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ANALYSIS AND COMPUTER PROGRAMS FOR 
EDDY CURRENT COILS CONCENTRIC WITH 

MULTIPLE CYLINDRICAL CONDUCTORS 

C. W. Nestor, Jr.,* C .  V. Dodd,”” W. E. Deeds’ 

ABSTRACT 

A general derivation is performed to determine the vector potential 
produced by eddy current coils concentric with inultiple cylindrical 
conductors. I‘he conductors m a y  be inside the coils, encircling the coils, o r  
both. From the vector potential certain physical phenomena, such as coil 
impedance, mutual coupling between coils, effect of defects, and ohmic 
heating, are calculated. The coils may be placed in electrical circuits and the 
voltages produced are calculated. 

IN‘T ROD UCTION 

There are a large number of electromagnetic induction devices in industry that consist of 
coils encircling multiple concentric conductors or coils inside of multiple concentric conductors. 
These induction devices include induction furnaces, induction probes for measuring the level of 
a inolten metal, eddy current coils for materials testing purposes, and linear variable differential 
transformers. Analytical solutions have been derived’ and computer programs written’ for coils 
either inside or encircling concentric conductors cotisisting of two different conductivities. In 
the present work we shall extend the solutions to any arbitrary number of conductors in a 
manner that is easily programmable on a digital computer.3 

The main goal of these derivations and the programs is to allow new and different 
problems to be attacked and solved immediately, without first having to derive the problem 
and then write a computer program. Computer programs to perform calculations for many of 
the problems analyzed are included in the Appendix, and instructions ar’e given on 
niodifications of the programs needed for other problems. 

GENERAL ANALYSIS 

The general configuration to be considered is an axially symmetric driving coil located 
concentrically with a n  arbitrary number of cylindrical conductors with arbitrary thickncss, 
permeability, permittivity, and conductivity. For simplicity, we assume that all media are linear, 
isotropic and homogeneous, and the driving current is time-harmonic with frequency, w .  Then 
the current density 1 and vector potential A will have only azimuthal components in cylindrical 
coordinates: 

*Computer Sciences Ljivision. 

Metals and Ceramics Division. r* 

+University of Yennessee. 
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Fig. 1. Multiple cylindrical conductors encircling and encircled 
by a delta-function coil. 



I his differelitial equation has the following soIuti.Tn: 

K(r) T!l(ct,,r) + sKI(a,,r) , (9) 

where Il(a,r) and Kl(a,r) are modified Uessel functions of first order. 

separation constant a: 
The complete solution for the Green’s function in each region is an integral ovcr the 

r 

G””(r,z;r’,z’) = J [Cn(a)I1(anr) + Dn(cy)K1(anr)] COS a (~ -~ ‘ )d* .  I (10) 
0 

for n = 1.2; ... k; 1’>2’, ... k’. The unknown constants are functions of the separation constant 
a and different for each region. Wc shall use the boundary conditions to solve for thcse 
unknown constants. In order to obtain a very general solution for a n  arbitrary number of 
cylindrical conductors inside and outside the coil, we shall use a matrix technique. 

In the innermost region the coefficient of Kl(alr), DI(  Y), niiist be XPO, and in the 
outermost region CI must be 7ero in order for the solution to xmain f‘inite. (The outer radius 
of the outermost region is infinite.) We shall use thc boundary conditions in order to deterrnine 
the other constants. We have the following boundary conditions for the Green’s function 
(which are the same as those for the vector potential) between rcgicsns n and n-+-I shown i n  
Fig. 2: 

and 

We shall make use of the relations 

1 d - 

Z di? 
K I ( L )  + - K1(7) = -Ko(z) 

and 

and define 



5 



6 

Making these simplifications and multiplying both sides of Eq. (13) by ,UO cos a’(z-7’) and 
integrating from minus to plus infinity gives: 

We can rcverse the order of integration of the integrals containing Bessel functions and use 
the Fourier integral theorem: 

1 - Jomf(a) {JC- cos a(z-z‘) cos a’(z-z’)d(z-z‘) 
7T 

Equation (1 6)  then becomes: 

A similar operation on Eq. (1 1) gives: 

Equations (17) and (18) represent the relations between the constants for any two regions inside 
the coil. We shall now solve for all the unknown constants in the following manner. Since the 
innermost region has only one unknown constant, C1, we shall solve for the unknown 
constants in the second region in t e r m  of it. Next we shall solve for the unknown constants in 
the third region in terms of CI,  then the fourth, until we reach the region containing the coil, 
k.  ‘We shall do the same thing for the regions outside the coil, starting with the outermost and 
working inward, solving for each region in terms of D{, until we reach the region k’. We shall 
then use Eq. (17) and Eq. (18) for the coil regions k and k’. This will give two equations for 
the two unknowns, CI and I l l ,  and we can solve for them. This will then allow us to write 
the expression for the unknown constants in any region. 

Solving Eqs. (17) and (18) for the unknown constants in any region, n f l ,  in terms of the 
unknown constants in region n, where the coil is not between the regions, gives: 

and 
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The denominators have been simplified by use of the Wronskian relation: 

The elements of the 2 X 2 transformation matrix, Tn+l,,, are simply the coefficients of C,, and 
D, in Eqs. (19) and (20) and are 

This transformation matrix gives the relation between the constants in any two regions not 
containing the coil between them. It is the same for regions inside and outside the coil, with 
the exception that 11 should be replaced by n' for regions outside the coil to correspond to our 
no tation. 

Starting from the innermost region (n=l) and going to the second gives: 

a2 = Tz,,g1 = -L.&j C' . 
1 

The constants in the third region can be obtained by: 

e3 = T 3 , 2 a ?  T 3 , 2 1 2 , 1 & 1  9 

and the constants in the fourth region by: 

a 4  1 4 , 3 % 3  = T4,3T3,2T2, lg l  

The general expression for the nth region is 

__ 
E n  - Tn,n-1Fn-l,n-2 ... '_T.,ZTZ,l_al . 

To make our expressions shorter, we shall define: 

v(n) = Tn,n-~ln-~,n-2 ... T3,2&,1 , 
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and when n = k we shall drop the argument. Thus we have 

C a,, = v(n)gl and g~ = yc0 j. 
We have very similar equations for the regions outside the coil: 

- a,’ = LJ(n’)_af and = UJv = UpDJ , 

where we have made a similar definition: 

(34) 

and we have drupped the argument when n‘ = k‘. ‘Thus, we can now write the constants in 
any region in terms of the constant in the innermost region, 

. 1 _. lJ(n’) = ~ , z r , , , ~ - ~ ~ , ~ - ~  : I - -  ... ~ ~ ’ , Y ~ : ~ , I ~  . 

(32) 

(33) 

or the outerniost region, 

by means of the transfoiniation matrices, v(n) and U(n). We shall write F,qs. (17) and (18) for 
the regions on either sidc of the coil, k and k‘. Here we have r, = I-’, so that 6(r, r’) = I .  
Also,  CY^ = ai, = CXO and P k  = PO, so that the equations beconic: 

and 

CLIl(a0r’) -t DkKI(aOr’) ::: CvI,(a[Ir’) -1 -  DktKl(a0r’) . 

Using our matrix notation, we can write 
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’Thus, by writing the constants in Eqs. (35) and (36) in terms of C‘I and D I ~ ,  we can get: 

and 

We now have two equations and only two unknowns. Solving these gives 

and 

where the denominator has again been simplified by use of the Wronskian and the f x t  that 
60 -: a,) Now we can substitute the values of the constants in Eys. (43) and (44) into Eqs. 
(31) and ( 3 3 )  to give the constants in any region. We can write the Green’s function foi a n y  
region inside the coil as 

The Green’s function for any region outside the coil is 
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Once we have the Green’s function, we can get the vector potential by using Eq. (3). Time 
 CIS^ cominm type of coil is one of rectangular cross section, as shown in Fig. 3. We added 
another region, that contains the coil, and designated it region c. For a densely and uniformly 
wound coil, the current density J(I-’E’) is approximately: 

J(r’g’) = il,I , (47) 

where 11‘ is the number of turns per iinit area, and I is the current pel turn. Substituting Eqs. 
(47) and (45) into Eq. ( 3 )  gives the vector potential for any legion inside the coil as 

12 1-2 

11 rl 
A‘”)(r,z) = n,I G‘”’(r,z;r’,z’)dr’dz’ 

Reversing the order of integration and integrating over the dimensions of the coil gives 

where we have defined the functions 

1 
a0r2 

xIl(x)dx - 7 I(r2,rI) 
1 1-2 

ff0 
Jg r’Il(aor’)dr’ = - ~ ~ ~ r ~ I ~ ( ~ y ~ r ’ ) d c r ~ r ’  = 

ff; J- 

where r~ and rz are ROW taken as the coil inner and outer radii, and should not be confused 
with the outer radii of the first two regions. The vectsr potential for any region outside the 
coil is 
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Fig. 3.  Single coil (or identical, intermeshed coils) with 
multiple cylindrical conductors. 
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Ihe region of the coil requires special treatment. To find the vector potential at a point in the 
coil region, r. we must add the solution of A‘k’(r,z) for a coil going from r to r: to the 
solutioti uf AIk ’(r,z) for a coil going from rl to r. The results are 

+ J:2 [V I I I I (nor) t V2 I K I (cu~r)] [ U I ZI  I ( a d )  f U 2 2  K I (aor’)] r’d r’ 1 da 

We shall use the definitions given in Eqs. (50) and (51) for l(r2,rI) and K(rZ?rl), and we shall 
use the relations 



13 

and 

Equation (53) then becomes 

If we take the case of a coil in air with no  metal present, wc ha\e U V 1, the unit 
matrix, so that U, - V, - 6,. 7hen kq (54) reduce:, io 

(5.5) 

2 In an earlier paper,4 we have taken the separation “constant,” (Y ) to be positive and derived 
the following three expressions for the vector potential above, below and it1 a coil with no 
conductors present. 
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1 -ao(z-I2) -ao(z-l1) 
(above) 

A(r,z) = $-i J(r2,rl)Jl (ar)[e -e I d a  
Q O Q !  

- ao(2-12) -ao(z-I1 (in) 
A(r,z) = - "r0 f& J(rz,rl)Jl(ar)l2-e -e ) Ida,  

where 

Since the vector potential does not depend on how we choose our separation constant, when in 
the coil region we can equate Eq. (55) to Eq. (56), ( 5 7 )  or  (58) ,  depending on the value of 7. 

The correct equation (56, 57 or 58) can be substituted in Eq. (54) for the term in the large 
square brackets. For  instance, the vector potential inside the coil (that is, / I  < 7 < 12) and in 
the coil region is: 

z) ::= nc;o i== { [sin a(z-11) -- sin a(z-I2)] ......... 
.J 

aa; 

[U12V1 I I ~ ( ~ ~ O ~ ) I ( ~ ~ , ~ ~ ) ~ ~ ~ ~ V ~ ! K ~ ( ~ O ~ ) K ( ~ Z , ~ I ) + U I ~ V Z I ( I I ( ( Y O ~ ) K ( ~ Z , ~ I ) ~ ~ K I ( ~ ~ O ~ ) I ( ~ ~ , ~ I ) ) ]  ................ .......... ........ .___-____ 
X 

(U22V11 - U12V21) 

Ir ao(z--12) -ao(z-l1) + --T- J(r2,~1)Jl(ar)[2 e - e  
2ffoa 

The vector potential in the coil region above the coil is: 

x [UIZVI .... .. 1Il(olor)I(rz,rl)-~U22V~1 ... K I ( ~ o ~ ) K ( ~ ~ , ~ I ) + U I Z V ~ I  ......... ._ \ 1 1 ( a 0 r ) K ( r 2 , r ~ ) + K ~ ( a ~ r ) I ( r ~ ~ ]  
(U22Vll - U12V21) 
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,, 1 he vector potential in the coil region below the coil is: 

We have now determined the vector potential for any region. Once the vector potential has 
been determined, we can calculate any physically observable electromagnetic induction 
phenomenon from it. 

We shall now apply these equations for the vector potential to calculate some induction 
properties of single and multiple coils. These propertles include mutual and self-impedance, the 
effects of defects arid the induction heating inside a conductor. The coil and conductor 
configuration is shown in Fig. 4. 

We have added a second coil in the region k, with innet arid outer radii, 1-3 and r4, and 
with top and bottom at  14 and 13.  

Mutual Impedance 

We shall first calculate the mutual impedance between the two coils in the presence of the 
conductors. I h e  mutual impedance between the two coils, 1 and 2, is the vol~ige iiiduced in 
onc coil by a unit current in the other. 

where we can calculate V(2) by 

where A,(1) is the vector potential a t  each turn in Coil 2 due to the current I ( [ )  in CojI 1, and 
112 is the total number of turns in Coil 2. 



16 



17 

- 
V(2) = JL,J~T[~IAI  + r7A2 + rJA7 + ... r,12A,17] = jw2.rrnzrA, 

where rx is the average value of rA over the turns, or 

If the turns are distributed uniformly over the cross section of the coil, then 

rAdrdz 
- 1 rA zz 

[Coil Cross-sectional Area] ss 
Area 

'Then we can write for the induced voltage 

and for the mutual impedance 

Substituting in for the vector potential a t  Coil 2 by a current in Coil I ,  as given by Eq. (49), 
and performing the integration over the dimensions of Coil 2 gives 

where nl is the total number of turns on Coil 1. WE get an identical equation if we reverse the 
position of the coils; it is not important which is called Number 1 or 2. 
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Whet1 performing niirnerical Integrations, it i s  frequently convenient and desirable to 
normali7e dimensions. For our calculations, we have normalized by dividing all lengths by i 
and multiplyirig all a’s and p ’ s  by f ,  where f is the mean radius of the driver coil. I his has 
the effect of making everything inside the integrand dimenrionlcss The parameter an becomes: 

For purposes of calculation we shall drop the third term, which is very small, below 
optical frequencies. The term w,u,.,cr,~* and all other terms in the integrand of the equations are 
dimensionless. There i s  a slight modification in the coristants in front of the integral equations 
upon normalization. 

For all the mutual impedances we have the form: 

The integrand does not change in appearance, but we are ilow considering all length 
dimensions in the equation riormalized (other than T) .  If we consider the special case where no 
conductors are outside the coils, we have y = 1, the unit matrix. Then I T 2 2  = 1 and U I Z  = 0, 
so that Eq. (67) for the mutual impedance becomes 

. If we now coiisidcr the special case of no conductors inside the coil, -:= 1. V I I  = 1 and 
Vi2 = 0. Eq. (47)  then reduces t ~ :  

Pickup Coils in Region C 

khuq far. we have been considering one coil in the coil region c, and the other coil in 
region k.  The answers will also be the samc if we placc the second coil in region k’, and 
additional coils can also be added to the equation. 

Now, howevcr, consider the case where both coils are in the coil region c, as shown in 
Fig. 5. We shall take the coil with the greatest radial thickness as the No. 1 coil and the other 
coil as the No. 2 coil. 
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Substitution of Eq. (61) into (66) and performing the integration gives for the mutual 
impcdance: 

1 u12V11l(r4,r3)I(r2,r1)+U2.V?1 K(r4,r3)K(r2,rl)fU . . . . . . . . 12V21( . I(r~,r3)K(rz,rl)+#(r4,r~)l(r2,rl)) . . . . . . . . . . . . . . . . - 
(uz2vll-u12v21) 

The term containing the elements of the u and V matrices will reduce considerably if therc are 
no conductors outside the coil. For no conductors outside, it becomes: 

On the other hand, if thcrc are no conductors inside the coil, it becomes: 

If we move the second coil up so that it is inside the first coil (the windings are intermeshed), 
the equation is the same except that the last term in square brackets becomes: 

If we make the two coils identical in size, shape, and number of turns we have, both for the 
mutual impedance and the self-impedance: 
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For no conductors outside the coil, the term in the large square brackets becomes: 

and for no conductors inside the coil the term becomes: 

Additional coils can also be added to the configuration. 
We only calculate M, for two coils a t  a time, and the presence of other coils has no effect 

on the calculation, since we assume that only one coil is carrying current for any given 
calculation. Once the M, is determined for all the coils, we can allow all the coils to carry 
current and solve for the various voltages and currents as a circuit problem. 

EFFECT OF DEFECTS 

We shall now calculate the effect of defects in one of the inner conductors, n. The voltage 
induced by the presence of a defect in the nLh conductor (the defect-produced voltage change) 
in a detector coil (Coil 2) by a current flowing in Coil I is5 

where a 2 2  is a shape and orientation factor that depends on the particular defect, and VO is its 
volume. 

Substituting in Eq. (49) for the vector potential in region n gives the following equation 
for the change in the mutual impedance, jwMi2, due to the presence of a defect localized in 
region n at  r,z: 
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If we normalize by dividing lengths by r, ail the defect equations take the form: 

If we assume the special case where there are no condiictors outside the coil, Eq. (80) reduces 
to: 

Since the region in which the vector potential is calculated is in the metal, there is no 
restriction on the location of Coil 1 and Coil 2. If the two coils are identical and occupy the 
same volume, Eq. (80) reduces to 

[V I 1 (n) I I (anr)+V2 I (n)K I (a J)] [ U .. . . I . 2 . .... I( r2, . . . .... r ... I )  + U 22 K(r2 . . ,r . . . I)] . . . - 

(u22vll-u1:v21) 
x -- 

We shall now calculate the effect of a defect in one of the outer conductors, n’ at r,z. 
Substituting Eq. (52) for the vector potential in an outer conductor into Eq. (79) and 
calculating the mutual impedance gives 



23 

If we assume that there are no conductors inside the coils, the change in mutual impedance 
due to defects becomes 

EDDY CURRENT HEATING 

The timeaveraged power generated iri a differential volume dv of the nrn conductor is 
given by5 

where the asterisk represents the complex conjugate. 

the time-averaged power in an inner conductor we substitute Ey. (49) into Ey. (86) and get: 
Ihe form of the equation is similar to that for the effect of defects on a single coil. For 

The integrand of this equation is identical to that of Eq. (83) and, in general, the same 
computer program can be used Far both calculations with only slight modifications. 

