTINE DIPOLY
COMMON /CONST/ Pl+PIT2+PID2:DUMI(5]

MHz (W201)

DIPOOO1
DIPO0O2

COMMON 7YY/ MGDY-Y-PYPRoPYPTHoPYPPHoYR'PYRPRvPYRPToPYRPP:YTHoPYTPRDIPOOOB

1sPYTPTsPYTPPsYPHsPYPPR+PYPPT +PYPPP
COMMON R(6) /WW/ ID(10),WOsW(400)
EQUIVALENCE (EARTHRW(2))s(FsW(E]1) s (FHeW(201))
DATA (MODY=6HDIPOLY)
ENTRY MAGY
SINTH=SIN(R(2)]
COSTH=SIN(PID2-R(2))
TERM9=SORT(1le+3%COSTH#*%2)
T1=FH* (EARTHR/R(1))*#*3/F
Y=T1*TERMS
YR= 2.*%T1#COSTH
YTH= T1#SINTH
PYRPR=-3.,*%YR/R(1)
PYRPT==2¢%YTH
PYTPR==3.*YTH/R(1)
PYTPT=.5%YR
PYPR==3.%Y/R(1)
PYPTH==3.%Y*SINTH*COSTH/ TERMO##2
RETURN

END

143

DIPO0O4
DIPOOOS
DIPO00G
DIPOOO7
DIPOOOSB
DIPOO09
DIPOO10
DIPOO11
DIP0OO12
DIP0OO13
DIPOO14
DIPOO15
DIPOO16
DIPOO17
DIPOO18
DIPOO19
DIPOO20
DIP0OO21
DIPQOO22
DIPQ023-
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INPUT PARAMETER FORM FOR SUBROUTINE CUBEY
A model of the earth's magnetic field consisting of a constant dip and
a gyrofrequency which varies as the inverse cube of the distance from

the center of the earth

This model has the same height variation as a dipole magnetic field.

The gyrofrequency is given by:

=5 (3)

a is the radius of the earth.

r is the distance from the center of the earth.

Specify:

gyrofrequency at the ground, fHo = MHz (W201)
. - radians

dip, I= degrees (W202)

The magnetic meridian is defined by the geographic coordinates of the

north magnetic pole:

radians
latitude = degrees north (W24)
km

radians
longitude = degrees east (W25)
km

SUBROUTINE CUBEY
CONSTANT DIP.
GYROFREQ DECREASES AS CUBE OF DISTANCE FROM CEN/ER OF EARTH.
THIS MODEL HAS SAME HEIGHT VARIATION AS A DIPOLE FIELDe

CUBEOQO1
CUBEOO2Z
CUBEOQO3
CUBEOO4

COMMON /YY/ MODYsYsPYPRsPYPTHsPYPPHsYRsPYRPRsPYRPT sPYRPPsYTHsPYTPRCUBEOOS

1sPYTPTsPYTPPsYPHsPYPPRsPYPPT»PYPPP
COMMON ‘R /WW/ TD(10!sW0sW(400)
EQUIVALENCE (EARTHRsWI(2))o(FoW(B)) s (FHIW(201))s(DIPsW(202))
DATA(MODY=5HCUBEY )
ENTRY MAGY
Y={EARTHR/R) ®%3 %FH/F
YR= Y*SIN(DIP)
YTH= Y*COS(DIP)
PYPR==3,%#Y/R
PYRPR=-3,%YR/R
PYTPR=—3.%YTH/R
RETURN
END
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CUBEQO6
CUBEOO7
CUBEOOS
CUBEOO9
CUBEO10O
CUBEO11
CUBEO12
CUBEO13
CUBEO14
CUBEO15
CUBEO16
CUBEO17
CUBEO18-



INPUT PARAMETER FORM FOR SUBROUTINE HARMONY

A model of the earth's magnetic field based on a spherical harmonic
expansion

The upward, southerly, and easterly components of the earth's magneti
field are given by:

6 nt2 n

\ a
H_=- ) (n+1}(‘;) )4
m=

n=o

I

m m m .
Hn (9)(gn cosm® + hn smmcp)

o

1 é a nt2 2 m m m
9 “ = L_ (;) Z‘_ Gn (8) (gn cosm® + hn smmnp)
n=o m=o

L
1

6 n
1 X = BhE m m m
= —_ o - 1
HCD tter L (r) L mI—In ( )(hn cosm® - g " sinm®
n=o m=o
where
a is the radius of the earth.
r, 9, ® are spherical (earth-centered) polar coordinates.
o
8y =
Ho (8) =1

H,°(8) = cos 8
Hll(e) = sin 6
™ m
Hm+1 9) = I—Irn (8) cos 6

m+1 B m ;
Hm+1 (8) = Hm (8) sin ©

(ntm+1)(n-m+1) m

m m
Hop GIsH ) cond s ) By, )
m - 4 m :
G_ ™) = - 5 H_T(0) sins
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G "e) = -mH_ "(6) cosé
m m

(n+m+1) (n-m+1) o m(e)

2n+l n

m m
Gn+1 (8) = -(ﬂ'f'l)Hn 1 (6)cosB +

+
; . m m

The recursion formulas for calculating Htl (8) and Ga (6) are from

Eckhouse (1964).

This subroutine uses coefficients gnm and hnm for Gauss normalization.

Some coefficients are now being published for Schmidt normalization

(e. g. Cain and Sweeney, 1970). The factors Sn, m used for converting

the "Schmidt normalized" coefficients to the ""Gauss normalized"

coefficients are as follows (Cain, et. al., 1968, Chapman and Bartels,

1940):

S- = -1

0,0
S - s 2n-1]

n, o n-1, o0 n

2n
Sn, 1 Sn, o ¥ n+l
_ (n-m+l)

Sn, m Sn, m-1 n+m ol

By convention, the "Gauss normalized' coefficient glo is positive,
whereas the ""Schmidt normalized' coefficient glo is negative. Coeffi-
cients based on more recent data on the earth's magnetic field including
more satellite data are in the POGO 8 /69 model.

Specify below the Gauss coefficients gnm and hnm in gauss.

columns columns columns columns columns columns columns
2= 10 11 = 20 21— 30 31 = 40 41 = 50 51 + 60 61— 70

1st card goo =

2nd card g1° = gi:

3rd card gzo - gé: g§=

4th card g30 = g;: ggz gg:

5th card  g,° = gff gi= gi= g::

heard glc_ gp 85" g¢" 86" B g



8th card h =

1
9th card h1° = b=
o 1 2
= = k=
10th card hz 1:12 >
o 1 2 )
= h = h = h_=
11th card h3 3 3 3
o 1 2 3 4
1 h = h = h = h' = h =
2th card 4 ¥ 4 4 4
o 1 2 3 4 5
1 = h = h = ho= hi= ho=
3th card 1‘15 5 5 5 5 5
o 1 2 3 E 5 6
= = = = = = hi=
Set W200 = 1. to read in a set of coefficients.
This subroutine represents:
m
Hn (8) by H(m+1, n+l1)
m
G _(8) by G(m+1, n+1)
n
m
g by GG(m+1, n+l)
n
m
h by HH(m+1, n+l)
n
SUBROUTINE HARMONY HARMOO1
C MODEL OF THE EARTH S MAGNETIC FIELD BASED ON A HARMONIC ANALYS]S HARMOO 2
DIMENSION PHPTHI(7+7) sPGPTHI79T7)3A1(7+71sB1(7+7) HARMOO3
DIMENSION H{T737)9G(7+7)sGG(Ts7) sHHITs7)sSINP(T)sCOSPIT) HARMOO4
COMMON 7YY/ MODYsYsPYPR4PYPTHsPYPPHsYRsPYRPR3PYRPT 4PYRPP s YTH,PYTPRHARMOOS
1+PYTPTsPYTPPsYPHsPYPPRPYPPT»PYPPP HARMOO6
COMMON R(6) /WW/ ID(10),W0sW(400! HARMOO7
COMMON /COMST/ P1,PIT2+PID2sDUMI(S) HARMOOS
EQUIVALENCE (THETAsR(2))s(PHIsR(3)] HARMOOQ
EQUIVALENCE (EARTHRsHWI(2))+(FsW(g))s (READFHsW(200)) HARMO10
c RATIO OF CHARGE TO MASS FOR FLECTRON HARMO11
DATA(EOM=1,7589ET7] HARMO12
DATA (SET=0e)9(H=14+48(041)s(G=649(0a)) s (PHPTH=49(0.)) HARMO13
1 s(PGPTH=49(04]) s (MOUY=THHARMONY HARMO14
ENTRY MAGY HARMO15
IF(SET) 6o TO 2 HARMO16
DO 1 M=1,7 HARMO17
DO 1 N=1»7 HARMO18
BL(MsNI=(N+M=1) % (N=M+1)/(2%N=1,] HARMO19
1 AL(MsN)=RB1(MsN)/(2%N+1) HARMO20
SET=1a HARMO21
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2 IF(READFHeEQ«Q.!) GO TO 3 HARMO 22

