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ABSTRACT 

I .  

This  r e p o r t  d i scusses  t h e  implementation of an enhancement of the  F i n i t e -  

d i f f e r e n c e  Time-Domain (FDTD) technique t o  compute t h e  t r a n s i e n t  e lectromagnet ic  

response of complex conducting scatterers con ta in ing  a p e r t u r e s  t h a t  are narrow 

with respect t o  t h e  wavelength contained wi th in  t h e  power spectrum of exc i t a -  

t i o n .  An a n a l y t i c a l  technique is developed which u t i l i z e s  Babinet ' s  p r i n c i p l e  t o  

model t h e  a p e r t u r e ,  and a computer code, c a l l e d  THNAPP, is desc r ibed  and 

documented tha t  u t i l i z e s  t h i s  technique. 

The computer code T"APP is an ex tens ion  of p rev ious ly  developed FDTD 

codes t h a t  were not capable of modeling t h i n  a p e r t u r e s  or seams. This  code 

posses ses  t he  same basic s t r u c t u r e  as t h e  code G3DXL which w a s  w r i t t e n  f o r  the 

System Va l ida t ion  Methods Branch of t h e  Information Systems Div i s ion  a t  

Langley Research Center. THNAPP has been s u c c e s s f u l l y  executed on t h e  CDC 203 

computer system a t  Langley Research Center and is c u r r e n t l y  o p e r a t i o n a l .  

PRECEDING PAGE BLANK NOT FILMFD 
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I. INTRODUCTIOW 

A v i t a l  part of t h e  l i g h t n i n g  r e sea rch  conducted by NASA Langley Research 

Center 11-31 has been t h e  development of computer codes capable of c a l c u l a t i n g  

the electromagnet ic  responses of a i rc raf t  sub jec t ed  t o  l i g h t n i n g  events .  The 

importance of t h e s e  codes s t e m s  from t h e  f a c t  t h a t  t he  direct measurement of 

a i rc raf t  responses is very d i f f i c u l t  and expensive. The c a p a b i l i t y  t o  p r e d i c t  

i n t e r i o r  and e x t e r i o r  responses numerically provides  t h e  oppor tun i ty  t o  probe 

t h e  na tu re  of the  responses,  the causes of va r ious  a s p e c t s  of t h e  responses ,  

and, most important ly ,  t o  act  as a tes t  bed f o r  va r ious  a i rc raf t  changes 

designed t o  reduce t h e  s u s c e p t i b i l i t y  of a i r c r a f t  t o  electrical upset .  

One of t h e  electromagnet ic  code types i n v e s t i g a t e d  by NASA during t h e  

p a s t  f e w  yea r s  u t i l i z e s  the F in i t e -Di f f e rence  Time-Domain (FDTD) technique 

[41. This  technique possesses  a number of very a t t r a c t i v e  a t t r i b u t e s  with 

r e s p e c t  t o  t h e  NASA l i g h t n i n g  e f f o r t .  F i r s t ,  t h e  s o l u t i o n s  are c a l c u l a t e d  

d i r e c t l y  i n  the t i m e  domain. Since a l i g h t n i n g  event  is a t r a n s i e n t  

phenomenon, it is d e s i r a b l e  t o  c a l c u l a t e  responses d i r e c t l y  i n  t h e  t i m e  

domain, r a t h e r  than t ransforming frequency domain r e s u l t s  back i n t o  t h e  t i m e  

domain. Second, t h e  FDTD approach is very f l e x i b l e  i n  t h e  types  of scatterers 

(i .e. ,  a i r c ra f t )  and electromagnet ic  sources  (i.e.,  l i g h t n i n g  e v e n t s )  t h a t  can 

be handled. I n  p a r t i c u l a r ,  these codes can handle any shape scatterer t h a t  

can be roughly modeled as a c o l l e c t i o n  of r e c t a n g u l a r  cells o r  plates (e i ther  

metal o r  d i e l e c t r i c ) .  A l s o ,  both direct and i n d i r e c t  l i g h t n i n g  s t r i k e s  can be 

m o d e  le d . 
I n  spite of t h e i r  many advantages,  a d i s t i n c t  shortcoming of many FDTD 

codes is t h e i r  i n a b i l i t y  to  model geometries t h a t  con ta in  r a p i d  geometr ical  

v a r i a t i o n s  (e.g., changes i n  radi i  of cu rva tu re  o r  material composition).  