If we normalize by dividing all lengths by T, the power equations take the form: 

For the case of the time-averaged power in a differential volume in a conductor in a 
region, n’, outside the coil we have: 
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[ U I ~ ( ~ ’ ) ~ I ( ( Y , C ) +  ......... U~.(~’)KI(~,~)][VIII(T?,~I)+VZIK(~~,~I)] ......... ... .......... 2 x - d a l  dv . 
(U22V11- UI2V2I) 

The preceding equations give the expression for various induction phenomena. We shall 
now turn our attention to the numerical evaluation of one of the equations for a particular 
problem. 
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APPENDIX - COMPTJTER PROGRAMS 

We have written two programs for the PDP-IO computer for the calculation of multiple 
cylindrical conductor problcms. The first program, discussed jn the first section of the 
appendix, is designed for  interactive use from a remote terminal and provides the user a large 
amount of instruction. The second grogrum, discussed in the second section, is designed fox 
nonintcractive use:; the user constructs a file containing the input data and then submits the .jot> 
to the butch monitor for later execution, usually during the off-shift hours when the computer 
loud is lightest. Both programs use the set of subroutines listed and described in the third 
section of this appendix. Since the set of subroutines is rather largc,we have included iln index 
of subroutine definitions and calls, 

To uw the interactive program, the user types 

EXE MAIN.REL,SUSR.KEL 

in response: to the monitor's period; to use the noninteractive program the user constructs a file 
containing the corninand 

.EXE MI,GCP,REI..,SUBn.REL 

(Further instructions about submitting batch jobs can be found in the DEC PDP-IO NPU 
Reference Manual, pp. 4-1, 4-20.) 

Interactive Computer Program 

To illustrate some of the features of this program we have reproduced below some of the 
output from a run using a remote terminal. The symbol means carriage return. All 
underlined material was typed by the user; all other niatcrial either by the progiarn or thc 
monitor. To begin, thc user typed 

in response to the monitor's period. 

. EXE YAIN . R E L ,  SUBR.  REL J.  
LINK: L c i r  3 'ng 
[LNKXCT MAIN Execution] 

_ _ c ~  ___ 

The first message from the program deals with the parameters of the circuit for a n  
eddy-current liquid level probe3: 
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EACH OF THE PARAMETERS O F  THE ATTENUATOR C I R C U I T  
WILL BE L I S T E D  WITH I T S  CURRENT VALUE. TO RETAIN THIS 
VALUE, HIT RETURN.  TO INSERT A NEW VALUE, TYPE I'll IN. 

VO 3 .23410E- I -00  +- 
RO 4 . 6 4 0 0 0 B + 0 2  + 
CG 3.83UOOF-09 - + 

c7 3 . 8 3 0 0 0 E - 0 9  k 

R 9  4 . 6 4 0 0 0 E + 0 2  J- 

We observe that in the last line the number of turns in the coils, ' l K ,  was reduced from 190.75 
to 100; all other parameters were kept the saint. 

The program next lists the dimensions of the coils. with radii and end positions both in 
inches and normabed form (divided by the radius of coil No. 1): 

C O I L  PARAMETERS ARE : 
ACTIJAL NORM 

R 1  0 . 4 2 0  
R 2  0 . 5 8 0  
L 1  0 , 0 0 5  
L 2  0.1QQ 

K 4  0.581) 
L 3  0 , 0 0 5  
I, 4 0 1 6 0  
N1 1 0 0 . 0 0 0  
N 2  1ClO,000 

R 3 a ,420 

0 . 8 4 0  
1 . 1 6 0  
urn 0 1 0  
0.321) 
a e 8 4 0  
1 . 1 6 0  
0 . 0 1 0  
a s  3 2 0  

and then gives direction\ for the ucer as to how to changc any or all of  the coil paiameters: 

TO C H A N G E  ALL COXT, PARAMETERS, TYPE ''ALL'' FOLLOvJnlED 
BY A R E T U R N .  TO CHANGE SELECTED com PARAMETERS, 
TYPE " S E L E C T . ' .  TO S E E  THE PARAMETER NAMES,  TYPE "N&MES ' I .  

T O  KEEP THE P R E S E N T  C O I L  PARAMETERS , HI'f RETURN.  
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In th is  casc, the user wished to change the inner radii of the two coils, R I  and R3: 

TYPE THE TWU-CHARACTER NAME, AT LEAST ONE S P A C E ,  AND 
THE NEW PARAME'PEK VALUE. END WITH A NAME OF "XX", 

When the USJEI' has finished the  ch;amges, ;as indicated by the parameter name ''XX"? the 
program lists [ t ie  coil parainetcrs agaia: 

8 .816 
I e 1 8 4  
0 a 010  
0 I, 327 
0 , 8 1 6  
1 . 1 8 4  
0 . 0 1 0  
0.327 
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ALPHA INTEGRAL TERM 

2 . 0 0 0 0 0 0 0 E + 0 1  3 .1401252E--05  3 . 1 4 0 1 2 5 2 E - 0 1  
4 . 0 0 0 0 0 0 0 E + O J -  3 , 1 4 5 9 2 5 2 E - 0 1  5 .7999293E-04  
6 . 0 0 0 0 0 0 0 E + 0 1  3 . 1 4 6 5 7 Q l E - 0 1  6 . 5 0 9 7 3 9 3 E - 0 5  
8.0000000Et01 3.1467U31E-01 1 . 2 7 0 0 7 2 4 E - 0 5  
1.0000OOOE+Q2 3 . 1 4 6 7 4 7 0 E - 0 1  4 .3893389E-06  
1 . 2 0 0 0 0 0 O E + 3 2  3.1467638E-01.  1 . 6 8 0 7 7 7 8 E - 0 6  
1 . 4 0 0 0 0 0 O E t 0 2  3 . 1 4 6 7 7 3 8 E - 0 1  1 . 0 0 3 4 2 1 8 E - 0 6  
1 .6000000E+i l2  3 , 1 4 6 7 8 3 2 E - 0 1  9 .3779536E-0 '7  
1.800QOOOEt02 3 , 1 4 6 7 8 6 3 E - 0 1  3 .0393566E-07  
2 . 0 0 0 0 0 0 0 E + 0 2  3 . 1 4 6 7 8 8 4 E - 0 1 .  2 .1588050E-07  
2 . 2 0 0 0 0 0 0 E + 8 2  3 . 1 4 6 7 9 0 3 E - 0 1  1 . 8 1 5 8 0 0 1 E - 0 7  

The program now prints the current values of the parameters describing the conductors, 
and request< further information: 

INNER CONDUCTOR PROPERTIES: 
N R,A@TUAL R , NORM M , NORM MU ( R E L )  RHO 

1 0 . 3 0 0  0 . 6 1 2  3.4943E3-01 1 . 0 0 0 0 E + 0 0  3 .5001E-600 
2 0 . 4 0 0  0 , 8 1 6  7.061.6E+01 1.0000E-l-00 1 .7320S+QO 

I F  YOU WANT TO CHANGE THE C O I L  PARAMETERS, TYPE " C O I L "  
I F  YOU WANT TO CHANGE THE CONDUCTORS, TYPE "COND" 
I F  YOU ARE READY TO R U N ,  TYPE "RUN" 
AND I F  YOU WANT T O  RETURN 'TO MONITOR MODE, TYPE "QUIT'* 
FOLLOWED, I N  EACH C A S E ,  BY A RETURN. 

In response to the query, the user has requested a change in the conductors. The user can 
retain any current value by typing a carriage return in response to the request for a new value. 
as shown in the following: 
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TO INSERT CONDUCTORS, TYPE mINSERT'g 
TO CHANGE CONDUCTORS, TYPE "CHANGE7' 
TO DELETE CONDUCTOR$ TYPE "DELETE '' 
FOLLOWED BY A RETURN.  TO RETURN TO THE MAIN PROGRW 
WIT RETURN. 

CHANGE 

FOR A CONDUCTOR INSIDE THE COILS, TYPE Y N T ~ ~  
FOR A CONDUCTOR OUTSIDE THE COILS, TYPE "EXT'@ 
FOLLOWED BY A RETURN. 

TYPE IN THE VALUE "I" CORRESPONDING "$0 THE INTERNAL REGIO 
WHOSE PARAMETERS YOU WANT CHANGED 

I 1 G  

TYPE IN THE NEW PARAMETER VALUES,  

FOR MORE REGIONS, TYPE "YES"; 
IF NOT,  TYPE "NO", FOLLOWED BY A RETU 
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In addition to reducing the outer radius of the first conductor to 0.25 inches, the user 
wishes to reduce the outer radius of the second conductor to 0.38 inches. 

FOR A CONDUC'TOK I N S I D E  THE C O I L S ,  TYPE " I N T "  
FOR A CONDUCTOR OUTSIDE THE C O I L S ,  TYPE " E X T "  
FOLLOWED BY A RETURN. 

INT 

TYPE I N  THE VALUE ''I'i CORRESPONDING TO THE INTERNAL REGION 
WHOSE PARAMETERS YOU WANT CHANGED 

1 2 - c  

TYPE I N  THE NEW PARAMETER VALUES. 

_. ._ 

FOR MORE R E G I O N S ,  TYPE " Y E S " ;  
IF NOT, TYPE "NO",  FOLLOWED BY A RETURN. 

The program again requests further instructions: 

TO INSERT CONDUCTORS, TYPE 3 t ~ ~ ~ ~ ~ ~ l a  

TO mrxm CONDUCTORS TYPE #'DELETE 11 

TO CHANGE CONDUCTORS TYPE "CHANGE 

FOLLOWED BY A RETURN.  TO RETURN TO THE MAIN PROGRA 
HIT RETURN. 

4. -_ 
Since there are no further conductor changes to be made, as indicated by the carriage 

return, the program now lists the coil and conductor properties once more: 
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C O I L  PARAMETERS ARE : 
ACTUAL NORM 

R 1  0 . 4 0 0  
R 2  0 . 5 8 0  
Ill 0 . 0 0 5  
L 2  0 . 1 6 0  
R3 0 . 4 0 0  
R 4  0 .580  
L 3  0 . 0 0 5  
L4 0 .160  
N l  1 0 0 . 0 0 0  
N 2  1 0 0 . 0 0 0  

0 .816  
1.184 
0 * 0 1 0  
0 . 3 2 7  

1 . 1 8 4  
0 . 0 1 0  
0 . 3 2 7  

0 .  a16  

THE CURRENT VALUE O F  THE A I R  PARAMETER, A 9  = 1 . 3 3 4 8 8 E -  
TO RETAIN T H I S  VALUE, HIT RETURN. TO I N S E R T  A VALUE, 
TYPE T ,  FOLLOWED BY A RETURN. TO COMPUTE 
A NEW VALUE, TYPE AMY OTHER NON-BLANK CHARACTER, 
FOLLOWED BY A RETURN. 

.c 
I 

INNER CONDUCT'OR P R O P E R T I E S :  
N R,ACTUAL R,NORM M,NOKM MU ( R E L )  RHO 

1 0 . 2 5 0  0 . 5 1 0  3 . 4 9 4 3 E + 0 1  1 . 0 0 0 0 E - t - 0 0  3,5001E-t-00 
2 0 .380  0 . 7 7 6  7.0616E-l-01 1 .OUOOE+00 1 . 7 3 2 0 E - t O O  

I F  YOU WANT TO CHANGE THE C O I L  PARAMETERS, TYPE "COIL," 
I F  YOU WANT T O  CHANGE THE CONDUCTORS, TYPE "COND" 
I F  YOU ARE READY TO RUN, TYPE "RUN" 
AND I F  YOU WANT TO RETURN TO MONITOR MODE, TYPE ' 'QUlT' '  
FOLLOWED, I N  EACH C A S E ,  BY A RETURN. 

The program now requests the frequency range and step for the calculations (for a single 
frequency, use equal first arid last frequencies, and a step of 1.0). 

F I R S T  FREQUENCY ( K H Z )  = 1 . 2 5  

LAST FREQUENCY ( K H Z  1 = j .  

FREQUENCY STEP ( K H Z )  = .05  A 
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The input data and results can be saved in a file for later analysis: 

I F  YOU WANT TO WRITE TIlE RESULTS OF THIS CATIC~JLATTON 
ON F I L E  NO. 1, TYPE 1 ,  I F  NOT, HTT RETURN.  
- 14, 

The program now calculates and prints the results for each of the requested frequencies (to 
save space, we show only the first): 

FREQUENCY (KNZ) = 1..250 

FOR COIL IN AIR E 

ATTENUATOR OUTPUT' VOLTAGE 
REAL = 1 . 6 3 1 9 5 E - 0 4  IMAG = 1 , 2 8 1 0 1 E - 0 2  
MAGN 1 e 28.11 2E-02 PI.IASE= 1 ,55806E+QO RADIANS 

8 . 9 2 7 0 1 E c 0 1  DEGREES 

ALPHA z I. 2 2  

1 . 0  - 1 . 8 6 8 8 7 8 5 E - 0 1  
2,0 - 2 . 6 9 1 0 5 2  1 E -0 1 
3 . 0  - 3 . 0 2 2 2 5 1 3 E - 0 1  
4 . 0  - 3 . 1 5 4 2 2 0 2 B - 0 1  
5 . 0  - 3 . 2 0 8 3 5 3 1 E - 0 1  
6 . 0  - 3 . 2 3 0 5 3 6 8 E - 0 1  
7 . 0  - 3 . 2 3 9 6 5 2 9 3 - 0 1  
8,O - 3 . 2 4 3 4 0 5 9 3 - 0 1  

1 0 . 0  -3 .2455966E-01  
1 1 . 0  -3.2458628E-01 
12.0  -3 .24594313-01  
1 3 . 0  - 3 . 2 4 6 0 2 3 5 E - 0 1  
1 4 . 0  - 3 . 2 4 6 0 3 6 9 E . 0 1  
1 5 - 0  -3.2460441E-01 
1 6 . 0  - 3 . 2 4 6 0 4 6 8 3 - 0 1  
1 7 . 0  - 3 . 2 4 6 0 4 1 3 E - 5 1  
1 8 . 0  -3.246048QE-01 

9 . 0  - 3 . 2 4 4 9 5 5 1 ~ 4 1  

- 4 . 3 9 . ~ 0 7 m - ~ ?  + 
- 7 . 0 3 3 6 6 3 9 E - 8 2  
-8 .5038655E-02 
-3.30134OOE-02 
- 9 . 7 2 5 5 4 1 9 E - 9 2  
- 9 . 3 4 7 2 4 0 4 E - 0 2  
- a  . 0 0 6 1 2 6 7 E - Q 1  
- 1 . 0 1 1 9 1 3 4 E - 0 1  
- 1 . 0 1 4 8 1 9 0 E - 0 1  
- 1 . 0 1 6 2 6 5 2 E - 0 1  
-1 .0169786E-01  
- 1 . 0 1 7 3 2 6 5 E - 0 1  
- 1 . 0 1 7 4 9 3 2 3 - 0 1  
- - 1 . 0 1 7 5 7 1 1 E - 0 1  
-1.017606l .E-01 
- 1 . 0 1 7 6 2 0 9 E - 0 1  
- 1 . 0 1 7 6 2 6 6 E - 0 1  
- 1 , 0 1 7 6 2 8 5 E - 0 1  

FOR C O I L  PLUS CONDUCTORS: 

ATTENUATOR OUTPUT VOLTAGE 
REAL = 1 . 4 0 1 3 0 E - 0 3  I M A G  = 8 .58299E-03  
MAGN = 8.69662E-03 PHASE- 1,40896EiQO RADIANS 

8.07274E+Q1 DEGREES 
PHASE SHIFT -8 .54267E+OQ DEGREES 
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When the calculations are finished, the program requests further i ~ ~ t ~ ~ c t i o n s :  

FGR A NEW SET OF ATTENUATOR PARAMETERS, 
TYPE T. FOR NEW C O I L  OR CONDUCTOR P R O P E R T I E S ,  TYPE C .  
T O  RETURN TO MONITOR MODE, TYPE “QUIT”. 

Since the user has requested new circuit parameters, the program lists the current values 
and accepts new values, where typed in. 

EACH OF THE PARAMETERS OF THE ATTENUATOR C I R C U I T  
WILL BE L I S T E D  WITH ITS CURRENT VALUE. TO RETAIN THIS 
VALUE, H I T  RETURN. TO I N S E R T  A MEW VALUE, TYPE 1% I N .  

VO 3.23410E+00 I J. 

KO 4.640003+02 325.  

R 7  6 . 9 4 0 0 O E + Q . l .  A 
G 7  3 . 8 3 0 0 0 E - 0 9  2- 

R 9  4 . 6 4 0 0 0 3 + 0 2  3 2 5 . +  -- 

TN 1 . 0 0 0 0 0 E + 0 2  

The output voltage da i l a t ions  are repeated for each of the frequencies used in the 
previous calculations, with appropriate outpui to the user’s terminal and to the data file, if 
requested. When these calculations are complete, the program again asks for instructions: 

FOR A NEW SET OF ATTENUATOR PARAMETERS, 
TYPE T.  FOR NEW COIL OR CONDUCTOR P R O P E R T I E S ,  TYPE C. 
TO RETURN T O  MONITOR MODE, T Y P E  “‘QUIT”. 