READ 20003sGGsHH HARMO 23
2000 FORMAT(1XsF9e436F10s4) HARMO 24
PRINT 2100+GG HARMO25
2100 FORMAT(1H1+10Xs1HO»14X21H1914Xs1H2914X91H3s14Xs1Hb4516Xs1H5+14X s 1H6HARMO 26
1 /9Xs7(1HG»14X)/10XsT(1HNs14X)//(1XsTF156)) HARMO27
PRINT 2200sHH HARMO 28
2200 FCRMATI(// llXi].HOulkthHl’lﬁ-X!lHZvlﬂX91H3'lﬁ-X|1H‘+;14X31H5n14X:1H6HARM029
1 /79XsT(1HHs 14X ) /10Xy TUIHNS14X) //L1Xs7F1561)) HARMO030
READFH=04 HARMO031

3 COSTHE=COS(THETA) HARMO 32
SINTHE=SIN(THETA) HARMO33
AOR=EARTHR/RI(1) HARMO 34
PAORPR==-A0OR/R(1) HARMO 35
CNST2=A0R HARMO 36
PCNSPR=PAORPR HARMO37
FIN1=PFINIR=PFIN1T=PFIN1P=0. HARMO 38
FIN2=PFINZR=PFIN2T=PFIN2P=0. HARMO 39
FIN3=PFIN3R=PFIN3T=PFIN3P=0. HARMO 40

DO 4 M=1,7 HARMO4 1
SINP(M)I=SIN((M=1)%PHI) HARMO4 2

4 COSP (M) =COS((M=1)%PHI) HARMO43
Hl1s21=COSTHE HARMO& 4
H(2s2)=5INTHE HARMO45

DO 5 M=1s5 HARMO 46
H(M+19M+2 )1 =COSTHE*H (M+1 yM+1) HARMO47
HIM+29sM+2 1 =SINTHE®#H (M+1sM+1) HARMO 48

DO 5 N=Ms5 HARMO 49

5 HIMsN+2)=COSTHE*H (MsN+1)=AT1 (MsN)*¥H(MsN) HARMOS50
DO 6 M=1s6 HARMOS51
GIM+19sM+1)=—M*¥COSTHE*H(M+1 sM+1) HARMO 52
PHPTH(M+1sM+1)==G(M+1sM+1)/SINTHE HARMO53
PGPTH(M+1sM+1 ) =M*SINTHE*H (M+1sM+1) —MXCOSTHE*PHPTH( M+ 1 sM+1) HARMOS54

DO 6 N=Msé& HARMOS55
GIMaN+1) ==N*¥COSTHE#H (MsN+1)+B1 (MaN)®H(MsN) HARMO56
PHPTH{MsN+]1)==G(MsN+11/SINTHE HARMOS7

3 PGPTHIMsN4 1) =N*SINTHE*H(MsN+1)—N*COSTHE*PHPTH(MsN+1)+B1 (MsN) *PHP THHARMOS58
1 (ManN) HARMUS59

DO B8 N=1,7 HARMO &0
CR=PCRPTH=PCRPPH=0. HARMO61
CTH=PCTHPT=PCTHPP=0. HARMO62
CPH=PCPHPT=PCPHPP=0. HARMO63

DO 7 M=1sN HARMOG4
TEMP1=GG(MsN) ¥*COSP (M) +HH(MsN)®STINP (M) HARMO65
TEMP2=(M=11%*(HH(M4N) ¥COSP (M) =GG(MsNI*SINP (M)} HARMOG6&

CR =CR +HI(M,N) #TEMP1 HARMO&T
PCRPTH=PCRPTH+PHPTH(MsN)®#TEMP1 HARMO 6B
PCRPPH=PCRPPH+H [M4N) ¥TEMP2 HARMO69

CTH  =CTH  +G(MsN)*TEMP1 HARMO 70
PCTHPT=PCTHPT+PGPTH(MsN) *TEMP1 HARMO71
PCTHPP=PCTHPP+G (MsN ) *TEMP2 HARMO 72

CPH =CPH +H(M4N)*TEMP2 HARMOT3
PCPHPT=PCPHPT+PHPTHI(MsNI *TEMP2 HARMOT74

7 PCPHPP=RCPHPP—H(M,N)*(M=1)**2%TEMP] HARMO75
CNST2=CNST2*A0R HARMOT76
PCNSPR=CNST2#PAQRPR+AOR*PCNSPR HARMOT7
FIN1=FIN1+N*CNST2#CR HARMO78
PFIN1R=PFIN1IR+N*PCNSPR*CR HARMO79
PFINIT=PFINIT+N*CNST2#PCRPTH HARMOBO
PFIN1P=PFIN1P+N*CNST2#PcRPPH HARMOB1
FIN2=FIN2+CNST2*CTH HARMO82
PFIN2R=PFIN2R+PCNSPR*CTH HARMO083
PFIN2T=PFINZ2T+CNST2#PCTHPT HARMOB84
PFINZP=PFIN2P+CNST2*¥PCTHPP HARMOBS
FIN3=FIN3+CNST2*CPH HARMO86
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PFIN3IR=PFIN3R+PCNSPR*CPH HARMOB7
PFIN3T=PFIN3T#+CNST2*PCPHPT HARMOBS
PFIN3P=PFIN3P«CNST2*PCPHP? HARMOB9
4THETA==FIN2/SINTHE HARMD9D
HPHI=FIN3/SINTHE HARMO91
Ce®wwewer® CONVERT FROM MAG FIELD IN GAUSS TO GYROFREQ IN HMHZ HARMO92
CONST=-EQM/PIT2%*1L.E-6/F HARMO93
YR==-CONST*FIN1 HARMO94
Y TH=CONST*HTHETA HARMOSS
YPH=CONST®*HPHI HARMO96
Y=SQRT(YR¥*24 Y TH®*2 ¢+ YPH**2) HARMOS7
PYRPR==CONST*PFIN1R HARMOS8
PYTPR==CONST*PFIN2R/SINTHE HARMO99
PYPPR=CONST*PFIN3R/SINTHE HARM100D
PYPR=(YR*PYRPR+YTH* PYTPR+YPH*PYPPR) /Y HARM101
PYRPT==CONST*PFINILT HARM102
PYTPT==CONST*(PFIN2T/SINTHE+HTHETA®*COSTHE/SINTHE) HARM103
PYPPT=CONST* (PFIN3T/SINTHE-HPHAI®*Z0STHE/SINTHE) HARM10 4
PYPTH=(YR¥*PYRPT+YTH*PYTPT+YPH*PYPPT) 7Y HARM105
PYRPP==CONST*PFINLP HARM106
PYTPP==-CONST*PFIN2P/SINTHE HARM107
PYPPP=CONST*PFIN3IP/SINTHE HARM108
PYPPH=(YR*PYRPP&+YTH®*PY TPP+YPH*PYPPP) /Y HARM109
RETURN HARM110
c COEFFICIENTS IN GAUSSIAN UNITS FROM JONES AND MELOTTE (1953). HARM111
S THE FOLLOWINS 14 CARDS CAN 3E USED A4S DATA CAROS FOR THIS SUBROUTINEHARM112
c HARM113
C.30393 0218 HARM114
C.0176 -.0509 -0135 HARM115
C-.0255 +0515 -.0236 -« 0074 HARM116
C-.03933 -.0337 -.0238 <2087 -.0018 HARM117
C.0293 -.0329 --0130 «0031 « 0034 0005 HARM118
C-.0211 -.0073 =.0C07 0210 «0017 -« 0004 «0006 HARM119
C 0. HARM120
c -.0555 HARM121
C 0260 ~a0044 HARMiZ22
c 0190 -«J033 -.0001 HARM123
c -.0139 0076 «0019 «0010 HARM1Z24
c «0057 -.0018 «0003 0032 -. 0004 HARM125
c -.00286 -.0204 0018 0009 « 0004 <0002 HARM126
v THZ FOLLOWING SET OF GAUSS NORMALIZED COEFFICIENTS WERE CONVERTED HARM127
C FROM THE SCHMIDT NORMALIZED COEFFICIENTS CALCULATED BY LINEARLY HARH1i28
c EXTRAPOLATING TJ EPOCH 1974 THE COEFFICIENTS PUBLISHED FOR EPOCH HARM129
C 1960 BY CAIN AND SWEENEY (1970). (USES EARTH RADIUS = 6371.2) HARM130
C .d00000 HARM131
C+.300953 +.020298 HARM132
C+.028106 -.05214 ~=014435 HARM133
C-.0308 +.065860 -.025252 =-.006352 HARM134
C-.041243 -.043956 -.016897 +.008021 ~-.002525 HARM135
Ctelibk742 -.037078 =~.018906 +.,002319 +.003656 +.000036 HARM136
C-.006713 =-.012234 =-.004364 +,02137 +,001593 =-.,000072 +.00068 HARM137
C .000000 HARM138
C .000000 -.0578386 HARM139
C 003000 +#.035342 +.001129 HARM140
C .000000 +.011084 -.004421 +.001180 HARM141
C .000000 -.010299 +.00879 =-.000086 +.002256 HARM142
C .000000 -.003849 =-.012615 +.007845 +.002207 =-.000328 HARM14L3
C «000000 +.003157 =-.012670 =-.009281 +.002286 =-.000135 +.000243 HARM1iGYG
END HARM145 -
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APPENDIX 6. COLLISION FREQUENCY MODELS WITH
INPUT PARAMETER FORMS
The following collision frequency models are available. The input
parameter forms, which describe the model, and the subroutine listings

are given on the pages shown.

a. Tabular profiles (TABLEZ) 152

b. Constant collision frequency (CONSTZ) 155

c. Exponential profile (EXPZ) 156

d. Combination of two exponential profiles 157
(EXPZ2)

To add other collision frequency models the user must write a sub-
routine that will calculate the normalized collision frequency (Z) and
its gradient (3Z/3r, 3Z/38, 3Z/3w) as a function of position in spherical
polar coordinates (¥, 8, v). (Z =v/2m{f, where v is the collision fre-
quency between electrons and neutral air molecules and f is the wave
frequency. If the Sen-Wyller formula for refractive index is used, then
Z = vm/2 mf, where Vo is the mean collision frequency.)

