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1.   INTRODUCTION 

This report describes the structure and use of the program PARCS (Plume 

Attenuated Radar Cross Section).   This is a CDC FORTRAN IV code that calculates 

the coherent, incoherent, and overdense surface radar cross sections of a rocket 

plume.   The calculations include attenuation, local index of refraction, doppler 

shift, and range cell.   The program accepts plume data directly from the AeroChem 

LAPP code '    , but may be interfaced with other sources of plume definition. 

The program was developed for the Air Force Rocket Propulsion Laboratory 

under contract No. F04611 -75-C-0021, monitored by Capt. W. Rothschild and 

Lt. R. Sperlein.   The Technical Monitor was Dr. R. Fante (AFGL). 

The RCS model was developed at Aerodyne by Drs. D. Mann and J. Draper.^   ' 

This report summarizes the model equations and gives an outline of the program. 

1. R, R. Mikatarian, C. J. Kau and H, S. Pergament, "A Fast Computer Program 
for NonequiMbrium Rocket Plume Predictions,"AeroChem Research Laboratories, 
Inc., August 1972, AFRPL-TR-72-94. 

■ 

2. 1). Mann, J. Draper, ami J. Rickman, "Rocket Plume Radar Cross Sections: Theory 
and Data." JANNAF 9th PLUME TECHNOLOGY MEETING. 

3. JANNAF Rocket Exhaust Plume Technology Handbook, •• Plume RCS," J.S. Draper 
and D. Mann, soon to be published. 



2.   DESCRIPTION OF THE MODEL 

Text 

a 

c 
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2.1  Table of Symbols 

Program 

ATT 

C 

RFREQ 

DOPFRQ 

FL 

N YIND 

Nel,k PLE (I.K) 

Ne ZNE 

P PHASE 

rj 
RJET 

ru PLR (I,J) 

'od, PLROVD(I.J) 

R RANGE 

s S 

S   .    S        SMIN, S.MAX min,  max 

V PLvca.j) 
VD DOPVEL 

W B WIDTH 
xo>zo XO.ZO 

xLlm XIJM 

*00 *Llm ZOO, ZUM 

Attenuation coefficient (m -1. 

,8 Velocity of light (2.998 x 10   m/sec) 

Radar frequency (Hz) 

Doppler frequency shift (Hz) 

Radar frequency resolution (Hz) 

Radar wave vector (m~ ) 

Maximum plume length Intersected by radar beam 
(RJET) 

Normal to overdense surface 

Complex index of refraction 

Real part of Index of refraction 

Negative of imaginary part of Index of refraction 
-3 Plume electron density (cm    ) 

-3 Interpolated electron density (cm    ) 

Coherent cross section phase (radians) 

Jet radius at matched pressure (m) 

Radial location of plume data point (m/jet radius) 

Radius of OVERDENSE surface at i. (m/jet radius) 

Radar source to plume range (m) 

Ray S coordinate 

Ray Integration limits 

Plume gas axial velocity (m/sec) 

Radar velocity resolution 

Radar beam width (m) 

Ray Intersection with x, z - plane 

x coordinate Integration limit 

z coordinate Integration limit 
2 



Text Program 

*u 

Y GAM 

4s STEP 

4xA DXO 

Az, DZO 

e THETAD 

•** FMUOD(l), 
M FMUOD(2) 

"u PLFC(I.J) 

n PI 

P 

a SIG 

coh 
SCOH 

a 
tnc 

SINC 

*od 
SOD 

7 TTILOA(l) 
TTILDA(2) 

4> 

Forward scattering angle (radians) 

Mean fluctuation factor 

Step size along s-axis (jet radii) 

Step size along x-axis (jet radii) 

Step size along z-axis (jet radii) 

Radar aspect angle (DEG) (0° nose on viewing) 

Complex overdense surface return amplitude (m    ) 

Plume collision frequency 

3.141592654 

Overdense surface reflection coefficient amplitude 
2 

Total radar cross section (RCS) (m ) 

Coherent RCS (m2) 

Incoherent RCS (m"> 

Overdense RCS (m"t 

u OMEG 

Coherent RCS complex amplitude (m    ) 

Angle between overdense surface x, z plane 
projection and the z-axis 

Radar frequency (radians) 



2.2 Coordinate Systems 

The rocket plume coordinate system Is shown In Figure 1.   The plume Is 
assumed to be symmetric about the z-axia.   The x, y plane is parallel to the 
nozzle exit plane, but displaced by an amount dependent on the interval over 
which the plume data is given.   The coordinate values are in units of jet radius 
at matched pressure. 

The plume data is given at discrete points r.. by the AeroChem LAPP 
code! ' The plume properties given are electron density N , electron-neutral 
collision frequency v and axial gas velocity v. 

Volume and surface integrations are performed in the skew coordinate 
system obtained by rotating the plume system y-axis so that it lies parallel 

to the radar line-of-sight.   The rotated axis is called the s-axis, and it can be 

seen in Figure 1 that  y = -s sinö , where $ is the radar aspect angle. 

Volume integrations are performed over a matrix of rays parallel to the 
s-axis, and a volume   dv= dx dy dz = dx dz (-ds sin $ ) is associated with each 

integration step. 

2.3 Incoherent RCS 

The underdense incoherent cross section is calculated from the formulas: 

*Lim rXLün /Lim r 

«   i 
with 

*inc An   J 2     J * <V V  rj2   *<> *<> 
*00 o (1) 

/""max /    /-a 

"min \ 8»*a 

ar.da' J   r. sin $ da   , 

(2) 
where (he limits are chosen to Include the entire volume of the plume. 



Ray 

1 

Figure 1 - Coordinate System 

Thv integration limits art- given by: 

x, . PI,KM AX Urn 

?00    ■   -Pl.RMAX/tan $ 

Zlim      PLRMAX/tan« +   L   , 

AL-1402 

(3) 

(4) 

(5) 

where Pl.HMAX is the maximum plume r.t.iius,  L is the length of the plume, and 

8 is the aspect angle. 



: 

Other definitions required are: 

do       (jeV)    A A    1(- R A3 l + (2N*A) 
2-,-11/6 

(6) 

a = fN+  *(l + co8*J(§§) , (7) 

N = Re V«      ;      N *  -Im \ir 

and / N \ N e \ e 

(8) 

N2 = |I—!L_].,i_J!4_   . ,„ 
'Wiu ~m$ 

The quantity 7 is the (nondimenslonal) radar cross section per unit area 
along the ray that passes through (x , u, z0).    The limits of integration are 

obtained by intersecting the ray with a plume defined as a set of cylindrical 
! slabs (see Figure 2).   The integrand in the  9 calculation is the product of a 

nondimensional attenuation factor and the cross section per unit volume 
-1      -1 3 do /dO   (m     sr   ).   The function   #(m ) is the Kolinogorov correlation 

function, and a (m   ) is the attenuation coefficient per unit length. 

Other definitions required are: 
-15 r        ■      electron radius    ■   2.3178x10 (m) 

y      ■      mean fluctuation factor 

A      -•      turbulence scale ■ r.   (m) (Jet radius at matched pressure) 

c        *     velocity of light ■ 2.998 x 108  (m/sec) 
u      =     signal frequency - 2trt (sec " ) 

2 
N       ■     square of index of refraction 
Nc     =»     critical density ■ 3.14 x 10'10    «2  (cm-3) 

A       ■     forward scatter 1/2 angle   s   * 

The mean fluctuation factor, y, U the ratio of (ha fluctuating to the mean 
electron density,   lypical values are between 0. S and 1. 0 
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2.4    Coherent RCS 

The underdense coherent cross section is calculated from the formulas: 

"coh   = 47r 

Lim   Lim 

/     J     ^M^o^i 

where 

max 

/ 
3min 

0 0 

r N 
e e 

>/^W 

(10) 

exp -2    I     ar.ds'j   (cos P-i sin P) • r. sin0 ds 

min 

and 

P.    J     2N-frjd..+2frj(U+,0«»j)    . 

(11) 

(12) 

min 

This calculation is complex to include both amplitude and phase.   The quantity |fj 

has the units of m    .   All other symbols have been defined in Subsection 2.2.   The 

quantity (s + z_ cos $ ) is the distance from the edge of the plume (Bmin in 

Figure 2) to a fixed plane passing through the origin normal to the integration ray. 

Those rays that pass through the plume rocket interface (Figure 2) are made to give 

a zero coherent and overdense return because the plume face is obscured by the 

vehicle. 

2.5   Overdense RCS 

The integrations in Subsections 2.3 and 2.4 with respect to a are terminated when 

an overdense surface is reached.   This is defined to be the locus of points where. 

N N od »c     [>*«-)• ][''(*)]" sin2* (13) 



ü    I 

The radar cross section contribution from reflection by the overdense 

surface is given by: 

od   ~ n 

Lim     Lim 

/      /   ^(xo'zo)rj2sindxodzo (14) 

with 

P = 
1 - N 
1 + N (N = complex index of refraction) (16) 

and 

1 + 4 
r,/> 

od 
exp (•**) 

<J B = 0. 8 ^ r. sin 0 
" c    j 

r  ,  = radius of overdense surface 
od 

(17) 

A A 
where K is the unit wave vector, N is the normal to the overdense surface,  p is the 

reflection coefficient amplitude, and £ is a surface roughness correction.   The 

surface roughness becomes important when the mean roughness (h) is on the 

order of a radar wavelength,   It the above formulation, h * 0. 4 r. and surface 

roughness should be included for kh > 0. 5. 

The radii of the overdense surface  r   ,       at each axial station i,  are od i 
determined from the overdense condition 

". >-»<   [> ♦ (■*■)*]  (i  *   rb)- sin $ 

(18) 

1 



The intermediate values rQ(j (z) are linearly interpolated from the plume axial 

station values  r ^    and  rQ(j      , where, 

Zj _ j <  z <  z. 

The normal to the overdense surface in the x z-plane is 

N(z) = cos \p   ,      0, -sin  \lf   , (19) 

where 
r°di+r

r°di 
tan * =  ; 7-    . with    z,   < 2 < z,  * 1      . (20) 

zi+l     zi x l 

The three dimensional normal at an arbitrary point (x, y, z) is obtained by 

rotation about the z-axis. 

N(x,y, z) - (cos 1// cos ß, cosuVsin/9, - sin i/o      , (21) 

for 

cos /? !       sin ß -        y (22) 
2*y2 V*2 + y2 <Jx 

The radar wave vector dot product with the surface normal is given by: 

N • K      -sin 6 vvs \j> sin ß - cos 0 sin l^     , (23) 

where 

K     (0, -sin 6, cos 0) (24) 

10 



2.6 Range Cell 

The radar resolution is limited by the range cell length (Ü) and beam width 

(w) as shown in Figure 3.   For small aspect angles (0) the resolution is limited 

by the range cell length, and the maximum plume length intersected by the radar 

beam is 

w 
sin $ 0 <   B < tan *(f) (25) 

Z 

Al-1404 

Figure 3 - Finite Radar Beam Incident on Cylindrical Plume 
(tor w * t => 10I\ $ m tan-* (w/jf)) 

11 



For large aspect angles the maximum plume length intersected is 

determined by the range cell length. 

L = coTT •     tan_1(f) *'*1     ■ <26> 

The large and small aspect angle equations are equal for $ - tan   (a//) as 

shown in Figure 3.   The beam width is determined from the range (R) and 

beam divergence (Ä) according to 

w = R 6        . (27) 

The cross sections are summed and printed for each range cell when the 

integration intervals in the axial direction (z in Figure 3) are multiples of the 

plume intersection length L.   The low aspect angle case (6 <  6A is not range 

cell resolved, but appears in a single range cell (see Subsection 2.8). 

2.7   Doppler Shift 

The incoherent cross section is determined as a function of doppler 

frequency shift.   The shift is due to the local gas velocity (~v) relative to the 

missile, and is given by: 

4f(Hz) = 27TK* • V    . (28) 

where K is the radar wave vector. The contributions to the incoherent cross 

section at each point along the integration ray are put into a Doppler bin deter- 

mined by the local gas velocity. 

The velocity resolution of the radar. 

4fD VD      2TTK ^fD   * Radar frequency resolution (29) 

12 



and the maximum gas velocity are used to define the velocity width of the 

Doppler bins (V_) and the number of bins.   As the integration along the ray 

proceeds the local gas velocity V is projected along the radar line-of-sight K 

and a Doppler bin N is selected such that 

(N-l) VD  <    V • K < N VD    . (30) 

The local incoherent cross section contribution is stored in Doppler bin N 

and is taken to be the integral along the ray from the preceding integration 

point. 