STOP 

END OF EXECUTION 
CPU TIME: 4 0 . 6 4  ELAPSED TIME: 25 :34 .48  
E X I T  
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The data file containing the output from the program can be listed on the user's terminal, if 
desired: 

TY FOROl.DAT 
~ . O O O O O O O E - - ~  ~ . ~ O O O O O O E - O ~  S . O ~ O O O O O E - ~ ~  
4 . 0 0 0 0 0 0 0 E - 0 1  5.8000OOOE-01 5 . 0 0 0 0 0 0 0 E - 0 3  
1 . 0 0 0 0 0 0 0 E + 0 2  l,OOOOO00E+02 1 . 3 3 4 8 1 8 6 E - 0 2  
3 . 2 3 4 1 0 0 0 E i Q O  4 . 6 4 0 0 0 0 0 E + 0 2  3 . 8 3 0 0 0 0 0 E - 0 9  
Q . ~ ~ O O ~ O O E + O I  3 , ~ 3 o o o o o e ~ - - 0 9  4 . ~ 4 o o o o o ~ + a 2  

2 
2 . 5 0 0 0 0 0 0 E - 0 1  l a 4 5 5 3 6 0 3 E + Q 2  l.OOOOOOOE+30 
3 . 8 0 0 0 0 0 0 E - 0 1  2,94111.3St?+02 1 . 0 0 0 0 0 0 0 E + 0 0  

1 . 2 5 0 0 0 0 0 E + 0 0  1 . 2 8 1 1 1 8 I E - 0 2  1 . 5 5 8 0 5 7 5 E + 0 0  
8 . 6 9 5 6 2 4 2 E - 0 3  1.4089598ECOO 8.0427448E-k01. 
1.30OOOOOE+00 1 .3323 '745E-02  1.5575479E+OO 
9 . 0 0 9 7 9 0 1 E - 0 3  1 . 4 0 9 8 ' 7 8 5 E + 0 0  8 . 0 7 8 Q 0 8 7 X + O l  
1 .3500000E- i -00  1 - 3 8 3 6 3 2 3 6 - 0 2  1 .557U383E+00  
9 . 3 2 2 0 3 7 0 E - 0 3  1 , 4 1 0 7 4 6 0 E + 0 0  8 . 0 8 2 3 7 9 1 3 * 0 1  
1 . 4 0 0 0 0 0 0 E + Q 0  1 . 4 3 4 8 9 l S E - 0 2  I . . 5565287E+00  

4.0000OOOE-01 5.800OOOOE-01 5.0000000E-03 
4 . 0 0 0 0 0 0 0 E - 0 1  S , 8 0 0 0 0 0 0 E - ~ 0 1  5 . 0 0 0 0 0 0 0 E - 0 3  
1 . 0 0 0 0 0 0 0 E + 0 2  1 .000000OE+02  1 .33487863-02  
3 .2341000E+QO 3.2500OOOE-+02 3 . 8 3 0 0 0 0 0 E - 0 9  
6.94OOOOOE-i-01 3 .83000QOE-09  3.25000OOE-FC2 

2 . 5 0 0 0 0 O O E - 0 1  1 . 4 5 5 3 6 0 3 6 + 0 2  1 . 0 0 0 8 0 0 0 E + 0 0  
3.80QOOOOE-.~01 2 . 9 4 B 1 1 3 5 E t . 0 2  1 . 0 0 0 0 0 0 0 E + Q 0  

1 .2500000E+OO 1 - 6 4 1 2 7 7 4 E - 0 2  I. . 5 5 5 2 3 9 3 E + 0 0  
1.113'7R53E-02 1 . 4 0 6 9 9 6 7 E t 0 0  8 . 0 6 1 4 9 7 5 F + 0 1  
1.30000QOE+QO 1 . 7 0 6 9 4 1 9 E - 0 2  1.5544090E+OO 
1 . 1 5 3 8 8 2 1 E - 0 2  1 , 4 0 ' 7 8 4 5 1 E + 0 0  8 . 0 6 5 3 5 9 2 E + Q l  
1 . 3 5 0 0 0 0 0 E + 0 0  1 . 7 7 2 5 0 8 0 E - 0 2  1 . 5 5 3 7 7 8 7 3 + 0 0  
1 . 1 9 3 8 6 0 1 E - 0 2  1 , 4 0 8 6 4 2 4 E + 0 0  8 .0 '709266E+01  

1 . 2 3 3 - m H E - 0 2  1 . 4 0 9 3 9 3 8 E + 0 0  8 . 0 7 5 2 3 1 9 3 + - 0 1  

0 

9 . 6 3 3 4 0 3 7 ~ - 0 3  i , 4 1 1 5 6 7 4 ~ + 0 0  8 . 0 8 7 ~ 8 5 3 ~ c a l .  

2 

0 

1.400a000~+00 1 .) 8 3 8 2 7 5 ' 7 ~ - - 0 2  1 . 5 5 3 1 4 8 3 E + 0 0  

1 . 5 0 0 0 0 0 0 E - 0 1  
~ . Q O O O O O Q E - O ~  

6 94800OOE+01 
3.3 0000000E+02  

8 . 9 2 7 0 1 1 R F 3 0 1  
--8.5426693E+OO 

8 . 9 2 4 0 9 2 1 E + Q i  
-8.460833SE+OO 

8.9211724E4-01  
- 8 . 3 8 1 9 3 3 2 E + 0 0  

-8.3056936E+OO 

I n  6 0 0 0 0 0 0 E ~ - 0 1  

8 . 9 1 8 2 5 2 7 ~ + 0 1  

~ . ~ O O O O O O E - Q ~  

8 .9097190E4-01  
- 8 . 4 5 2 2 1 4 9 E + 0 0  

-8. ?9 ' ?4934E+00  
8 .9024960E- i -01  

--8.3156939E+OO 

-8 ,2365255E+00  

8 . 9 o s i a 7 5 t i + o i  

8 . 8 9 8 a 8 4 5 ~ + o i  

I'he first three lines contain the coil dimensions and the P I T  parsmeter, As; the next two lines 
contain the attenuator parameters. The next line contains the number of inner conductors (2) 
and the next lines contain the parameters for the inner condiictois, one line per conductor. 
Since there are no external conductors in this example, the number of external conductors is 
zero. The following lines contain the freqzimcy, the magnitude and phase of the output voltage 
for the coil in air and the coil plus conductors, arid the phaqe shift (in degrees) due to the 
conductors, two lines per freqixxicy value. 
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O P E H  P I L E  4 P3R 3rTTPTlT 

CALL O P I G E  (1, ' F ? R O I * ]  

ATTENIJAT3 R C I R  "1 7" P R O P E R T I E S  

CALL ATTEW ( I T Y )  

COIL P R O P E R T I K S  

CALL CCNRW 

CWLL CDYSP ( I T Y )  

8R2 = B B A R * * 2  
TO = ( ( C S I Z E ( 2 9  - 2SXZE[ 1)  f * ( Z S t Z E  ( a )  - CSIZE ( 3 )  ) /R?2) * 
R B A R  = . ~ * ( c s T z F ~ ~ )  + e s r z e ( 2 ) )  

1 ( ( C S T Z E  ( 6 1  - C S T Z P ( s ) )  * [ C S X Z E ( 8 )  - C S r Z E ( 4 ) )  pRB2)  

S E E  IF THE A I R  FPAFAnETERd A9, MAS A VALUE 

WRITE ( T T Y , S )  A 9  
FORMAT ('OTHE C U R R E N T  V 4 L 9 E  OF THE i l I R  PARANETER,  A9 =*,lPEI&,S/ 

1 ' TO R E T A I N  T H T S  Y A L I I E ,  HTT RETURN. TO KWSERT W V A L I J E , ' /  
2 ' TYPE T, FOLLOWED BY A RETURN. F 6  COWPllTEg/ 
3 ' A NEW V A L U E ,  TYPE A N Y  OTHER N D N - S L A I V K  C H A B A C T E R , ' /  
4 ' FOLLOWED BY A R E T U R N . ' )  
READ ( I T Y  ,725) X L O O R  
IF (XL33K .NE, UT) GO T3 96 
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2 

86 

4u 

45 

3 
.c 
a= 
c 
G 

37 

c 
c 
e 
C 
C 

e 
c 
c 
C 
c 

41 00 
C 
c 
C 

105 

110 
C 

R B A B  = RBAR*CCINY 
R 1  = C Z N O R H ( 1 )  

XLNTH = C Z N O R Z ( 4 )  - CZ%?OR&M(3J 
AIR9 = A9 
TN = C S T Z E ( 9 )  

w2 22. r n N O R T 4 ( 2 )  

N O R M A L I Z E  CONDIICIIQR P R O P E R T  YES 

DO I N T E R N A L  CONDUCTORS, IF WXK 

N R I N  = PcrN 
DO 100 W = l , I C I N  
IF [NCrN -E?. 0) SO "TO ? 0 5  

R T N  IN) = X R Z W ( N )  * P B B  
IF' ( X H I N ( N )  .EQ. 0,) X f f I N [ N )  = S O 9 . 3 9 7 q 2 t X n U x ( n ) s X R H l ~ ~ )  

THE FACTOR 5 3 9 . 3 9 7 9 2  115 T H E  CONVERSION PACTOR NEEDED PtJ 
ACCOUNT FOR DISTANCES I N  XNCHES, FREQUENCIES I N  K Z L O B E B T Z  
A N D  P E S I S T P V X T I E S  IN H I C R O - O H I I  C E N T K H E T E R S ,  

CONTI M!JE 

N O R t l A L X Z E  PROPEPTIES FOR EXTERNAL CORDUCT3RS (XP A N r )  

NBEX = NCEX 
IF (NREX .Ea, 0) G3 TO 1 1 5  
DO 1 1 0  N = 1,NCEX 

REXfNf  = X R F X ( N )  * R R B  
IF I X H E X ( ( N )  .EO. 0,) X B E X  ( N )  = 5O9,39;892*xnUX(ert,/XaHx (N) 
EEPX ( V )  = XMFK (N) * B B 2  
PERMEX(N)  = X N U X ( N )  

C ONTI WJE 
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w UZTT PLF c Y er NIP R I CA E C O N  D i m  r) ~s 
INTEMACTIV E M A I N  PAOGBAM 

IF ( N ~ I N  .GT. 0)  C ~ L L  ~ Y D D S P ( ~ , L T Y ~  

% R I T E  ( r ~ ~ , 1 2 3 )  
F O R Y A T ( * O I F  Y ~ U  W A N T  T O  " A W E  T H E  coIrA P A R A M E T E R S ,  TYPE ~ ~ B c o I L ~ ~ ' /  

T P  ( N R E X  ,ST. 0)  C A L L  C N D D S P [ 2 , I T Y )  

1 1 T P  Y O ~ J  W A N T  ro C H A N G E  T H E  C O N D U C T O R S ,  T Y P E  03c3~1~99/ 
2 * IF YOTI  A R E  R F A D Y  T O  PUN, TYPE t a R U ? I f 3 ' /  
3 * A N D  IP Y O U  WANT T3 R E T U R N  TO X O N I T O R  BODE, T Y P E  nQUXP)"/ 
4 POLLOYEL), E N  EACfI  CASE, BY A ??ETURYI'/lX) 

R E A D  (ITY.125) L O O R  
F O B Y A T  ( A U )  
CALL R A T C H  ( L O O K , J U D G E , ' - + , K f i A ? )  

WRITE ( I T Y ,  130) L O O K  

GO TO 1 2 3  
GO TO {90 , ISO, l f jO ,90O) ,  K R A T  

IF ( Y M A T  .RE. 0) s3 T O  1 4 0  

F O R P I A T  ( I X , A ~ , ' ?  C-Pqr F . G A T Y !  e , $ )  

1 1 5  

1 2 0  

1 2 3  
1 2 5  

1 3 0  

1160 
c 
c 
e 

150 

c 

e 

c 
c 
e 

P ,.. 

1 6 0  

4 

5 

6 

7 

c 

c 
P b" 

22  

2 3  

c 
c 
C 

CD N DU C T 0 R P R 3 P E Et T .I E S 

CALL CWDC HA ( I T Y )  
G O  TO 95 

R U N  A CALC'JLATfON WITH T H E  CURRENT PARAVETERS 

W R I T E  ( I T Y , 4 )  

R E Q U E S T  FREQUENCY R A N G E  A N D  S T E P  

F O R B A T  ( ' O P I R S T  F R E Q U F N C I  {KHZ) = I , % )  

R E A D  (ITY,5) 81 
FORUiAT ( E )  
WRITE ( E P Y , S )  
FORYAT 4' L A S T  FREQUENCY (KHZ) = q , $ )  

R E A D  (IrY,5) P 2  
W R I T E  ( I T Y , 7 )  
P O R Y A T  F R E ! J U E W ? Y  STEP (KHZ) = I , % )  

R E A 5  (T:T'P,5) DP 
WF = IFTX ((P2 - 4 1 ) / D P  * 1 - 0 5 )  

A S K  IP READY T O  WRITE RESULTS OH B I L E  

T W R "  = 0 
WRIT E' ( ITY, 2 2 )  
FORMAT Q ' O I P  YOU R A N T  PO W R I T E  T H E  RFSIILTS OP THZS C A C C U L A T I O W d /  

READ ( T T Y 8  2 3 )  T 1 R ' P  
F O R M A T "  (I) 
I F  ( I W R T  . E & -  0) GO TO 5 5  

1 ON PILE NO. 1, TYPE 1, T P  H O T ,  H I T  R E T T J R N . ' )  

W R I T E  C O I L  PARAYETERS O N  F I L E  1 

WRITE (1,21) C S I Z E ,  A9 
C 
c 
c 

WRITE ATTENUAT3R P A B A H E T E R S  
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VU L T I P L E  CY L I N  DRI CAL C O N D f J C T 3  9 5 
I U S F R A C T T Y E  F4Y N PRr3SP9Y 

C 
c 
c 

2 0  

2 1  

c 
C 
c 
c 
c 

55 

C 
c 
c 

c 
C 
c: 
c 

1G5 
C 
C 
C 

170 

175 
c 
c 
c 

d R D  

8 

WRITF: ( 1 , 2 1 1  V O ,  RO, Ch, R h ,  H7, 177, R9, TN 

WPTTE MATERTALS P F O P E P T I F S  ON FILE 80, 1 

CON T I h' IJ 2 

FOLD = 1.0 
O M E G A  = 6233.18531 
F = F t  
N F  = R T N O ~ N F , ~ ~ )  

B E G I N  L O O P  3 V E R  PRE3fJEPCfE.5  

DO 3 0 0  N = 1 , N F  
R R T T O  L= F/FOLD 
T F  ( N R I I N  .EQ- 0 )  GO T3 170  

A D J U S T  Y V I \ L U E f j  FOR INTPRNAL REGIONS [ T T  A W Y )  T 3  T H E  
FSEU F REOIJENCY 

D O  465 T=l,NRTN 
E X T N  (I) = EVIW (I) * R A T T O  

AND T H E  S91F FDR THE E J T E B N A L  P E G I O N S  (TF W Y Y )  

INITIALIZE F3R INTF7qATION O V E R  ALPHA 

A 2  = 1. 
A I  = 0. 
7 1  = 0. 
z2 = 0, 
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1 2  

112 
L^ 
c 
r: 

c 
c 
c 

18 5 
1 

1 
r: 
c 
c 

9 
L m 

c 
c 

c 
c 
c 
c 

250 

1 0  
1 

F L 

e 
c 

1 3  

11 
1 

ADD C U N T X l H U T T O N S  T3 T 3 T A L S  

TEST FOR CONF ERG E K E :  

CALCULATF WTTENWIIP.TOR 3UTPUT VOLTAGE 

CALL V O U T  ( V O R L ,  VDTY, V O A R S ,  VOARG) 

W R T ' r E  (ITY,13) 
PORAkT [ *  OPOR C3IL PLUS Z O N D U C F O B S :  * )  
WEIITE: (IFY.11) VORZ, V O I P I ,  V O A R S ,  V O A R G ,  DEGR 
PORI.P.4'1' [ ' O A T T R N I I A T O R  OUTPUT V O L T A G E * /  
* REAL =*, 1PE13.5, I E I A G  E13,5/ 

DEGR = D E G m W * v o n R G  
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M ULTT PLE CY LT ND RICA L CONDIICTO RS 
INTERACTIVE EATN P R O G R A M  

16 
c 
c 
C 

3 0 0  
c 
c 
C 
C 

Y O 0  
3 3  

C 
00 1 

C 
c 
C 

c 
C 
C 

c 
c 
c 

c 
c 
r 
C 
c L 

QO 2 

2 ' M A S W  = I ,  E l 3 . 5 ,  PHASE=Nv F ? 3 , 5 ,  * R A D t A N $ ' /  
3 2 7 X ,  F13.5, ' DEGREES') 

W R I T E  (XTY,16) DPHI 
F O R Y A T  { I U X ,  ' P H A S E  S H I F T  = *  ,1PE13,5, D E G R E E S ' )  

D P H I  =; DEGB - P f i r A r P  

WRITE OUTPUT V3LTBGR MAG, PHASE A N D  PHASE SHIFT ON FILE 80" 1 

IF ( IWRT .&E* 0)  WRITE ( 1 , 2 l )  V a A B S ,  V O A R G ,  D E G R ,  DPHI: 
F O L D  -= f 

P = F * D F  

FTNISHED K I T H  THIS S E T  OF FREQUENCIES, 
ASK F O R  NFW ATTENUAT3R P A R A M E T E R S .  

R Z A 9  (ITY, 125) XLODK 
IF (XLOOK -NE.  HT) G O  T O  4 1 0  
C A L L  ATTEN ( I T Y )  
I F  (TWRT ,EQ. 0) Gn TG 1102 

WRITE C O I L  PARkMETERS ON P I L E  1 

# R I T E  ATTENUATDR PARAMETERS 

WRITE (1 ,211 Vo, RO, C 6 ,  R6, R 7 ,  C 7 ,  R9, TN 

W R X T E  flATERIRLS P R O P E R T E E S  O N  FILE NO, 1 

WRITE (1,20) NCIN 
T F  ( N C I N  ,NE. 0 )  

%RITE f I ,  20)  NCEX 
IF (NCEX , N E I  0 )  

7 W R I T E  ( 1 ,  21) ( X R I N  (N) , X M I N  (3) , XMUI IN) , XRHI (N) , N=?, NCIN) 

1 WRTTE { 7 , 2 1 )  ( X R E X ( W ) ,  X I I E X ( N ) ,  XMUX(H) , XRHX(N) N = l , M C E X )  

COMPUTE ATTENURTOR C I R C U I T  OUTPUT VOLTAGE F O R  EACH 
OF THE SET OF r\TF FREOUENCIES ZdITH THE N E W  C I R C U X T  
P A B A M  ETERS.  

DO U1)s N = l , N F  
F = P R E Q ( N )  
WRITE t I T Y . 8 )  F 
OnEGA = A N G F I N )  
Z R E  = 0. 
Z I M  = 1.  
CALL V D U T  ( V D R L ,  V O I R ,  V O A B S ,  Y O A R G )  
P H I A I R  = D E G P R A * V O A R G  
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e 
c 

PI"TULT PLE C Y L I N D R I C A L  CoWDrncrow 
XNTEHACT'CV E YAIN P R O G A A A  

C 
P 
b 

C 

40 5 

c 
C 
c 
4 10 

c 

c 
C 

P L 

1: 

C 

WPI'L'E OUTPUT V O L T A G E  H l i G ,  PHASE A N D  P5IASE S H I F T  F i L E  MO. 1 

IF ( L H D T  . N E .  3 )  URITS ( 1 , 2 1 )  V O A R S ,  V B A R G ,  DEGS, DPLIX 
CONT INrJ E 
GO TO 4 0 0  

IF' (XLOOK ,EQ. HE) 53 T3 95 
TP ( L O O K  .EO. J U D G R [ q ) ]  G O  T O  909 

X L O O K  IS NOT R"COG?fHZEE^u - T Y P E  1 T  OU?', AND irSK FOS 
A N O P H F B  TRY. 

c 
900  C A L L  R E L E A 5  (1) 

STOP 
E ND 
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Noninteractive Program 

This program will compute the normalized impedance and outpui voltage for idealitiael. 
intermeshed coils in  the presence of multiple cylindrncal conductors. To use the program, a 
data file named MLCCP.DAT must be created, containing the necessary input data. This cain 
be done with any of the editing programs now available; if the line editor is used, the Bine 
numbers must be stripped from the file before execution o f  ftie program. A corvenient way to 
do this is to type’ 

GOFY,/N = ML,GCP.DA-r 

in response to the monitor’s period. 
The format of the data file i 5  a5 follows: 

line I : 

line 2: 

line 3: 

line 4: 

VO,KO,C6,Rh, R7,C7,R9 (attenuator circuit parameters as defined in Meferefice 3) 

NCIN fNo. of internal conductors) 

K(1), M(l), MU(I) ,  KWO(1) 

R(2), M(2), MUG?), RHO(2) 

line NGIN -t 2 

where K, M, MU, and RHO are the outer radius, ~M-value (if known), rekntive permeability 
and resistivity for each internal conductor. ‘The order is From the ianermvst cocd~actor outward. 
If there are no internal conductors, enter a zero for NCIM, 

line NCIN i- 3: NCEX (No. of external conductors) followed by NGEX lines of data in 
the Same format as  for the internal conductors, except that R i s  the 
inner radius of each conductor, and that the order i s  from the 
outermost conductor inward. 