The restrictions on electron density models also apply to collision
frequency models. The coordinates T, §,yp refer to the computational
coordinates system, which may not be the same as geographic coordi-
nates. In particular, they are geomagnetic coordinates when the earth-
centered dipole model of the earth's magnetic field is used.

The input to the subroutine (r, 6,4) is through blank common. (See
Table 3.) The output is through common block /ZZ/. (See Tablel0.) It
is useful if the name of the subroutine suggests the model to which it cor-
responds. It should have an entry point COLFRZ so that other subrou-
tines in the program can call it. Any parameter needed by the subroutine
should be input into W251 through W299 of the W array. (See Table 2.)

If the model needs massive amounts of data, these should be read in by

the subroutine following the example of subroutine TABLEZ.
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INPUT PARAMETER FORM FOR SUBROUTINE TABLEZ

[ONOSPHERIC COLLISIOH FREQUENCY PROFILE

The first card tells how many profile points in 14 format. The cards following the first
card give the height and collision frequency of the profile points one point per cardin
F8. 2, EI12.4 format. The heights must be in increasing order. Set W250 = 1.0 to
read in a new profile. After the cards are read, TABLEZ will reset W250 = 0.0.

This subroutine makes an exponential extrapolation down using the bottom 2 points in

the profile.

i T T ! I T 1.1 ] I
| 234567891001 121314!15 161718 19,20 l|:2i3i4 5 678 9/10{11 1213|1415 |r||aj1920
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00
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»8
1 GAMMA(100) ,0ELTA(100) yMAT(%45),SLOPE(100)

SUBROUTINE TABLEZ

CALCULATES COLLISION FREQUENCY AND ITS GRADIENT FROM PROFILES
HAVING THE SAME FORM AS THOSE USED BY CROFTS RAY TRACING PROGRAM
MAKES AN EXPONENTIAL EXTRAPOLATION DOWN USING THE BOTTOM TWO POINTS

NEEOS SJBRIUTINE GAUSEL

OIMENSION HPZ(100),FN2C(100),ALPHA(L1C0),BETAC(L1C0)

ZOMMON /CONST/ PILPIT2,PID2,0JM(3)
COMMON /ZZ/ MOOZeZ4PZIPRWPZPTHWPZPPH
COMMON R(B) /WHW/ ID(10),HO,W(4OD)
SQUIVALENCE (ZARTHR W(2)),(FyAd(6))(READNU,H(250))
REAL MAT

JATA (MODZ=6HTABLEZ)

ENTRY COLFRZ

IF (.NOT.READNU) GO TO 10

READNU=0.

READ 24 NOS(HPCCI) oFN2C(I) 4I=1,N03)
FORMAT(I4L/(FB.24E12.4))

PRINT 1200, (HPCCI) 4FN2C(I), I=1,N3C)
FORMAT (1HL1,14X,6HHE IGHT, 4 X, 20HCOLLISION FREQUENCY
1(1X,F20.10,E20.10))

n=uﬂ

IF(FNZC(1) «NE.Ua) A=ALOG(FNZC(2)7FN2C(1))/(HPC(2)-HPC(1))
FN2C(1)=FN2C(1)/PIT2*1.E~5
FN2C(2)=FN2C(2)/PIT2*1.E~-6
SLOPE(L)=A*FN2C(1)

SLOPE(NOC)=0.

J0O 5 I=2,4N0C

IF(I.EQ.NOC) GO TO &

FN2C(I+1)= FN2C(I+1)/PIT2%*1.E-6

J0 3 J=1,3

M=I+J=2

MAT(Js1)=1.

MAT (J42)=HPC (M)

MAT(J,3)=HPC (M) **2

MAT(Js4)=FN2C(M)

CALL GAUSEL (MATe4y 3+44NRANK)

IF (NRANK.LT.3) GO TO 20
SLOPE(I)=MAT(2,4) +2 .*MAT(3,4)*HPC(I)
SONTINUE

20 &4 J=1,2

M=I+J=2

HAT(J,1)=1.

MAT (J42)=HPC (M)

MAT(Jy3)=HPC(M)**2
MAT(Jy4)=HPC(M)**3

MAT(J,5)=FN2C(H)

L=J+2

MAT(L,1)=0.

HlT(LqZI=1.

MAT(L,y3)=2.%HPC (M)
MAT(L,4)=3.*HPC(M)**2
MAT(L+5)=SLOPE (M)

CALL GAUSEL (MATo4y&,5,NRANK)

IF (NRANK.LT.4) GO TO 20
ALPHA(I)=MAT(1,5)

3ETA(I)=MAT (2,5}

GAMMA(I)=MAT(3,5)

DELTACI)=MAT (4,5)

JUP=2

H=R (1) -EARTHR

IF (H.GE.HPC(1)) GO TO 12

Jup=2

Z=FN2C (1) *EXP(A*(H-HPC (1)) ) /F
PZPR=A%*Z

1.53

TABZOO1
TaBZooz
TABZO03
TABZOOL
TABZO0OS
TABZ006
TABZOO07
TABZ0O8
TABZ009
TABZ 010
TABZ011
TABZO12
TABZ013
TABZO1k
TABZ015
TABZ01i6
TABZO17
TABZO01i8
TABZ019
TABZ020
TaBzZo21
Tagzozz
TaBZ023
TABZO024
TABZO025
TABZO26
TABZO027
TABZ(28
TABZO029
TABZO30
TABZ031
TABZ032
TABZ033
TABZ034
TABZ035
TABZ036
TABZ037
TABZ038
TABZ039
TABZOLOD
TABZO41
TABZO42
TABZ043
TABZO4k
TABZ045
TABZO4B
TABZOWL7
TABZO4S8
TABZ04S
TABZO50
TABZO51
TABZO0S2
TABZ0S53
TABZOS54
TABZ055
TABZO56
TABZOS7
TABZO58
TABZ059
TABZ 060
TABZOB1
TABZ062
TABZO&3
TABZO64L
TABZ065



12

15

16

18

2n
21

RETURN

IF (HeGE.HPCINOC)) GO TO 18

NSTFP=1

IF (HelLT«HPCIJUP-1!) NSTEP=-1

IF (HPCIJUP=1)eGTaHesOReHeGEHPC(JUP)) GO TO 16
Z=(ALPHA(JUP) +4* (BETA( JUP ) +H* (GAMMA (JUP)+H*DELTA(JUP) ) ) ) /F
PZPR=(BETA(JUP ) 4H¥* [ 2 ,¥GAMMA( JUP ) +H*3 . #*DELTA(JUP) ) ) /F
RETURN

JuP=JUP+NSTEP

IF (JUP,LT.2) GO TO 11

IF (JUPLLT.NOC! GO TO 15

JUP=NOC
Z=FN2CINOC) /F
PZPR=N,

RE TURN

PRINT 21s IsHPCI(I]

TABZOG&E
TABZOe&T
TARZOgB
TABZO0s%
TABZO70
TABZO071
TABZO72
TABZ073
TABZO74
TAB2075
TABZO7s
TABZ077
TABZO78
TABZQO79
TABZOS80O
TABZOSR1

FORMAT (4H THE»14958HTH POINT IN THE COLLISION FREWQUENCY PROFILE HATABZOB2

15 THE HEIGHT»F8423+4UH KM» WHICH IS THE SAME AS ANOTHER POINT,!)

CALL FXIT
END

154
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INPUT PARAMETER FORM FOR SUBROUTINE CONSTZ

An ionospheric collision frequency model consisting of a constant collision

frequency

v=0 forh<h ,
min

V=Vy for h>h

min
Specify:
Vo = collisions per second (W251)
h = k: 259
min —————— m (W252)

SUBROUTINE CONSTZ
CONSTANT COLLISION FREQUENCY
COMMON /CONST/ PI4PIT2+sPID2+DUMIS)
COMMON /Z2Z/ MGDZsZsPZPRsPZPTHIPZPPH
COMMON R(6) /WW/ ID(10)sWOsW(400)
EQUIVALSNCE (EARTHRW(21)1a(FoWlg) ) o (NUSWI(251) ) s (HMINsW(252))
REAL NU
DATA (MODZ=6HCONSTZ!
ENTRY COLFRZ
H=R(1)-EARTHR
Z=0I
IF [HeGT4HMIN) Z=NU/(PIT2%F)#*]1,E-6
RETURN