T h i s  de f i c i ency  stems f r o m  t h e  fac t  t h e  FDTD technique so lves  s c a t t e r i n g  

problems by c a l c u l a t i n g  t h e  f ie lds  only a t  a f i n i t e  number of p o i n t s  t ha t  l i e  

on a numerical g r id .  Thus, s u r f a c e  de ta i l s  t h a t  are smaller than t h i s  g r i d  

cannot be accounted f o r  i n  t h e  e l ec t romagne t i c  c a l c u l a t i o n s  without a d d i t i o n a l  

a n a l y s i s .  Fo r tuna te ly ,  there are a number of s i t u a t i o n s  i n  which FDTD codes 

have been augmented so t h a t  they can handle such geometries. Kunz and Simpson 

[5] have developed a technique whereby a complicated scatterer can be f i r s t  

analyzed u s i n g  a course g r i d ,  and then  a p o r t i o n  of it can be re-analyzed 

us ing  a f i n e r  g r i d  t h a t  can r e so lve  t h e  f i n e  de ta i l .  As another  example, 
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Holland and Simpson [61 have developed a technique f o r  modeling w i r e s  and 

s t r u t s  which are much smaller than t h e  qrid. 

An important example of a type  of f i n e  d e t a i l  o f t e n  encountered i n  

a i rcraf t  t h a t  cannot a t  p r e s e n t  be handled e a s i l y  by FDTD codes is the  long 

t h i n  aperture. Th i s  t ype  of sub - s t ruc tu re  is encountered i n  many areas of an 

a i r p l a n e  fuselage.  Examples are door seals and t h e  seams between e i t h e r  m e t a l  

or composite panels .  Only when FDTD codes are capable of handl ing such 

geometries w i l l  one be a b l e  t o  a c c u r a t e l y  p r e d i c t  t h e  i n t e r i o r  e l ec t romagne t i c  

responses  of a i r c r a f t  when sub jec t ed  t o  threats such as l i g h t n i n g  or nuclear  

e l ec t romagne t i c  p u l s e  (NEMP). 

T h i s  r e p o r t  p r e s e n t s  an FDTD computer code, called THNAPP, t h a t  is 

capable of modeling conducting scatterers tha t  con ta in  t h i n ,  c a v i t y  backed 

a p e r t u r e s .  T h i s  code r e p r e s e n t s  an update of an FDTD code c a l l e d  G3DXL t h a t  

w a s  w r i t t e n  by Kunz Assoc ia t e s  f o r  NASA Langley Research Center [7] f o r  use i n  

p r e d i c t i n g  t h e  responses of a i r c r a f t  s t r u c k  by l i g h t n i n g .  THNAPP r e t a i n s  t h e  

general form of G3DXL, but adds t w o  very important c a p a b i l i t i e s  not present i n  

G3DXL. Th i s  f i r s t  is of course t h e  a b i l i t y  t o  model a i r c r a f t  t h a t  contain 

t h i n  a p e r t u r e s .  The second is t h e  a b i l i t y  t o  model complex conf igu ra t ions  of 

t h i n  wires invo lv ing  wires of d i f f e r e n t  rad i i  and w i r e  j unc t ions  w i t h  other 

w i r e s  o r  su r f aces .  

The  approach used i n  THNAPP t o  model t h i n  a p e r t u r e s  u t i l i z e s  Babinet's 

p r i n c i p l e  to  o b t a i n  a p r e d i c t i o n  of the f i e l d s  i n  t h e  a p e r t u r e  by ana lyz ing  a 

complementary geometry i n  which t h e  t h i n  a p e r t u r e  becomes a t h i n  magnetic 

conductor [ 8 ] .  These a p e r t u r e  fields are then used t o  d r i v e  t h e  f i e l d s  in the 

c a v i t y  behind t h e  ape r tu re .  THNAPP can model a great v a r i e t y  of s c a t t e r i n g  

geometries.  I n  p a r t i c u l a r ,  more than one a p e r t u r e  can be modeled 

s imultaneously i f  they occur i n  t h e  same plane.  Also, t h e s e  a p e r t u r e s  may 

i n t e r s e c t  and be of d i f f e r e n c e  s i z e s  and widths .  