If there ale no external conductars, enter a 2ero for NC‘EX. The neut two lines contain 
the coil paramcters in the form 

K1, K2, L1, L2, N1 

K3, R4, IL3, L4, N2 

where R1 and K2 are the inner and outer radii of the first coil, Li and 12  arc the lower and 
upper axial positions of the ends of the first coil, and NI is the nurn6er of  turns. R3 thsougli 
N2 are the analogous parameters for cod no. 2. 

The next line contains the value of the air parameter, 189 .  [f a zero i s  entered here, the 
following line must contain either 
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a)  the maximum alpha, the step size and print frequency for the nurncrical integration 
for As; or  

b) zeroes or  blanks, in which case the default values of 50, 1 and 10 will be used. 

'1-he next line contains the fiist frequency (Fil), the last frequency (F2) arid the frequency 
seep (DF), all in kNz. The calculation will be done for a maximum of 20 frequencies, starting 
with F1 and increasing in steps of DF. 

The next line contains the control integer NEXT to specify what is wanted for the next 
case. A value of 1 means to read new frequency data, 2 means read new coil data, 4 nirans to 
read new conductor data., and 8 means to read new attenuator parameters. Combinations of 
the above can be used by entering the sum of the appropriate values of NEXP'; for example, 
to use new frequency data and new conductors, enter 1 + 4 = 5 as NEXT. To stop the 
program, enter zero. 

A listing of the data file for a sample problem is shown in  Fig. A l .  'The output of the 
noninteractive program is similar to that of the interactive program but does not include any 
of  the prompting. In this example, there are two internal and no external conductors; a value 
of As is given and calculations are reqtrested at  a frequency of 1.25 kHz. The value of NEXT 
is 5, indicating new conductors and new frequency data; the radius of the inner conductor is 
reduced to 0.2 inches and calculations are requested a t  1.30 and 1.35 kHz. Finally, with 
NEXT = 8, the attenuator properties are altered. 

Fig. A l .  Data file for input to noninteractive program 
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." 
1 0 0  

3 0 

c 
1 0 2  

'3 
-40 5 

119 
c 

115 

1 2 0  

1 2 5  

0 

c 

Ir 

5 

N??XT = NEXT - U 



r
 

0
1
-
 

.. 
3
 

I@ 

\
 

r? 

t/: 
tJ? 

Q
C

I 
a

n
*

 
x
 

w 

C
k

 
w

 



9 4 4  

1 6 0  
C 

12  

1 9  

c 
1 7 2  

8 

i: 
175 

9 

I F  ( Y R F X  ,EQ, 0 )  G O  TO 970 
DO 165 X = I , N r l E X  

C O N T ' I N I I  E 
E 3 E X  ( N )  = EMEX (N) * P A " I O  

W91T4 ( L O U ,  14) F 
F 3 P Y A T  { ' O A L P H A ' ,  7 X ,  * X I * ,  1 4 X ,  ' Z 2 # / 1 X )  
OYYGA = O Y E G A * R A T X 3  
& N G F ( N )  = OYIESA 
F4P,Q[N) = F 
Z R E  = 0. 
ZIY = 1 .  
CALL Y3UT ( Y O 3 L ,  VOIY, V O A E I S ,  V O A h G )  
P H I A I  E? = V O A R G *  D E G P R A  
W R Y T E  ( L O U ,  1 2 )  
FORElAT [ 'OFl fR  Z 3 I L  I N  A I R  : ' I  
U R ' I T E  ( L O f 9 , l l )  V O R L ,  VOIP!,  VOARS, V D A R G ,  P H I A I R  
F O R N 4 T  [ v f l A T T E N i J A T 3 R  3 I J T P O T  V O L T A G E * / t  S E A L  = I ,  1PE13- 5, 

1 * I f l A : ;  E 1 3 , G ; / *  M A G Y  = I ,  E13.5, P H X S P = ' 8  R13. [ i g  
2 ' R A D 1 4 N S 1 / / 2 7 X ,  E13.5,  ' D E G R E E S ' )  

A2 = 1, 
A 1  = 0. 
z 1  = 0. 
2 2  = 0. 
WRITE ( L U U 6 7 )  

I F  ( X L U  . E Q .  XL2) 

TP (XL4 .NE, XL2) 

2 1  = 2 1  + SI 
22 = 22  + 5 2  
H R I T E  ( L O ! f , 8 )  4 a g  21, 22, C H A R  
F O R Y A T  ( I X ,  P4.1, 1 P % ! ? 1 6 . 7 ,  1 X ,  A I )  
IF (AB5 ( S l f l l )  + A B S  ( 5 2 / 2 2 )  .LEI. 5.E-7) G O  TO 175  
A 1  = A 2  
A2 = A 2  + 1. 

1 C A L L  ADAP2 ( A l ,  A 2 ,  GAUS2, gIDP, THBESil, T O L ,  SI, S 2 ,  CHAR)  

'1 CALL ADAP2 (Al, 1 2 ,  G A U S Z ,  D Y C Q 4  THRESH, T O L 8  SI, 52, CHAR)  

IF ( ~ 2  .LE, 30,) :;D rpD 1 7 2  

Z R F  = -22/09 
Z N P S R E ( Y )  = ZRE 
ZIM = (Zl + 3 3 ) / 3 9  
Z N F M r H ( N )  = ZIM 

FORYA? ( ' O N O R H A L T Z E D  I H P E D A N C E  REAL = q 8  1 P E l U . 5 ,  
W R I T E  ( L O ' J , ~  z p e ,  zrn 

1 ' 1"IRG = a ,  E14.5) 



5 2  

1 3  

16 

1 8 0  
c 
c 
C 

190  

1 4  

2 0 0  

R Y A D  I N  I N F O  F O R  N E X P  C A S E  
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Subroutines for Multiconductor Problem 

A, Numerical integration 

ADAPT Adaptive integration routines 
ADAPZ 

GAUSS 
CihUS2 

Gaussian integration with 2, 4, 6, 8, or 10 paints 
(same for simultaneous calculation of two integrals) 

B. Special functions 

CMDBES 
COMKB of complex argument z. 
CMi 

BESI 
RESK 

Modified Bessel Functions Iu(z), II(z), Ko(7) and KI(z) 

Modified Bessel Functions Io(x) and IL(K) of real argument x 
Modified Bessel Functions Ko(x) and K,(X) of real argument x 

\ 

XJJNT J I W  
xm-r Integrals of first-order Ressel Functions t I,(t) dt, resp. 
XKKNT x1 Kl(0  

C .  Calculation of required integrands 

QIDF Identical intermeshed coils in presence of internal and external conductors 
[this report, p. 201 

Identical intermeshed coils in air [this report, p. 201 

Disjoint coils in the presence of multiple conductors [p. 201 

Disjoint coils in air [p. 201 

Defect and heat generation integrand [pp. 21-24] 

Elemelits of the matrices U and V [Dodd, Cheng, and Deeds, J .  Appl. Phys. 
45, 638 (1974); this: report, pp. 6-81 

Ressel furlelion combinations for thin region [cf. Reference 3, pp. 69-76] 

CINT 

DJCO 

CITRT,Cd 

DEFIN'P 

UVMAT 

GCALC 

~ Calculation of coil and external circuit characteristics 

COLAIR 

ATTEN 

vou?' 

Calculation of Ag, air normalization value 

Interactive itiput of attenuator circuit parameters 

Calculation of attenuator output voltage [cf. Reference 3, pp. 108-1 111 

E. Input/ Output 

CDlSP Display coil parameters 
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CCHAK Change coil parameters 

CKDDSP Display conductor parameters 

CKDCHA Change conductor parameters 

F. Miscellaneous 

MATCH 

NORMCO 

Search array for first occurrence of a given word 

Normalize coil dimensions by dividing by mean radius o f  coil no. 1 

Subroutine ADAPT 

This subroutine computes an  approximation to the integral 

using an  adaptive procedure. The  basic numerical integration method is specified in the calling 
sequence; this method is used to generate a set of estimates of the integral until either 
convergence (as specified in the calling sequence) is reached, or  until the maximum allowed 
number of estimates has bcen calculated. In the latter case, the interval is divided in half and 
the procedure repeatcd for each half. I f  convergence is not reached, the interval is further 
subdivided. until 10 such subdivisions have been done or until the interval size is made smaller 
than an allowed minimum (S(a2 - al), where S has the built-in value in this version of 11512). 

The output shown below is for the test problem 

5 

0 
I I= cos xdx = sin ( 5 )  

with a convergence criterion of 5 X IO-’; when the current estimate of the integral over a 
subinterval is smaller than the absolute value of the difference in successivc estimates is 
examined; if larger, the relative change is used. In our test case, the estimates are computed 
with Gaussian integration with 2, 4, 6, 8 and 10 points. The requested convergence was not 
achievcd for the entire interval, biut one splitting was sufficient. The result labelled “EXACT” is 
the value of sin ( 5 )  computed in single-precision arithmetic on the PDP-IO, and the result 
lahclled “EXACT-APPROX” is the difference between the ’‘EXfhCT” value and the result 
returned by ADAPT. 
The calling sequence is shown in the following program fragment: 

EXTERIXAL COS,  GAUSS 
DATA THRESH / 1.5 - 4 / ,  TOL j5.E - 8: 

CALL ADAYI‘ (O., 5., GAUSS, COS, THRESH,  TOL, ANS, CHAR) 



c 
c 
c 
C 

c 
c 
C 

105 
C 

c 
F 

Y 

C 

C 
P + 

c 

c 
P L 

STr3RRoFJTINE A D A P T  { A I ,  42,  IYETHD, F I N T ,  THFIPSH, TOL, 

EXTERXAL METHID, F I N T  
1 ANS, C H A P )  

D I h 3 E F d S I 3 8  AL (IO) , A R  ( 1 0 )  , N P  (5) 
DATA SHTTLT /1. 9 5 3 1  25E-3 /  
DATA NP /2,  4, 5 ,  8 ,  10/ 
DATA K L I ' 5  / 5 /  
DATA PLIJS,  3LAEiY /1H+, 1 H  / 

1 VI T I  A 1.1 Z E C: 0 N V 9 PPI EN C E F LA G ,  I N T EG RAT 10 N L I: M I T S , L ?? V E L  
I N ~ E S  A N D  T O T A L ,  A N D  C O E P U T E  M I N I I ~ U M  A L L O U E D  s r E P  S I Z R  

CHAR = B L A N K  
A L ( 7 )  = A 1  
A Q ( 1 )  = A 2  
SHIN = SHULT*(A2 - A I )  
L =  1 
Q1 -= 0. 

COMPUTE P I R S T  ESTIBATE F O R  C!JRRENT LEVEL 

C A L L  METHD ( A L ( L )  , A R ( L 1 ,  P I N T ,  WP(l.), T I )  

COMPUTE A D D I T I O N A L  E S T I M A T E S  P D R  THIS L E V E L ,  R W D  TEST 
CONV ER GENCE 3N 

(1) THE A B S O L U T E  E R R O R ,  IF T H E  NEWEST E S T T H A T E  IS 

( R )  THE B E L A T f V E  ERROR, 
LESS T H R N  T H R E S H ,  OR 

DO 1 0 4  K=Z,IZLIM 
KP = !JP{K) 
C A L L  M E T H D  { A L I L ) ,  A R ( L ) ,  P I N T ,  KP, S 1 )  
DS = ABS (SI - TI) 
I F  ( A R S ( S 1 )  -GT. T H R E S H )  DS = D S / A B S ( S I )  
IF (DS .LT. TOL) GO T O  1 2 0  
T ?  = S 1  

C O N T I  M I I F :  

NO Z O N V E R G E N C E  AT T H I S  LEVEL. S E E  I F  THERE A R E  YORE.  

IF ( L  ,EQ. 10)  GO TO 130 

SFE I F  T H E  S T E P  S I Z E  I S  B I G G E R  T H A N  THE M I N I ! l U 3  ALL3WED. 

IF ( A R ( L )  - A L [ L )  , L T .  SMIW) G O  TO 130 

T N C R E A S E  LEYEI. I N D E X ,  ADJUST L I N T T S  



58 

c 
c 
c 
c 

120  

c 
c 
c 

ea .- 

c 
c 
c 

130 

c 
1 4 0  

I . . = L * l  
P.L (L) = AL ( L -  1) 
AR (L) . 5* (A?." (I,-?) 4 A A  ( L - I ) )  
GO 7"n 100  

C O N V E R G E D  PO3 L E V E L  L, ADD C O N T R I B U T I O Y  7'3 TCITAb, SEIS IF 
?JURE:  L E V E L S  N E E D  TU B E  D O N E -  

L = 1, - 1 
AX.  (1,) = A R  (L41) 
GO T Q  100 

SET N 3 N C O N V E R G E N C E  SPGWAL 

C H A R  = P L U S  
G O  "Po 1 2 0  

A N S  = 31 
R ETrJ A N  
END 
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L = l  AL ( L )  = 0 . O O ~ O O O E t O O  

N TP 

2 - 5 . 0 9 0 3 1 1 2 3 - 0 1  
4 - 9 , 5 8 1 7 0 9 0 E - 0 1  
6 - 9 . 5 8 9 2 4 1 4 3 - 0 1  
8 - 9 , 5 8 9 2 4 3 3 3 - 0 1  

L O  - 9 . 5 8 9 2 4 2 6 3 - 0 1  

L = 2  AL ( L )  = O.OOO8O03+00 

N T 1  

2 5 . 9 1 7 7 4 7 6 3 - 0 1  
4 5 . 9 8 4 7 1 5 4 3 - 0 1  
6 5 . 9 8 4 7 2 1 3 3 - 0 1  
8 5 . 9 8 4 7 2 1 7 3 - 0 1  

1 0  5 . 9 8 4 7 2 1 6 3 - 0 1  

L = l  AL (L) = 2 .500000E+00  

N T1 

2 -1.5399678E+OO 
4 -1 .55739483+00  
6 -1 .5573965E+00  
8 -1 .5573964E+00  

EXACT EXACT - APPROX 

AR (L) = 5 a 000000E+OO 

AR ( L )  = 2 . 5 0 0 0 0 Q E t 0 0  

AR ( L )  = 5 .  QOOOOOEt00 

- 9 . 5 8 9 2 4 2 8 3 - 0 1  7 . 4 5 l E - 0 9  
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S li b ro u t itic ADA P 2 

This subroutine computes estimates of the integrals of two functions 

a 

using an integration method specified in the calling sequence and the same adaptive method 
used for single integrands in subroutine ADAP I .  

In the examples shown below 

a = 0 ,  b = 5  

t ( x )  ::I sin x, f: = cos x 

so that 

SI = 1 ~ cos (5) 

SZ = sin (5) . 

The last line of the output shows the values of S I  and Y Z  as calculated in singlo-precision 
arithmetic on the PDP-IO and the relative differences between these values and the 
approximations to them. 
The calling scquence is shown in the following program fragment: 

EX rEWWAL GAUS2, FFRIG 
DATA THRESH / 1.E - 4:) TOL 15.E - 8: 

CALL ADAPL (0.. 5., GAUS2,k  TRIG, THRESH, 7 UL, S1, S2, CHAR) 

END 

S U  BKOUTINE FTRIG (F1 ,F2) 
COMMON / ALPO: ALFA, ALSQ, ALFO 
Fl = SIN(ALFA) 
E2 = COS(ALFA) 
R E I  URN 
END 



C 
c 
C 
c 
c 
c 
c 
c 

c 

c 
c 
(3 
c 
c 
c 
c 

r. 
b 

,-. L 

F L. 

c 

c 
m L. 

c 
c 
c 
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C 
c 
c 

c 
c 
C 

c 
c 
6 

C 
c 
c 

1 2 0  

r. 
c 
c 

c 
e- c 

e 

c 

c 
m 

1 3 0  

P ... 
lid0 

C O N V E R G E Y C X  N3T R E A C H E D .  TEST FOB MORE LRVELS. 

I N C R E A S F  LRVEI.  r O U N T E R  A N D  SET N E W  L I M I T S  

COEJY E R G S X C E  R E A C H E D  - A D D  C O N T R I B U T I O N S  'TO TOTBLS 

S E E  I F  WE H A V E  P I N I S H E D  

L - L - 1  
A L ( b )  = 4 R ( L + l )  
G O  TO l o o  

NO G O V V E R G S N C E  F O U N D  - S E T  THE F L A G  T3 T N D I C A T E  T H I S  

C H A R  = PLUS 
GO TO 120 

A E l S l  = 2 1  
A Y S 2  = O? 
RETURN 
E YD 



63 

L = 1  A L ( L )  = O.OO0OOOE+00 A R ( L )  = 5,0000003+00 

M T 1  T 2  

2 3 . 8 0 2 5 7 6 8 3 - 0 1  - 5 . 0 9 0 3 1 1 2 E - 0 1  
4 7 .1577505E-01  - 9 . 5 8 1 7 0 9 0 3 - 0 1  
6 7 . 1 6 3 3 7 7 0 3 - 0 1  -9 .5892414E-01  
8 7 . 1 6 3 3 7 8 5 3 - 0 1  - 9 . 5 8 9 2 4 3 3 3 - 0 1  

i o  7 , 1 6 3 3 7 a i ~ - o . 1  - ~ . ~ W W S E - - Q ~  

L = 2  A L ( L )  = 0 .000000E+00  A R ( L )  = 2 . 5 0 0 0 0 0 E + 0 0  

M T I  T2 

2 1 . 7 8 0 9 8 7 3 3 + 0 0  5 . 9 1 7 7 4 7 6 E - 0 1  
4 1 . 8 0 1 1 4 1 6 E + 0 0  5 . 9 8 4 7 1 5 4 3 - 0 1  
6 1 .8011436E+00  5 . 9 8 4 7 2 1 3 3 - 0 1  
8 1 . 8 0 1 1 4 3 6 E + 0 0  5 . 9 8 4 7 2 1 7 3 - 0 1  

1 0  1 , 8 0 1 1 4 3 6 E + 0 0  5 .9847216E-01  

L - 1  A L ( L )  = 2.500QOOE+00 AR ( L )  = 5, O O O O Q O E t O O  

M T 1  T2 

2 -1 .0726658E+00  -1.5399678E+OO 
4 -1" 0 8 4 8 0 4 6 3 + 0 0  - 1 . 5 5 7 3 9 4 8 3 + 0 0  
6 -1 .0848058E+00  -9 .5573965E+00 
8 -1,0848058E+OO -1 .5573964E+00  

A 1  R 1  A2 R 2  

7 . 1 6 3 3 7 8 3 3 - 0 1  -1 .4901161E-08  - 9 . 5 8 9 2 4 2 8 3 - 0 1  7 .4505806E-89  

STOP 

END OF EXECUTION 
CPU TIME: 0 . 2 0  ELAPSED TIME: 1 : 1 0 . 0 3  
EXIT 
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Subroutine GAUSS 

The abscissas ui and weights w, for N-point Gaussian integration are stored (for 
N = 2,4,6,8 and 10) in the FOKI'KAN arrays U and W. We compute 

N:2 
b-a 

2 w,f(u,) = - Wl[f(U,) + f( --- ut)] 
1 b-a 2 

-1 i= 1 

b 
b-a 

2 
i= 1 

s F(x)dx = __ s f(u)du - 
a 

2 

where 

b --- a b f a  u +  __ 
2 2 

X I  ~ 

f(u) = F(x(u)) ; x(-11) = b + a - x(u) . 