END

155

CONZOO01
CONZOO2
CONZO0O03
CONZ004
CONZO0O0s
CONZO0Os
CONZ0O07
CONZOOB
CONZOO9
CONZO010
CONZO11
CONZO12
CONZO013
CONZO14~-



INPUT PARAMETER FORM FOR SUBROUTINE EXPZ

An ionospheric collisioa frequency model consisting of an exponential
profile

v = voe-aih-bﬁ)

h is the h2ight above the ground

Specify:

The collision frequency at the haight h,, v, =
collisions per second (W251)

The refereance height, h, = km (W252)
The sxponential decrease of Vv with height, a = km ™"
(W253)
SUBROUTINE EXPZ EXPZO001
EXPONENTIAL COLLISION FREQUENCY MODEL EXPZ0OO2
COMMON /CONST/ PIsPITZ2sPIN2+NUMIS5) EXPZ003
COMMON /ZZ/ MODZ+Z+PZPRyPZPTHPZPPH EXPZ004
COMMON Ri6) /WW/ ID(101sWOsW(400) EXPZOO0s5
REAL NUsNUO EXPZ00s
EQUIVALENCE (EARTHRsw(21)s(FsWlg)) s (NUUsWI251) ) (HOsWI(252) ) EXPZ0Q7
1 (AsW(253)]) EXPZ008
DATA (MOnZ=6H FXPZ ) EXPZ009
ENTRY COLFRZ EXPZ010
H=R(1)=FARTHR EXPZ011
NU=NUQ/EXP (A®(H-HO)! EXP2012
Z=NU/(PIT2%¥F*]1.E6) EXPZ013
PZPR =—ARZ EXPZ014
RETURN EXPZO1s
END EXPZ016-
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INPUT PARAMETER FORM FOR SUBROUTINE EXPZ2

An ionospheric collision frequency model consisting of a combination of
two exponential profiles

5 -3, (h-hy) -a; (h-hz)

V=V + Vo e

where h is the height above the ground.
Specify for the first exponential:

Collision frequency at height h;, vy = collisions
per second (W251)

Reference height, h; = km (W252)

Expoaential decreass of V with height, a, = km ™ (W253)

Specify for th2 second exponential:

Collision freqaency at height hy , vz = collisions
er second (W254)

Reference h2ight, hy; = km (W255)
Exponential decrease of V with height, a; = km™ (W256)
SUBROUTINE EXPZ2 XP22001
C COLLISION FREQUENCY PROFILE FROM TWO EXPONENTIALS XPZ2002
COMMON /CONST/ PIL«PIT2sPID2+DUMI(S) XPZ22003
COMMON /2Z/ MODZ+Z+PZPRsPZPTHsPZPPH XP22004
COMMON R(6) /WW/ ID(10)sWnsW(&n0]! XPZ2005
EQUIVALENCE (FARTHRsWI(21)1s(FaWlE) ) o (NULsWI(251) 19 (HIsW(252) ) XPZ2006
1 (A1sW(253) ) 5 (NU2sW(254) s (HZaW(255))stA2sW(2561) XPZ22007
RFAL NU1sNU2 XPz2008
DATA (MONZ=6H EXPZ7) XP22009
FNTRY COLFRZ XPZ22010
H=R(1)=-FARTHR XPZ22011
EXP1= NU1#* EXP(-A1*(H=H1)) XP22012
EXP2= NU?#* EXP(-A2#(H-H2)) XPZ220113
Z={EXP1+EXPZ!/(PIT2%#F*1.E6) XpZ2014
PZPR=(—-A1*FXP1=-A2%FEXP? ) /(PIT2%*c*] ,Fp) XPZ2015
RETURN XPZ2016
END XpZ2017~-
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APPENDIX 7. CDC 250 PLOT PACKAGE

This appendix describes the plotting routines used by the Three-
Dimensional Ray Tracing Program. The information was taken from
"User's Guide to Cathode Ray Plotter Subroutines,' ESSA Technical
Memorandum ERLTM-ORSS 5, by L. David Lewis, January, 1970, and
is printed with the permission of the author.

If you have access to a plotter, you may obtain plots by converting
the following plotting commands to comparable commands on your
system.

The CDC-250 Microfilm Recorder, under control of the NOAA
Boulder CDC-3800 computer, plots data on the face of a high resolution
cathode ray tube, which is photographed onto standard sized perforated,
35 mm film.

The plotting area, called a frame, is a square. Plotting positions
are described in rectangular coordinates. Coordinate values are inte-
gers in the range 0 - 1023; (0, 0) is the "lower left hand corner'.

Plotting specifications are transmitted to the plot routines via the
following COMMON,

COMMON /DD/ IN, IOR, 1T, IS, 1C,ICC,IX, 1Y
The usage of each of the eight variables is listed below, followed by an

explanation of the subroutine calls.

IN Intensity.
IN=0 specifies normal intensity.
IN=1 specifies high intensity.

IOR Orientation.
IOR=0 specifies upright orientation.

IOR=1 specifies rotated orientation (90° counter-
clockwise).

1T Italics (Font).
IT=0 specifies non-Italic (Roman) symbols,
IT=1 specifies Italic symbols.

159



IS Symbol size,
IS=0 specifies miniature size,
IS=] specifies small size.
IS=2 specifies medium size.
IS=3 specifies large size.

IC Symbol case.
IC=0 specifies upper case.
IC=1 specifies lower case.

ICC Character code, 0-63 (R] format).
ICC and IC together specify the symbol plotted.

X X -coordinate, 0-1023.
IY Y -coordinate, 0-1023.

CALL DDINIT (N,ID) is required to initialize the plotting process.
CALL DDBP defines a vector origin at position IX, IY,.

CALL DDVC plots a vector (straight line), with intensity IN, from
the vector origin defined by the previous DDBP or
DDVC call, to the vector end position at IX, IY, A
single call to DDBP followed by successive calls to
DDVC (with changing IX and IY) plots connected
vectors.

CALL DDTAB initializes tabular plotting.

CALL DDTEXT (N,NT) plots a given array in a tabular mode, after
initiating tabular plotting via DDTAB, as described
above. NT is an array of length N, containing '"text"
for tabular plotting. Text consists of character
codes, packed 8 per word (A8 Format). Text
characters are plotted as tabular symbols until the
command character # (octal code 14, card code
4,8, or the alphabetic shift counterpart of the = on
the keypunch) occurs. The command character is
not plotted. DDTEXT interprets the next character
as a command; and after the command is processed,
tabular plotting resumes until # is again encountered.

# . means end of text: DDTEXT returns to the
calling routine.

CALL DDFR causes a frame advance operation. Plotting on the
current frame is completed, and the film advances
to the next frame.
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APPENDIX 8. SAMPLE CASE

A sample case is included with the description of the program for
three reasons. First, it demonstrates the use of the program. Second,
it illustrates the three types of output available (printout, punched cards,
and ray path plots). Finally, it serves as a test case to verify that the
user's copy of the program is running correctly. This last point is es-
pecially important if the user has had to make many modifications in
converting the program to run on a computer other than a CDC 3800.

Although the ionospheric models in the sample case demonstrate
the use of the program, they don't give realistic absorption for the radio
waves. The absorption in the sample case is too low for two reasons.
First, although the Chapman layer has a realistic electron density for
the F region, it has much too low an electron density for the D region,
where most of the absorption occurs. Second, the collision frequency
profile in the sample case is designed for use with the Sen-Wyller for-
mula for refractive index rather than the Appleton-Hartree formula used
in the sample case. Multiplying the collision frequency profile in the
sample case by 2.5 gives an effective collision frequency profile for use
with the Appleton-Hartree formula that will give nearly the correct

absorption for HF radio waves (Davies, 1965, p. 89).
Appendix 8a. Input Parameter Forms for the Sample Case

Filled-out input parameter forms are included to describe the
sample case (i. e., show what ray paths are requested for which iono-
spheric models and what type of output is wanted). Furthermore,
comparing them with Appendix 8b illustrates the relationship between

the forms and the input data cards.
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INPUT PARAMETER FORM FOR THREE-DIMENSIONAL RAY PATHS

Name Project No. Date
Ionospheric ID (3 characters) _ Xn4
Title (75 characters) Test Case
Models: Electron density CHAPX
Perturbation \WAVE
Magnetic field DifoLY
Ordinary (Wl =+1.)
Extraordinary — (Wl =-1.)
Collision frequency Expz?2
Transmitter: Height 0 km, nautical miles, feet (W3)
Latitude 40 rad, @eg) km (W4)
Longitude -J05 rad, (@eg) km (W5)
Frequency, initial f, MHz (W7)
final (W8)
step (W9)
Azimuth angle, initial 445~ rad, c:lock.wise of north (W11)
final (W12)
Elevation angle, initial Q  rad, feg)(W15)
final S0 (W16)
step /5 (W17)
Receiver: Height 200 @ nautical miles, feet (W20)
Penetrating rays: Wanted (W21 =0.)
Not wanted (w2l = 1.)
Maximum number of hops 3 (wW22)
Maximum number of steps per hop (000 (W23)
Maximum allowable error per step ﬁQ"* (W42)

Additional calculations:

Phase path
Absorption
Doppler shift
Path length

Other

Printout:

= 1. to integrate
= 2. to integrate and print
(W57)

Every 5 steps of the ray trace (W71)