2. 8   Low Aspect Angle 

The cross sections for aspect angles in the range 

\$\ <   S (0       low aspect angle definition from input data)   f 

(31) 

are determined by integrating over a matrix of rays defined in the x, y-plane. 

(The rays are defined in the x, z-plane for higher aspect angles.) The coherent 

and incoherent cross sections are determined from the equations of Subsections 

2. 3 and 2. 4 with the substitutions 

*o—vo 
and 

sin $ ds —*(t  > z) ds    , (32) 

where t is a unit vector tangent to the ray and s is the path length. 

13 



The integration ray bends as it steps through the plume according to 

t(P') =t(p)+^| ds (33) 

where 

ds 

and 

(£N_i)ü = f  |(fV|0,)Ur 

♦« *(£vff°.)°» (34) 

U = [ LiL£N 
-zr-r   x t 
7N| 

1 

7N 
ON 
3F r     (>dr +tzäTJ yj  r 

[|N   /t dN     aN\   "U / an     w\    Ä 

(35) 

where r is a unit vector along the cylindrical radius from the plume axis, 
0 is perpendicular to r such that 0 x r -~ z and 7N is the real part of the 
gradient of the index of refraction. 

The gradient of the index of refraction is determined fromt 

~ , /*f"Hs)1]-(*)1|*,,v* v N = i I —I        j_—I— a- * 
J»2Ml-x,2(i) 

+ V* I    (36) 

Px = 

2x 

with 

e 

*F3J W"' (37) 

x - 1 

N 

re 
c 

»* (*)* 
(38) 

14 



The initial value of t is determined from 

's    /\ /s 
dR =    t r + t^0+ t z   ds = (-sin $ y + cos 9 z) ds (39) 

to be 

t. = -sin B cos a r + sin 9 sin a 0 + cos 0 z 

where 

cos ö = 
xo+yo 

(40) 

(41) 

and 
fxo' yo^ s  Ray inter8ection witn x> y-plane 

Ö = aspect angle. 

The low aspect angle rays are terminated when the ray exits from the plume 
or the value of the exponential damping term is in the range 

10 Log 10 expl -4 I 
mm 

< -20 db (42) 

There is no overdense surface ray termination of cross section return for the 

low aspect angle case.   The cross sections are not range gate resolved for 
low aspect angle, but they are Doppler resolved. 

15 



3.   MAIN PROGRAM 

A flow chart of the main program is shown in Figure 4.   The main program 
performs the x and z integrations of the cross sections using the Trapezoidal 
rule and calls subroutine RAY to perform the integration along the ray (in s). 

For low aspect angles ($ < $ ), the integration in z is transformed into on 
integration over y (see Figure 1) by a suitable modification of the step sizas 
integration limits. 

The radar properties are read in by the main program, and LAPPIN is 
called to read and store the plume properties from the AeroChem LAPP code/ ' 
If the radar aspect angle is greater than 90° the plume is reflected about a 
bisecting x,y-plane (Figure 1) and the aspect angle (0) is replaced by its 

complement (180° - 6). 

The integration step sizes are set equal to a fraction of the larger of the 

radar free space wavelength or the jet radius by an input data card (C in Figure 6). 

For low aspect angles, the s and z integration step sizes are interchanged. 
If the input parameter INCOH is set equal to 1, the step sizes are all set equal 
to the step size in z regardless of aspect angle. 

The limits of the i. integration are taken to be 

and 

zoo --pya«Ax (43) 

z UM  3 
PI^MAX ♦ PLZ(NZ)    . (44) 

16 



Start 

Read Plume Properties 
Read Radar Properties 
Print Radar Properties 

Reflect Plume 

Determine Integration 
Step Sizes  STKP,, DELX, 

Calculate Z integration 
Limits ZOO,  ZLIM 

Print Step Sizes and 
Integration Limits 

Overdensc Surface Radii 
PLROVI) (I) 

Doppler Bin Maximum 
Velocity and No. Bins 
PLVMAX.NDB 

Range Cell length 
FL 

Figure 4 - Main Program 
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ZO = ZO +4Z 

T~ 
X Integration 
Limits XLIM 

I 
XO - XO+dX 

Call Ray for S 
Integration  

Calculate Cross Sections 
for Current Step In X 
Integration 

Calculate Cross Sections 
for Current Step in Z 
Integration 

Print Cross Sections for 
Current Range Cell 

Print Cross Sections for 
All Range Cells 

CjStopJ) 
AL-1405 



where PLRMAX is the maximum plume radius and PLZ(NZ) is the length of 

the plume.   The values above are multiplied by tan $ for low aspect angle 

cases to give the corresponding limits for the y integration. 

The plume data points at a given axial station are tested for the overdense 

election density condition (Subsection 2.5) starting with the maximum radius 

and stepping Inwards.   The radius of the overdense surface at the axial station is 

taken to be the linear interpolation between the first overdense point encountered 

and the preceding point. 

The number of Doppler bins required for storage of the Doppler resolved 

incoherent cross section is determined by searching for the maximum gas 

velocity (PLVMAX) projected along the radar line-of-sight and dividing the maxi- 

mum velocity by the radar velocity resolution. 

_ PLVMAX 
NDB " DOFVEL       1    ' (45) 

The velocity resolution (V'D) may be given directly by the radar properties read 

in, or, if the velocity resolution is read as 0,   it w»U be calculated from the 

frequency resolution (4f. ) 

7TC 
VD = "ST 4fD    ■ <46) 

The x and z integrations are performed using the Trapezoidal Rule, 

/ w*-A^[fM-'("•)] (47) 

The crocs sections are printed when z is equal to a multiple of the range cell 

plume intersection length (FL).   The incoherent cross sections is presented la 

18 



Doppler bins with a maximum projected gas velocity and corresponding frequency 

shift printed for each bin.   The total cross sections for the current range cell 
I 21 are printed in units of square meters (sm), and the value of 10 Log.. | o/lm \ 

(cibsm) is also presented.   The total cross sections and the Doppler resolved 

incoherent cross section are summed over all range cells and printed at the 

conclusion of the integration. 

Subroutine Ray is called to perform the integration along the s-axis 

(see Figure 1).   The arguments include the ray intersection with the x, z-plane 

(xn, z ).   The intersection points form the grid over which the volume integra- 

tions are carried out.   The rays are formed by incrementing the intersection 

points according to 

.     k    =1.2 *UM 
x 4x y    ' xo (\ 

- l) 4x 

zo ■(". 
- 1) 4z + z k    = 1, 2 2W      , (49) 

00   '       z 

as the integration proceeds. 

For low aspect angle cases the integration over z is carried out with limits 

and step sizes appropriate to an integration over y, and the point (x , z ) is the 

intersection of the ray with the x,y-plane. 

19 



4.    SUBROUTINES 

4.1 Subroutines LAPPIN and CYLDER 

Subroutine LAPPIN reads in the plume properties from the AeroChem 

LAPP code/ ' The LAPP output format with LAPP FORTRAN variables are 

shown on the next page.   To be used as input to the present program, the 

deck must be preceded by a title card in 80 column alphanumeric format, and 

followed by an end card which has -1. E30 punched in columns 75-80. 

The plume properties are given in the x, z-plane (see Figure 1) at the 

points 

(xrz.) = (PLR(I), PLZ(J))    . (50) 

The plume properties stored are: 

_3 
PPLE(I.J) ■ electron density at (x.,z.)  (cm   ) 

PPLF(I.J) = electron - neutral collision frequency (sec" ) 

PPLV(I.J) ~ axial gas velocity (m/sec) 

PPLR(I.J) = plume radius 

NZ = number of axial stations along z-axis 

NR(I) ■ number of radial points at z. 

All distances are in units of jet radii and the axial gas velocity is converted 

from the LAPP units of ft/sec to Aerodyne LAPPIN m/sec. 

Various consistency checks are made on the input data.   If any input errors 

are encountered, the variable IER is set equal to 1, and a message is printed. 

The values of electron density, collision frequency and gas velocity are 

set equal to 1. if their AeroChem LAPP value is less than 1. 
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CYLDER can be cal?3d in place of LAPPIN by changing the parameter ITEST on 

a data card in the main program.   The test plume defined by CYLDER is a cylinder of 

constant electron density.   CYLDER supplies a plume data point every tenth of a jet 

radius in the radial direction and integer multiple of a jet radius in the axial Erection. 

The plume properties are set by data cards in CYLDER to: 

Length  =   2 Jet radii 

=  1 Jet radius Radius 

No 
8        3 10 /cm   (electron density) 

10     Hz (collision frequency) 

1.   (axial gas velocity) 

TABLE 1. LAPP CARD OUTPUT 

Card Type 1 (1. E10. 3, 60X,  E10. 3) 

I 

XORJ zi 
BIG 1. E3 

Card Type 2 (1P8E10. 3) 

YOUT rik 
ECC Neik 
XNEU "lk 
T Tfc 
PPCO PCO 
PPC02 PCG>i 
PPH20 PH.>C 
I' "ik 

axial station scaled by r-. 

card type 1 identifier 

radial location scaled by rj 

electron density (cm"3) 

electron-neutral collision frequency (sec"*) 

exhaust temperature (°K) 

partial pressure of CO (atm) 

partial pressure of CO2 (atm) 

partial pressure of H20 (atm) 

exhaust axial velocity (ft/sec) 

Molecular species partial pressures are part uf the normal LAPP output but are 

not used in the RCS calculation. 

Note:  Each type 1 card is followed by a variable number of type 2 cards but not more 
than 25. 
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4.2 Subroutine RAY 

Ray performs all of the calculations necessary for a single integration ray. 

The ray is parallel to the radar line-of-sight (s-axis in Figure 1) and passes 

through the x, z-plane at (xfl, 0, zfl) or the x, y-plane at (xfl, zfl, 0) for low aspect 

angle cases.   The plume properties are passed to RAY through COMMON/PLUME/ 

and the output is passed through COMMON/RAY/.   The subroutines called are 

INTER. SUND, and INDEX.   A flow chart of RAY is shown in Figure 5. 

The minimum and maximum ray-plume intersection points are determined 

by dividing the plume into cylindrical slabs as shown in Figure 2.   A test is 

made at each axial station for a ray-cylinder edge intersection.   The y coordi- 

nate of an intersection point is (from Figure 2) 

y = -S sin 9   . (51) 

The ray is parallel to the y, z-plane so that the radial position vector R from 

the z-axis to the intersection point is given by: 

R = x"0 + y*   . (52) 

Therefore   the S coordinate of the intersection point is 

^~ 
■> 

S = ± —-j r~      . (53) 
sin  0 y    ' 

where the sign is negative for SMIN and positive for SMAX. 

SMIN or SMAX may occur at a cylindrical slab face (see Figure 2) rather 

than a slab edge, therefore, each axial station is tested for ray intersection 

with the slab luce.   The S coordinate of the face intersection at z. is 

(V'o) 
cos 6 (54) 
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Each intersection S value is compared with previous maximum and minimum 
values to determine the new SMIN and SMAX. 

The ray coordinates for high aspect angle ($> 0O) are given by: 

S  = SMIN + (I - 1) STEP (55) 

X = XO (56) 

Y =  -S SIN (0) (57) 

R = >/x*7 2 (58) 

For low aspect angles z and R are given by: 

z  =  ZOLD + TZ STEP (59) 
and 

R = ROLD + TR STEP  , (60) 

where TZ and TR are components of the unit tangent to the ray, and STEP is 
the integration step size. 

INTER is called to determine the plume properties at the point (z, R) by 
interpolation in the AeroChem LAPP plume data.   INDEX is called to calculate 
the index of refraction using the interpolated plume properties.   SUND calcu- 
lates the integrands. 

The tangent vector (t) calculated during the current integration step is the 
tangent of the ray at the next point.   Therefore, the currently calculated value 
determines the position of the integration point following the next point. 

Portions of the plume are excluded from the volume integrations for the 
cross sections by terminating the ray according to tne conditions shown in 
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Figure 5.   For low aspect angles (6 < 0Q, Subsection 2. 8) the ray is terminated 

when the attenuation term 

exp    -2     /      ar.dS' (61) 

is less than -20 db or when the value of IOUT is equal to 1.   Subroutine 

INTER returns a value of 1 for IOUT when an attempt is made to extrapolate 

the plume data to a point outside the plume. 

High aspect angle rays are terminated by IOUT = 1 or when the ray 

encounters the overdense surface defined in Subsection 2.5. 

The Simpson's rule integration scheme for the ray integration of the 

cross sections. 