Rounding the abscissas and weights to nine figures gives results correct to eight significant 
figures for the integrals 

1 
1 

k S  1 
I k  = xkdx =- . 

0 

Let the N-point Gaussian approximation to I k  be G,v,k); the relative error is then 

The attached results are for N = 2, 4, 6, 8 and 10, with k = 2N-1. 

N KELAI'IVE 
EKKOK 

2 -7.45E-09 
4 -7.45E-09 
6 -3.73E-08 
8 -7.45E-09 

I O  -2.24E-08 

Values of the integrand function F(x) are calculated by a FORTRAN function 
subprogram, which must be defined in the calling program as an external function. A calling 
program using the library function COS is shown in the discussion of ADAPT. 
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3 r l L T T P L E  C Y L T N D R T C A L  C O N D U C T O R S  
s:J R R O U  T IN ES 

S U S R O r l T I N E  GAUSS { A ,  0 ,  F, F, A N S )  

3-P:ITNT G A I J S S I 4 Y  INTESRATTOW P R O A  A TO B OF 
E N T Y : S B A ? I D  CALCULATED B Y  F U H C T I O N  S U B P R O G R A M  P. 
N = 2 ,  4 ,  6 ,  5, OR 10. RESULT RETURNED IN ANS, 

DI?lTYNI;ION CJ(l5), W(15) 
DAT4 TJ/ . 5 7 7 3 5 3 2 6 9 ,  , 3 3 9 9 8 1 0 4 4 ,  .561136312,  .238619186,  

1 , 6612093R5 ,  , 9 3 2 4 6 9 5 1 4 ,  ,383434642,  .525532U13,  

3 - 6 7 9 4 0 9 4 6 8 ,  - 865053367, .973906529/  
DATA 3 /  I . ,  - 6 5 2  145 155, 347854845,  -46791 3 9 3 5 ,  

1 . 360761573, .171324492,  , 3 6 2 6 8 3 7 0 3 ,  . 3 1 3 7 3 6 6 $ 5 ,  
2 ,222331334,  .101229536,  .. 295524225,  .269266719,  
3 . 217086363 ,  . 149451 349, ,O666713U93/ 

2 . 7 9 r i ~ f j s 4 7 7 ,  - 9 6 0 2 8 9 8 5 6 ,  . 148374339,  .) 43339539t4, 

JT = U/? 
x i  = (xr*c( I~  - 1) ) / 2  
12 = T I  + IT 
I1 = I1 4. 1 
RPLA = B + A 
ADD = 3PLA*.5  
BHA02 = (E3 - A ) * , 5  
su?l = 0. 
DO 103 r = 1 1 , ~ 2  

ALFA = ADD + AMAO2*U(I) 
SllM SUM 4 W ( I ) * ( F ( A L F A )  + P [ B P L A  - ALFA)) 

C O N T I  Y'JE 
AWS = SrJV*BifA02 
RETURY 
END 
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Subroutine GATUS2 

'I his subroutine is a modification of siibroutinc GAUSS to allow simultaneous calculation 
of the Gaussian quadrature approximations to the integrals of two functions: 

b 

a 
s2 = J f2(x)dx 

The integrands fl and fi are calculated by a subroutine which must be declared 
EXTERNAT. in the calling program. A r x  example of the use of GAUS2 i s  shown in the 
discussion of ADAP2. 

The named COMMON block /ALPO/ contains values of a ,  a* and a4 used in the 
computation of the integrands. 



A7 

c 
c 
c 

c: 
c 
C 
c 
C 

I. Is. 

c 
c 
G 

c 
C 
c 

C 
C 
F 

c 
c 
C 

S U A f l O r J P I T P  GAClS2 ( A ,  R ,  F r  W ,  A N S A ,  A N S 2 )  

STMULTAY E S U S  N-PDI?JT ZA USSI4N INTEGRATION OP 
T a g  T N T E G R A N D S  ZOPlP[JTED B Y  SUBROUTINE P, N = 2 , @ , 6 , 8  
OR I O ,  L I X P S  OF r a + m z A T I o x  PROM A TD B, 
R E S r J L T S  RETIJRXED TX RNSl AND A N S 2 .  

TH3 C O ? l A O M  d L 3 Z K  / A L P 3 /  C O N T A I N S  THE POWERS OF ALPHA 
W E C ' S S S A R Y  I!J riiE: CnLcuLaTiov OF rriE INTEGRANDS. 

DATk U /. 5773'59269, e 3399910114, , 8 5 1 3 3 6 3 1 2 ,  
1 - 2 3 8 6 1 9 1 8 6 ,  . 6 6 1 2 0 9 3 8 6 ,  ,932Q69574,  
2 . 1 8 3 4 3 4 6 u 2 ,  525532410,  ,7966661177, 
3 .960?!39856, .) 14487U339 ,  . 433395394, 
4 - 6 7 9 4 0 9 5 6 4 ,  855063367,  . 973906529 /  

w E XGUT s 

D A T A  W / I . ,  e 6 5 2  145 155, .I 347850845,  
1 4 6 7 3  1 3 3 3 5 ,  .I 3 6 0 7 6 1  573,  - 117 1324492,  
2 .) 362683783,  31 3706446, ,222381 030, 
3 = 10 122853f i ,  .) 295524225,  - 269266719,  
u . 219086363,  . 159US1349, .0666713403/ 

INITIALIZ i? Z C I U N T E R S  A N D  TRANSPOBBA TTON P A R A Y E T E R S  

IT N/? 
I1 = (IT* (TI' - 1)  ) / 2  
I% = I1 + IT 
1 1  = T 1  * 1 
RPLA = B + A 
A D D  = 3 P E A * , 5  
B M A 0 2  = ( B  - A ) * . ?  
srrMl = 0.0 
SnM2 = 0, 0 

SUY 3F U E I G H T S  T I N E S  F U N C T I O N  VALUES 

00 100 I = t l , f 2  
ALFA = ADO + B P I A 0 2 * U ( T )  
A L S Q  = ALFA**2  
ALFO = ALSQ**2 
CALI.  F (S1,52) 
ALFA = RPLA - ALFA 
A L S O  = ALFA**2 
ALP0 = ALSQ**2 
CALL P (T1,T2) 
Sf131 = W ( I : ) * ( T ?  + 5 1 )  + S U M  
S U 2 2  = W i I ) * ( T 2  + S2)  + S U H 2  . .  . 

190 CONTINUE 
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c 
P I, N C ) * Y F t I Z E  A N S W E R S  
c 

A N S I  = SUM?kBWA02 
A N S 2  = S11a!2*RMA32 

F ND 
R xr II R N 



Subroutine CM DBES 

We have adapted the subroutines described elsewhere' for the calculation of the modified 
Ue5sel function5 of  the first and second kinds of complex aigunient,  IO(^), Il(r) ,  KO(/) and 
K i ( t ) .  In our calculations the coniplex arguments are confined to the region 0 G arg(r) 5; 17-14. 
We have compared the values computed with our subroutines for arg(r) = 7r/4 with tabulated 
values of thc Kclvin functions" and firid good agreement. 
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c 
c 
c 
I: 
c: 
C 
c 
C 
i: 
C 

c 

c 
C 

P b 

e 
c 
c 

MU &T 1 PG E CY L IN DR3: CAL COK DUC T3R S 
STYBROTITI YES 

FOR R. LE.A US!? RATTOYWL APPROX IMWTPOM FOR K O  ( Z )  R N D  K 7  (Z) 
A N D  R I C K W A R D  a E : n R R E w e E  FOR x a ( z 9  A N D  r i ( z )  

C A L L  COMKB (X, Y, R K T , R ,  BKZ I, 3 K O R I  A K O I )  
p ( 3 )  = SKZR 
P(4) 22 BKZI 
P (7) = D Y O P  
F(R) = R K O I  

F ( 1 )  = RTZR 
F ( 2 )  = BIZ1 
F(5) = E ( I c ) R  
P( f i )  = BIOI 
G D  TO 1 2 5  

C A L L  CYX fX,Y,BIZR,BIZI, E I O R ,  BIOI) 

ASY V PT’3TIC SERZ: RS FOR R. GTT, 8 

100 F(2) = 0. 
F(U) = 0. 
P ( 6 )  = 0. 
P{8) = 0. 
F ( 1 )  = 1. 
F(3) = 1. 
F(5) = 1. 
P ( 7 )  = 1. 
ODD = 1. 
T = 1. 
If = 1. 
P = 1. 
SIGN = -1 .  
V = .125/R 
c = c1 
s = 5 1  
LS = 3 4 20./R 
DO 110 N = 1 , J A 5  

56 = -ODD*ODD 
5 3  = V/P 
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110 

c 
c 
c 

c 
c 
c 

115 

C 
C 
c 

120 
C 
C 

T = S 7 * S 6 * T  
IJ = U * { 4 ,  + s6)  *r;7 
T1 = C * T  
P f l )  5 T I * S P G N  + P f l l  
F ( 3 )  = T1 + F(3) 
T I  - S * T  
F12) = Tl*SIGN + P [ 2 )  
P[4) = T 1  b P(U)  
TI = c*u 
F ( 5 )  = Tl*STGN + P(5) 

F(6) = T l * S I C N  + F46) 
F ( 8 )  = T'I * r ( 8 )  
SIGN = -SIGN 
P = @ +  1, 
ODD = ODD + 2. 
c2 = C * C l  - S * S l  
s = S."ct + c*s1 
c = E2 

CON" I N U  E 
56 = E X P ( X )  
S7 = 1,/S6 
T1 = SQRT (R) 
S 6  = .39890228* S6/?!1 
s7 = 1..25331~13*57/r 1 

P(7) = T1 + r ( 7 )  
TI = -S*U 

THE A B O V E  F A C T O R S  ARE l /SQRT(2*PL) AND S Q R T ( P I / 2 )  

ARS = .'?*PHI 
C = C O S ( A R G )  
S = SXNIARC) 

DO 115 N = 2 , 8 , 2  
T = F(Y-l)*C + F ( N ) * S  
P(W) = F ( N ) * C  - F(H-l)*S 
P ( N - 1 )  = T 

CONTT N U E  
c = C O S ( Y )  
s = S I N / Y )  

MULTIPLY I PNS. BY S6*EXP(J*Y)  AND K P N S .  BY S l N E X P { - J * f )  

DO 1 2 0  N = l , 5 , 4  
T P ( N ) * C  - F(I+l]*S 
F I N + 1 )  = S t i r ( P ( N 4 l )  *C + P ( N ) * S )  
P t M f  = T*S6 
T = f ( W + 2 ) * C  + F ( N + 3 f * S  
F ( 1 + 3 )  = S7*(P[N+3]*C - F ( N + 2 ) * S )  
F (N+2)  = T*S7 

CONTINU E 

MULTIPLY Z E R 3 - O R D E B  FUNCTIONS B Y  Z 
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M U L T I P L E  C Y L I N D R I C A L  C O N D U Z T 3 R S  
S U B R D f J T T  PIES 

c 
1 2 5  T = X * P ( l )  - Y + F ( 3 )  

F ( 2 )  = F ( 1 ) v Y  + P ( 2 ) * X  

T = X I F ( 3 )  - Y * F ( 4 )  

F ( 3 )  = T 
PYTLJIZN 
Z Y  D 

F(1) = ?' 

" ( 4 )  = P ( 3 ) ' Y  + P ( 4 ) + X  



73 



14 

M U  LT 1 PI. E CY L IN D R %: CA L CO N D UC T3 R S 
S I I B R O I J T I :  # E 5  

c 
c T W i T J A L T 7 . E  F K - 1 ,  FK-2, R N D  PK-3 FOB 3-0 AND N = l  



F 
C 

B E G I N  R E C U R B E N Z E  

c 

C 
r- e 

c 

c 
n 
\r 

DO 110 K = 3 ,  N T E R Y  
KP1 = K + 7 

C A L C ? J L A T X O N S  OF FKRZ, F K E ,  PUR?, A N D  PKXZ P7R H = 0 

PI = P l O N  (KP1) 
P 2  = P Z O N ( K P 1 )  
P'3 = P30P (KP1) 
Q l  = Q I O N ( K P 1 )  
I I X  = Q I * X  

T1 = F K M l R O  + P K i S 2 R O  
T2 = F K R l T O  + F K H 2 I O  
FRRO = HX*T1 - P l * F K f l l R O  - P2*PKH280 - HY*T2 - P3*FK14380 
PKIO = HX*T2 - Pl*FKMlIO - P2+FKM2'fO + H Y * T l  - P3*PKMi310 
FKY390 = F K R Z R O  
F K R 2 R 3  = FKMlR3 
F K M l R O  = FKRO 
F K M 3 I O  = FKM2I3 
F K R 2 I O  = FKMlIO 
PKMlI3 = FKIO 
T1 = P K F l l R O  t PKflZRo 
T2 = P K H l I O  b P K M Z I O  
PKRO = HX*Tl - Pl*PKMlRO - P2*PKH2RO - HP*T2 - P 3 c P R N 3 R 3  

B Y  = Q I * Y  



l b  

119 
e 
C 
C 
C 

c 
1 1 5  

c 
1 2 0  

C 
1 2 s  

C 
C 
C 

E V A L ' J A T E  C D W S T A N T  T E 3 H  F O R  K O ( % )  A N D  K 1  (7,) 
C TS S Q U A R E  R03T O F  P I / 2  

SR = S Q f i T ( X )  
it1 = 0. 
G O  TO 1 2 5  

CALFITLA'TE K O { Z )  = R R Z R  + B K % I a T :  
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c 
L c 

c 
c 
(1 

c 
c: 

c 

c 
r. ,. 

c 
c 
c 

c 
C 
c 

c 

c 
- 
1- 

( C R N L - T H - 4 9 7 5 ,  90) 

T = u /x  
If = Z , / ( T " Y  * X )  
v = -1T"T 
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Subroutine BESl 

We have used the rational approximations developed by R h i r  and Edwards’ to compute 
the modified Bessel functions of the first kitid of b-ea? argument, l ~ ( x )  and l,(x). 



S U B R O D T I W E  B E S I  [ X ,  X I Z R O ,  XIDN!?) 

c 
C 
c 

c 

c 
r. L 

C 
13 

COYPUTF.5 T H E  f l 391PIF9  B E S S E L  P D N C T T O N S  IO (X )  A N D  I1 (X) 
OF H E A L  APSUYEN" X ,  U S I N G  H A ' F T O N A L  A P P R O X X H A P I D Y S .  

(J. Y. B L W I Y ,  AECL-4925, OCT. 1974) 

T A B L E  13, P.12 ( I O ( X 9 ,  4 , L E ,  1 5 )  

DATA P.0, F1, R2, R 3 ,  RU, A ? ,  R f i ,  R7, R8, R9/ 
i - . 1 3 0 3 0 ~ 5 3 9 ~ 0 9 , - .  i 5 ~ 3 ~ ~ 6 ~ 0 ~ 0 8 , - , h i 0 9 5 3 8 1 0 ~ 8 g , - . 1  1 3 8 ~ 5 3 2 0 ~ 0 5 ,  
2-. 1 2  1 6 2  0389  E 0 3  ,-. '3 19  5 2 3 7 2 8 E 0 0 ,  -- 367 3 4  1959E- 2, -. 1 1329'94 26E- 4 I 
3 - .  2 26  1 4  3 9793-7, - - 3409  5056%- 1 O /  

1-.8936659'37K08, . 1&75582653E06,-.1 00386692BOU/ 
DATA so, s1, s 2 /  

T A B L E  43, P. 3 2  (10 (X) , X .ST.  15)  

DATA TO, 7'1, T2/ 

D A T A  YO, U1/ 
1 . U ~ W W N ~ E O O , - .  7 1 7 0 1 2 3 4 5 ~ 0  I ,  . 2 7 a o o 5 3 4 7 ~ 0 0 /  

1 .116422963EOl,- .  3 0 5 4 2 5 4 9 3 E Q l /  

c 

e 
100 7, = 1,/x 

0 = S O R T ( Z ) * E X P ( X )  
Z = 2 - , 0 6 6 6 6 6 6 6 6 7  
X I Z R O  = rZ*(TO 4 Z * ( T 1  6 Z * T 2 ) ) / ( U O  6 Z*(U1 9 2 ) )  
X I O W E  = Q * ( V O  + Z * ( V f  t Z a V ' ? ) ) / ( W O  + Z * ( W 1  5 2 ) )  
R E'TU R N  
END 
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Subroutine BESK 

We use the rational approximations developed by Russon and Blair' to compute the 
modified Bessel functions of the second kind of real argument, Ko(x) and Kl(x), and subroutine 
BESl to compute needed values of Io(x) and Il(x) for argutnents in the range 0 < x < 1. The 
user must test the argument before calling the subroutine; we make no test for negative or mro 
argument. 
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S U D A O U P I N E  R E S K  ( Y E  XKZRO, X R C ) N t ? )  
C 
C ? I O D I F T E D  RESSEL P I I M E T I O N S  K O ( X )  A N D  K1 (1) OP 
e R F R L  4 P G U f l E : N T  X ,  U S I Y G  R A T I O N A L  BPPROXIMATIONS. 