Punched cards (raysets):

v~ (w72 =1.)
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INPUT PARAMETER FORM FOR PLOTTING THE PROJECTION
OF THE RAY PATH ON A VERTICAL PLANE
Coordinates of the left edge of the graph:

rad

40, @ep) north (W83)
km

[}

Latitude

rad

-~ 105. @cg) east (W84)
km

Longitude

Coordinates of the right edge of the graph:

rad
Latitude = S2.IZ north (W85)
km
rad
Longitude = — 8/. ¢ east (W86)
km
Height above the ground of the bottom of the graph = s km (W88)
rad
Distance between tic marks = /00. des (W87)
(W81 =1.)
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INPUT PARAMETER FORM FOR PLOTTING THE PROJECTION
OF THE RAY PATH ON THE GROUND

Coordinates of the left edge of the graph:

rad

Latitude = 4o, north (W83)
km
rad

Longitude = — /04 east (W84)
km

Coordinates of the right edge of the graph:

rad
SR.[2 deg) north (W85)

4

km

Latitude

rad
-8/ 8 deg) east (W86)
km

Longitude

200. (waz)

Factor to expand lateral deviation scale by

rad

[00, d@ (wW87)

Distance between tic marks on range scale

(W81 = 2.)
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INPUT PARAMETER FORM FOR SUBROUTINE CHAPX

An ionospheric electron density model consisting of a Chapman layer with
tilts, ripples, and gradients

z}‘\

2 P -
fc exp\a{l-z-e _

2"

h -h

max

H
1 fzo Q1+Asm(2n<e-%)/5)+ c(e-%-))

h = h + E(68-2)Ro

max maxao

Hh
1

fyyis the plasma frequency

h is the height above the ground
Rois the radius of the earth in km
and 68 is the colatitude in radians.

Specify:

Critical frequency at the equator, £ = 6.5 MHz (W101)
Co

Height of th i lect d ity at th , h =300 k 10
eight o e maximum electron density at the equator — 0 m (W102)

Scale height, H = 2. km (W103)

o < cz.é (W104, 0.5 for an 4 Chapman layer, 1.0 for a

g Chapman layer)

2
Amplitude of periodic variation of Ic with latitude, A = . (W105)
n rad
Period of variation of f_ with latitude, B = 0 deg (W106)
Coefficient of linear variation of fz with latitude, C = @, rad *(w107)
Tilt of the layer, E = 0. rad (W108)
deg
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INPUT PARAMETER FORM FOR SUBROUTINE WAVE

A perturbation to an ionospheric electron density model consisting of
a "gravity-wave' irregularity traveling from north pole to south pole

N = Ng(l + )
A =8 exp-[(R-Ro -20)/H]® .
' R.o
cos zn[t +(W/2-9)—+(R-Ro)/l::|
Ax
-@E?I—-:ﬂvx Noﬁexp—[(R-Ro -Zo)/H]a .
ot Ax

Ro
Ax

sin 27 [t’ t (/2 -8) Ry (R - Ro)/kz:j
Ry is the radius of the earth.

R, B, © are the spherical (earth-centered) polar coordinates
(A is independent of ©).

No (R, &, ®) is any electron density model.

Specify:

the height of maximum wave amplitude, zo = 2449, km (W151)
wave-amplitude '"scale height," H = /0@, km (W152)
wave perturbation amplitude, 8 = @9 {4 [0. to 1.] (W153)

horizontal trace velocity, Vy = = km/sec (W1l54)
(needed only if Doppler shift is calculated)

horizontal wavelength, A, = 290, km (W155)
vertical wavelength, X; = /@0g, km (W156)
time in wave periods, t! = O (0. to1.] (W157)
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INPUT PARAMETER FORM FOR SUBROUTINE DIPOLY

An ionospheric model of the earth' s magnetic field consisting of an earth
centered dipole

The gyrofrequency is given by:

_ Ro +h\a 2 )%
=f ot B 1 + 3 cos®\
f " 'y, Ry, / (

The magnetic dip angle, I, is given by

tanI = 2 cot A

h is the height above the ground

Ry is the radius of the earth

A is the geomagnetic colatitude

Specify:

the gyrofrequency at the equator on the ground, ng = 0.8 MHz (W201)

the geographic coordinates of the north magnetic pole
radians

latitude = 78.5" north (W24)
radians

longitude = __ 29[, ea.st (W25)

167



INPUT PARAMETER FORM FOR SUBROUTINE EXPZ 2

An ionospheric collision frequency model consisting of a double
cxponential profile

o~ (h-hy) -2 (h-hz)

V=V1 +\323

where h 1is the height above the ground.
Specify for the first exponential:

Collision frequency at height hy, vy = 3, &5 x/0¢ collisions
per second (W251)

Reference height, hy = /OO km (W252)

Expoaential decrease of V with height, a; = /), ({i& km™ (W253)

Specify for thz second exponential:

Collision frequaency at height hy , V3 = 30 collisions
per second (W254)

Reference hz2ight, hy, = /‘/-0 km (W255)
Exponential decrease of V with height, a; = Qaza,j km * (W256)
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Appendix 8b.

TEST CASE

Listing of Input Cards for the Sample Case

D T L o T R T T I R B R T g R A N N L R L L L

X0l
1 0. OF DUPLICATE W CARDS» THE LAST ONE DOMINATES
1 -l. EXTRAORDINARY RAY
3 0 TRANSMITTER HEIGHTs KM
4 40, 1 TRANSMITTER LATITUDE» DEG NORTH
5 =105« 1 TRANSMITTER LONGITUDEs DEG EAST
T 640 INITIAL FREQUENCY, MC/S
S Qs DONT STEP FREQUENCY
11 4540 1 INITIAL AZIMUTH ANGLE, DEGS CLOCKWISE FROM NORTH POLE
13 0. DONT STEP AZIMUTH ANGLE
15 Q. 1 INITIAL ELEVATION ANGLEs DEG
16 90.0 1 FINAL ELEVATION ANGLEs DEG
17 1540 1 STEP IN ELEVATION ANGLE, DEG
20 200 RECEIVER HEIGHT ABOVE THE EARTHs KM
22 3. NUMBER OF HOPS
57 2a INTEGRATE AND PRINT PHASE PATH
58 2 INTEGRATE AND PRINT ABSORPTION
71 540 NUMBER OF STEPS FOR EACH PRINTING
T2 L= PUNCH RAYSETS
81 1. PLOT PROJECTION OF RAY PATH ON A VERTICAL PLANE
83 4040 1 LEFT LATITUDE OF PLOTs DEG
84 ~-105. 1 LEFT LONGITUDE OF PLOT» DEG
85 5212 1 RIGHT LATITUDE OF PLOTs DEG
86 —BleB 1 RIGHT LONGITUDE OF PLOTs DEG
87 100.0 1 DISTANCE BETWEEN TIC MARKSs KM
101 645 CRITICAL FREQUENCYs MC/S
102 30040 HMAX s KM
103 62 SCALE HEIGHT»s KM
104 0.5 ALPHA CHAPMAN LAYER
150 1l CALL PERTURBATION SUBROUTINE
151 250 209 KM
152 100. SHs SCALE HEIGHT» KM
153 Oel DELTA
155 100 LAMBDAXs HORIZONTAL WAVELENGTH, KM
156 100 LAMBDAZsy VERTICAL WAVELENGTHs KM
201 0.8 GYROFREQUENCY ON THE GROUND AT THE EQUATOR, MHZ
24 T8a45 1 ACCEPTED STANDARD LATe OF NORTH MAGNETIC POLEs DEG NORTH
25 29l 1 ACCEPTED STANDARD LONGe OF NORTH MAGNETIC POLEs DEG EAST
251 3.65 E&4 COLLISION FREQUENCY AT Hls /SEC
252 100.0 Hls REFERENCE HEIGHTs KM
253 148 Als EXPONENTIAL DECREASE OF NU WITH HEIGHTs /KM
254 30 COLLISION FREQUENCY AT H2s /SEC
255 140. HZzs REFERENCE HEIGHTs KM
256 40183 AZ2s EXPONENTIAL DECREASE OF NU WITH HEIGHTs /KM
(A BLANK IN COLe 1-3 ENDS THE CURRENT W ARRAY)
X0l TEST CASE
71 Qe NO PERIODIC PRINTOUT
72 Os DO NOT PUNCH RAYSETS
81 2. PLOT PROJECTION OF RAY PATH ON THE GROUND
82 1040 LATERAL DEVIATION EXPANSION FACTOR
(A BLANK IN COLe 1-3 ENDS THE CURRENT W ARRAY)
Col. 1-3 Identification number
Col., 4-17 Data in E14, 6 format
Col. 18 A1 indicates an angle in degrees
Col. 19 A 1 indicates a central earth angle in kilometers
Col. 20 A 1 indicates a distance in nautical miles
Col. 21 A 1l indicates a distance in feet
Col, 22-24 Left for other coaversions
Col, 25-80 Description of the data
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TEST CASE

CHAPX HAVE a1PaLY fxpz2

INITIAL VALUES FOR THE

1

2

iy

5

7
1
lo
L7
20
22
23
24
25
41
W2
43
by
b
Wb
7
57
58
71
72
a1
a3
LL]
45
Bb
a7
101
102
163
106
150
151
152
153
155
156
201
251
252
253
254
255
256