The s t r u c t u r e  of t h i s  r e p o r t  is as  follows. Chapter I1 in t roduces  the 

theoretical a s p e c t s  of the  a p p l i c a t i o n  of Bab ine t ' s  p r i n c i p l e  t o  t h i n  a p e r t u r e  

coupling. Chapter I11 p r e s e n t s  t h e  computer code, THNAPP, t h a t  implements 

t h i s  theory.  This  chapter  a l s o  con ta ins  a d e s c r i p t i o n  of each of t h e  

sub rou t ines  p r e s e n t  i n  THNAPP t h a t  w e r e  either not p r e s e n t  i n  o r  have been 

r a d i c a l l y  changed i n  the  p a r e n t  code G3DXL. Chapter I V  p r e s e n t s  t y p i c a l  

r e s u l t s  from THNAPP f o r  geometries con ta in ing  complex w i r e  and geometries and 

c a v i t y  backed a p e r t u r e s .  F i n a l l y ,  Chapter I V  p r e s e n t s  concluding comments. 
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11. TBIN APERTURE EDRWJLATION 

Figure la shows a p e r f e c t l y  conducting scatterer con ta in ing  a c a v i t y  

behind a t h i n ,  conducting, f l a t  s u r f a c e  with a narrow aperture. 

E' 

t"' 

Fig. 1. ( a )  A conduct ing  s c a t t e f e r  c o n t a i n i n g  a narrow a p e r t u r e  in a t h i n  conduct ing  

p l a t e ,  backed by a c a v i t y .  (b)  Equiva len t  

geometry. 

by impressed e q u i v a l e n t  c u r r e n t s  7 and 7. 

7 and 7 are p h y s i c a l  c u r r e n t s .  

A l l  s u r f a c e s  except  t h o s e  on t h e  a p e r t u r e  p l a n e  have been r e p l a c e d  

( 0 )  (b) (C)  

Fig.  2. Sub-geometries analyzed when u s i n g  Bahine t ' s  p r i n c i p l e .  ( a )  Aper ture  p l a n e  removed and s u r f a c e  

(b)  Aper ture  p l a n e  rep laced  w i t h  i ts complement and s u r f a c e  c u r r e n t s  T c u r r e n t s  T impressed. 

impressed.  (c) Aper ture  electric f i e l d  impressed upon t h e  c a v i t y  only .  

I n  t h i s  development, it w i l l  be assumed t h a t  t he  scatterer is i l l umina ted  by a 

known, e x t e r n a l l y  app l i ed  f i e l d  ( B i , i i )  which may be e i t h e r  l o c a l i z e d  i n  

3 



na tu re  (as i n  the case of a vo l t aqe  or c u r r e n t  source) or g l o b a l  (such as a 

plane wave). Thus, t h e  t o t a l  f i e l d s  are given by: 

where the super s c r i p t s  "i" and "s" denote  i n c i d e n t  and scattered f i e l d s ,  

r e s p e c t i v e l y .  It w i l l  be assumed t h a t  the  aperture l ies  i n  the  z = 0 p lane  

and the  c a v i t y  l ies  below t h i s  p lane  (i.e., z < 0). I n  this equat ion ,  as with 

those to f o l l o w ,  only the z dependence of the f i e l d s  w i l l  be enumerated, where 

z is t h e  normal to t h e  aperture plane.  

phys i ca l  s u r f a c e  c u r r e n t s  t h a t  are flowinq on the  e x t e r n a l  and c a v i t y  

s u r f a c e s ,  r e s p e c t i v e l y .  Note t h a t ,  by d e f i n i t i o n ,  ne i the r  ze or i nc lude  

those  c u r r e n t s  located on the aperture plane. 

The c u r r e n t s  ze and 3' are the  

An e q u i v a l e n t  s i t u a t i o n  to tha t  of Figure l a ,  both i n s i d e  and o u t s i d e  the  

scatterer, is  shown i n  Figure lb. Here, t h e  e n t i r e  obstacle, except  for the 

conduct ing plane t h a t  con ta ins  t h e  a p e r t u r e ,  has  been removed while  r e t a i n i n g  

the surface c u r r e n t s  ze and 5'. 
equiva lence  p r i n c i p l e  [91. Note t h a t  t h e  conducting s h e e t  has imaged o u t  t h e  

impressed e q u i v a l e n t  c u r r e n t s  above and below it. The sources  i n  t h i s  f i q u r e  

are thus  t h e  i n c i d e n t  f i e l d s  and t h e  free space f i e l d s  of  the impressed 

c u r r e n t s  ze and zc. 
t h e  ( p e r f e c t l y )  conduct ing plane which con ta ins  the aperture. 

This equiva lence  fol lows f r o m  the Schelkunoff 

Also,  note  t h a t  t h e  only  material body i n  Figure l b  i s  

The purpose of t ransforming t h e  geometry of Figure la i n t o  t h a t  of  F igure  

l b  is to  express  t h e  woblem i n  a form where Bab ine t ' s  p r i n c i p l e  [ l o ]  can be 

u t i l i z e d  to break t h e  geometry down to  where the  FDTD technique can be 

u t i l i z e d  i n  its ana lys i s .  Wen though the  aperture is assumed to be much more 

narrow than  can be handled d i r e c t l y  by the  FDTD technique,  t he  complement of 

t h e  aperture p lane ,  a magnetic s t r i p  i n  f r e e  space, can be handled by us ing  

the  e lectr ical  dua l  of an e x i s t i n q  technique for d i r e c t l y  modeling electri- 

c a l l y  conducting wires  and s t r u t s  i n  FDTD codes 161. 