( A .  E. BUSSOW A N D  J. "1, EILAIS, A E C E - 3 U 6 1 ,  3CT. 1969)  P * 

c 
DATA 00 / - b e  2 1  1OQ68UE I /  
DATA PO, PI, P2, P3, P4 /1.15931516E-I, 2.78982963E-1, 

1 2 , 5 2 4 9 0 5 9 5 E - 2 ,  3.45673143E-Y, 1. 53265946E-5/ 

1 1 . 1 3 1 7 3 1 2 7 E - l /  
D 4 T A  FO, R1, R2 /1.296Au595E+ 1 , 3 . 2 8 6 9 3 8 7 3 ~ 3 0 ,  

D R T A  V0, Y1, V2, V3 /1.161857lw+2, 3.92339584Ee2, 

D A T A  SO, SI, S 2 ,  S 3  19.270278 34E4 I, 3 . 2 1  6'1 7 3 d  2 E 4  2, 

DATA TO, TI, T2, 9 3 ,  TY. /Y.35932638300, 1.502U2590E+1, 

DRTR UO, 01,  U2 /3.47855876EOO, 1.06R31563~+%, 

C A L L  9 z s r  (x ,  XLZRC, XTOBE) 

1 3 . 0 9 1 2 3 8 4 0 1 ? * 2 ,  4 , 7 8 2 3 6 5 3 6 ~ 4 1 /  

1 2 ,Rn73309YR+2,  5.71852878Etl/ 

1 1.3 33 7 0 6  3 1 E+ 1 , 
1 7.YR153645EDO/ 

3 . 6 4  57 9 095  EO0 , 1. 3 1 176 1 1 YE- 1 / 

IF ( X  .GT. 1,) S 3  T3 100 

%T,OG = A L O G  ( X )  
2, = x*x 
XKZRO = P o  + Z* (PA + 2 * * ( P 2  * Z a ( P 3  9 Z*€ '4)  ) )  - Z L 3 G c X T Z A 3  
X K O N E  = ( ( n o  0 Z ' ( R 1  p. Z*R2))/(30 t Z ) ) * X  t Z G D G = X I O H E  f l . / X  
R E T U R N  

C 
100 z = 1./x 

S X E X  ;= S Q R ' J ' ( Z )  *EXP [ - X )  
X K Z R O  = S K E X * [ V O  + z *  (Vl f. Z ' ( V 2  + Z " V 3 ) )  / 

1 ( S O  4 Z " ( S 1  d- Z " ( S 2  3. Z * ( S 3  + 2 ) ) ) )  

1 (UO + Z f  (01 4 7 * ( U 2  + Z ) ) )  
XKONE = S X E X *  [TO + Z Q  (PI 0 Z " ( T 2  + ?;" ("13 + Z''IL8) 1 ) )  / 

RETU P N  
E YD 
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Function XJJNT 

We have described elsewhere’.’ our procedure for computing the function 

We ube the same procedure here with appropriate changes for the use of singleprecision 
arithmetic on the PDP-10. 
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F7UCTI(3P? XJJNT ( X l ,  X2) 

C 

c 
c 
C 
90 

100 

1 

C 
1 0 5  

A = x1*.5 
A2 = A Q 4  
B = x 2 a . 5  
R 2  = B A P  
P 1 z B - A  
E =  D + A  
P 2  = C " P 1  
n = 3 " A  
O O L D  = C"P2 - D U P 1  
P 4  = C 9 3 0 L D  - D * P ?  
0 = . 5 " [ C ' P 4  - D * Q r P E D )  
C = 82 + A2 
D = 32*A.? 
STJM = OIl1.D". 3 3 3 7 3 3 7 3  
H D  = .5 
D 2  = 6 .  
E = D2 
STGW = - 1 .  
TWP? = 5. 
T = -C)/TYP3 
DO 1 0 0  P = 7 , K K  

S U R  5- t- Srla 

QWEW = ( C * Q  - D ' O O L D * P D ) * R D 2  
S T G N  = -STGN 
TNP? = TYP3 * 2. 
T = S I G N * O W E W / T N P 3  
I F  ( A R S ( T / S U Y j  . L T .  E P $ f  G O  T O  1 0 5  
Q O L D  L 0 
Q = 3UEW 
R D  = PD2 
D2 = D 2  + E 
E = E * % ,  

RD2 = 1 . / n 2  

C O N T I N U E  
WRITE ( I T Y , l )  KK, X 1 ,  X ? ,  T, SU+I 
PORYAT ( ' O X J J N T  DID NOT C O K V E R S E  IN', 1 3 D  ' T E R Y S ' /  

STOP 
1 t X = '  , 1 P E 3 4 , 5 ,  ' X 2  = ' ,  E 1 4 . 5 ,  ' T =' , E14.5, * SiJY E14-5) 
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C 
c 
c 

c 
c 
C 
C 
u 
e 

,11 

c 

c 
C 
c 
c 
c 

c: 

cf 

c 

,.' L" 

90 

c 
c 
e 

c 
e 
c 

FUNC'PIDN XETPIT ( X l , X Z I , K K )  

COiYIPTITES 3LM'I'RGRRL PROM R 1  T O  X 2  OF X * I l ( X ) .  
FOB X 2 . E E , 5 ,  M E T H O D  U S E D  IS 
R Y  SUP!.liiihAC A !'OYER S E R I E S  E X P R E S S I O N  U N T I L  THE 
L 9 S T  T N C L I J D E D  TERM T S  LESS ' P H R N  2.E-8 T I f i E S  THE SUM. 
I F  T A T S  LIHPT T5 NOT R E A C H E D  AFTER K K  TERMS, 
4 Y E 5 S A G E  U f E C  RE P R I N T E D  AWD THE PROSRAM STOPPED, 

( 0 RN L - TM- 1 7 5 ,  P P . 5 1 - 56 1 

DATA X5 / 1.0435068E2,/ 
DATA TTY /5 /  

X 5  I S  THE IEJTZGRAL F R O E  0 TO 5. 

CHECK S I Z E  i3P X2 

I F  ( X 2  .GT- 5.) G O  T O  300 

I P L A G  =I 0 

A = Xle.5 
A 2  = A * * Z  
B = X2*"5  
82 = R**2  
P 1 = B - A  
C - -  B +  A 
P2  = C"P1 
D = B*A 
O O t D  = C + P %  - D W P 1  
P4 = C'QOLD - D+P2 
Q = , S * ~ C * P Q  - D * ~ O L D )  
c = B 2  + A 2  
D = B2*A2 
SUK = 33LB/3. 
RD1 = .5 
D2 = 6 .  
E = D2 
T N P 3  = 5. 
T = g/'TNP3 

B E G I N  SUM 

T E S T  C O N V E R G E N C E  



O o L n  = Q 
0 = QNEW 
R D 1  = R D 2  
n2 D2 4 E 
r : = E t 2 .  

105  (SBNTTWUE 
c 
e P R I N T  NON - C O Y V  
c 

?ICE RES A G E  

1 

e 
1 1 0  

c 
c 
c 
C 

300 

C 
30 5 

c: 
3 1  0 

c 
31 1 

c 
3 20 

C 
31 5 

X Y  = Y 2  
I G O  = 1 

R X  = 1 . / K X  
P3 = ( I ( {  ( ( ( 1 6 6 9 , 7 9 4 * R X  - 1 7 3 7 . 5 5 6 ) * 8 X  t 5 4 3 , 6 6 Y Y ) * R X  

1 + 1 1 . 3 1 R 0 4 )  * R X  - 3 3 . 7 9 1 6 6 )  *RK+5,108402) * R X - O .  6130935) * R X  
2- 0. 3 3 6 0 8 3 6 )  * R X  + 0 -  3987795 
P3 = P 3 * E X P ( X X )  *SOFIT ( X X )  
GO TO (310, 315), IG3 

x x  = X I  
w = P 7  
I G O  = 2 
IP t x x  .GT, 5 )  53 TO 305 
T F L R G  = 1 
TT = x 2  
x 2  = 5.  
G Q  TO 90 

P3 = xs - X I I N T  
X 2  = TT 

X T I N T  = W - P3 
R E T U R N  
E WD 
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Function X K K N  

The function K(r2,rl) is' 

We integrate by parts to obtain 

rn  oc s tKl(t)dt  = xKo(x) 1- s Ko(t)dt . 
X X 

The function 

30 

Kil (x) = s Ko(t)dt 
X 

was first tabulated by Bickley and Nayler;'" rational approximations have been obtained by 
Ciargantini and Pornentale." In addition, we use the rational approximations for the modified 
Bessel functions Ko(x) and lo(x) given by Kusson and Blair.3 
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FUNCTT3N X K Y N T  ( K 1  , X 2 )  

c 
100 

(I 

c 
I: 
C 

C 

c 
C 

" + 

10 5 

C 
1 1 0  

c 

c 
7 7 5  

1 2 0  

IT = 1 
X = X I  

P D F  X. LE. 1, 7759 R A T T O Y A T ,  A P P R O K I K A T I O N  I N  XSG, 
APPROY,  20, F.17 I R Y C L - 3 4 6 1 )  A N D  APPRDX. 64,  P - 2 6  ( A E Z L - 3 4 6 1 )  

x x  = x*x 
PNYSO = ( - 4 , 3 9 3 5 0 7 9 Y E - l * X X  -R,4?504734) * Y X  - 3 . 5 7 0 0 3 7 0 3  
Q f l Y 5 O  = X X  - 3,079U299El 
PQXSQ = ( - 3 . 2 6 4 5 8 5 5 9 E - l ~ X X  - 8.21942355)  'XX - 3.6877897E1 
Q q X S Q  X X  - 3,68778995El 
BY0 PNYS2/QYXSz - (DRXSQ/OSXSQ) + A L O G  ( X )  
5 = T(*RKO + E?IX*CONST 
GO T O  1 7 0  

PO'? X-GT.  1, U S ?  R A " J 0 N B L  A P P R O X I M A T I O N  I N  1 / X ,  
AFPRQY - 101, P ./ 33 (AECL- 3 U 6 1 )  

CONTT NUE 
F = S  
G O  Ti? 1 2 0  

F = 1,57079633 



x =. x 2  
P1 = P 
GO TO 100 

1 2 5  X K K K T  F' i  - F 
.- *. 

R E T U R N  
EW e, 
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Subroutine QXDF 

This subroutine calculates the frequency-dependent part of the integrand for identical, 

We define (cf. Eq. 76,  p. 20) 
intermeshed coils in the presence of multiple internal and external conductors. 

the first factor is 

- - 2(1 - cos x) 
XZ 

[TI 2 

The numerator of the second factor is 

The FORTRAN arrays UCOL and VCOL contain the real and imaginary parts of the 
matrix elements: 

UCOL(1) = ReUlz 
UCOL(2) = ImUIL 
UCOL(3) = ReUr, 
IJCOJ.,(4) = IniU27 

VCOL(1) = Revl l  
VCOL(2) = ImVII 
VCOL(3) = KeVl1 
VCOL(4) r- ImV21 

The matrix elements are calculated in subroutine UVMAT, called for the U and V 

The remainder of the subroutine computes the real and imaginary parts of the integrand 
matrices. 

and returns them as BZ1 and BZ2. 
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M I J L ' Y T  e L E  C Y X ~ X N D F E C A L  CONDUCTORS 
S U B R O U T 1  N E 5  

c 
c 

e 
c 
C 
c 

c 
C 
c 

e 
C 
C 
c 

e 

c 
c 

I- L 

COYPUTES Y S E V I Y K N C Y - D S P E N D E M T  I N T E G R A N D  FOR I N  T E R P l E S B E D  
I D E Y T I C A L  C O I L S  (E(?, 7 2 ,  P. 6 4 5 )  
( D O D D ,  C"HENG A N D  DEEDS, J. APPL. PAYS. b 5 , 6 3 3 ( 1 9 7 $ ) )  

ITCflL(3) = 1. 
U C O L ( 1 )  = 0 ,  
I l C O L ( 2 )  = 0. 
i J C O E ( 4 )  = 0 .  

CALCULATE U A A T R I X  F O R  E X T E R N A L  CONDUCTORS (IP A N Y )  
(FLAG I N N  FOR llV;4AT = 1 )  

S E T  [JP V M A T R I X  POI3 NO INTERWAE C O H D U Z T O B S  

Y C O b ( 1 )  = 1. 
V C O L ( 2 )  = 0 .  
V O O L ( 3 )  = 0 -  
V C O L ( 4 j  = 0, 

C A L C U L I T E  '9 Y14TRIX P3R I N T E R N A L  C O N D U Z T 0 W S  (IF A t J Y )  
(FLAG T N N  FOR UVIOIAT = 0) 

IF / ? ? T I I N  .NE. 0) C A L L  iTYPTAT (0, VCOL) 

COYPIJTE BZ1 A N D  B Z 2 ,  'THE REAL A N D  X H A G I N A R Y  PARTS 
O F  THE I N T E G R A N D .  
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c 
c 
C 

MU Z, T T PL E CY L I N D D I C A I, C 0 N D If C T3 R 5 
S[I BP O I i  T T NE 5 
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Function CINT 

The integrand function for two identical, intermeshed coils in air is (cf. Eq. 76, p. 20) 

We let 

and write the second factor as 

--- x x i- e --- 1 ...... v(x) = x2 
To avoid loss of significant figures for small x, we use the rational approximation 

1260 - 60x + 1 5 ~ ’ -  X’ 

1260 -1- 3 6 0 ~  + 30x2 
v(x) ’/2 ’ 

for values of x less than 0.4. Since e-x i s  less than 
exponential only for 0.4 < x d 20, since in single-precision arithmetic on the PDP-IO, 

for x greater than 20, we compute the 

for a < We compute the function 

in the function subprogram X J J N l  



FUNCTF3H CTNT (ALFA) 

CWlMOW / C O I L S /  R l ,  R 2 ,  L1, L2, O T H R R ( ( 1 )  

X = ALFA* (L2 - Ll) 
VAL = 1.JX 
T = 1. 

RE4L L 1 ,  L2 

IF (u ,rsT,  - 0 )  ~3 "3 i o n  

Y F  I X  .LE. 20.) T = r - E X P ( - X )  
YRL = VAL*{l. - V4G+T) 
G O  T O  200 

e 
100 VAL = ( 6 3 0 -  - X *  ( 3 0 -  - X+ (7,s - X a - 5 )  1 )  / 

c 
200 X I  = ALP.4*H1 

X 2  = A L F A * R 2  
C I N T  VAL* ( X J J N T  {XI, X2) JALFA) ** 2 
RETIJ'1N 
B ND 

1 (1260. f X ' f 7 6 0 .  + X'30.)) 
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Subroutine DJCO 

For coil 2 below coil 1 and in a different radial region (Fig. 4, p. 16) the mutual 
impedance is (Eq, 67, p. 17) 

(We have assumed that (YO = a .) 

When there are no conductors present, the matrices U and V are unit matrices, and the mutual 
impedance is 

where v(a) i s  the term with the four cosines in the numerator. For the conductors, the 
contribution to the mutual impedance is obtained by subtracting the air part from the total: 

M 

do! 
jtuM1'2"""' = jw2nlnzp0 s 

0 
v(o!)G(a) 7 

with 

When the coils are in the same radial region (Fig. 5, p. ?9), the integrand for the 
contribution from the conductors is (Eq. 72, p. 20) the same. Thus, we can use one subroutine 
for calculating the integrand, whether the coils are in the same radial region or not. 

The function v(a) is 

cos a(l4 .-- I:) t cos a(I4 -- [ I )  - cos a(f4 - / I )  - cos a(13 - 12)  ......... _______ v(a) = 
a2(14- /A)([* - [ I )  

Using trigonometric identities for sums and differences of sines and cosines, we can write ~ ( a )  
in a somewhat more convenient form: 

sin at:/ 2 sin at11 2 
v(aj = cos ad12 

0t2/2 at1/2 
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where 
t l  = 12 - 11, the normalized thickness of coil 1; 
tz = 14 - 1 3 ,  the normalized thickness of coil 2; 

the normalkd  distance from the midplane of coil 1 to the midplane of coil 2 
In the subroutine we use the rational approximation 

xz 
sin x X2 6 

70-  1 I(-) 
2 - 1 - -  

X 7 0 + 1 0 ( 9  
6 

which provides about 8-figure accuracy for x < 0.46. 
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c 

(7 

C 

c+ 
c 

c 
C 
e 
C 
c 
c 
c 

e 
v L. 

c 
c 
c 
c 

P L 

100 

10 5 
c 

C 

c 
110 

1 1  5 

COYPlTTES TYE I N T E G R A N D  POT? D P S J O T N T  C3fI .S  {Ego 6 5 ,  D. 6(411) 
(DoDD, DEEDS A Y D  C H E I G ,  J. APP€.-  PHYS, 45, 6 3 3  (1974)) 

( K Q S ,  37-40, P. 641,  DODD, D E E D 5  A N D  CHEHG, L 3 C .  C T T - 9  

V = V'ZOS (HALF* (XLQ 4 X T s 3  - 1Qt2 - XLl))/ALSo 
X -2 A L P A * R I  
T = ALPA"R.2 
RDX 1 . / ( T  - X) 
X K 2 1  := R D X * X K K W T ( X , T )  

X = ALFPA"R3 
T = ALPA*RIB 
R D X  f l . / ( T  - X )  
X K 4 3  = R D X r X K K W T  ( X , F )  

xr21 = E ( D X * X T I N T ( X , T , W )  
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c 
c 
e 

C 
c 
C 

1 2 5  

c 
c 
c 

C 
c 
C 
C 

a35  

c 
c 
c 

XI43 = R D X * K I I W T ( X , T , S O )  

CALC7LATXDN OF U AND V M A T R I C E S  

CALCULATE I f  R A T P I X  PQR E X T E R N A L  CQNI)UCT!T)RS [IF A Y Y ) ,  

T F  IlariEX .NE, 0 )  C A L L  I I V M A T  (1 ,  fJC0I.L) 

SET TIP V P l A T R I X  FOR NO I N T E B N A L  CONDIlCTORS 

V C O L ( 1 9  = 1. 
V C O L ( 2 )  = 0. 
VCOL(?) = 0 ,  
V G O L [ Y )  = 0. 

CALCULATE V MATRIX F38 IWT",RN&L C O N D U C T O R S  (IF A N Y ) .  

IF [ N ' I I H  .NE, 0) C A L L  rJVElRT ((9, VCOL) 

COMPllTE B Z 1  A N D  0 2 2 ,  THE R E A L  AND T M A S I H A R Y  PART? 
OF THE I N T E G R A N D .  START V X T H  T H E  NCIPIERATJR. 

K1 = V Z O L { l ) * X T 2 1  * Y C Q L [ 3 ) * X R 2 1  
x2 = VCOL ( 2 )  *XI21 + V C O t  (4) * X K 2 1  
2 1  = r r I 0 3 * ( I I C O L ~ l ) * X l  - U E 3 L ( 2 ) * X 2 )  

X I  = U C D L ( l ) * X I 2 1  + U C O L ( 3 ) * X K 2 ' I  
x2 = V C 3 t  (2)  *XI21 4 UCOL ( e )  * X K 2 1  

22 = XfQ3* (TJCOL (1  1 *XZ + U C O L [ 2 )  "K 1) 

21 = Z 1  4 X K 4 3 *  ( V C O L ( 3 )  f X ?  - YCOL{Y)*X2) 
2 2  = 22 + X K U 3 * ( P C C ) L ( 3 ) * 8 2  t V C O L ( 4 ) * X 1 )  
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Subroutine CITBEB 

When coil 2 is belo@ coil 1 and the coils are i n  the same radial region (Fig. 5, p. 19),the 
mutual impedance of the coils with no conductors present is (Eq. 72, p. 20) 

The integral. for the air part when the coils are not in the sanie radial region (see discussion of 
subroutine DJCO) can be tiansformed into the above form by the transformation'' given by 

Thus, we can luse one subroutine for calculating the integrand for the coils in air, whether the 
coils are in the same region o r  not. 