-1.0000000000d9000
6.37000033360G+003
H.34131700804=001

=1,83253571ko0+000
BedOUO0OOUGOOGRPO0D
7.83338103390-001
1.57073032673+000
2.61794307791-0G61
2.0J000000000¢002
3.00006G00000%000
1.00006000000#003
1.3700834c280+000
5.07890812831+000
3.00000600000+0G00
1.00000000000-004
5.00000000000+001
1.00000000000%000
L. 00U000GOUDO00D2
1.00000000000-3048
5.00000000003-061
2.00000300000¢000
2.00000000000+000
$.00004000000+300
1.00000700000+000
1.0006030G030+000
6.94131700503-001

=1.432595714604000
J.09065000124=-001
~l.b27679326134000
1.50985A71273-002
5.5J000010000#000
3.00000000000%002
0+139999%99395+001
5.00000000000-001
1.0J00330603GL00
2.50000000000+002
1.00000J003004002
1.00000006000-001
1.00000600000+002
1.00000000000+002
B.0GdGLAdGDU0=-201
3.065003000002+0C+
1.0000000000a+002
1.45000000001-001
J.0l000000000+001
1319549999939 +002
1.84,00000u0d2-d02

W AHIAY ==

wllL ANGLFS IN RADIANS,

11705774
APPLETON-HARTREE FORMULA FEXTRACROINARY WITH COLLISIONS

ONLY NONZERO VALUES PRINTED
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FLI

X01 TEST CASE 11705/74

CHAPX WAVE DIPOLY Fxpz2 APFLETON-HARTREE FORMULA EXTRAORDINARY WITH COLLISIONS
FREQUEANLY = €+ CG00J0C MHZ, AL2TMUTH ANGLE OF TRANSMISSION = L5,000900 DEG
ELEVATION ANGLE OF TRANSHISSION = 45,000000 DEG
AZIMUTH
TEVTATION ELEVATION
HETGHT SA4GE XMTP LOCAL XHTR LocAL POLARIZATICN GROUP PATH PHASE PATH ABSORPTION
KM KM DER DEG OEG DEG REAL IMAG KM KM hl:]
0+#000 XMTR d+000C Q.0000 45,000 -d.000 1.000 g.0000 0.0000 0.0000
0+000 ENTR ION 52.9759 52,3246 -0.302 =0.000 45,000 45.471 =0.,113 1.100 T4.6128 Tu.6128 0.0000
3=011 522439 61,3530 =1.507 =-0.000 45.000 45.552 -0.053 1.207 87.6128 87.6128 0.0000
0+a00 69,392E hd. 2802 0.n00 g.000 +5.000 «5.614 -0.021 1.219 97.6128 97.6128 0.0000
-3=-J)09 83.1331 43,4059 =0.200 =-0.000 45,000 45.751 -4.002 1.217 119.0128 119.6128 t.0001
-4=308 39,4743 57.2070 =0.008 =d.200 +5.000 45.873 =3.,000 1.213 139.6128 139.6125 D.0004
=1=-007 113.8633 110, 86E8 =1.700 =0.000 45,000 45.386 -0.000 1.209 159.6128 159.6091 0.0009
5-035 142.550€ 136, 0454 -0.002 0.003 444380 45.4857 =-1,000 1.209 199.56128 199, 4233 t.0021
=-2-005 17d.1037 164. 7426 =0.21- =0.106 wb 739 43,268 -0.0090 1.260 23%.0128 237.3102 0.0030
B=005 133.2703 130.8257 =J4371 0,369 b 104 34,073 -1.00) 1.E01 279.0128 268.9L18 0.0048
=3-d11 RCVR 200.0000 200.201% -0.132 0.607 43.522 28.430 -1.009 2.293 295.1649 278.4398 0.0058
2-00ds 209.0b43 233,2599 =0.316% =1,590 404436 4e780 0.000 =-1.5976 348.1643 304. 3962 0.0095
2-006 APOGEE 203663 ?735.8629 =0+060 =1.746 40,109 3.110 0,000 =1.831 352.1649 306.3131 0.0098
3=005 WAVE REV 209.4350 L1, 04963 0.021 =-1.982 39.431 -0.266 1.000 =-1.823 360.1649 310.1892 0.0103
3-aa7 205.9618 259,5199 Je.24u  =2.,001 Jb.419 -12.892 0,000 =-1.268 JB8.16L9 32u4. 3166 0.0122
3-011 RCWR 260,0000 27443768 dJe32C ~-1.415 Ju.427 =23.456 1001 =1.142 410.8543 336.8372 0.0137
1=005 172.0329 i11.8730 1.547 =0.183 27.233 -u1.318 04001 =1.041 4B7.8543 377.6491 0.0169
4=008 117.8520 36E.4800 J.563 =0.033 164021 =-45.154 9.000 =-1.031 S547.8543 454,5212 0,0193
6=005 B9,5L72 394, 2843 1.57. =-0.034 10,932 =hh,.327 1.00) =1.632 587.8543 494.5131 G.0204
6=005 Jd.d028 lalsly s 95246 Den74 =0.027 22978 -Lb.4T2 1.004 =1.000 659.,3543 566.5130 0.0206
6=005 EXIT LON 3a.3028 by 3520 0,37+ =0.027 20378 =4ban?2 0.004 =1.€00 659.8543 566.5130 0.0206
0+J00 GRND REF 0.3000 L84, 706D 3.576 -0.025 =2.180 bb.llb =0.001 1.000 715.5626 622.2214 0.0206
0+000 ENTR ION 52.9777 338.5621 g.578 =0.322 3.168 44,599 =9.105 1.09% 791.3392 697.9980 0.0206
-6=007 110.10568 53543574 0,81 =0.020 72705 45.103 -9.000 1.136 872.3392 778.9960 0.0214
=b=007 13deb23/ E22¢97 34 Ue581 =0.016 9.586 45.095 =0«000 14194 912.3392 B18.87Tu D.0226
=4=006 165.8750 £E50.1869 0.572 =0.0a8 114139 &2.989 =.000 1.230 952.3392 857, 2445 0.0236
7-005 143.5935 676.0832 0.472 0.057 12.376 35.811 -1.001) 14434 992, 3392 890.3367 g.0252
=3-011 RCVR 230.0040< “31.5163 Nl 0.736 12.769 26,353 -0.000 2.159 1015.8617 905.3752 0.0266

T[S ®AY CALCULATION TOOK 10.340 SEC
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9L1

X014 TEST CASE

CHAP X

a+o00
u+000
-3=-011
-3=-011
-2=0086
-1-007
=9=007
W=007
3-005
d+000
6-005
1=00+
1-004
3-003
5=-305
0+000
2-105
-2=0035
-3-0d6
=1=006
=1-006
o+000
a+000
-8=-003
-6=008&
2=-005
k=045
=-3=011

WAVE

XMTR
ENTR [OM

RCVR

APOGEE
WAVE REV

RCVR

EXIT ION
GRNG REF
ENTR TON

RCVR

OIFOLY

FREQUENLCY

HEIGHT
KM

d.0030
52496486
ol.716¢F
08545439
8747850
1471237
126.4556
15,6921
178.7737
23G6.403C
224« 3440
230.793¢6
230.91483
230.2593
222.0228
200.0600
161+0E33
129.0155
35.7312
H2eu974
23.3620

ge.0000
52.983b
a7 «0257
12043097
153.377¢
143,393¢
2000000

xpl2

64000000 MHZ,

FLEVATION ANGLE OF TRANSHISSION =

FANGE
L1 ]
d.c000
4. 0759
1bs11C0
17.37¢&8
23.1903
2B. 2124
13. 2025
Je.1098
#Es BOBL
52.6875
al. 6095
BEe 1625
67,550
T0.7691
d4.2620
106, 8257
136.6131
155. 83k4
177.14C5
19¢. 95048
120.99038
2al 7509
276, 3403
F9b. Bubs
32C. 590880
Jh2. 0624
3E2.9372
375, 3567

APPLETON-HARTREE FORMULA EXTRACRDINARY WITH COLLISIONS

AZIMUTH ANGLE OF TRANSHMISSION =

LITMUTH
OEVIATION
XMTR LOCAL
JQEG DEG
-0.000 =-0.000
-J.00C =-0.000
-0.000 ~0.,000
-0.000 =-0.000
=-j.300L =0.,000
-0.001 0.000
=0.007 =0.012
=-0.062 =0.321
=-0.302 1.334
=1sa77 1.370
=1.711 =7.3986
=-1.,511 =8.853
~0.322 =-11.181
1.343 -14.2086
5511 =13.543
3,542 -11.278
10.092 =9.754
11.28% =-8.562
12.22¢ =T7.b20
12.392 =b.356
13.557 =0.291
15,37 =5.673
14s786 =5,055
15.12¢ =k.721
15,627  =4,825
15675 =4e218
15.79% =3.644