I n  order  to  invoke Babine t ' s  p r i n c i p l e  i n  t h e  s o l u t i o n  of t h e  f i e l d s  i n  

F iqure  l b  using FDTD technique,  t h e  ques t ion  of t h e  a priori  knowledqe of t h e  

c u r r e n t s  ze and 5' must be addressed. 

a p e r t u r e  w i l l  have some e f f e c t  on a l l  the c u r r e n t s  flowing on and wi th in  t h e  

F i r s t ,  a l though the  presence of t h e  

4 



scatterer, it w i l l  i n  gene ra l  have l i t t l e  e f f e c t  on Se s i n c e  ( 1  1 its 

capac i t ance  is  h igh  due to i ts  narrow width,  and ( 2 )  t hese  c u r r e n t s  are n o t  

located on t h e  aperture plane i tself  and thus  are somewhat d i s t a n t  from t h e  

aperture. Thus, an e x c e l l e n t  approximation of 3e can be obta ined  by shor t -  

c i r c u i t i n g  the aperture and us ing  any technique well s u i t e d  to the  e x t e r n a l  

scatterer geometry -- poss ib ly  the  FDTD technique or t h e  method-of-moments 

1111.  

On the o ther  hand, the  c u r r e n t s  3' cannot  be known a pr ior i  s i n c e  our 

assumption has been t h a t  t h e  a p e r t u r e  is too small to  be handled d i r e c t l y  by 

techniques such as FDTD or t h e  method of moments. Fo r tuna te ly ,  t h i s  l ack  of a 

pr ior i  knowledge (and thus t h e  t a c i t  i n i t i a l  assumption t h a t  they  are zero)  

w i l l  no t  have a s i g n i f i c a n t  e f f e c t  on the e a r l y  t i m e  responses  of Fiqure l b  

for t w o  reasons.  F i r s t ,  t h e r e  i s  a n a t u r a l  de l ay  between t h e  s t a r t i n g  t i m e s  

of  

more impor tan t ly ,  t h e i r  e f f e c t  w i l l  i n  most cases be n e g l i g i b l e  to  observers  

near t h e  aperture for  as long as t h e  e x t e r n a l  response  i s  much s t ronger  than  

t h e  i n t e r n a l  response.  This, of course, w i l l  be the  case for t h e  e n t i r e  

temporal response when the a p e r t u r e  is small and t h e  c a v i t y  Q is l o w ,  bu t  w i l l  

a lso occur for  t he  e a r l y  p o r t i o n s  of  the response  even when t h e  c a v i t y  Q is  

high. Even for po in t s  of observa t ion  deeper i n t o  the c a v i t y ,  t h e r e  w i l l  be a t  

l eas t  some clear window i n  t h e  t r a n s i e n t  responses  t h a t  are n o t  apprec iab ly  

a f f e c t e d  by t h e  lack  of a priori  knowledqe of  sc. 

-e J and 3' due to the propagat ion de lay  of t he  f i e l d s  i n t o  t h e  cav i ty .  But 

From Rab ine t ' s  p r i n c i p l e ,  the  f i e l d s  of  Figure l b  (minus the  effects 

of 2') can be determined from those of Figures 2a and 2b. In  Figure 2a, the 

conductinq plate and a p e r t u r e  of  F iqure  lb  have been rep laced  by f r e e  space. 

Thus, t he  f i e l d s  of t h i s  conf iqu ra t ion  are: 

where ( EJI gJ ) are the  f i e l d s  r a d i a t e d  by the  s u r f a c e  c u r r e n t s  

r a d i a t i n g  i n  free space. I n  Figure 2b, t h e  plane conta in ing  the  aperture of 

F iqure  lb  has  been rep laced  with i ts  complement: f r e e  space where the  

e lectr ical  conductor had been and ( p e r f e c t )  magnetic conductor where f r e e  

space had been. The f i e l d s  of t h i s  conf igu ra t ion  are: 

ze when 
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fib = fii + EJ + E -d i  f 
( 3 )  

-b -i -J -d i f  H = H + H + H  I 

-d i f  where ( E 

the maqnetic conductors ,  r a d i a t i n g  i n t o  free space. 