/ 
f(x)dx =j4x(f2 t 4f1+ f0)       , (62) 

requires that the ray terminate on an odd number of integration steps. 

Furthermore, the attenuation and phase portions of the integrands require the 

evaluation of integrals at Simpson's rule midpoints (even numbers of integration 

steps).   This is accomplished by using the "3/8 rule, " 

jf(x,dx=|4x(f0+3f1+3f2+f3) (63) 

to evaluate the integrals in the attenuation and phase (P in Subsection 2.4) for even 

number integration steps and Simpson's "1/3 rule" for odd number steps.   This 
5 

ensures tliat the combined integration has a truncation error of Ax . 
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The incoherent cross section contribution for each integration step is 

stored in a "Doppler bin" dependent on the local axial gas velocity.   The 

Doppler resolved contributions from the incoherent cross section are deter- 
mined by a Trapezoidal integration over each integration step. 

The coherent and overdense cross sections for the current ray are set 
equal to zero if NFACE equals 1.   The first section of RAY that determines 

SMIN and SMAX will set NFACE equal to 1 if the ray intersects the plume- 
rocket interface at z = 0. 

4.3 Subroutines INTER and PROF 

Subroutines INTER and PROF perform interpolation of the plume data to 
obtain the values of Ng, v , and v at the point R, Z.   A linear interpolation in 
Z is performed by INTER and a quadratic interpolation in R is performed by 
PROF. 

INTER finds a pair of axial stations such that 

z.<z< zl+1   . 

PROF is called for each axial station to perform a radial interpolation obtaining 
the plume parameter values at (R, Z.) and (R, Z.   .).    INTER performs a linear 
interpolation in Z between the axial station values to give the plume values at 

(R, Z).   Points outside the plume generate exponentially decaying plume values. 
The attenuation factor is the inverse of the free space wavelength. 

4.4 Subroutines INDEX and SUND 

INDEX determines the complex index of refraction (N = XIND - i YIND) 
from, 

and 
Re VN2 -^| (Vxx2 ♦ yy2 + xx j (64) 

ImVN2 = -J| (Vxx2 + yy2 - xx) , (65) 
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where N 
e 

N c 
xx = 1 —TO (66) 

and 

N e 

^-£—735   • <67) 
1+b, 

It INDEX = 0 the index of refraction is set to the free space value N = 1. 

SUND calculates the integrands from the interpolated values oi N,v   and 
2 index of refraction.   The parameters  v =1/2(1 

to 1 and -1 respectively.   The output from SUND is: 

2 - 2 e 

the index of refraction.   The parameters  v =1/2(1+ r ) and cos ß    are set 

DSIG    = ^ (Subsection 2.3) (68) 

ATT     -  a   (attenuation coefficient, Subsection 2.3) (69) 

9.T1/2 
(70) DTAU =  dr =  reNc [l ♦ (£) J 

Q =  2N(*i/c  (Phase Integrand, Subsection 2.4)       . (71) 
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5.    INPUT/OUTPUT FORMATS 

5.1   Input Format 

The card deck for a run using a FORTRAN source deck on a CDC 6600 with a 

SCOPE operating system is shown in Figure 6.   Card B gives the radar properties, 

Card C gives the integration step sizes and Card D sets the option switches.   The 

AeroChem LAPP data defining the plume is described in Section F.   The required plume 

data card format is shown in Subsection 4.1. Card G signals the end of the plume data 

cards.   Cards A-D may be repeated in Section H for additional runs using the same 

plume data 

CARD A:   RADAR Properties Title Card (20A4) 

CARD B:   RADAR Properties (Free Format) 

9 (deg) 

f (Hz) 

r. (m) 

Range (m) 

RESOLUTION (m) 

Divergence (deg) 

Doppler Velocity (m/sec) 

Doppler Frequency (Hz) 

Low Aspect Angle (deg) 

Gamma 

Aspect angle (0° for nose on viewing) 

Radar frequency 

Jet radius at matched pressure 

Missile range 

Radar range cell resolution 

Radar beam divergence 

Radar doppler velocity resolution 

Radar doppler frequency 
Resolution (set to 0. if velocity resolution is 
given) 

Angles less than or equal to this angle are low 
aspect angles treated as described in 
Subsection 2. 8 

Mean fluctuation factor 
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CARD C:  Integration Step Sizes (Free Format) 

FRACTS 

FRACTX 

FRACTZ 

Fraction of free space radar wavelength chosen for 
integration step size along the ray 

Fraction of free space wavelength chosen for 
integration step size along x-axls 

Wavelength fraction used for integration step size 
along z-axis for high aspect angle cases and y-axis 
for low aspect angle cases 

CARD 1):  OPTION Switches (Free Format) 

ITEST 0 Plume data from card deck in Section 6,  Figure 6 

1 Constant electron density, cylindrical plume data 
from subroutine CYLDER 

1PRINT 

N 

No printout of integrands every Nth step in 
ray integration 

Printout of integrands every Nth step in ray 
integration 

IATT Integrand attenuation factor attenuates cross sections 

IDEX 

10 VD 

exp /     ar.ds' 

s nun 

0 No attenuation, attenuation factor set equal to 1 

1 Index of refraction calculated from local electron 
density and collision frequency 

0 Index of retraction set equal to 1 

1 Ray integration terminated when overdense surface 
encountered for high (0 > 15 ) aspect angle 

0        No overdense surface ray termination 
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EOF 

REPEAT CARDS A - I) FOR 
ADDITIONAL RUNS 

PLl'ME DATA FROM AKROCIIEM LAPP PROGRAM 

E    / SYSTEM A .i7 KFT 

I)    70,0.1,1.1,0 

C     f . 1.. 1,. 3 

H    / 1 ">.. 1.32E9. . ^."). E4,1."»., .05,300.. 0.. 15,. l 

lf> DEGREES 

< 

RICKR, T2000, CM 120,000. 

Figure 6 - Card Deck 
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IRUFF 1        Surface roughness factor and applied to overdense 
cross section return (Subsection 2. 5) 

0        Surface roughness factor set equal to 1. 

CART) E:   PLUME DATA TITLE CARD (20A4) 

SECTION F:   Refer to Subsection 4. 1 - Table 1.    For a constant cylinder test case 
with ITEST    1 on Card D, Section F is omitted. 

CARDG:   END OF PLUME DATA     0.  in columns 1 and 2,  -1. E3 in 
columns 7'i-30 

SECTION II:   Repeat Cards A-D for additional runs using same plume data 
in Section F. 

5. 2  Output Format 

Appendix B shows the PARCS output for Systei    A using the input data of 

Figure 6, Subsection ;">. 1.    The first page of the output shows the plume data used in 

the output subheading "SYSTEM A :!7 KIT"   taken from plume title card E (Figure 6). 

The data from input data cards A through I) is printed below the plume title card 

"SYSTEM A :S7 KET"   in the same units as those shown in Subsection 5.1.   The last 

line of the first output page shows the lower and upper limits of the y integration 

ZOO and ZUM in units of jet radii (RJET).   The low aspect angle definition 0. and 

the radar aspect angle n are !x>th equal to 15 deg so that this is a low aspect angle 

case (Subsection 2. H).    Therefore,  the integration in z (along the plume axis, 

Figure I) is transformed into an integration aiong the y-axis.   The number of integra- 

tion steps   taken along the y-axis is given by N'ZM and DZO is the y integration step 

size in units of jut radii (RJET).    If Üüs had bee*! a high aspect angle case (0 > fl.), 

Zoo, ZUM, NZM, and DZo would al! have referred to the z-axis and there would 

have been no integration along the y-axis.    ÜXO is the step size along the x-axis 

and STEP is the integration step size along the ray (Figure 1).    Both DXO and STEP 

are in units of jet radii. 
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The second and third pages of the sample output show the cross sections for 

that portion of tht? plume in the first range gate (Subsection 2. 6).   The range cell 

number and length are shown on the first line of output page B-2 as 1 and 10    jet 

radii.   The plume is contained entirely within the first range cell, but if additional 

range cells were required to cover the entire plume their printouts would follow one 

another in order after the first range cell.   The incoherent cross section of each 

range cell is "Doppler resolved"   (Subsection 2.7).    The first "Doppler 

bin"  (page B-2) gives the total incoherent cross section for those portions of the 

plume where the plume axial gas velocity projected along the radar line-of-sight 

(ray,  Figure 1) is less than or equal to the "DOPPLER VELOCITY" of 300 m/sec. 

The second Doppler bin contains contributions from regions of the plume where the 

projected gas velocity is in the range of 300 to 600 m/sec.  The "FREQUENCY SHIFT' 

is the corresponding Doppler frequency shift of the radar wave in hertz. 

The cross sections are shown in two systems of units; "sm" or square meters 

and "dbsm" where 

(T(dbsm)      10 Log a (sm) 
2 

1 m~ 
(72) 

The total cross sections for the first range cell are shown on page B-3.   The total 

incoherent cross section (SINC) is the sum of the contribution from each Doppler 

bin, 3COM is the coherent cross section, SOD is the contribution from the overdense 

surface, and RCS is the total radar cross .section given by the sum (in units of m ) 

of the incoherent, coherent, and overdense cross sections.   Output pages similar to 

pages B-2 and B-3 will appear for each range cell. 

Pages B-4 and B-5 show the total cross sections for all range cells.   The 

Doppler bin incohe~*nt cross sections arc equal to the sum (in m ) of the cross sec- 

tions from the eorresponding Doppler bins in each range cell.   The total cross sec- 

tions for all range cells and Doppler bins are shown on page B-5. 
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The "Day File" on the last page shows a CP (central processor) time of 

"1850.48 sec" for the CDC 6600.    This run would lake 

3.4 x 1850 = «,290 see- 

on a CDC (»400 computer. 

5. •'!   Program I'sc 

In order to ascertain the accuracy of the PARCS calculations, a number of test 

cases (for which analytical solutions are available) are employed.    These test cases 

also pens.it a rapid assessment of the effects of varying steo sizes employed in 

integrations alon» the rays,  As and changing the total number of rays, i. e., changing 

Ax and &/,.    The general conclusion of these tests cases is that the incoherent, under- 

dense RCS is hast sensitive to step size changes.    The incoherent RCS requires five 

steps per wavelength to give a ',' db agreement with the analytical solution.   At least 

10 steps per wavelength arc needed for a 2 db agreement with the closed solution for 

the coherent overdense and underlease returns. 

Figure 7 shows the calculated I.-band underdense, incoherent RCS ; .. a function 

of aspect angle for a unifoi-m cylinder 0. Sri long, 0. 4m radius (R) having an electron 

densit> "| l'i    /rui'   :u:() collision t':'i'(|iK'iK'v of 10    /sec.   There is exact agreement 

at 90    with the equation for the collision corrected first order Horn approximation 

to the incoherent cross section 

o — T-     ys~ 4>x     , (73) 

where V is the voluv.c and the other terms are given in Section 2.    At lower 

aspect angle.-,   here is a decrease in the RCS due to increasing path lengths and 

resultant attenuation in the plasma. 

4.    t. fare.n,    ' Rddar Reflectivity of Turbulent Hocket Kxhaust Plumes - Derivation 
of Kquatiit is, " AcinCht-ni  Research laboratories,  TP-167 Suppb uu-nt, 
Nova mber li>0«J,  p.   -y\. 
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The underdense, coherent return for the same cylinder is shown in Figure 8. 

The closed form solution is obtained fromv ' 

327r2r2L2R4N2    - 
e      c e 

1 + (S) 
sin (kL cos 0 ) 

kL cos 0 

7T 
sin (2kR   sinö)- f 

J72 (2kRc sin $ )* 

(74) 

At 90    there is again good agreement with the exact solution for all steps sizes. 

However, at aspect angles less than about 70°, it becomes necessary to take at least 

ten steps per wavelength to attain less than 5 db error. 

The PARCS calculated return from an overdense smooth cylinder of finite 

conductivity is shown in Figure 9.   The closed form solution (solid line) is calculated 

fronv ' 

with 

PV //S     A. 
(N-k) 

2ik • r  ._ 
e dS (75) 

>/^-N2 

VN2+ N1 

(76) 

where P    is the reflectivity (Subsection 2. 5) and the surface integral is evaluated on 

the surface of the cylinder.    It is necessary to employ greater than 10 steps per 

wavelength for the overdense cross section in order to get good agreement with the 

closed solution. 

5. J. Jarem, "Radar Reflectivity of Turbulent Rocket Exhaust Plumes - Derivation 
of Equations," Aer<>Chem Research Laboratories, TP-167 Supplement, 
November 1969, p. 50. 