73.0000

ELEVATION

XHTR LOCAL

DEG DEG
75.000
75.000 75.127
75,000 75.145
75.000 75.156
75.000 75.209
75,090 75.253
744939 75.279
T334 75.188
Th.320 73.849
Tue733 71.357
T4.379 52.07k
T3.432 15.569
7i.1nn B.237
72,307 -tubTh
h8.508 -29.337
bl.084 =46.475
49,256 =55.293
J8.061 -56.407
274405 =56.282
1ba 463 =56.084
b.351 =55.885
-1.083 55.7086
9.565 56,027
1.785 56,231
18.948 SbB.4lb
22,353 55.904
244315 51.4894
25.9337 45.376

Jeb24h SEC

THLS 2WAY CALCULATION TOOK

45.000000 DEG

00 DEG
POLARIZATICN
REAL IMEG

-0.0017 1.G00

-0.02% 1.023

=0.014 1.04%&

-0.003 1047

=3,002 1.Ch8

-0.000 1.047

=0.000 1e 046

=0.000 1.047

-0.000 1.057

=0.,000 1.087

=-0.000 1.568
1.000 =9.825
J.000 =3.876
.00 =-1.950
3,000 =1.143
2.000 =1.028
0.000 -1.007
d.000 =-1.0C06
0,000 =1.C06
3.001 =1.006
J.000 ~=t.C00

=-9.000 1.000

-J.0623 1064

-0.001 1134

-0.000 1330

-3.000 1.135

=0.0020 1.195

-d.000 1374

11705/76

GROUP PATH PHASE PATH

KM
o.0000
Sha8374
6244376
B7.8374
90,8374
110.6374
130.8374
150.8374
18648374
213.9181
266.3181
J06.9181
J1b.9181
130.9181
378.9181
L34,9673
L91.9673
531.9673
571.9673
611.95673
651.9673
687 .44L59
TE1.4563
792.4563
BIZ.45b4
B72.4563
912.4563
9]7-95??

KH

G.0000
Ske8374
62,8374
6748374
90.8376
110. 8365
130.8161
150. 6143
183.5011
202.1284
217.2922
220.0213
220.4673
221.57¢€2
228.5798
249.274T
291.76804
330.5977
370.5601
410.5600
450.5600
4BG.0386
550. 0LET
591.0489
b31.03%0
670.5260
705.8795
722.8911

ABSCRPTION
08
o.0000
0.0000
g.0000
G.0000
0.0001
0.0005
0.0013
0.0019
0.0030
0.00k46
0.0091
0.0127
C.0134
0.0147
0.0187
o.0232
0.0263
0.0275
0.0289
b.0292
0.0292
0.0292
0.0292
0.0293
D.0503%
G.0314
0.0327
0.0363
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081

x01 TEST Casc
CHAPX HAVE

3=-011 xHTR
d+000 ENTR ION
04030 MIN D157
0#J00 MIN OIST
6=010 WAVE REV
2-105 EXIT LGN
=3-011 GRND REF
G+000 ENTR ION
a+4000 MIN JIST

d+000 AMTR
D+#000 ENTR ION
=3=011 ROVR
2-005 APOQGEE
J-336 HWAVE REV
3-011 RCVR
6-005 EXIT ION
0+006G GRND REF
0+)00 ENTR ION
-3-011 RCVR

SIPALY

FREQUENCY =

HETGHT
“e

dadoec
5249739
19145641
131.5641
191,408
LdeT350
0.0000
52.97491
139.8217

HEIGHT
KM

O.0000
2249759
200.0000
2ig.6850
2394300
200.3040
38.3020
33010
523777
20U.d300

Fxp2ez
ba 000300 MHZ. AZIMUTH ANGLE OF

FLEVATIIN ANGLE OF TRANSHISSION

AZTHUTH
QEVIATION ELE
JAA4GE AMTR LOCAL XHTR
L3 ] JEG 0EG DEG
c.0000
89,4010 -0.600 =0.000 j0.000
354, 96048 -0.022 0.213 2b.338
3564, 9404 -0.722 0.213 204338
338+ 1065 =0.020 0.137 204154
rab,ubel 1.357 =0.397 1.406
733.56060 TenlS =04 349 =3.239
430.33€e2 Jauwbe =0.308 -0.104
1107.5272 J.514 0450 b.581
THIS RAY CALCULATICN TOOK

ELEVATIIN ANGLE OF TRANSMISSION

A7 TMUTH

DEVIATION ELE
RANGE AMTR LocaL AA4TR

LS| JEL DEG DEG

f.0900

52.3246 -3.C00 =0.000 45.000
200.2014 -0.132 0.007 43.622
£35.60¢9 =0.340 =-1.746 4w0.109
241, J3E9 Jed21 =1.382 19,431
274, 3784 de3B89 =1.415 Jhab27?
whl, 9524 De27h =0.027 2.978
wdh, 7360 1.57¢ -0.025 =2.140
F3u,em2l 0«57 =D.022 3.108
F21,51E3 DeDlet 0.790 12.789

THIS HaY CALGULATLUON TOOX

TRANSHISSION = 45.000000 DEG

= 30.,00000J DEs

VATION
LocaL PCLARTIZATICN GROUP PATH
DEG REAL IMAG KM
30,4000 -3.000 1.000 0.0000
30.509 -0.332 1.259 104.6686
o.ooo 0.000 =1.%530 425.7324
g.000 D.000 =1.830 425.7924
-1.395 J.00) =~1.475 429,7924
-26.375 0.035 =1.013 770.7924
28,173 =J.003 1.000 A72.6850
29,043 =0.277 1.223 983, 3256
0.000 2.000 =-1.771 1312.4736
8.113 SEC
= 45,000000 DEG
VATION
LOCAL POLARIZATION GROUP PATH
DEG REAL IMAG KM
45,000 =0,001  1.000 0.0000
45,471 -~G.113 1.100 T4.6128
284480 -0.0040 2.293 295.1649
J.110 0.000 =-1.E31 352.164L9
-04+266 0.000 -1.€23 360.1669
~23.4586 0,000 ~1.142 10,8543
-lb, 472 0.004 =1.000 659.4543
Shally =J.001 1.000 715.5626
hh,599 -0.105 1.034 791.33592
264953 -0.000 2.153 1015.3817
Je813 SEC

11705474
APPLETON-HARTREE FOIMULA EXTRAORDINARY WITH COLLISIONS

PHASE PATH

KM
g.0000
104, 66EB
40049614
400.9€14
403.6919
T20.5457
822.64383
933.0769
1240.1070

FHASE PATH

0.0000
Th.6128
278.4398
306.3131
310.1892
33e.8372
566.5130
B22.2214
697.9960
90543752

ABSCRPTION
oe

t.o000
t.0000
c.0082
0.o0082
0.0G85
0.0177
0.0177
0.0177
0.0259

ARSORPTION
oa
0.0000
0.0000
G.0058
0.0098
0.0103
0.0137
0.0206
0.0206
0.0206
G.0266
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X01 TEST CASE

CHAPX

a+000
a+0d0
g+000
=1-004
=1-104
o0+000
=-2-105
0+000
=3=-011
o+000

agvaao
a+a00
og+oo0o
1-004
9=-4Ji5
o+a00
=-1-008
J+000
d+30G
-3-011

WAYE

XMTR
ENTR ION
RCVR
APOGEE
WAVE REV
RCVR
EXIT LON
GRND REF
ENTR ION
ROVR

X4TR
ENTR ION
ROVR
APOGEE
WAVE REV
RCVR
EXL1T IOM
GRAND REeF
ENTR I10ON
RCVR

JIPCLY

FREQUEWLY =

HEIGHT
KM

G.0000
S2.9736
200.0G0¢C
225.8332
225.8342
200.0000
2b.7751
3.0000
52.981¢
200.0000

HELIGHT
KM

G.0000
32s9840
200.0000
2303143
230.2533
200.000u
€3+3420
ded0ln
52.9836
200.000G

G.000000 MAZ, AZIMUTH ANGLE 0OF TRANSHISSION =

ELEVATIJON 4NGLE OF TRANSMISSION = 60.0000006 DEG
AZTMUTH
DEVIATION ELEVATION
RANGE XMTF Locac XMTR LocaL POLARIZATICN
KM DEG DEG OEG DEw REAL IMAG
C.00C0 60,000 -0.002 1.000
30,2935 -l.000 =-0.000 50.000 &B0.272 ~0.053 14049
11k 41AR2 =0.157 =0.851 39.325 50.578 -0.000 1.250
14b,. 6930 =0.354 S5.402 55.872 ~5.298 d.000 =-2.c02
14t. €330 =Le35% S.402 55,872 =5.,296 0.000 =2.C02
168, 1633 =1.383 16.370 48,744 =62.499 0.000 =1.025%
230.9196 ~Bssb? 13.564 5.561 =59.411 3.000 =-1.000
20,7118 =7.,005 13.003 =1.083 ©9.320 =J.000 1.000
266. U662 -7.992 12,021 10.239 ©59.499 =0.026 1.625
313.9411  -10.11¢ 84555 30.632 ©53.564 =0.000 1.L99
THIS 2AY CALCULATION TOOK 7.518 SEC
ELEVATION ANGLE OF TRANSHISSION = 75.,000000 DEG
AZTMUTH
DEVIATION ELEVATION