, Edif 1 are t h e  d i f f r a c t e d  f i e l d s  due to  t h e  magnetic c u r r e n t s  on 

From Babine t ' s  p r i n c i p l e ,  t he  f i e l d s  of Figure l b  for  z < 0 can now be 

w r i t t e n  i n  terms of those of F igures  2a and 2b as [ lo1  

where the  f i e l d s  due t o  sources above and b e l o w  t h e  imaqe plane (z=o) have, of 

necess i ty ,  been i d e n t i f i e d  s e p a r a t e l y ;  t he  s u b s c r i p t s  "u" and "A" denote  

f i e l d s  due to impressed f i e l d s  and s u r f a c e  c u r r e n t s  (i.e., ze) which are 

located above and b e l o w  t h e  image plane,  r e s p e c t i v e l y .  The correct s i g n  to he 

used for t h e  f s i g n  depends upon the component of t h e  f i e l d  i n  ques t ion  -- t h e  

+ s i q n  for normal electric and t a n g e n t i a l  maqnetic and the  - s i q n  for the 

t a n q e n t i a l  e lectr ic  and normal naqne t i c  f i e l d s .  A s i m i l a r  express ion  can be 

w r i t t e n  fo r  z > 0. 

The above express ion  is  u s e f u l  fo r  t he  c a l c u l a t i o n  of t he  c a v i t y  f i e l d s  

i n  tw ways. F i r s t ,  it can be eva lua ted  wi th in  t h e  c a v i t y  to  determine t h e  

i n i t i a l  t r a n s i e n t  responses  d i r e c t l y  from the  FDTD s o l u t i o n s  of t h e  geometr ies  

of F iqures  2a and 2b. Obviously,  t h e  l enq th  of t i m e  fo r  which they  are v a l i d  

depends upon the proximity of t h e  p o i n t  of obse rva t ion  to  the a p e r t u r e  arid the 

c a v i t y  w a l l s .  A p a r t i c u l a r l y  a t t r a c t i v e  a t t r i b u t e  of t h i s  express ion  is  t h a t  

s i n c e  the i n c i d e n t  f i e l d s  due to  impressed sources above t h e  image plane 

and (EU, H U ) ,  they  e x a c t l y  cancel .  Thus, i f  t h e  appear i n  both  (EU, Hu)  

i n c i d e n t  f i e l d  is a g l o b a l  f i e l d  i n c i d e n t  from above t h i s  p lane ,  t h i s  

express ion  for  t he  f i e l d s  is not  s u b j e c t  to t h e  noise  problem o f t e n  

encountered i n  E'DTD codes where the c a l c u l a t e d  scattered f i e l d s  are perturbed 

by numerical  no ise  so tha t ,  when added to  the  unperturbed i n c i d e n t  f i e l d s ,  

they  do  not  c o r r e c t l y  cance l  to  o b t a i n  the nea r ly  ze ro  t o t a l  c a v i t y  f i e l d s  

[6]. In  t h e  above formula t ion ,  a l l  of t he  terms are subjec t  to the same 

sources of numerical  no ise  and thus will cance l  much more e f f e c t i v e l y .  
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Equation ( 4 )  can a l s o  be eva lua ted  wi th in  t h e  ape r tu re .  I n  t h i s  way, t h e  

e a r l y  t o  m i d - t i m e  a p e r t u r e  f i e l d s  can be found from the FDTD a n a l y s i s  of the 

geometries of Figures  2a and 2b and then used as t h e  impressed f i e l d s  of a 

f i n a l  FDTD a n a l y s i s  of the  c a v i t y  alone. S u b s t i t u t i n g  equat ions ( 2 )  and ( 3 )  

i n t o  equat ion ( 4 )  and e v a l u a t i n g  i n  the l i m i t  as z + 0 , w e  obtain:  + 

where t h e  s i g n  corresponding t o  a t a n g e n t i a l  e lectr ic  f i e l d  has been used. 

Since the  i n c i d e n t  f i e l d s  are continuous a c r o s s  t h e  a p e r t u r e ,  they completely 

cance l  and are not p r e s e n t  i n  t h i s  expression.  A l s o ,  although the  f i e l d s  

generated by t h e  s u r f a c e  c u r r e n t s  a lone  are a l s o  continuous a c r o s s  t h e  

a p e r t u r e  and do indeed cance l  i n  t h i s  expression,  they have not  been removed 

because they are embedded i n  the FDTD s o l u t i o n s  of both Figures  2a and 2b 

r e s p e c t i v e l y  (as i n d i c a t e d  by the  brackets), and must be s u b t r a c t e d  

numerically.  