The term with exponential functions can be written in a somewhat more convenient form: 

-old12 sinh cut1:'2 sinh at2/2 
_____.. w ( n )  = e 

atl: 2 (Yt2:2 

where 

tl = 12 - 11, the normalized thickness of coil 1; 

t l  = 14 - li, the normalized thickness of coil 2; 

and 

the normalized distance from the midplane of coil 1 t o  the midplane of coil 2 In  the 
subroutinc we use the rational approximation 

which provides about %figure accuracy for x d 0.25. 



c 

c 
1 1 0 

715 

c 

C 
1 2 0  

9 0 0  

FIJNCTIObl  C I T B L O  {ALFA) 

C O P I P U T E S  Ti-rE cQrL I N T E G R A N D  F O R  T H E  C A T E  O F  C O I L  

D O D D ,  D E E D S  A Y D  C Y Z N S ,  J, A w L ,  PHYS. 45, 6 3 8  419741, 
NO, 2 BELOW C O I L  YO,  1. S E E  

PIG, 4, P, 6 3 9  A N D  E?. 68, ?P. 6 4 4 - 6 4 5 .  

COMMOV / C O I L S /  til, B2,  X t l ,  XL2, R3, R4, XL3, X L 4  
DATA XLIq / , 2 5 /  
RALSQ = l./ALFA**2 
X 1  = A L F R * R I  
X 2  = A L f A * R 2  
X 3  = A L F R W P ?  
x 4  = .r(LP4+R4 
T l  = YL2 - X L 1  
T2 = XL4 - SL3 

TFST = ALFA% (D12 - e ?*(TI 4 T2)) 

HALF = .5*ALFA 
X = HALP*TI 
IF (X .GT. X L T Y )  $0 TO 1 0 0  
T = X * K * .  166666667  
V = 1. + T*(210. + 58.*T)/(210, - 5.*T) 
GO TO 105 

D12 = - 5 * ( X L 1  + XL2 - X t 3  - XLU) 

r F  (TEST .GT. 1 3 , )  G O  r3 1 2 0  

v = s I N H ( X ) / X  

X = iiALF*T2 
TP { X  .5TT,  XLIH) G O  T O  110  
T = X * X k . 1 6 6 5 6 h 6 5 7  
V = V*(l, + T* {210,  + S S , * T ) / ( 2 1 0 .  - 5 . * T ) )  
G O  T O  1 1 5  

Y = V * S ' L N H  [ X ) / X  

VAL = V*EXP { - A L F A * D 1 2 )  
GO TO 900 

V A L  = E X P  (-TEST) *RALSQ/ (T1*T2) 

CFTSLD = VAL*XJJNF (X 1, Y2) * X J J N T  ( X  3, X4) * R R L S Q  
R ETIJ R N  
E ND 
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Subroutine DEFXNT 

The integrands of the expressions for the change in the mutual impedance due to a defect 
are for coil 2 (we assume, as elsewhere, that (YO = a): 

for a defect in the n-th internal conductor (Eq. 80, p, 21), and 

sin u ( z -  1 3 )  -- sin ~ ( z -  I_ k )  U12(n')Il(a!,r) .............. + V&')Kl(a6r) - Vl1I(r~,r3) ....... + V~K(r4,r3) da - 
@(I&- 1 3 )  U22VIl - u12v21 4 ~ 4 -  r3) N 

for a defect in the n'-th external conductor (Eq. 84, p.22) The integrands for coil number 1 
are of the same form, with 1 2 ,  11, 1-2 and r1 appearing in place of 14, 13, r4 and r3. We use the 
subroutine UVMAT to calculate the matrix elernelits requircd in the above expressions, with 
the additional. entry point UVPRT to calculate the partial products U(nI) or V(n). The term 
involving the sine furiclions can be transfoi mcd into 

where tz ::= 1 4 - 1 3 ,  the normalized thickness of coil 2. We use the same rational approximation 
as the one used in subroutine DJCO: 

X 2  
70 - 11(-) 

sin x X2 6 ........... - e l - -  
X X' 70 - I -  IO(--) 

6 

We USF the subroutines BESI, BESK or CMDBES to calculate the Bessel functions. 
The version of the main program discussed in this report does not include a calculation of 

either the effect of defects or of eddy current heating. 'These fcatures will be added to a future 
version of the program, and detailed listings published in a future report .  



Subrautine UVMAT 

The matrices U and V are products of the transformation matrices T. We have described 
elsewhere:’ our procedure: for calculating these matrices in REAL+S arithmetic on the IBM 
360/91; we have used the same subroutines here, with appropriate changes for single-precision 
arithmetic on the PDP-10. 
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!I ULTT PLE CY L T N i l  FT C A L COY DYCT 0 PS 
SI1 B R O U T I N  ET 

c 
c 
C 
c 
c 
r: 
C 
c 
e 
C 
c 
c 
C 
c: 
C 

c 
c 
c 
C 
c 
c 
C 
C 
c 
50 

COM?UTES T H E  REAL A N D  T M A G I N R R Y  PAFTS OF 
TY (1.2) AXD V ( 2 , 2 )  FOQ C O N D U C T O R S  OlJTSIDE: C O I L S  
V(1.1) AND V ( 2 , 1 )  F J P  C O N D U C T O R S  I N S I D E  C 3 I L S  
S F F  D3DD, D F E D S  A N D  CHFNS, J. A P P L ,  PHYS, U5,6%l (19741, 
EOS. 30, 71, 3 3 #  AUD 34. 

THE F O L L O W I N 3  KQIJTVALENCE C O N S E R V E S  S T 3 R A G E .  
TI{’.’ ARRAY & IS U S E D  F O R  T B P I n 3 K A R Y  STORAGE I N  
S U U R O U T I N E S  CNDDSP, U V M A T ,  Q I U P ,  AND DJCO. 

RM (K) 
PER Y K )  
K 
AL PA 
A LS 0 
AL PO 

NU??BE”!, O F  E3YDl7[3TORS 
O N F  FIOPE T Y 4 V  NRYG 
TWNER X A D I V S  3P OUTSR C D W D U C T O R ,  OR 
O U T E R  R A D I ! l S  O F  I N N E R  C9NDUCT.JR 
O M R G R ’ Y I J  ( K )  * S I G M A  (K) * R R A R * * 2  
P E Q E E A R L L X T V  ( Y U )  
R E F ; I O V  TNDPY 
A L P i l R ,  V A R I A R L F  OF INTEGRATION 

ALFA**? 
RLFR**4 

I N N - 1  TS A F L A G  I N D I C A T I N G  CONDUCTORS O U T S X D Z  CQII.; 
OTAFRWTSE C O N D U E T O R S  A9E INSIDE C O I L .  

I L R K  = 0 

TLQK = 0 TO 2VT A I R  INTO EXTRA R E G I O N  F O R  P U L L  
P I A ’ Y R I X  CALCULATION FOR ALL H R G I D N S .  
ILRK = 1 TO USE AZT[JRI. P A R A N E T E R S  FOR PARTIAL f l A T B I X  
C A T Z V t A T f O N  ASSOCIATED W I T H  DEFECT IF? A C3NDTJCT39. 
(ENT9Y ISVPRT) 

I N I F I A L X Z E  U P R O M  VEZ, 

U 1 1 )  = VPC(1) 
U ( 2 )  = V E C ( 2 )  
U ( 3 )  = V E C ( 3 )  
U ( 4 )  = V F C ( 4 )  

c 
c 
C 

R E G T O N  S E L E C T I O N  

IF (INN .NE. 1) SO TO 8 5  
DO 80 K = l , N R E H  
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Y TJt T I  P LF C Y I.? N D  RT CR f, GDFJDIY CT 0 BS 
s n a R or1 T r N ES 

R (K) = BE)! (K) 
ErY(K) = E Y : E X ( Y )  
P E R H ( K )  = P J ? P E E X ( F f  

8 0  C3?rlTThlrJE 
K L I E  = N R E X  t 1 
IF ( T L R K  .EQ. 1) GO TO 95 
Rlui(ICLTi9) = 0. 
P E Q E [ i l L T Y )  = 1 . 0  

C 
5 5  TF f r m  .NE. 0 )  5 3  TD 9s 

P ( K 1  = R I Y ( K )  
Efi (‘0 = E R T N ( Y )  
P E R M ( R )  = P E ~ ~ - ~ N [ K )  

D O  90  K = l , N R T N  

9 0  CONTINUE 
KLIM = N R T N  t 1 
IF ( I L R Y  . E Q -  1) GO TO 9 5  
E M ( K L 1 M )  = 0 .  
P E R Y ( Y L I Y )  = 1.0 

c 
94 R ?  = ALFA 

I F  (EM(1 )  -NE. 3 . )  8 1  = SORTi,5.21ALSO+S11Rf(ALP3+EB(ItC*2~)) 
A2 = E Y ( l ) / ( A l  4 8 1 )  

F 
C A I  = R E { A L P A [ l ) ) ,  A 2  = T H ( A L F A [ I ) )  
c 

C 
C BE”JIN LOOP qS R F G I O N S  
c 

K = 2  

1 0 0  R1 = A l * R ( K - l )  
8 2  = A 2 * R  ( K - 1 )  
TF (f32.NE.0,) G 3  T O  1 1 0  
C A L L  R E S T  [ R I ,  Z { 1 ) ,  Z(5) 
CALL R E S K  ( S I ,  Z ( 3 ) ,  Z ( 7 )  1 

Z ( 3 )  = Z ( 3 ) * B 1  
Z ( 1 )  = Z I 1 ) ” R l  

7 ( 2 )  = 0. 
Z f 4 )  = n. 
Z ( 6 )  = 0. 
?!I!?) = 0.  
G O  TO 1 1 5  

C 

C 
110 CA?,L CYDDRFS { B l , P 7 , Z )  

1 1 5  A 3  = A L P 4  
T P  (E’’I[T;) .NE- 0. )  A 3  = SDRT(,5*(AZSQ+SQR?”(ALPOt.E14KK) * * 2 ) ) )  
R U  = E V ( K ] / ( A 3  * A 3 )  

IF ( R  .E’?- KLIM) GO TO 140 
rp (TNN .NE. I )  G O  r o  140 

C 
c CHECK FOR T K I V  REGTaN, C O N D U Z T Q R S  O U T S I D E  COILS 
C 

T R E L  = ( R  ( R - 1 )  - R (K))/R (IC-9) 
IF [TREL ,GT. - 1 )  GO TO 1 l r B  
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c 

c 
I-. CI 

C 

c 
e 

130 

,- L. 

1 3 5  
c 
c 
e 

CALL CMDBES ( B 4 , 8 6 , F ]  

CALCULATE G P !IWC TIDN 5 

CALL G C A L C  ( 8 3 , A 4 , R , G )  



C 
C 
c 

C 
c 
c 

1 4 0  

c 

c 
150 

TIPDATE K AND A L P A A  

5 = K + 2  
A ?  = A5 
A 2  = A6 
G O  TO 1 6 0  

CONTI V U E  
B3 2 A 3 " R  (K- 1) 
8 4  = A O * R ( K - l )  

CALL BEST ( B 3 , P ( I ) , F ( 5 ) )  

F ( 1 )  = F ( l ) * B 3  
P43) = F ( 3 )  * B 3  

IF (BU .NE, 0-9 GO T O  150 

CALL 3ZSK ( B 3 , P t 3 )  ,F(7)) 

F(21 = Q. 
P ( 4 )  = 0, 
P ( 6 f  = 0. 
F ( 8 )  = 0. 
GO " 0  155  
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MULTLPLE C Y L I N D R T C h L  COND?JCTORS 
SU FiRO'IT T N  E 5  

c 
'J 

c 
c 
c 



I IO 

P TI LT I PI. E CY L I N DR 1 C A 1.. CO V D 74: TD A S 
SUBROrJTV YES 

c 
e 
c 

c 
e 
I: 

e 
C 
c 

F 3 U R - T E R E  I S E r U R R E W Z ' E  R E L A T I O N  F O R  S A Y D  T 

T E S T  COWVER GE NE E 

UPDATE FOR NEXT PASS 



S?TEI,Y19?ION F I W T S H E D ,  I F  A A'3RlVIAL E X I T  Is" Y A D E  FROrf 
THE A B O V E  LOOP, CONVERGENCE M A S  NOT REBCHED, 

T Y P E  OUT THE N O M - C O N V E R G E N C E  ALARH. 
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Subroutine COLAIR 

This subroutine computes the value of the air parameter As, which, for identical 
intermeshed coils, is given by the expression 

The infinite integral is approximated by the sum 

with ( Y O  = 0 and with the stepsize an - a n - l  and the last upper limit CY,V requested from the 
user’s input terminal. The contributions from each step are computed with subroutine ADAPT, 
using Gaussian integration. Values of the sum can bc printed as frequently as desired. The 
output shown below is from a run on the PUP-IO with 

an -- an- 1 = 0.25 

a N == 200 , 

and printing every 40th step; the column headed “ I E R M ”  shows values .of the integral over the 
last intcival before printing: that is, for an = 10, the entry in the “INTEGRAL” column is 

and the entry in the‘TTERM” column is 

j0 f(a)da . 
9.75 
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TYPE IN MAXIMUM ALPHA, STEP AND PRINT FREQUENCY 
FOR INTEGRATION FOR A9. FOR DEFAULT VALUES, HIT RETURN. + 200,.25,40 - 

ALPHA INTEGRAL TERM 

1.0000000E+01 
2.0000000Et01 
3.0000000E+01 
4,0000000E+01 
5.00 U 0 0 0 U E+O 1 
6.0000000E+01  
7.0000000E+Ol 
8 . 0 0 0 0 0 0 0 E + 0 1  
9 , U O O O O O O E + O ~  
1.00000UOE+02 
1.1000000E+02 
1.2UOOOOOE+02 
1.3000000E+U2 
1.4000000E+02 
1.5000000E+02 
1.6000000E+02 
1.70000UOE+02 
1.8000000E+02 
1.9000000E+02 
2.0 0 0 0 0 0 OE+0 2 

3,2086329E-01 9.5676977E-05 
3.2668920E-01 4.8552126E-07 
3.2706258E-01 1.2545441E-05 
3.2722630E-01 4.773942UE-08 
3.2727536E-01 2.4598147E-06 
3.2729297E-01 3.2716575E-08 
3.2730489E-01 4.1123364E-09 
3,27310183-01 1.2096378E-09 
3.27314563-01 2.31284753-07 
3.2731653E-01 1.4647092E-08 
3.2731871E-01 6.6399984E-08 
3.2731934E-01 2.5078999E-09 
3.2732039E-01 6.2076782E-09 
3.2732077E-01 2.9641923E-09 
3.27321413-01 3.1878876E-08 
3.2732159E-01 5.258588lE-09 
3.2732200E-01 4.4921533E-09 
3.2732209E-01 8.6923681E-11 
3.2732232E-01 4.OS32505E-09 
3.2732239E-01 2.6673168E-09 

A 9  = 1.0119264E-02 



I I4 

7 

100  
c 

4 

124 
c 

c 
1 2 5  



1 I5 

FILOCR DATA 

VRLllES FDR A X T ? ’ N U A T 3 R  C I R C U I T  PABA H E T E R S  



I I6 

c 
c 
c 
c 

1 

2 

3 

100 

s u m i 3 r n x N  E A T T E N  1 1 ~ ~ 9  

DISPLAY A N D  A L T E R  A T T Z N U A T O R  Z T R C I I X T  P A R A n E T E R S  
(YEE P. 21, O R Y L - T M - 4 1 7 S )  

C O P I N O N  / C I H C T /  V O ,  R D ,  C 6 ,  R 6 ,  'FZ ( a ) ,  R7, C7, R7, !?N 

DTMEVSf3Y PARAE { R )  , N A Y E  (81 
DATA NAf lE / 2 H V O ,  2 H R 0 ,  2?C6, 2H85, ZHR7, 2 t l C 7 ,  2H89, 2MTMJ 
WRITE (ITY, 1 )  
Y O R l A T  ( '  1EACF1 3 F  THE P A R A " I E T E R S  OF TFlE A " L " F E N U A T 0 R  C L R C U f P 9 /  

1 WTLL R E  L I S T E D  WITH T T S  C [ J R R E X ' P  VACTIE. T O  R E T A T N  T H I S ' /  
2 VALUE, H I T  EETOEI ' I ,  T3 I V S E X T  A NEW V A L U E ,  TYPE TT EN.'/lX) 

COYPlON / C O I L T N /  Z S I I X E :  ( 1 3 )  

P A R A N ( 1 )  = V O  
P A g A N ( 2 )  = RO 
P A R A N f 3 )  = C6 
P A R A M ( 9 )  = R6 
PARAPl(51  = R 7  
P A R A Y ( 6 )  = C7 
PAHAiVl(7) = R9 
P A q A M ( 8 )  = TN 
BO 100 I = 9 , 8  

WRITE (ITY,2) N A k I E f T )  , P A R A H I I )  
P O B Y A T  (lT, 4 2 ,  1PE13.5, 2X, 5)  
R E A D  ( I T Y , 3 )  Ti?%? 
P O R N A T  ( E )  
IF ( ' F E W P  -GT.  0 - 1  P a a n R ( I 1  = ~ E H P  

CONTI VUE 
Vi3  = P W R A P i I I )  
P O  = P A R A M ( 2 )  
CFP :: P A F A K ( 3 )  
R6 = P 4 R A 8 ( 4 )  

C 7  = P A R A P I ( 6 )  
R9 I' P R R A F ¶ ( 7 )  
TN = P A R A F I ( 8 )  
C S T X E ( 9 )  = TN 
CSIZF(10) = TN 
RET II R W 
EN n 

R7 = P A R A F l ( 5 )  