QANGE XMTR LOCAL XMTR LoCAL POLARIZATION
K4 DEG DEG DEG DEG REAL IMAG
d.00C0 75.000 -0.000 1.000
14,0759 -0.000 =0.000 75,000 75.127 =0.024 1.023
S2.0875 -0.302 12334 74,783 T1.357 -0.002 1.087
587.5504 -1.511 =-8.853 73,111 8,237 1.000 =3.876
70.7821 =0.322 =11.141 724307 -=baaTh 0.001 =1.950
1do. 8297 Seb11 -13.543 01.084 -LbB.475 0,000 =-1.024
220, 3308 124392 =-6.4856 64551 =55.885 0.000 =-1.000
240. 7589 13.557 =g.291 -1.083 55.706 =0.001 1.000
T6s 343 14,370 =5.479 9.565 56.027 -0.063 1.064
375, 3507 15.7% =3.bh4b 25,987 45,376 =0.001 1374

THIS <AY CALCULATION TOOK 3.0+3 5EC

45,000000 DEGC

GROUP PATH
KM
0.0000

61.0308
239.2552
324.2552
324.2552
395.1225
588.1225
616.7330
673.3376
B37.7013

GROUP PATH
KM
0.0000

5448374
213.9161
J1b.93181
330.9181
434.,9673
651.9673
6874459
751.4563
937.3577

11705474
TXPLE APPLETON-HARTRES FORMULA EXTRAORDINARY WITH COLLISIONS

PHASE PATH
KM
0.0000
61,0908
225.6343
253. 2681
253.2681
273.3158
453.6124
4B2.2229
538.8275
691.0808

PHASE PATH
KM

g.0000

Ske8374
202.1284
220.4673
221.5782
2h3.2T6T
450,5600
486.0386
550.0689
722.8911

ABSORPTION

c.0000
0.0000
0.0050
0.0114
0.0114
G.0173
0.0223
0.0223
C.0223
0.0271

ARSORPTION
oB

0.0000
g.0000
0.0046
0.0134
0.0147
6.0232
0.0292
0.0292
0.0292
0.,0343
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Appendix 8d. Listing of Punched Card Qutput (ray sets)

X01 TEST
CHAPX
WAVE

DIPOLY
EXPZ2

X01Xx

1581469
1581469
1581469
1579016
X01x
1721292
1721392
1721418
1719566
X01x
1915641
1915641
1916346
1898217
X01Xx
0
2096843
2096843
0
XOoL1x
¢}
2258382
2258382
0
X01Xx
0
2309183
2302183
o
X01lXx
0
2382305
2382305
(o}

for Sample Case

CASE
6500+000
2.500+0C2
8.000-001
146504004
0 40N0N255000 2200000
14911561 2 -29 0
14911561 2 -29 0
29000482 -0 10 738
43050842 -7 76 -0
0 40000255000 2000000
6041034 15 184 0
6N41034 15 184 0
12129251 46 =23 14656
18286204 59 -65 -0
0 40000255000 2000000
3549408 -23 219 0
3549408 -23 21¢ 0
7336080 405 =349 28173
11075272 514 454 0
0 4nN00255000 2000000
2002014 =132 607 28480
2743788 389 =-1415-23456
4847060 576 -25 44114
v915163 548 796 26953
0 40000255000 2000000
1144182 -157 -851 50578

1681639 -1383 16876-62499
2407118 -7009 13003 69320

3139111-10115 8555 63564
0 40000255000 2000000
526875 =302 1334 71357

1066297 5511-13543-46475

2407589 13557 -6291 55706
3752507 15794 -3644 45376
f 40000255000 2000000

3028214734180000 B8779

153973214734 0-75213
537019214734 0 78918
927180214734 0 77233

The first card is the title card.

The second card contains the name of the electron density
model plus parameters W101-W107.

The third card contains the name of the perturbation

model plus parameters W151-W157,

alalalal 4500000
1514389 4513 -161n0
1514389 4513 -1610

2875068 80425 68182
4278561109482 91246
60000 4500000
635731 8122 -3264
635731 B122 -3264
1211n34 81100 58053
1854769 92641 58123
60000 4500000
407964 17828 -7003
407964 17828 -7003
733203139482 89236
1138430174444101677
600nnN 4500000
285194 9971 -6754
342980 67874 -6143
484589230974137632
729880285982175495
60000 4500000
231305 7950 -5671
262993132130 10323
240697376036241525
376316461386314765
60000 4500000
207034 6884 -4906
227435207533 21840
240745446701245294
430430507528292462
6nnnn 4500000
2n0nn0 7166 -5034
200610210447 37559
53702568516382995
221n57612222414510

The fourth card contains the name of the magnetic field

model plus parameters W201-W207.

The fifth card contains the name of the collision
frequency model plus parameters W251-W257.

For description of remaining cards, see figures 1 and 2.
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0

11

11

22

33
1500000

8

8

17

26
3000000

8

8

18

26
4500000

6

14

21

27

6000000

5

17

22

27
7500000

5

23

29

34
9000000

5

20

25

30

oo oo cooo =N ool D000 ScCCoOCo oCcCoO9D

ocoCo

3.000+002 642004001 5,000-001 0.000+000 0.700+000 0.000+000
1.000+002 1.,000-001 0n.000+000 1,000+4002 1,0004002 0,000+000
0.000+000 0.000+000 N.0004000 0,000+000 0.000+000 0.000+000
10004002 14480-001 3,000+001 1.400+002 1.830-002 0.000+000

0 -1003T
0 -1721M
0 -1722m
0 -10016G
-0 9323M
0 -1003T
0 -1481M
0 -1482M
-0 10026
0 -1953M
=0 1003T
0 -1531M
0 -1532M
-0 10036
0 -1773M
-0 10037
-0 2291R
0 -1142R
-0 10036
-0 2163R
-0 10037
-0 1251R
0 -1032R
-0 10036
-0 1103R
-0 10037
-0 1091R
0 =-1022R
-0 10036G
-0 1373R
-0 10037
-0 1031R
0 -1082R
-0 10036
-0 1013R



Appendix 8e. Ray Path Plots for Sample Case

Projection of raypath on vertical plane

X01 TEST CASE 11705774
F= 6.000, AZ = 45,00, EXTRAORD. 100.00 KM BETWEEN TICK MARKS

184



Projection of raypath on ground for sample case

X4 TEST CASE 11/705/74
= 6.000, AZ = 45.00, EXTRAORD, 100.00 KM BETWEEN TICK MARKS

10.00 KM BETWEEN TICK
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normal at various points along the ray path, the program can plot the projection
of the ray path on any vertical plane or on the ground and punch the main charac-
teristics of each ray path on cards.

The documentation includes equations, flow charts, program listings with
comments, definitions of program variables, deck set-ups, description of input
and output, and a sample case.

KEY WORDS:
Appleton-Hartree formula; computer program; ionosphere; radio waves; ray tracing;
Sen-Wyller formula; three-dimensional.
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ERRATA (22 April 1979)
0T REPORT 75-T6 4

A VERSATILE THREE-DIMENSIONAL RAY TRACING COMPUTER PROGRAM - " - - -
FOR RADIO WAVES IN THE IONOSPHERE ey s

by R. Michael Jones and Judith J. Stephenson et

The 8th line from the bottom of page 9 should read:

el

(1) the dispersion relation cannot be exactly satisfied, or

o

The first line in the 3rd complete paragraph on page 12 should read:
Similarly, the AHWFNC (Appleton-Hartree, with field, no colli-

Line PRIN12S in SUBROUTINE PRINTR on page 80 should read:

RANGE=EARTHR#*ATAN2(RCE,EARTHR+EPS+XMTRH) PRIN125
Line BCONCO020 in SUBRQUTINE BQWENC on page 100 should read:

REAL N2,NNP,LPOLAR,LPOLRI,KR,KTH,KPH,K2,KDOTY,K4,KDOTYZ, BQNCO020
Line TABX06L in SUBROUTINE TABLEX on page 112 should read:

PXPR=PXPTH=PXPPH=0. TABXO64
Following line CHAPO2Y4 in SUBROUTINE CHAPX on page 116, insert the line:

PXPPH=0. CHAPQ245
Line VCHAQ10 in SUBROUTINE VCHAPX on page 117 should read:

X=PXPR=PXPTH=PXPPH=0. VCHAQ1O
Line DCHAO1Y4 in SUBROUTINE DCHAPT on page 119 should read:

X=PXPR=PXPTH=PXPPH=0. DCHAO1L
Line LINEO13 in SUBRQUTINE LINEAR on page 120 should read:

X=PXPR=PXPTH=PXPPH=0. LINEQ13

Line PARAQO12 in SUBRQUTINE QPARAB on page 121 should read:
X=PXPR=PXPTH=PXPPH=0. PARADT2

Following line BULGO38 in SUBROUTINE BULGE on page 122, insert the line:
PXPPH=0. BULGO385

Following line EXPX014 in SUBROUTINE EXPX on page 124, insert the line:
PXPTH=PXPPH=0. EXPX0O145

The equation for the gyrofrequency near the top of page 143 should read:
3 2. T2
b = = a
tH FHO(RO/(HO + h)) (1 + 3 cos™8)
where @ is the geomagnetic colatitude.

Line TABZO15 in SUBROUTINE TABLEZ on page 153 should read:
IF (READNU.EQ.0.) GO TO 10 TABZO15
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