The f i e l d s  of equat ion (5) can be used as t h e  impressed a p e r t u r e  f i e l d s  

i n  an FDTD a n a l y s i s  of the  c a v i t y  a lone  t o  y i e l d  s o l u t i o n s  t h a t  include t h e  

e f f e c t s  of t h e  i n t e r n a l  c a v i t y  c u r r e n t s .  T h i s  s i t u a t i o n  is depicted i n  Figure 

2c. These c a l c u l a t i o n s  w i l l  remain v a l i d  much longer than those obtained from 

the direct a p p l i c a t i o n  of equat ion ( 4 ) .  Only a f t e r  t h e  a p e r t u r e  f i e l d s  become 

dominated by t h e  response of the c a v i t y  w i l l  t h e s e  c a l c u l a t i o n s  f a i l .  The 

p o i n t  a t  which t h i s  happens w i l l  depend upon t h e  c a v i t y  Q. 

Since it is the aperture field that is forced during this calculation, 

t h e r e  is no need t o  advance t h e  f i e l d s  o u t s i d e  t h e  c a v i t y  as would be t h e  case 

if it were an equ iva len t  c u r r e n t ,  r a t h e r  than t h e  f i e l d  i t s e l f ,  that drove t h e  

s o l u t i o n .  Also, t h e  s p a t i a l  g r id  used i n  even t h i s  f i n a l  FDTD c a l c u l a t i o n  

need not  be s m a l l  enough t o  r e so lve  the  ape r tu re .  T h i s  fol lows froin the  f a c t  

t h a t  t h e  major inaccuracy encountered when t h e  a p e r t u r e  is  smaller than  t h e  

g r i d  r e s u l t s  f r o m  the  d i f f i c u l t y  i n  determining t h e  average f i e l d s  i n  ce l l s  

c o n t a i n i n g  t h e  a p e r t u r e .  However, s i n c e  t h e  e a r l y  t i m e  response magnitudes 

i n s i d e  the c a v i t y  are a l r eady  known from t h e  a p p l i c a t i o n  of equat ion (41, t h e  

f i n a l  FDTD r e s u l t s  of t h e  c a v i t y  modeled alone can be scaled t o  ag ree  w i t h  

t h e s e  known amplitudes.  N o  s c a l i n g  is needed when t h e  g r i d  s i z e  used to  

o b t a i n  t h e  a p e r t u r e  f i e l d s  is t h e  same as t h a t  used i n  t h e  c a v i t y  a n a l y s i s .  

Th i s  w i l l  be demonstrated i n  t h e  next s e c t i o n .  
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111. CODE DESCRIPTION 

A. I r i t roduct ion 

The purpose of t h i s  chapter  is  t o  desc r ibe  a code, called THNAPP, t h a t  

implements t h e  t h i n  a p e r t u r e  coupl ing concepts der ived i n  t h e  p rev ious  

chap te r .  T h i s  code is b a s i c a l l y  a d e r i v a t i v e  of the  code G3DXL w r i t t e n  by 

K a r l  Kunz of Kunz Associates  for the  System Va l ida t ion  Methods Branch of t h e  

Information Systems Div i s ion  a t  NASA Langley Research Center [ 7 ] .  G3DXL is i n  

t u r n  a d e r i v a t i v e  of the w e l l  known code THREDE [ 121, and w a s  developed t o  

s a t i s f y  NASA's need f o r  an FDTD code capable of c a l c u l a t i n g  the responses of 

aircraft  t o  a direct o r  i n d i r e c t  l i g h t n i n g  event.  

Given t h e  f a c t  t h a t  t h e  t h i n  a p e r t u r e  code t o  be descr ibed h e r e i n  i s  an 

outgrowth of these t w o  w e l l  documented codes, it is not  t h e  i n t e n t  of t h i s  

chap te r  t o  give a complete d e s c r i p t i o n  of t h i s  code. Rather,  it is assumed 

t h a t  the  reader is f a m i l i a r  w i t h  G3DXL and thus  t h i s  chapter  w i l l  act as an 

appendix t o  the documentation of t h i s  code s i n c e  the  basic framework and 

philosophy of t h i s  code has been r e t a i n e d  i n  THNAPP. 

I n  t h e  s e c t i o n s  t o  fol low,  a basic overview of THNAPP w i l l  be given t h a t  

w i l l  convey t h e  basic philosophy of the  code. This  w i l l  be followed by a 

series of s e c t i o n s  tha t  describe each subrou t ine  t h a t  has been added t o  G3DXL. 