6. Methods of Radar Cross Section Analysis, ed. J.VV. Crispin and K.M. Siegel; 
p. 105, Acader ic Press, 1968. 
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The total coherent and incoherent cross sections for SYSTEM D at 23.9 km was 

calculated for various step sizes using the PARCS code and the input data of Appen- 

dix C.   The results are shown below. 

Step Size Total Incoherent     Total Coherent 
FRACTX.FRACTS, Cross Section Cross Section CPU Time (sec) 

FRACTZ (dbsm) (dbsm) CDC 6600 

0.1     0.1     0.5 -45.5 -59.7 100 
0.2    0.2     0.2 -45.9 -69.9 84 
0.1    0.1    0.1 -45.9 -67.7 490 
0.05  0.05  0.05 -45.9 -67.7 3,212 

All step sizes must be taken as one tenth of a radar wavelength to get convergence 

for the coherent cross section, but the incoherent cross section is close to convergence 

with FRACTZ = FRACTX = FRACTS = 0. 2. 

The CPU time is approximately a linear function of the step size in each direction. 

For example, decreasing the step size in the z direction by a factor of five in going from 

the first to the third case in the table above increased the run time by a factor of 4.9. 

The CPU time on a CDC 6400 computer would be a factor of 3.4 times longer than for 

the CDC 6600 (see Appendix C, System D). 
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PROGRAM LISTING 
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_fi  

C   ÖF90DVMC   RCS   PROGRAM     CV-2Z1 
r. 

PR'GPA*   PAPCS(0UTPUT,TAPE6=0UTPUT,TAoEl»TAPE3) 

•iPL^ClJOf?5»,lÄTT,IOEX,IOVD.PLV(lü-,25) «NN^CIOGI« IRUFF, 
 a   PPLCdOOtgSI irPLrilODfgi;i|PPH/M-»*-tJ?^»-f^Ptr»<-tatT-g»1  

C0"M0N/RAV/STlL0A,TTIL0fl(2),FMUOO(2)♦DOPSTR(5?),PLROVD1100),GAMMA 
CeM*OW/A*fGlE/T+4ETA, T+*ET AO, THET A ü , THETCO ,COSTM- ,SINTHE,TTHETA 
DIMENSION   TITLE(2C>,TITLEi(20> 
GT-MFNSION  TrK)H<2>,5MUOf>f2»f XCOH4?->rXfH)<?f, 

1   Oir>nHX(2),OLOOOX (?) »OLOCHZ (2) ,OLDOOZ(?) , 
 g   OQOlHOtSO) ,OOPX(S: ) ,OL 0000(5 0 ) TOL^O^Z^?) »OQ-iOOP (5i3) t  

T   Tr,OP(c^0) ,0"TD0P15C ) 
PCAI.   LAM30A 
nflTA   r,"G/.C17itE329?5/,DI/3. i^l5 92fe;'*/,C/2.996Ee/ 

r   

r;    TP»INT   =   N   FOP   INTEGRANDS   PRINTEO   EVE<?Y   NTH   STEP   IN   S 
r.   IATT   a   1   CQO   CALGUtATFO   ATTENUATION  

1   rCR   NO   ATTENUATION 
r    inrx   =   1   ceo   CALCULATED   I HP EX  Of   c-F-RACTION 

"!   r0R   INDEX   =   1 
(I    Tfwn   =   1   FOB   0VFR-3ENS€    SUP-AGE   »AY   TCRHINATIGN 

1   N^   OVEROENSE   TUPFACE   °AY   TERMIMTION 
r   -IBUfC   -   1   QVäaOEHSF   SUCFACf    ROUGHNESS   GALGULATION  
r C   NO   SURFACE   POUGHNES*"   CALCULATION 
0   TTCST   -   1   GYLINOPICAL   PtUM*   Of  GGNfTANT   0EN5HY   chQ4  CYtOF' 
r r    «-LUME   DATA   FPOM   LAPPIN 
C   FOAr,rs,FOAOTX,FPACTZ-■*   F*A€HGW- OF   f*E-   SPACE   rtAV-EtE*GTM CHOS-EN 
^ FOR   INTEGRATION   CTEP   SIZT 

f. .TMgTAflQ- -»- \. Aä&C ^T-A SPEC f   ANGLE   U51 N5- L 0«- A SPEC T ~ *H6t- -$ &r+£~M€  4 QCfrsf £ 3-> 
r 
f-    PUNCTIHM   STATCHfNTS 

FOn(XX,YYtZ7TOMV ••■■*■   XX   -   ZZMi»   ♦   V Y«¥Y/ <G*»OM> >/4 1.   ♦   ,5*YYVO")  
TI«-TK'(x)=15.»AL0Gi;iAKAXl(Xfl.E-lP) ) 

-C ,  

i««   CONTINUE              

J.'r.   AND  P-TNT   PAOAR   OATA 

ac,;0   <i,300)   TITLF 
If   lFCF|5!.NE.C.l    STOP 
3CA0<*,M    THCT«0,*>FO€0,»Je*t**A*W;f ,<*€50LU,diV£Rfc, 

1   nCPVL,0OPFeQ,THFT?r,rAfMA 
BfAOI5,« »   FBACTSvFaAG** t*«A&T? 
9C«0 (<;,•)    ITEST.IPPINT.IATT ,IP-X,T3VO,IRUFF 
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r   pear, IM PLUM' OATA 
._c   

IMNTIMES.NF.O) GO TO 30 
-IFtlTEST»   lCt2BTlQ  

12   CALL   CYLDERCIER,TITLED 
 GO   TO   TO  
2^   CALL   LAPPINdEP,TITLED 
34   IF-(If-P.N€T=4   <vTOP  

NTTMES   -   1 
WPTTE(6,205) 

.2.0.5- EÖ£MATl*4-AFROJ}*Ne- -B£5--BÄ04fcAH*/V -      - 
WRITE!*,20*1   TITLE1,TITLE 

.2-04   FO?Üft.I(2CA»>        —        . 
W»ITE(<b,2201   THETA!5,RFREQ,PJET,*ANGE,RESOlU,DI WE3G, 

 IQOPtfEl.OQPFRQ,TH£TCP,GAMMA  
?21   FORMAT(♦?»,T5,*THETA0»,T15,*-<F<?EQ» , T25 , »RJET» , T3E ,*R ANG£», T-5 , 

1 »fi"SnLUT IOW*^T57»-♦OltfECG*NCF*/5X»1P6G1Q .3/.»3».t TST »OQPtf€-MS~T-i-»r- 
-»OGPF"Q»,T?c,»THFT0O»,T3F,*GAMMA*/5X,lPUG10.3) 
 JifiITE-^^2-2^4- F-ÄACT^F-RACTX,F«ACT?     

222   FO-MAT(»0»»T5,»FRACTS»,T15,»FPäCTX*,T25I»F'ACTZ*/5XI:P331C.3) 
 MffITF<fr,2 2UI   IT£ST,IPKINT,IrtTT,I3£y,I0VD, »UFF  

22*.   FOKMftT(*0»,5X,»ITFST»,T15,»IP«?lNT*,T25f ♦IATT»,T?s ,*IOEX* ,T-rE, 
1   »T0Wa»^J55^*IßUFF»/6Ii-e) 

r 

C   PLUM£   ?£FLE-CTFO  ASOUT   9ISFCTING   Xr   PLANE   FOR   TUET A   &J   <?j    DEGREES    - 
r. 

oo of. 1 = 1.N; 
N*4P   =   I 
IF( rnEiAa.ar.ai*j KNAP S N7—=—X_ *_t-  
NRT   =   NNR(I) 
00   50   J=1,NRI 
PL'(NMAP,J)    = PPLF(I,J) 
PI FfNMflP.„)>    = PPLFtT. Jl  
PH/(N^AP»J)    = P«»L\MI,J) 
PL 3INMAP♦J)   = PPL R <I ♦ J-* 
NR(NMflD)    =   NNR(II 

CONTINUE 
ft? CONTTNUC 
 TFfTHcTfln.r,T.q?.>    THFTAD   S   lrtr.-TH£TAO 

r r 

r 
C MAXIMUM PLUME RADIUS PLRMAX 
r 

PLPMAX   =   C. 
00   65   1 = 1,N7 

 PI »MAX   s   AMA1M (PI ffHAX.PLR, (I.NStim 
ftc   CONTINUE 
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p flPEA   =   PR0JE0TE0   AREA 
C_       OMEG   =   RADAR   FREQUENCY   I-M  RAOIANS/S6C          -   
r TH^TA   =   ASPECT   ANGLE   IN   PAOTANS 

_£_      Jyn   j   STEP   ARE   INTEGRATION   STEP   ^IZES   iN   X   ANO   S   IN   UNITS   OF   RJET 
r         07r   IS   THE   STEp   SIZE   IN   THE   AXIAL   DIRECTION 
r _       EOCCS   =   ERACTS 

FRAC7   =   FRACT7 
Fcncx   -   FPACTX 

..-  --IFJJJ4ETAQ.GT.THE-I-&3-)- GO   TO   7J   
FOflCS   -   FPACTZ 
ER-C7   -   FRACTX 
GMT,   =   R-PEO»2.»PI 
lAMÜOA   =   2.*PI*G/G*£:G/RJET 

ST"-o   =   LAMPOA'FPACS 
OX?   -   LAMBOA+FRACX  
nz" = LAienA*EPACz 
IF <LAH40A--1,J   q«.^*8-,8G- 

 »^5T~"   •   n^ACS'RJET  
0/:   =   FPACX'PJFT 
OZ-   -   PPA€7*RiET--- 

Q11   TH-TA   -   THETAO»OEG 
THCTAC  =   THCT90*066- 
TMTHETAD.LE.89.)    GO   TO   i'25 

 T- TM-TA   a    l40E»l-e  
GO   TO   22* 

?25   TTM-ETft   =   TAN<THFTAt 
2?«   CC~THr   =   COS(THETA) 

A»rAO0   =   2,»DX0»OZ0*RJrT»*? 

If(THFTA.LE.THFTAO)    A?-A   =   A'EAOO 
EFT-o   =   ». !«»F-lP*OMfG*0MEG*5INTH€*SINTHF 
PAMGE   =   RANGE/'JET 
"ESOLU  »   R^SOLU/RJET 
OT^/PPG   =   CI/EPG»OEG 

r    7LTM   =   UPPrP   LIMIT   OF    ?   INTEGRATION   CHOSEN   TO   INCLin.    _N0   S'CTION 
^   N7M   =   HUM«-P   OE   POINTS   IN   AXI AL   OI»fOfION~   

7 0"    *   ". 
OrL?   =   0. 

-^-4W   ■  OL?(N_> 
I^(THrTAn,r,Eta9>)    G0   Tn   2u: 
IP(T+*ÄTA0,if ,lt^   ^ T0 «* 

n-L?   =   PLPMAX/TTHETA 

GO  ro ZUG 
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-Z$o-   Z^j-H-«^ PLRHAX  
70:   =   -l.»PLRMAX 
GO   TO   ?»5 

2fct?   ZLIH   =   7LIH   ♦   OELZ 
_. .._. ;J4TMFT».CTiTHET*0) -GO  TO  ?<♦■> 

ZLIH   =   ZLIM*TTHETA 
rno   ■   7eG»TTMgTA- 

?L*>   N7M  =   INT(1.0001*(7LI»«-ZOO)/DZO>   ♦   1 
WPTTE<~T?^4   Zftfrr^L PS*fZ*r^* J f 0Z 3 T5^RP          — 

250   FORHtTI»0*iT5f»Z0C»tT15,*ZLIi1»,T25f»»lZN*,T35, 
i   *»** * »T»»5t*OZ-a*»TSS»*STCP*/»   * v 1P2G10 » 3rl5 t<*X 13G1» * 3//I 
IP(IPPINT.GT,01   WPITL(e,25D 

nc.c   ro^HATCOlt»Tl')t*ROV   HflTRlX« /» C ' iTZ t ' 3/R J' f Tgq » »gx ' ,  

1 T'5,*,?TILnA»,T50»»TTILOA(ll*f T63,»TTIL0AC2»»,T8C , 
2 *^HW^<-t^*fT-y;<*fMOOOf?t-»-tTli:,'DOP3TR<NDT)*//>  

r   THjg.^noo ^cTCPHINIS   THEft»fri-tfS- -9f—TH^   O¥6tt-3eN5€-5URFfreetPtR0V0 ( frH- 
** AT EACH AXIAL STATION(Z = PLZ(T)) 
_c ,  

C   I = AXIAL STATION     J = °AOIAL STATION 

00 3C1 1=1, N7 
NR! ■ NR-H+  
DO   ?a<-   jj = l,NRI 
 J   ■   Mf?I JJ   ♦    1  
r 

A   TfST   F^P  P+BiAt  -g**Ffr6H-INCPCttf NT-£-0--9r*0Ne-  OVf =>(KN5E   SttRFftCr  
_C  

I^CJ.TT.n   r-0   TO   290 

271"   CONTINUE 

f   LTNFAo   IMT-PPOLATICN   BETWEtN   CU»RE^   ANO   PRc^nUS   RADIAL   STATION 
-Z- QET-BHTNgS   PL POVQ«II  

PO^TST   *   FOO<PL€U,J>,PLF<l,J»,FFOO,OM€G>   - 
I   'roO(DL''<I,J-l>,PLF(I,J-l),FPOn,OM-G) 

IF<FOf)TST.J.?»3«0«,U   GO *0 -e-W 
PLOOVOU)    =   FOO(PLE(I.lltPLF(I.l),FFO0,OM?>)* 

 X   (BLB«;,J.1)   ■  Plfctl.J))/  
?   lrCO<»Lf"n,JJ,PLF(I,J),FFOO,O^EG)   - 
*   f "OICL.(T,J>l),aLF<l,J-l»,FFOO,0»4=G»l 

GO TO *C3 
2%t,   PL^OVOin   =   ML»(I,J» 

GO   TO   *01 
-28C   CONTIKUg  

CONTINUE 
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r   OOPPLEP   VELOCITY   RESOLUTION   K   MO.    OOPPLER.   eiNS 

NDP   =   1 
 IFtTHFTA0.GE.89.>    60   TO   31'.  