I I 7  

M I J L T I  PL E CY LX N D fl IC/\ L CON DUCT 0 RS 
SU RHOTI f I 'v ES 

S ? J 9 R O U T I N E  Y O O T  {V3RL, V O I F f ,  V Q A B S ,  B O A R S )  
c 
c 
G 
c 
c 
e 
C 

c 
r= L 

CALCVLAT!? ATTEWFJATOR OUT POT V O L T A G E  
Y O R L  = REAL ?ART 
V O I Y  = I M A G  ?ART 
V'l4F1S = M A G N I T U D E  
V O A R G  = P9ASE I N  B A D T A N S  
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119 

c 
c 
c 

c 
90 
1 

c 
100 
2 

3 

c 

C 
a 0 5  

I: 
c 

190  
4 

5 

6 
11s 

p. " 
c 
c 

1 3 5  

c 
C 
c 

1 4 0  
9 

c 
1 4 5  
18 

CHANGE C O I L  PARAMETRRS 

G O  TO (110,  1 4 0 ,  160,  1751,  KflAT 

CSANJGE ALL C O I L  P A 3 A M E T E R S  

H R I T E  ( ITTY,I I )  
FORMAT (I TYPE THE COIL PARABETER V R L l J E S ' / l X )  
DO 1 1 5  N = l , t O  

PRfTE ( I T T Y , S )  NflCP(N)  
POE?#AT {IX, A2, 1X, e )  
P E A D  (TTTY,6 )  CSr2'P:(Nf 
FORMAT (E) 

CON" f N t )  q 

CALL NORYCQ 
RETWRN 

CHRWSE S E L E C T E D  C O I L  PARAMETERS 

WPTTE ( f T T Y 8 9 )  
F O R f l A ' r  T Y P E  T H E  TWO-2HHARACTER N A E l E ,  AT L E A S T  ON? SPACE, AND'/ 

1 ' T H E  N E W  PARAMETER V A L U E .  END WITH A NAME 3 P  w X P - ' / l X )  

RFAD ( T T T Y 8 1 0 )  I T E Y ,  V A L  
FORMAT (A2,  E) 
CALL IFITCH (ITEM, NMEP, 1 1 ,  KHAT) 
IF { K H A T  .GT. 0) GO TO 1 5 0  

WRTTE (ICTTY, 11) ITEM 
PoRMaT ( 8  T I I E R E  IS NO P A R A M E T E R  N A N E D  ~ 2 ,  *. TRY AGAIN j * / i x )  
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C 
1 5 0  

c 
155 

c 
c 
c 

160 
12  

PlU LT I PL E CY L IN DRI CA 1. CON DUZT3 R 7 

S U B R OIJ T 1 N E S 

IP [ K H A T  .GT, 1 3 )  GO TO 155  
@517,E(KYAT)  = V A L  
G O  TO 1 4 5  

I F  (KhlAT .EO. 11)  GO TO 735 
GO TO 1116 

DTSPLAY PASARETER NAC4ES 
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YULTPPLE C Y L T N D F I C A L  CONDUCTORS 
SfJ B R O U T  IN E5 

SUBROUTINE CNDDSP ( 1 3 P T r I T J N )  
c 
C 
C 
c 

105 

C 
110 

115 

120 
1 

L9 

2 
1 2 4  

NREG = N R E X  
DO 115 N=l,NREG 

R(N) = R E X i W )  

W ( N )  = E V E X [ N )  
X M ( W  = X P I E X ( N )  
PERSIW) = PERI IEX{N)  
R H O I N )  = X R H X ( N )  

XR ( Y )  = XKEX IN) 

C O N T I N r l T  

HRITE { I I I Y ,  1) BORD (I3PT) 
F O R N A T  ( I  0 '  , A 5 ,  CONDUCTOR PROPEBT?ES:* / 

1 ' N P,ACTTJAL R,NORH ! l ,WORH Pln ( R E L f  ' , 7x, 
2 ~ R H O ~ I ~ X )  
DO 125 N = l , Y R E : G  

OUT{1)  = X R ( N )  
OUTI2) = R ( N )  
OUT@) = EM(FI) 
O U T { U )  = P E R B I N )  
O U T ( 5 )  = p l H O ( N )  
WRITE ( W Y , 2 )  W ,  D U T  
F'nRMA'f' (AX, K2, 2 F l O - 3 ,  11E93E12.4) 

COST I N U  E 
R E T U R N  
END 
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TIYLTIPLT! C Y L T N D H T C A L  CflWDUCTORS 
SU R R O U  TTN PIS 

C 

60 

C 

G 
6 5  

73 

a 5  

80 
8 %  

c 
c 
c 

90 

C 
95 

100 

105 
C 

1 1 0  
C 
C 
c 
c 

N = N C f N  

WRITE ( T T T Y , G O )  G r ) W ( l )  
r p  ( N  .LT. 10) 63  TD 5 5  

P O R Y A T  ( V O ~ L R F ~ D Y  H A V E  r n E  HAXIMUM N U M R E R  OF 8 ,  

1 A 3 ,  ' E R N A T .  CONDOZTORS,u/lX) 
G O  TO 1 8 5  

WRITE (ITTY,430) CON(1) 

DO 85 H=1,4 
U R V E  ( I T T Y ,  45) NAMCOP [ m )  
PORMAT ( l X , A 4 , 1 X , T )  
READ (TTTY,RO) C n D R T ( f l )  
FO34AT ( E )  

C o N T I w r l P  

TEST CDNDrJCTOR RRDTBS A G A I N S T  HKNICOIOM C O I L  X N M P R  RADIUS 

TF ( C O D R I  { I )  .LT. A H r t J l 1 C S f Z E ( 1 ) , C S T Z $ ( 5 ) ) )  G O  T3 9 5  
WRITE {TTTY,90)  R K G ,  CON i(1) 
F O R V A T  { '  R IS " 3 3  * , A 5 , '  FOR THE: ' , A 3 ,  "ERWAL REGION, ',+' 

GO TO 7 3  

IF' (N .ED. 0 )  C 3  TO 115 

1 ' TRY A S A f N - ' / l X )  

TF (conRr(11 .GT. X R I N ~ W ) )  G O  TO 1 1 5  

N E 3  C O N D U C T 3 R  R A D f U S  .LE. OLD LAST CONDUCTOR R A D I U S ,  
PTWD I SIJCT! THAT NEW C O N D U C T O R  RADIUS IS .LT. R [ 1 j o  
THEM MOVE PAR4METERS F3R OLD LTH T H R U  NTH R E G I O N S  
OTJT 1 SLOT. 

DO 100 I = l , N  

CONTINIJ  E 

J = f 4 1  
B = N + 1  
K =  N 
DO 119 L = J , N  

TF G O D R T ~ I )  .LT. X R I N I T ) )  GO ro 105 

X R T N ( K )  = X R I N ( K - 1 )  
X X I N ( K )  = X t l l N ( K - 1 )  
XHUT(K) = X M U X ( K - 1 )  
XRHI(K) = XnYiI (K-I) 
K = K -  f 

C O N T I N n E  

NEW PARAHETERS I N  frH R E G L O l  - USE N O N Z E R O  IRPU.1 .  
V A L U E S  O N L Y ,  

IP (CODRI[l) -NE- 0.) X R I N ( 1 )  = Z O D R K ( 1 )  

f F  ( C O D F T ( 3 )  = N E -  0.) X M U T ( X )  = C O D R I ( 3 )  
X M I N ( T )  = C O D R T ( 2 )  

IF { C O D R T ( U )  -NE,  0.) X R H I f 1 )  = Z O D R I ( 4 )  
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'1ULTI PLE CY LT N D R I C A L  CONDUC P O R S  
S U  B R O ' J  TY WES 

G O  ?O 1 2 0  

r: 
C NEd C O N D U C T 3 R  IS OOTER'lOS?" E N r E H N A L  C D N r ) O @ T O R  
c 

1 1 5  N = N + l  
I F  ( C O D P I  ( 1 )  .NE. 9.) XRIN(N) = C O D R I  (1)  

IF ( C O D R T ( 3 3 )  .NE. 0 , )  X R U r ( N 9  = E O D B X  4 3 )  
IF (contcL(4) .NE. 0.) XRHI(N) = C O D R I  

X M Y N  I N )  = C 3 D 9 I  ( 2 )  

c 
1 2 0  N C I Y  = N 

G O  T O  185 
c 

c 
INSERT EXPF9WAL C O N D U C T O R  P L 

1 2 5  NW = NC?Y 
I F  ( N N  .LT.  1 0 )  G O  TO 426 
GlPITE ( I T T " 9 6 0 )  C 3 N  ( 2 )  
G O  TO 185 

C 
126 W R I T E  ( I T T Y ,  1 3 0 )  CON ( 2 )  
130 F O R P I A T  ( 9  m m  I N  T H E  N E W  C O H D U C T O H  P A R A R E T E R  V A L U E S * /  

1 1 F O R  T H E  ' , A ~ , ' E S N A L  REGPON.'/~X~ 
C 

133 D n  145 p1 1,4 
U R I T S  ( I T T Y ,  7 5 )  NWPICDPP [a) 
R E A D  (TTTY,80) CODXE4fT)  

9 4 5 :1: ONTI NUE 
IF ( r O D R E [  1 )  .GT, A H A X 1  ( C S I Z E ( 2 )  , C S b Z E ( 6 )  j ) S O  10 155 
WRITE ( I T T Y ,  90) SPlALL COW ( 2 )  
G O  TO 1 3 3  

c 
1 5 5  TP ( N N  .EQ. 0 )  SO TO 175 

IF ( ( C C l D R E ( 1 )  .LT, X H E X ( N Y ) )  GO TO 175 
DO 1 6 0  T.1,NN 

IF ( C O D F E ( 1 )  .ST, X R E X ( 1 ) )  G O  P O  1 6 5  
140 C O N T I N U E  

1 5 5  J = l + l  
e 

N M  7 N N  4 1 

Dr) 1'70 T . : J , N N  
X R E X  [K) .= X R E X  [a -  1) 

X r l U X ( K )  = X f l I J X f K - 1 )  
X R R X [ K )  X R H X ( K - 1 )  
K = K -  1 

X H E X ( r c )  -- X M E X ( K - 1 )  

17 0 C ONTI NTTE 
IF ( e n D R E f 1 )  .WE, 0.) X R E X ( 1 )  = , O D R E ( l )  
X B E X ( 1 )  = CODRE(2ZI 
IF ( C O D H E ( 3 )  ,NE. 0.) X F i U X ( 1 )  = C O D B E ( 3 )  
IF ( C O D R E [ U )  .NE, 0 . )  X R H X f I )  -: : O D R E ( l d f  
G O  T O  180 

c 
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X U  L T I  ?LP CllL IN DRICAI, CONDUCT'SR S 
SrJAROUTI  P E S  

1 7 5  

C 

c 
C 
c 

1 8 0  

185  
190 

I: 
1 3 5  
2 0 0  

,- 
L.. 

2 10 
c 
c 
c 

C 
2 1 5  

225 

C 

c 
C 
c 

2 4 0  

2 50 

27 5 

28 0 

C 
c 
c 
C 

N N  = NN + 1 
I F  (CnDRF: ( 1 )  -NE, 9.) XEtEX(WN) = CODRE(1) 
X M E X ( W N 9  = CCDBZ12) 
T F  (COD??!? ( 3 )  .NE. 0.) X M f Y X ( N ? r )  = CODRE( .? )  
I F  ( C I l D R R ( 4 )  -NE. 0.) X R H X ( N N )  = CODRE(4) 

MCEX = N?J 

Q U E R Y  F O R  MORE R E G I O N S  

R E A D  [ I T T Y , 2 0 0 j  LOOK 
F O R H A T  ( A Q )  
CALL Y A T C H  [ L 0 0 6 , J U D G E r 2 , K F l A T )  
I F  (KIYAT .NE, 0 )  GO T O  210 
WRITE ( i T T Y , 2 0 )  LLD'JK 
G O  T O  194  

DELETE AN 'EXISTINS Z3NDUCTOR 

W R I T E  ( I T T Y  35)  

R E A D  [ITTY, Q O j  E H 3 I Z E  
C A L L  MATCH {CHOXCE,CON,Z, K B A T )  

@RITE (ITTY, 20) C H 3 T C E  
G O  T O  2 2 4  

r F  I K M R T  .NE .  'J) r , ~  TO 2uo 

D E L E T F  4 N  I N T E R N A L  CONDUCTOR. 

U R I T E  (ITTY,250) COHll) , DECIS { 2 )  
P O R N A T  ('OTYPPE IN T H E  Y R L U E  rrI" Z O E R E S P D # D X N Z  T'3 THE'/ 

1 I X , A 3 , ' E R N A L  R E G I 3 N  WHOSE P A R A M E T E R S  YOU WJANT ' / l X ,  
2 AS, ' E D ' / l X )  
WRITE (ETTY,27 '5)  
F O R H A T  ( *  I 
READ (ETTY,2SD)  1 
F O R R A T  {12) 
N = K I N  - 1 
r F  (I. .EO. N C X N )  79 TO 290 

MOVE A L L  P A R I P I E T E R S  X N  O N E  SLOT, IP RESIOW DELETED 
WAS MOT THE O L D  LASP REGION- 
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Q U ‘ ,  
C 

c 
,- 
c 

i: 
C 
c 
4.4 5 

C 
c 
C 

c 
(185 

5 0 0  

C N A H S E  EXTERNP.1. R E G T O Y  

W R I T E  (TTTY,240) r O N  (21, D E C I S  $3) 
W R I T E  (TTTY,275) 
RFhP ( I T T Y g 2 P 0 1  I 
WRITF (TTTY,U25) 
DO U S 0  R = l , U  

WRTTZ (ITTY,75) WAFlCOP(E4) 
R E A D  (ITTY,EJO) CODRE ( A )  

CONT INU E 

X X E X  (1) = C O D R R ( 2 )  
IF ( c c l D R E ( 3 )  , R E -  0,) ‘ X M U X { I )  = z Q D A E ( 3 )  
IF ( C O D R E q 4 )  .NE. 0.) X R H W I T )  = C n D R E ( 4 )  

If . -n : ,R?{Y)  .NE. 0.) X R E X ( I )  = C o r r a E j a )  

Q r r e R Y  FOR MORE R E G I O N S  

R ETII R Y 
END 
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Mu LTI PL E CY T. IN D R I C A L  CON D[JC T3 9 S 
S U R R O U T I M E S  

SUB RD!ITXHF NQRHCO 
C 
r. L NORPIALTZE C O I L  D E N E N S I O N S  BY ~ U L T I P L Y I H G  BY THE 
C R E C P P R O C A L  3 F  THE A E A N  RADIUS O P  C O I L  NO. 4 
C 

COMMON / C O I L I N /  ,SIZE ( 1 0 )  
C O H 3 O N  / C O I L S /  CZNrSRPI ( 8 )  /PACT/ R R B  
R R B  = 2 . / ( C S I Z E ( l )  + C S T Z E ( 2 ) )  
DO 100 N - l , B  

CZNORM {N) = C S I Z E (  W] * R A B  
100 C O N T I N U E  

R E T U R N  
E ND 
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i l U  LTT PL E CY L IN DRTCAL CON DIJC “ 3  fl S 
S U R R O U T r  N E S  

S u B i w u r m s  X R T C H  ( I T E M ,  ITBL, LJPIMT, K B A T ~  
C 
C SEARCHES THY T A B L E  ITBL WITH NENT E N T R I E S  F O R  RfiAT, THE 

r: MATCH IS P O U N 3 ,  KMAT IS Z E R O  
I N D E X  OF THZ F I R S T  ENTRY WHICH IS EOUAL T3 ITEEPI, ,  IF ND c Ir 

C 
D T ? l E N I ; I O N  I T D L  [ 1) 
K H A T  = r) 

DO 100 N = 1 , N E N T  
IP ( X T E R  -NEPI,, ITBL IN)) GO TO 190 
K M A 7  = ?I 
PETUSN 

100 C O N T T N U E  
R E T I J R V  
E ND 
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INDEX OF SUBROUTINE DEFlNITIONS AND CALLS 
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MULTIPLE CYLINDRICAL CONDUCTORS 
SUBROUTINES 

ADAP2 .............................................................. 

ADAPT ............................................................................................. 
ADAPT (CALL) . ........................................................................ 
A'TIEN .............................. 

ADAP2 (CALL) ................................................................................ 

ATTEN (CALL) ................ 

............................................................................. 

.......................................... ............................. 
BESK ................................................................................................. 
BESK (CALL) ................................................................................... 
BLOCK DATA (ATTENUATOR) ................................................... 
BLOCK DATA (COIL PARAMETER NAMES) ............................ 
BLOCK DATA (TEST CASE PARAMETERS) ............................. 

.............................................................................. 
CCI-IAN (CALL) ............................................................................... 
CDISP .................... .................................. 
CDISP (CALL) ......................................... 
CTNT ................................................................................................. 
CLN'T (CALL ...................... 
C IT B LO ................................. ...................................................... 
CITRI, O (CALL) ............................................................................... 
GMDRES ......................................... ........................... 
CMDRES (CALL) ............................ 
CMI ................................................................................................... 
CMI (CALL) ..................................................................................... 
CNDCHA .......................................................................................... 

...................... 

............................................................................ 

................................... ................................... 

............................................................................ 
COI-AIK ............................................................................................ 

... COLAIR (CALL) ................................. ....... 
................................................................. 

COMKB (CALL) ............................................................................... 

DJCO ................................................................................................ 
DJCO (CALL) ................................................................................... 

F (CALL) .......................................................................................... 
FINT (CALL) .................................................................................... 

61 
42. 51 
57 

114 
116 
38. 43 

80 
82. 105-107 
82 

105-1 07 
115 
53 
45 

119 
38 

118 
38. 50 
95 
39. 50. 

101 
39. 50 
70 

77 
70 

122 
40 
19 
40. 50 

114 
39. 50 
73 
70 

105-107 

98 
42 . 51 

65. 67 
57. 61 
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GAUS2 .............................................................................................. 67 
GAUS 2 (CALI.) ................................................................................ 
GAUSS .............................................................................................. 65 
GAIJSS (CALL) ................................................................................ 114 
GCALC ............................................................................................. 109 

42; 5 1  

GCALC (CALL) ................................................................................ 106 

MATCH ............................................................................................ 1% 
MATCH (CALL) .............................................................................. 
M B r H D  ............................................................................................ 57, 61 

40, 119, 122, 125-127 

NBNINTERACTIVE MAIN PROGRAM ....................................... 49 
NORMCO ......................................................................................... 128 
NORMCO (CALL) ........................................................................... 38, 49, 119 

QID ................................................................................................... 92 
Q I D F  (CALL) ................................................................................... 42, 51 

UVMAT ............................................................................................ 104 
UVMA'!' (CALL) ............................................................................... 92, 99 
UVPRT .............................................................................................. 108 

VOUT ................................................................................................ 119 
VOUT (CALL) .................................................................................. 4244,  51-52 

XIINT ................................................................................................ 86 
XIINT (CALL) .................................................................................. 92, 98 
XJJNT ............................................................................................... 84 
XJJN.((CAI.I, ) ................................................................................. 95, 101 
XKKN'I  ............................................................................................. 89 
XKKNT (CALL) ............................................................................... 92, 98 
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