B. Overview of Operation 

A s  with G3DXL, THNAPP is  designed t o  allow a p a r t i c u l a r  geometry t o  be 

analyzed us ing  ser ia l  c a l c u l a t i o n  runs ( o r  loops,  u s ing  Kunz's 

nomenclature).  However, whereas G3DXL is designed f o r  t w o  loops ( a n a l y s i s  of 

t h e  e n t i r e  s t r u c t u r e  using course g r i d ,  and r e -ana lys i s  of a small p o r t i o n  

us ing  an expanded g r i d  171 1 ,  THNAPP r e t a i n s  t h e s e  two loops and adds three 

more i n  o rde r  t o  accommodate the  use of t h e  gene ra l i zed  Babinet ' s  p r i n c i p l e  t o  

s o l v e  problems invo lv ing  t h i n  a p e r t u r e s .  

F igu re  3 d e p i c t s  t h e  geometry t o  be analyzed and the  sequence of sub- 

geometries tha t  are analyzed by THNAPP i n  o rde r  t o  determine the  f i e l d s  i n  an 

i n t e r n a l  c a v i t y  backed by a t h i n  ape r tu re .  Figure 3a d e p i c t s  t h e  e n t i r e  

geometry t o  be analyzed, which con ta ins  an a p e r t u r e  backed c a v i t y .  Figure 3b 

shows t h e  geometry used t o  c a l c u l a t e  t h e  e x t e r n a l  s u r f a c e  c u r r e n t s ,  ze . 
Here, t h e  a p e r t u r e  has been s h o r t  c i r c u i t e d  and only the  e x t e r n a l  

characteristics of t h e  geometry need be modeled. The s u r f a c e  c u r r e n t s  
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l -  

eva lua ted  dur ing  t h i s  c a l c u l a t i o n  are s to red  and used as sources for the sub- 

geometries of f i g u r e s  3c and 3d. 

M- 1 

F i e .  3. 

M-4 

M-3  M-5  

Sequence of geometries modeled by THNAPP to calculate thin seam coupling using Babinet's 
principle. 
aperture, (b) M-1 geometry, aperture shorted (c) M-3 geometry, impressed surface currents 
radiate in free space, (d) M-4 geometry, impressed surface currents radiate in the presence 

of the aperture plane complement, and (e) M-5 geometry, aperture field forced in the 
aperture and cavity fields calculated. 

(a) Original geometry to be analyzed, which contains a cavity backed thin 

I n  f i g u r e  3c, t he  s u r f a c e  c u r r e n t s  are a l l o w e d  to  radiate  i n  free 

space. Thus, the f i e l d s  of this f i g u r e  are the " inc ident"  f i e l d s  d iscussed  i n  

t h e  previous chapter .  In  f i g u r e  3d, t he  s u r f a c e  c u r r e n t s  radiate i n  t h e  

presence of the electr ical  complement of t he  aperture plane. The aperture 

f i e l d s  are obtained by tak ing  t h e  d i f f e r e n c e  between the  f i e l d s  a t  t h e  

aperture p o s i t i o n  of f i g u r e s  3c and 3d and then using t h e m  as t h e  sources fo r  

t h e  geometry of f i q u r e  3e which need not  con ta in  t h e  e x t e r n a l  po r t ions  of t h e  

scatterer.  

The fol lowing is a d e s c r i p t i o n  of each of t h e  a n a l y s i s  loops contained i n  

t h e  main program, called DRIVER, i n  THNAPP. A p r i n t o u t  of DRIVER is presented  

a t  t h e  end of t h i s  overview sec t ion .  

9 



M = l :  A s  with G3DXL, t h i s  loop uses a course g r i d  to analyze the e n t i r e  

geometry under cons ide ra t ion  except  for the a p e r t u r e  (F iqu re  3b) .  I f  a t h i n  

seam is w e s e n t  i n  the  geometry, t h e  v a r i a b l e  mAl3 w i l l  be se t  equal to 1 and 

w i l l  au tomat i ca l ly  s t o r e  the  e n t i r e  t i m e  h i s t o r i e s  of t he  e x t e r n a l  s u r f a c e  

cu r ren t s  on the o b s t a c l e  for  later use i n  the loops M=3 and 4. 

M=2: T h i s  loop re-analyzes  a small po r t ion  of the o b s t a c l e  (de f ined  i n  M = l )  

t o  allow f o r  more spatial r e s o l u t i o n  i n  the so lu t ions .  This loop i n  "HNAPP is 

i d e n t i c a l  to t h a t  i n  G3DXL. This loop is not necessary for the a n a l y s i s  of 

s t r u c t u r e s  with t h i n  apertures. 