IFfOOPV^L.EQ.0.1   OOPVEl   ~   00DFt>Q*PT*C/OMEG 
PLVMAX   -   f.   —    —  —  
00   313   1=1,NZ 
NRT   -   MRU»     —              .--   
00   31?   J=1,NPI 
 PUl/MAX   -   AMAXUPlVHAX.PLVd ,J))  

31"   CONTINUE 
313   CONTINUE  

oLv/MAX   =   Pli/MAX*nOSTHE 
NO*   =   TNT(1.0a0i*Pt«WAX/QOPV£4.4- * -4 -■■■ - -■- 
IMN0P.LE.5C)   GO   TO   31*. 

 l4BITF(fe,3i-5)  
^1r   P0°MATt»*3T00   MANY   OOPFLEP   ?INS   FOR   ARRAY   STORAGE   ALLOCAT-O») 

<;TP.P     ..    __ .   _                

r.   HALCULATF   IMP   SANGF   G£LL   ttW-^t   
r 

 3-1^-nwiDTH   -   BAMCafQiVERfc  
TANGLE   =   ATAN(BWIDTH/p-SOLU) 
IF <TTH.-TA.LF. TANGLE)   GO   TO   W* 
FL   =   "W'lDTH/SINTHE 
GO   TO    -..Iß 

70'(   EL   -   P"SOLU/COSTHE 
a30-IX4-TwCTA.Lg.THFTAt>   FL   -   l.E»U 

r 

r   THE OC   LOOPS   KAN6€   OVfS   NZ»*   Z-VALUfS<AXIAL   STATIONS)   ANO 
C   NX« X-VALUrS(PAOIAL   STATIONS).    THE   TRAPEZOIDAL   RULc   IS   USED 
r   FOP TUi-   X   ANO   7   INTEGRATIONS. 

 ■ ST»:C   ~   0.  

Tsno  =  0. 

TSIG   =   0. 

TrnM(2»   =   3. 
smioon»  - o. 
S">nO<?) = c. 

- 00 3»g I«ifNoq 
nOPINCil! s o. 
T»V>*MT» ^ <J. 
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332   CONTINUE 
 -K*-.   i 

KKK   =   1 
 KCOUNT   ■ 

T^TL   -    FL   ♦   ZOO 
r -.»**» _       

00   U3C   KZ=1,N7M 
r   • •• • 

KCOUNT   =   KCOUNT   *    1 
 XIMft   «   0.  

*cnH(n = o. 

XOCti»   =   Ü. 
xon<?> = r. 
DO   33«.   1=1,NOP 
nopxm  - o.— 

l?,k   CONTINUF 

r   CÄLCULATF   THE   »/ALUFS   OF   XLIM   ANO   NXM 

3*4"    !F(KK,<;T.N7)   GO   TO   35C 
IMZC.LT.PLZ4KK>>  £0   T0   35v- 
XL'M   =   °LP(KK,NR(KK») 
NX*  e-  TNTU.&OPl'XtlM/DXQ» -♦—i- 
KK   s   KK   ♦   i 
 t-EUK.f.T.HiTl   CO   TO   W  

co TO  »m 
1*0   TF4ZC.t^rftrZ+tH   WX-M *   I>tT-Mrr6^»l«vo4;7<1) /OXO V-*—t— 

IF(TH-TA.LF.THFTAO)    NXM=INT (i. £ Oü 1»PIPMAX/TXC)    ♦   I 

DO   3*P   KX=1,NXM 
_£ mj ,  

X"1   =    (KX-l)»OX0 

r   »BY   CALCULATES   THE   INTEGRALS   IN   THF   S   OHECTION   ALONG   THt   RAY 

-C_ 
CALL   PiY(X3,Z'?,OHEC,Rj:T,STEP,IP''I1SIT,OOPV£L»Nni».LAM80A) 

IFC<x.<".T.2»   GO   TO   770 
Ot-TTCX *—f>^  
Ol^CHXm   =   (J. 
OtrOCHXia»    m.   ft-,  
OLCODXd»    =   0. 
Oinooxoi   ■ o.  
00   36?   1 = 1,NOP 
OiAOOPU»   » «3, 

1 
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3fe?   CONTINUE 
3?"   xiNC   =   XTNC   *    .5MSTILDA   ♦   OLDICX» 
 XCUH(4> ■-■=   XCOH+Jr)  -*—^MTTIlOAdt -♦  OLOOHXmi- 

XC~H(2)    =   XCOH(2)    ♦    ,5*(TTILDÄ(2)    ♦   0L0CHX(2») 
WWII   -.X00C-U-*--»-5-«4g-HUfl»il-> -*■ 0LQO0M1--M  
X0n(2»   =   Xn0(2)   ♦•    .5*<FMU00<2)    ♦   0LQ00X(2)» 

 no   ?->2  I-1,N0B  
nonx(n   - nopxd)   ♦  ,5*(00PSTR(D   ♦ OLOOOP{I)> 

OLOOOPU»   =  ÖOPSTRM*   
V   C0S'TIMUr 

OLaiCX-^r   STILOA 
OLHCHXd)   =   TTTLDM1) 

 OLnCHXfZ)    -   TTItQAtZ) 
OLOOOX(l)    =   FMUOn(l) 
0LH00X<2)    =   FMUQD<?> 

r 
3ag  CONTINUE 

n 
 IF UC0UNT.CT.2)   00   TO   3-30 

OLnIC7   =   n. 
OLncHZ(i) = j. 
0LnCMZ(?)    =   0. 
OLOQ07U)    =   0. 
0L"i007(2)    =   r. 
an .lA? T = :tNna 
0L10P7(I)    =   C. 

Z&2   CCNIINUF              
^9"   SI MC   =   "INC   ♦    .5»(XINC   ♦   OL0IC7) 

TCOHtl)    =   TCOHtlJ    ♦   <.5»UC0.H*14-*-OlQCHZllU 
TC0H(?)    =   TC0H(2)    ♦   ,5*«XC0H(2)   ♦   OLOCHZf'U 

 TM i inn Mi   a  SMUOOO   k   .5» It OQCll   »  QLOOOZm)  
SMUOOm    =   SMU00(2)    ♦    . 5 * IX 0 0 C ? I    ♦   0L000Z«?)) 
DO   39"   I = UNQP. 
nOPINfd)    =   OOPINCfli   ♦   ,5M00PX(I)   ♦   OLOOPZJII) 
OLHOPZtl»   -  OOPXtll 

39*   CONTINUr 

 OLrTr7   =    If INC 
OL^CHZd) = XCOH(l) 
OinCH7l2l - XCCM124 
oi~-oo7m = xon(i) 
Cinor.7<2» - X-OÖ421 
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IFfia.r.E.NZH»   r.O   Tfl  <»no 
1^(70,LT.TESTL)   GO   TO   u3? 

kfltt  «RUF tfc, i»10)   KK>C^4r—  
«♦10   FOnHAT(*l»,»RANGE   CELL   NUHBER   ♦,12,5X,»CELL   LENGTH»,1PG9.2, 

1   ?X,*JrT   RAOXX*//> 
00   <♦?<♦   I=1,N0B 

 OOFINCa»   -   DQBINC(I>»ARifl»ii.»CI  

r 

D«SQOPm    =   ORFTNJOOPINC(I) ) 
mnpm - Toop-U)  * OO«=IWC<I» 
Fir! 
vetocp -  PI*OOPVEL 
roonoP  -   VELD0P»0MEG/PI/C 

 WRITE <6,<.C2)    I.aFlOOP.FRQOeP.OOPIMGm ,D8SQ0P(I>  
UZ2   cOOMAT(»"r)OPPL"R   BIN     » ,T2, 5X, »OOPPIER   *, 

1   »VFLOr.ITV   <*/S€C>   =   *, 1PG1(U3T5X,»FREQUENCY   SMIFI*, 

 g   «tltZt   ■«^G10i3/TlCf»GINr»/lXf'aM'tT10tlPCl(}*3/  
3   iy,»OnSM»,T10,lPE10.3/> 

<♦(!<.   CONTINUE 

SINC   *  «INC»<»**PT.*AREA - — 
o?*:!. = ORFTNISINCI 
 GQO'H^i *°I« ARC«** C*<TCOW(i)»*g»TCOH <?>"?*  

D9SC=nBFTN(SC0H) 
SO» * *«f AOO*AP£AOO*<SMUOO< l»*S«tieaii»   ♦   SHtfOim^SHUttÜte »»/*»! 
0<3S00   -   QFFTNfSOO) 
s!r»wsiNc ♦ se-o«-* coo 
0^*=0°FTN<SIG) 

-C- 
C   SUM   COQSS   SECTIONS   F«>0M   EACH   RANSE   CELL 
r 

TS^OH   -   TSCOH   ♦   SCCH 
T*09  *   TSOO  ♦  500 
T3TNC - TSTNC ♦ SINC 

 THTO ■ TGIG » GIG  

r   Po?**   »OTAL   CROSS   SfCTION FOR  B*N0*   CEIL-   
C 

WPTT€<*-,*.15>  ««« 
Uic   PO'IATC»-] TOTAL   CROSS   SECTIONS   FO*   RANGE   CELL   »,I2> 

WRTTr   <fef<,3t>)   SINCTSCOHfSOnTGIGtOOGI»OOOOtJQGOOiOOOM 
t»?0   FO^MATtTlS.'SINC'fTZS.'SCOH'^T'S^SOD'trui.'RCS*/ 
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KK-K  «  *KK   + *— 
TF^TL   -   TFSTL   ♦   FL 
«31X0   ■   n,  
TfOHCl,    =   0. 

S^UOO(l)   =   0. 
^twww  *-<=•  
no   **25   JJ=1»N0° 
OOPING(J.J>    »   0« 

U?^   CONTINUE • 
K^OWT   «   ? 

r 

r 
c   r.nIMT   TOTOL   C^OGG   ri"CTI0Mri   TOP   ALL   3AW>C  CCLL3 

£♦■»•>   FCPMAM»! TOTAL   OOPPIFP   C?O.S   ACTIONS   FO<?   ALL   RANGE   CELLS»/) 
00   fc'5   T^l,«)«! 
fiorocPcn    =   D9rTN (TnOP(I) ) 

 cj   «   I  

y/^LOOC   =   FI»D0P\/FL 
 *«090P .  -Vfl^-yOHE^/PT/a »*>94£+*fr- 

MRfTrft,^'«)    I,Vf LOOP.FPQOOP.TCOPdl »CnTOOJ(I) 
<,Tä tocMÄT<*fi<>9pp1c^  eT.N  *-rfg-ytH(t»00PPtf9   VftOOffV   tH/SFC*   =  », 

1   ln'".in.^,^X,»PRrcUENCV   SHI^T    (HZ)    *<SG10.J/ 
 JT1 :,*«:TNO*/lMi>GH«lT10llPri0i,'<H<i«O'3tiM'tT10»lP;iq.3/»  
Wr   CONTINIIF 

0*T<yO« *  Ö»FT*HT5COm 

 OBTon   .   Qnrfjmsoot  
ORTINP   s    0 = ^ fA'(TSINC) 

WTTr (S ti«4CV 

W-   CO-MAT«*! TOTÄi   CP0S5  y=&?iO*S -F 0» *tt  <?A*G"Hj€trt5**- 
WPTTT (,_., i,cr,   T<:jNc,TSCCH,Tr0O,TSIG,O3TlNCt0BTC0H,D3T0O,O9TSIG 

 h-S£—&O^MAT(Tt 5,*TStMG*TT35T«TS0O»4«tT*?T«TSO0*Tr<»5»«T305«/  
11 y .• SM» , T 1C, 1 »«.fei C. 3/ 1 v , »0PS1« , T i w , i »<,11 2. j/i 

<- 

GO    TO   ICO 
FNH   —__   ._       
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£      tMM»MMtMU«MMMMM*»MMmtm«». 

SUBROUTINE   RAY   (X0,ZD,OMEG»RJET»STEP,IPRINT,OOPVEL,NOB,IAM30A) 
- COMHON/PlUMF/ia^^444£V,Ng tlOe^-LR-4400,25) ,PLS< IC Ü t254 —   
%PLF(10fl»25), I ATT. I Of X, IOVD,PL V »103, 25» fNNR<lG0», IRUFF, 
2   PPLEUfla ,2F> , PPL F( 10 0,25) , PPLVUCi ,3S) ,PP»R < U3t 25?  
COMMON/RAY/STILOA,TTUnA(2> ,FMUOO (Z ) ,OOPST«< 5 0 ) »PLROVO (1 j C I.GAhMA 
COHMON/ANGLF-/THeTArTHgTAOtTM£fAO»TMETODtC03THg>3INTH£f TTHC-T*  
DIENST ON   AT(3)fATTN(3),PH(3),PHSF(3»,RS(i:C) 

~-RFAL   NrWSTLtNgHTTl,l4€4<TT2^€HATTrNg^^HvNOaTK^QO^T#WMg^r#SlH. , 
1   LAHpna 

DATA   C/2.9985*08/,   FNC/3.1faE-U/,   PI/3. l*>l»926g'i/  
OA'A   CUTOFf/-20./ 

r.              -                                                                -.-._..___ 
r   TETÜRMINf   '"MIN   ANO   SMAX   INTEGRATION   LIMITS 
r.   PLUMF   DIVIDED   INTO N7M1   OISCS, 
r   LCC°   TN   I   TNCCFVFNTS   DISCS. 
C   9flY   TESTED   FOP,   INTERSECTION   WITH   DISC  
r 

77C   =   70 -        
TPJTHFTA.GT.THFTAO)    GC   TO   152 
77'   =   '. 
IFfTHPTan.GE.l.) ZZO = ZC/TTHETA 

-152 NFacr: 
SMTN=1.E6 
SMAX--i.E6 
NZ*1   =   N7   -   1 
CO   tU   I = 1,NZM1 

r 

C   OISC   SLftOXUS   a   MAXIMUM   PLUMr"   RADIUS   AT   AXIAL   STATION I   Q*   m  
r 

R = AMAXUPL8II«NR<IJ > ,PLRC I* l,N£U*i »» > 
PS<T»s- 

r. -__._... 
C   TfTt    -'AY   ^ISS^S   OISC   IF   X?   G«>r ATf H   THAN   P 

_£  
!c   CXI.GT.P)   GO   TO   11C 
IF   (   AnS4SINlW4J,LI«.Cl> ^0   TO   lit 

H   S- =   OTSTANCF   FRO*  RAY   INURSFCT ION 4HTH   xT7«*4,AN€   AT   <X3,ZZJ» 
t   TC   TNT-PS^TIONS   WITH      INFINITELY   LONG  CYLINOA*   KITH   RADIUS   EQUAL   TO 
r   DISC   P'VOIUS   8  

S=CQRT<»»»2-X0»*2»/SINTM£ 
00   ICC   J*if? 
IF    (J.   Q.?>    S*-S 
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p 

r J-IOOP   QETFRMINES   Z   VALUFS   OF   POTH   INTERSECTIONS   OF  RAV   WITH  
r INFINITELY   LONG   CYLINOAR.   ft   TE^T   IS   MAOE   TO   DETERMINE   WHETHER   OP 

-C- NOT   TH"   INTERSECTION   Z~ VALUE   IS  WITHIN  THE   OIS-G   Z   VA4.^r   tI*ITS 
r 

Z=7?ß*'v*C0STWF -~ . 
IP    (<FLZ<I + 1)-Z>M7-PLZ(I)> .LT.C.l    GO   TO   130 

 SM/U-AMAXHSNAX,S) —  
SMTN=ftMlNl<SMTN,S> 

10?  CONTINUE 
 110   OCNTTNijr ^  
r 

r   TW=   (?*y   MAY   INTERSECT   A  f>ISC   X, V  PLANE   FfrCE   AT   SHIN -0*  SlAX. 
n   Twr   i   LOOP   DrT<-pMINES   -=>AY   INTERSECTIONS   WITH   THE   X,Y   PLANt   AT    £AO 
r   4XT«L   ^TATTOM,   TH?   T/N-T€PSFr TIOW  POfWT   (Af   »AÜIWS   R1    IS   TESTEÜ   TO 
-   WHFTHrc   0»   NOT   IT   LIES   WITHIN   TH-:   oisC    (OF   RAOIUS   *S(I)> 

IF(APS(COSTHE).LT..G1)   GO   T0   15 
R'MNZ»-RSfNZ«l> 
nO   IM   T=l,NZ 
S^4 «4. ?(I »-?7fr* /C05THF 
°=^Q=,T(XO*xr|*S»S»SINTH- »SINTHE) 

-+F- (o.r.T.csdM   GO   TO   1*C  
IF(I.L .1) NFACE = 
S«AX=AMA)ri(S>*«X,S) 
SMINsAMINi(SMIN.S) 

lkf-   CONTINUE 
15P   rONT!NUr 

-fV- 
r    INTEGRATION   LCP 
r 

imvc = icvr 
IF<THFTA,LC.THFTA©>    IIOVO   »   •} 
ron=   f:MC»CMf"G,OMEG»SINTHr»^lNTHE 
OMASCG   *   g.*OH€G*Pj£T*(tM!mZ?.>*ÜO:;THr>/C 
IOUT   =   C 
PHA*  -   oi/LA*39* 

*?  -  (3. 
P0LD   =   SQPT(XQ»X0*70»ZC) 
OOf>ALP~» Hhr  
IF(»0Ln.r,f,.C31)    COSALD   =   Z0/POLO 
«s   »   -l.C*SI»*TH€*C©SALP 
TPMT<:   r   *:iNTHE»SQRT(l.-C0SALP»C03ALP) 
T7S  s   cnST«* -         
PHASE*"   =   PMASEC 
OO   t£S   I-1TMOB  
TOMSTP(I)    =   0. 
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ige  CONTINUE 
ATTEND   =   0. 

PMUODC)    =   C. 
TTTLOH1)   ■   0 
TTTLHA(2)    =C. 
STILOO   «   Qi  
OS   =   STFP*PJET 

—-K* -*-*  
J   =   0 

100  =   - 
-J~»-G—■ 
IPJSMIN.GT.SMAX»    RETURN 

if.?   T   =   I* 

r   PAY   COORDINATES 
_c ,—_ __ 

ci"l   -   1-1 
S   -   SHIN   ♦   FIMl'STEP 
X   »■ XO  
Y   =   -l.'S'^INTHE 

-Z = 770 ♦ -s^^o^mf   —  
R   =   SOPT(X*X*Y»V) 
TC (TMFTA.feT.TMCTAO    CO   TO   1 66 
R   =   POLO 
IMI.LC.l)   GO   TO  lfc€> 
OS   =   STFP»PJFT»TZ 
7 ■-   ZOLÖ  *XZ»SI€ä_ 

R   =   POLO   ♦   TP»STEP 
IFtP.CT.3.1   60   TO   jfefr 
R   =   ABrtR) 
TRS  =   ABS(TPS) 
R   =   APS(P) 

l&A   ZOLO   =   7 
»OLD   =   P 

X  
r   INTER   INTERPOLATES  LAPP   INPUT   TO  OtTERMINF    THE   ELECTRON   OENSITY 
C   ANO   COLLISION  FREOUEWCY AT   THf   POI** -«,*, 7>-       —       
r 

CALL   INTgB(KWTgSTf^T^L^AH.tQAt6RA0E?,G^^?TGH*Q£«tGWA0rSTKH>U 
r 

_£ ,  
r   INDEX   nET«-RMINES   THE   INOEX   OF   PEFRACTION     N   *   XlNO   -   I   YINO 

CALL   lNOEXJES,FS,OHEG,XINO,YINO,rnEX) 
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.-C  
r   SUNP   CALCULATES   THE   INTEGRANDS 

CALL   SUN0(ES,FS,GAMMA,-1.,0MEG,RJET, 
4 OSI GVU-T.PTAt, 

r 
-C   RAY--TRACIitC—FAR  LOW^AS££CT- ANGLE— 
r 

 IFfTHETA.GT.THETAO)   GO   TO   168 
C 

r 

RRAKgT   -  CM€G.*OW€6--•*   FS*FS-- 
APr,   =   l.-ES/FNC/BRAKET 
IFtA8G.LT .Q.)    ARC   -   l.C  
FN   =   SQPT (APG) 
GRAQNF   =   G.SVFNG/BR-AKSTVFN  
GPAQFF   =   2.0*ES*FS/RRAKET 
C.tfAOXR   =   r,RAONFMG^A£FF»CRA£f^£RA&&R*  
r,oanx7   =   GCAONF»(GPAOFF»GRAOFZ-GRAOEZ) 
Fl   -   F3 + FS/QMi[G/QMgG  
F2   =   (l.-ARG)Ml.-APGI 
SZ   - SORT«APG«A«G   ♦  F2*F1> 
G^aONP  =    F?*F1»GRADFP/PS 
GRAONR   =   GRAQN» ♦   GRAGXRMARG* i 1,+F»   -  F-if 
GRftONP   =    .25*(GRAONR/Fi    *  GRAPXRJ/XINC 
GBAONZ   -   F?*F1»GRAQCZ/FS  
r,RA0N?   =   GBADNZ   ♦   GRACX7MARGM1.+F1)    -   Fl) 
r,BAON7   =    .?f*(G«AONZ/F3   *   f*RAB*Z>V*INO 

-G"ft»}N»4  ■   nQRTfGRAONR'GPAON^GRAQNZ'GRftONZt 
r 
r   UNTT   NO«>«AV   VECTOR  0 

T7   = T?<: 
TPMI ■   TPHFS  
UFACTD   =   TR'GRAONP   ♦   TZ'GPAONZ 
0*   « f,0An*p  - iff «CTR*TP 
UP   = UR/GPAPNM 
ilZ   » GPA^>W7   —^f*-e^-C{*T7 
U7   = U7/GPAON* 
UOHI ■ >i,«urACTn*Tniii  
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-PWB^  TONGENT   »cgTQfr T  
C 

FOTOS   »  G^AOHR^UR~+ ^f«0H2*W 
POTHS   =   FOTDS/FN 
 O-T-nSR  °   FOTOS"UR  

0T^S7   =   F0TDS»UZ 
-OTOST1   * -F-OT05*OOHTr      
TOS  =   TR   ♦   OTDSR'STEP 
TZ-S-■*--*Z   +  9T-0SZ*5T-EP~           
TPHTS   =   TPHT   ♦   OTOSP'STEO 
TMftC   -   SQPT(TRS«TRS   »   TZS'TZS   «   T*HI5«TPHI3) 
TRS   =   TPS/TMAG 

TZg   «   TZS^THAG 
TPHTS   =   TPHTS/TMAG 

EVEN   I 

168   Ic'H0n(I,?).NE.3)    GO   TO   17C 
ST*P  * -V,   
GO   TO   18 3 

XL 
r   ODD   T 

-C  
17P    SIMP    =    1. 

r   PPEVTOUS   INTCGRAND   AOOEO   EVERY   OTHER   POINT   FO*   SIMPSON'S   PULE 

18°   IFU.EQ.KK)   GO   TO   19C 
 OLngTL   ■   C.  

OLOTT1   =   0. 
fH.HTT?   «    £. 
OL^ATT   =   0. 
Oin*W4   - 4-,        
GO   TO   ?00 

 \QC   KK   -   KK   »   g  
r 
r.  SIMPSON'S  &UL-E- — 
r 

24Ä   MCWATT  . AT¥*OS*54*0/Ji  
ATTfNr   =   4TTENS   ♦   NEHATT   ♦   OLOATT 

 OLOATT   «   MCWATT  
NrW»M   =   Q»OS»STMP/?. 
PHASE-S -»-PHASES   »   NgWPM   «   OLOPH 

! 
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OtnPH   =   NEHPH 
ATTN   =   ATTFNS 

 PHAS?----ttNASf-S- 
r 

_C~SIMPSON  2   rutg  

IFII.LT.fc)   CO   TO   213 
IF(MOC(I,?).NE.O)    GO   TO   21t 
ftji-P-IS  =   «T(]|   ♦   .l.*AT(24   ^ 3.*AT(1) -»   ATT1 ». 375 »OS 
AT^N   =    ftTUPTS   «•   ATTN(5) 

     PHi^PXS--—tPHiJ-l   *   ^.*PH(2)   ♦   3**AH41>   ♦   Q)*.375*OS 
OMASF.    =    PHi+PTS    ♦    PHSEH) 

_r  

r   Ti-r FI^ST AND SECOND POINTS AR: SPECIAL 
r. 

21C Ifll.FO.U ATTEN = 0. 
IFII.FO.. 1)   PHASE   =   PHASFC 
IFd.F0.-»)    ATTEN   =   OSMATCt   +   ATT)/2. 

 IFII.Eg.?)   PHASE   =   CSMPHCI    »   Q)/?.    *   PHASEC  
r 

C   STORE. LAST THEE? POINTS       
r 

I^d.fn.l)   GO   TO   230 
IFtl.FO.?)   GO   TO   22r 

 ATf»l    =   AT(2)  
ATTM3) =   üTTN(2) 
PHU>   - PHI?) 
"n^FI"!) =   pHSE<2> 

22C   AT(21   - AT(l) 
ATTK'(?» r   ATT Nil) 

 °B.f2)    - PHfl>  
PHrcCI =   DHSE(l) 

23C    AT(1)    = ATT 
ATTN(1) -   ATTFN 
PHll)    : 2 
DH^E(l) =   DHASF 

r 

r   ATTrNUATTCK 

rrvP   =   2.«ATTEN 
EX   =   l./EXPIFEXPJ 
IPCIATT.EC.CI    FX=1. 

_C  
C   TFPMINATICN   CONDITIONS   !,   OVfcROf NSE   SURFACE   C=?03S   SECTION 
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IpfIOP.EQ.l>   GO  TO   231 
IFiHOVO.EQ.CI   GO   TO   2^t 
RA"   =   ""S/CMTG 

 ZNQQ   =   FQ0M1.   +   gAT»gAT>/(l^ ♦   .SfBAX4- 
IFfES.LT.7N0O)   GO   TO   2-C 
TOH- =   1 

231   IP»tFACe.EG.ll   GO   TO   250 
DO   212  N=£,N7_ 
I'r(Z.Lr.PL7(N» )   GO   TO   23*+ 

2??   CONTINUE  
?-"*   IF(N.GT.N7>   N = N7 

TANPSI   =   PLR0Vr<*O   -  PlBOVOIN-1) 
 TANPST   *   TANPSI/(PL?W» Pl?<N-l-H  

COSPSI   =   l./SQRTd.+l ANPSI*TANPSI) 
SfMPSI   =   SO<?T<1.-COSPSI*COSPSI> 
XI =   1. 
TFUPtFF.^O.O)   GO   TO   ?35- 
PC   =   TANFSIMZ-PL7(N)>    *   FL-OVO(N) 

 H    -    .«.«pjrT  

IF(OCO.LE.H)   GC   TO   235 
XII =■   .A*OHEG*«>JET*SINH'E/f 
XIT   =   XIT*XII 

_«.-» fi, + ..^»^jj/ffoo/Rom^xp^-i.^xin 
XI   =   cORT(YD 

?3S   Ic<y.LT.r,Tgp)    V«ST£P/g.  
STMqjA   =   Y/SQRT(X*X»Y»Y> 
MOOT«   r   -l.*SINTHF*C0SP5I»SINBTft   -   COSTHf*5INPSI 
NTQTK   r   A^(NCOTK) 
fWOTY   *   COSPSI*SIN»TA 
5ATT0 = NOOTK/NDOTY 

 DCNO*   ■   <lt*MINO»Mlt»»IN!?l—»- YINO'riNP  
[)rVMAG   r   1,   -   XINO'XTNO   -   YlNO'YIND 
MAoHfy - CUFG»°AT IC*PX*XT/C~ 
FMUODfl»    s   NORMEX»(OEXMAG*C0S(°HA?;:)   ♦   2.»VIN1»SIN(PHASE)»/QENON 
F"UOP<">    *  NOR**EX»<2.*VINP*COS<P«A5E>    -   0£XMAG*SI N(PMAS^) */(»OH 
co TO r5 0 

r   LAST   I   MUrT   ^   TOO   P0R   SIMPSON'S   RULE   INTEGRATION 

?<♦?   TF(IOUT.^O.l)   GO   TO   25: 
I^THFTA.GT.THfTAfl»   GC   TC  ?59 
DRrX   =   1" .»ALOGIC(AMAXiC£X,1.E-13>> 

 ir <onrxtLr->^UTorr»  r.o-TO eso — 
OTIS"   =   0. 
JPITf+ETA.lE.THETAe»   0T05H  *   SOPTIOTOSR'öTOS^ + DTOSZ^O^ftS?^- 

1   OTISP'OTPSP) 
«O  ?fr?«   

2«;n   IF<MOCMT,2> .NE.O!    NS   =   I 
?gg   fiOMriWJE  
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e   INCOHERENT  P. A PAP C-ff£S-S-  SECT-EON   5TIL#A- 

NS4L * ^STG*CX*CX»OS— 
NEWSTL   =   NSTl»SIMP/3. 
5TTL0A   ■   GTILOa   t    NCHGTL    <    OLDGTL 
OLTSTL   =   N^WSTL 

r. 

r-   nnppLE°   CFLL   STORAGE   OF   INCOHERENT   CROSS   SECTION 

IFfl.l-.l)    GO   TO   2*5 
 5TGHA   »   .cMSTLOLO   »   K?TL)  

»INVEl   =   C. 
V^t  *   Wt*€-0STH€ 
DO   2^U   J=1,N0B 
BI^VfL   *   »I+WrH; -*—tHIPVti  
Ic<VEl.GT.BINV"L>    GO   TO   26<- 

 t?0"STn<J>    ■   OOnSTR(J)    i    GIGHA  
r* C   T n   ? fc 5 

3n4   COWH-N^   

 ?<-S   fiTLOLO   ■   N5TL  

r   roucprNi  »A{HP CPÜ55   SECTION   TTUOA*H   *   I   TTIL0ft<-?t 
r 

IP<>JFA«=€,f<}il»   €«   TO   2^«       
NCWTT«    =   DTAU»rX»C0^(PHASE>*OS»SIM<V3. 

 NCWTT?   T   r,TAO»ex«SIN(PMAS:) *i)S*SIMn/j,  
TT7L0M1)    =   TTILOA(l)    ♦   NEwTTl   f   OLOTTl 
Ttrt.OA<2>   *   T?ItOA<2>   *   »*EWTT2   ♦   0«.OTT2 
OLITTl   =   WWTT1 
Oinjrp   =.   M^wTT2 

r 

r.   PBINT   r.HTFf.BAiS -C-4&*»—»TPBINT'   TIMC   THROUGH  LOOP  

?<■>*    IFIID?TNT,FQ,Q>    GO    TO    ?«Q 
Ic(I.f1.U   GO   TO   2flC 
IFIHCn«I,IDCINT).>4f ,OJ   GO   TO   3C0 
IFdon.M'.:)   HRITE(6,2-C) 

 2-Z£-C-0.-MAT<s;x,+0V£g0g»*SE«>  
2ft"   W°TTr(t,,29C>   s i£X .STRTA f TT ILOA (11, ITIUTA (?) , 

1   rMuon<l»»F»<U0042»,DO*:ST='<NM) 
?9*   F0~MAT(1H   .lOeGlS.7) 

r 
*or  :«r»N,-.-o.r) GO TO tec 

»-   "N'T   OF   INT-GRATION   LOOP 
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c  
ini.GM) GO TO 310 
STILDA~s C--  — 
TTILOA(l) = 0. 
TTILHAiZI - 8.  

31? CONTINUr 

RETURN        
£NH 

SUBROUTINE   PR0F(ItPff,F,VP,LAMOOA,GRAOER,G*ADFR,IOUT) 

r   °=>OF   TC   CAlLEO   9Y   INTER   TO  PERFORM   INTERPOLATION   IN  R. 
C   IHF   I-NIERPOLATIW  IS  L-IUEAR-£OR   TWF   COLLISS-IOfc ?^£QUEH&* A*Q 
r   AXIAL   VELOCITY,   BUT   OUAORATIC   IN   TH£   ELECTPON   1ENSITT 

CO*MON/PLUME/NZ,PL?(ICC>,NR(1CÜ),PLR(1C3,25),PLE(ICO,25» 
»,PLFIinO,25»,IMT,IO€X,IOyO,PLV<l«u,35*rN»M^lftei,I»y^, 
2   PDLE{10n,?5) ,PPLF(i:<?,25),P3LV(lC",2?) ,3?Le(i::t2:.) 

firAL- LAMg^A    ----- 
I*r<R.GT.PL','T1in    GO   TO   1C 

 E   =   »iFCI.n  
F   =   PLni,ll 
VR   =   PLVCItl) 
GPAOER   =   C. 
GPAOFR  =   C« 
pcjuPN 

1Q   JMftY   s   KIRdl  
r 
P.   THIS  LOOP  DETFRMINFS   PL«<I~rJ>   SUCH   THAT 
r   PL»(I,J-1).LT.P.LT.PLP(I,J) 
r. 

ro   ice  J=?,JHAX 
 1£   (g..LE.PLB>I,J> )   CO   TO   110  

IOC   CONTINIJC 
IF4«.L.PLR<I,JHAX**.l»   IOUT   =   1 
HELP?   =   9   -   PLRJI,JMAX> 
A   -   l./LAMBCA 
AT   =   A*nrtP? 

 EM   a   PL6II, JHAY)  
OATIOF   r    l. 
RATION   =   U 
IF(EM,CE,1.»   RATIOF   =   PLF(I,JMAX»/EH 
IF<fM.&F.i.|   RATIOV   =  PLV4!„J*AX*/£* 
F   =   FN*EXPf-l.*AO) 
 IflE.CT.i.)   E   -   1. 

F   =   P»TIOF»F 

VR  -= RATJCV»€- —    
GOftocp   -   -i.»r»ft 
f,RAOFB   s   R8AO€«»RAT-tOF  
RFTUPN 
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 113   OFLR   -    (PLft(I,J>    -   PUft(I,J-U)  
DELTA   =    (PLR(I,J)    -   R)/DELR 
P  =. &±s< I ,j »« < U--0&4rTM-»-PLF (I, J-l)*Q€4T4  
VR   =   PLV(I,J>»(l.-OELTA)   ♦   »LV(I,J-i)»DELTA 
GRA0FR =   (PLF (11J) «PLF < 1, J- 1> > /OELR  
IF(F.LT.l.)   F=i. 

 IFd/R.LT.l.»    tfP-1.  
IFU-2)   120,120,130 

12-1   E - P4^44W*M4.-DELTA»   ♦-OLE fl, J-l> «OCL-f* 
GPfiHFR   =    (PLE(I,J)-PLE(I,J-1))/D£LR 
IF<^.LT.l.)   £=lr —-•—   
R^TUPN 

 130   GOHTINUF.  
r 
r.   QUAOÄAIIG   INT=RPOtAJ4-9N-f©R   T^?"f^€TR-GN OEN^iJV--  
c   HiirPC F—«-£0   ♦   Cl   R   »   Og   P*»g  
n 

C0   =   fC   -   PLE(IiJ-ll*PLR(ItJ-2)*!PLR(I*J-Z)+?.*D£LR)/OELR/DELP 
CO   » r»   ♦   «H.gfI»J-g)*(PLR<T,J-g)»*Z   ♦- 3.»0;iP.»PtmitJ"g>   ♦ 

1   ?.»nFLP*OELR)/2./OELR/CELP 
_c  

Cl   =   -!.»PLE(I,J)M2.»Pl«?<I,J-2)«-DFLR> 
Cl   -  Cl   ♦   «♦.♦PL€<I,J-li*<PtRtl,vf-g>»üFLP> 
Cl   -   Cl   -   l.M2.»PLR(I,J-2)    ♦   7.*DTLR)»PLE(I,J-2) 
Cl   » C1V2 ./PELP/ttEtR 

r 

 03   ■   tH-HNJ»—-gi»OLC(I»J   i)    ♦   PLCtIiJ-g|  
C2   =   C:/?./OELR/OELP 

E   -   CO   ♦   Cl'P   ♦  C2'R»F 
r,P40^<?  »   Cl  ♦   ?.*C?*R 
I"<E.lT.i.)   E=l. 

 ocTOPH  
rND 

r 

SU^ROUTIHC   lNT£R<P,2,ftF,V,tA*HH»A,6PAeEZ,G#AOPZ,<HWUEP, 
1   GPAOFP.ICUT) 

C   INTEP   INTEPPOLATES   THE   ELECTRON   DENSITY, 
C   COLLIGSION  FRCOUCNOV«    ANO   AXIAL   VELOCITY.  
r.   THE   INTERPOLATION   IN   R   IS   DONE   9Y   CALLING   PPOF. 
r   jNTcp  pcpf-oP*«:  LIN£A*   INT^POLATrOt* I*~f. 
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I 
tlOOIiPLR(100«23) «PLE 

3 p"LF<l 

PLUHr/NZfPL2<100),NRtl001iPLR(10 0«g3)«PLE 
0,25>,IATT,IDEX,IOVO,PLV<10 3,25> ,NNR(1CC> 
O0T35>tPPLrU0QfOC>iPPLVI10Qf2P)tPPi.rm00 

»IRUFF, 
*T^"»  

REAL   LAMBPA 
00   100   I"1,NZ 
IF{PLZ<T)-Z>   100,110,110 

TOUT   =   1 
"H- -M?- 
II   =   N7-1 
^A^-L-PR-6^-(IgT^€,^T¥y>.AM00ATGRADCPt6RA0rRit^etH4 
RATTOF   =1. 
*AT~10V -x    lr 
IF(E.Gr.l.)   RATIOF   =   F/E 
IF(E.G~.l.)   RATIOV   »   V/E 
IF(I2.LE.li   GO  TO   115 

-GA+A   PPOF<44y^?T€lTFltVPl^ 
DEL7?   =   Z   -  PL7(I2> 

_A-^=- -ii/tiWH*  
AO   =   A»OEL?2 

—g   *   c«-;xn<-i,*AO)  

IF(E.LT.l.)   E   =  1. 
*   * «ATIOF»F 
V   =   PATIOtf'E 
nPAOE-7~-*—I»«?**  
GRAOFZ   =   GRAOEZ*RATIOF 
RETURN  

llr   I?=I 
14-1-1   
CALL   PROF(I2,R,E,F,V,LAMBOA,GRAOER,GRADFR,IOUT) 
RATIOF   »1, 
RATIOV   -   i. 
 IMF.GSVliI   RATIOF«r/r  

TF(E,G-.l.)   RATIOV   =   V/E 
IMI.GT.l»   GO   TO   120 iMlrbtlW   IJV   +t»   lev 

115   DECAY   =   PXPJZ/LAHBDAI 
F   »  €*0€C-AV 
F   =   RATIOF"F 

 V   »   OATTQVgi  
f/LAH«DA 
#*TIGF*6**«€Z 

1» 

GPAOFZ s 
£©*0*Z - 
RPTUPN 
CALL *<^fIfrr»T«rrF^VRliLAHOOAtGROClSt(»WOFiati 
OELZ   =  PLZII2I   -  PLZ(Il) 
Ortl   ■   «PLZ<I0>   ZMOCLZ 
F   r   (El'HELl 
F   • 4^i*0fLl 

♦  EMi.-OElin 
»   F*tl»-OCLl)> 
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-V- -   (Vai'OCLl   *   V»<1.   DELI)) 
GRflDFR   =   GR0F1R*DE11   ♦ 
GRADER—»---GRflElR'OELl   ♦ 
GRAOEZ 

RFTURN 
-C*W  

=   <E-E1)/DELZ 
=-  CF-F1)/DFI-Z- 

GRA0FRM1.-0EL1) 
GRAOCR»(-lrr~&€t 

r    »*» *«•*****+«*****#***#*#*#«****«*******»* 
.—suimoyjl*»€ U-TITL;)    - 

CCMM0N/PLU*E/NZ,PLZ(1?:),NP (IGC?,PLR<100,251 ,PLE<ICO ,25) 
_ *.^£4-E44H;&^-2^)^-tAT^?^FX»l&VC,PLV(10G,25) .NNmCO), IRUFF-T- 

2   P°LF f 100, 251, PPLF (10 0,25), PPL vM 100,251,PPLR«100,25) 
 OIMSNSTQN   BUFFCft) ,TITtF(2C>  

READ   <1,1CC)   TITLE 
100   FOPHAT- (-2-OM4--   —- —       

0t.n7   =   -1. 
 SEAO   U,11Q4   BOFF  
11«   FO°MAT<8P10.0> 
 IF    (BL'FFffll .NE.1.630»   CO   TO   iM  

DO   170   1=1,100 
J   -   1        -■ 
irUOUFFm.LE.OLOZl.OP. (BUFF<1).GT,2CC.)>   GO 
OtOZ   =   8UFF(1)     
PL7<I)=BUFF(1> 
 DO   15J   J=l,26   

TO   ISO 

12" 

RFAO   (1,110)   9UFF 
IF   «EOFlll.HE.O«)   GO   TO   194 
IF   UBSIBUFFf8)).GE.l.E30)   GO 
IF    U-l)   170,120,140  
IF   (PUFF(l) .NE.0.1    GO   TO   19 0 
GO   TO   IMA  

TO   160 

130   ir<<t>urF(l> .IE.OLD! .OR. tBUFFI 11 .GT.10.11 
iwi -Otn=RUFF(n   

PPLR(I,J)=OLO 
IF CBUFF 12 UU. 1.0) 8UFFi24 = 1.0 
IMBUFFm.lT.1.0) BUFFf3) = 1.0 
IF (flRS(RIIFFian .LT. l.C)    QUFF(a)    =   J..C  

GO   TO   193 

PPLV(I.J)    =   BUFF(8l».3C<»fl 
PPLEU.J1=BUFF12) 

150   PPLP(I,J>=9UFP(31 
.U27 
GO   TO   193 

1 ftp   NN9m= IT1  
IF    CBUFFI8) .LT.0.1 

17C   CONTINUE 
1 = 5 
GO   TO  190          

GO   *0   180 
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180   N7   =   I 
 I£P=a 

RETURN 
-19C-  IE Sal ■  

WRTT«:<F.t200)   I,J 
ZW   F.nxnAU/\M<t*liVHJ-T-QAJA- EURQR* ,21S/4- 

RETURN 
 EMU  

SU^»OU*IN£   IH0*:X<Zt«£,ZWvO*£G,X,Y,IÜ?X» 
IMIOF*)    20,IC,20 

19    X   *   1.   
Y   =   C. 

 RgT(JPH  

ZI   RAT   =   7NU/OMEG 
YY-ZNF/0*€f,/3.1<»?-13/e*EG 
YY=YY/(1.*PÄT»*2) 
 X*«-ju,-*Y~ 

YY=*AT»YY 
 X««5QPT«X¥"3«¥¥"3» >XM/g. 

X=SQDTm 
Y «   ,5M5QRT<XX*XX+YV*YV»   -   XX> 
Y =   SnPT(flRS(Y)l 

SUftW>UT|»l€-SUNO(ZMg ,ZNl^r&AH>iATC8€T^rOH€^,€i^HT&SIG,*TT, 
•OTAU,E"TA,X!NO,YINO> 

OAT A- P} A*.1J*1&924&W^ 
ZK=0HcG/?.998Efl 
GflMSQ   a   GAMMflt&A.IMA 
PKOLM=15.6»CLAH#»3/u.»(2.»XINn»ZK»CLAH)»>21»»1.8 33 
R.€7NF=?.«i7*fc-9»7WF.  _ 
nTAU=OEZNL/SQ!?T(l .♦ (7NU/OH«-G) **Z) 
OSI&=OTAU"2*F*OU*»CA*Sö     
FTA=2.»XIN0»Z< 
ATTsZIT.tYIKD*PITOSItit(l. »CBETfU  
Rcru»N 
£NH . -       . 

I 
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****** ***«**<*  .«M»M»«l)fMUMtf««M«((l>««**»( 

StWOUTINg   CVU>€R HEP, TITLE i> 

Cf»MMCW/PLUME/NZtPlZ(lJC),NR (IC G) ,Pl R (1 C 0 ,23) , PLE( ICO , 2 5) , 
1 Pic< ICG * 25>i I ATT ,!*>€*♦ HHffii^tVflOC ,25) jWmi-frfrf-. IRUFF, 
2 PfL»-"(iOC ,25) ,PPLF(100,25), PPLV(100,?5) ,PPLP(1C],25) 
 r>IM.:NSION-^ITLfHgO  

r   CONSTANT   CVLIN^FR   TEST   CASE* 
C.      LrNGTn   =   N7-1   JET   PADII 
f     PAOIUS   =   .lMNRR-i)   JET   PAOIT 
r      ELFTTOON   DENSITY   =   D    (CM-?) 

-C GOLIISSION   FPEQUENGV   ■   f    (HZ) 
r      AXIAL   GAS   </rLOCITY   =    \l   (M/sm 
r 

HATA N7,N9R/3,11/ 
OATA o,Ff V/l,£♦<}«, 1 .fc+11,1./ 

"FAH(lflQ) TITLED  
•   ro°MAT<?0Au) 

PL     r    N7-1 
F<?    =    »J»(N9P-D 
WOTT?(^,15)    FL,FR,0,FfV 

:   FO^MATClCONSTANT   CYLINOrP   PROPERTIES*/ 
1»   IfNCTM    rtaPr,10.,T,gXT»JET   KAHII*/  
?»    -ADTUS   =»,lOG10.3,2X,»JFT   *AOIIV 
?•   rLrrrpoN   OrN^ITV   •■•-,iPGl-? . 3 , 2X»*CM-3*/ 
U*   '•OLLISSION   FPEQUENCY   = » »IPGIC . 3,2X,»HZ»/ 
4»   AXIAL   G*3   VELOCITY   •*,1PG10,3,2X,»M/SEC*//) 

IF»   =    " 

CD   *:   !=1.N7 
FIM1   *   1-1 
3L7(I>   =   rI*l 
NNC(I)   s   N0C 
N» I   =   NN*U) 

0*   2C    J=l,NPI 
FJ*1    =    J-l 
PPLP(I.J) -   rjMi».i 
OPLV«T,J» *   V 
P°tE(I,J) s   0 
PPLC(I.«J) ■   g  

2"   rONTINL'^ 
?ft   CONTINUE 

PFTtjP* 
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APPENDIX C 

INPUT DATA FOR TYPICAL RUNS 

SYSTEM A 37 KFT 

CARD A:     15 DEGREES (20A4) 

CARDB:     15., 1. 32E9, .4, 5. E4, 15., .65, 300., 0., 15.,  1. 

(free format) 

ö(deg), f (Hz), JET RADIUS (m), RANGE (m), 

RESOLUTION (m), DIVERGENCE (deg), DOPPLER 

VELOCITY (m/sec), DOPPLER FREQUENCY (Hz), 

LOW ASPECT ANGLE (deg), GAMMA 

CARD C:     . 1, . 1, . 5    (free format) 

FRACTS,  FRACTX,  FRACTZ 

CARD D:     0, 0, 1, 1,  1, 0    (free format) 

ITEST,  IPRINT, IATT,  IDEX, IOVD,  IRUFF 

CPU TIME ON CDC 6600: 1850 sec 
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SYSTEM A 5 KFT 

CARD A:     30 DEGREES 

CARDB:     30.,  1. 32E+09, .4,  1. E+04,  5., .65,  150., 0.,  15., 1. 

CARDC:     .1, .1, .5 

CARD D:     0,  0,  1, 1,  1, 0 

CPU TIME ON CDC 6600:   235 sec 

SYSTEM D 23. 9 KM 

CARD A:     138 DEGREES 

CARD B:     138., 1. 32E+09, . 621792, 3. 05E+04,  15., . 9, 340., 0., 15., 1 

CARDC:     .1, .1, .5 

CARD D:     0, 0, 1, 1,  1, 0 

CPU TIME ON CDC 6600:  108 sec 

CPU TIME ON CDC 6400:  344. 8 sec 
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