M=3: The purpose of t h i s  loop is  t o  calculate the f i e l d s  i n  free space of the  

forced s u r f a c e  c u r r e n t s  ( ze) c a l c u l a t e d  during M = l  (F igu re  3c) .  In  gene ra l ,  

t h e r e  w i l l  be no material bodies s p e c i f i e d  during t h i s  loop. 

M=4: D W i I x J  t h i s  loop, t he  e x t e r n a l  c u r r e n t s  ( ie) are again forced and the 

e n t i r e  o b s t a c l e  is removed, except  for  the aperture plane (F igu re  3 d ) .  This 

e n t i r e  plane is r ep laced  by i ts  complement - magnetic conductor where f r e e  

space had been and free space where e lectr ic  conductor had been. A magnetic 

w i r e  is  used t o  model t he  magnetic s t r i p ,  which is t he  compliment of t h e  

aperture. 

M = 5 :  The aperture f i e l d s  as c a l c u l a t e d  by the  M=3 and 4 loops are forced i n  

the  a p e r t u r e ,  thus allowing the c a v i t y  f i e l d s  t o  be c a l c u l a t e d  as shown i n  

Figure 3e. The c a l c u l a t i o n s  during t h i s  loop can u t i l i z e  an unexpanded (MSEXP 

= 0)  or an expanded (M5EXP = 1 )  g r i d ,  depending upon the  dimensions of t h e  

c a v i t y  backing the aperture. 

The ve r s ion  of T"APP desc r ibed  he re  assumes t h a t  t he  plane con ta in ing  

the  a p e r t u r e  is loca ted  such t h a t  t he  remainder of the o b s t a c l e  is  e n t i r e l y  on 

or below t h i s  plane. It is  a l s o  assumed t h a t  t he  source of any impressed 

f i e l d  i n  t h i s  problem i s  a l s o  on t h i s  same s i d e  of the  a p e r t u r e  plane. 

Extensions of t h i s  code t o  inc lude  cases more gene ra l  than t h i s  are 

s t r a igh t fo rward  and can be accomplished by t a y l o r i n g  the code a f t e r  equat ion 

( 5 ) .  
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THNAPP is capable of ana lyz ing  s t r u c t u r e s  with more than one aperture 

present .  I f  a l l  of t h e  apertures e x i s t  on the same plane,  they can a l l  be 

modeled s imul taneous ly  on the same sequence of loops. I f ,  however, they  e x i s t  

on separate p lanes ,  they must be analyzed one plane a t  a t i m e .  Thus, t h e  

f ie lds  i n s i d e  a c a v i t y  t h a t  con ta ins  t w o  or more apertures t h a t  are on 

d i f f e r e n t  p lanes  are found by adding t h e  c o n t r i b u t i o n s  from each aperture 

p lane  sepa ra t e ly .  This could be accomplished by making separate runs  of  

THNAPP for each of the a p e r t u r e  p lanes  and summing the  M = 5  ou tpu t s  of t h e s e  

runs .  

A s  wi th  G3DXL, t h e  s c a t t e r i n g  qeometry i n  THNAPP is  s p e c i f i e d  i n  

sub rou t ine  BUILD by f i l l i n g  the  a r r a y  NOPE with a cel l  by cell  d e s c r i p t i o n  of 

t h e  qeometry. The r u l e s  by which t h e  NOPE a r r a y  is f i l l e d  i n  THNAPP are 

e x a c t l y  the  same as for  G3DXL. A t  p re sen t ,  however, t he  code is  r e s t r i c t e d  t o  

t h e  case of p e r f e c t l y  conduct ing M=l  ( b u t  n o t  M = 5 )  qeometr ies  made up of s o l i d  

cubes and t h i n  plates when the  t h i n  aperture c a p a b i l i t y  is used (i.e. IBAB = 

1 ) .  The plates used to  bu i ld  up t h e  scatterer may be of any s i z e  and 

o r i e n t a t i o n  and may i n t e r s e c t  s o l i d  cubes,  b u t  t he  i n t e r s e c t i o n  of p l a t e s  of 

d i f f e r e n t  o r i e n t a t i o n s  i n  t h e  e x t e r n a l  geometry is  a t  p r e s e n t  no t  permi t ted  i n  

t h e  code (due to  l i m i t a t i o n s  i n  subrout ine  FCBLD). The g e n e r a l i z a t i o n  of t h i s  

code to  model d i e l e c t r i c s  and conducting plates tha t  i n t e r s e c t  a t  r i g h t  ang le s  

could be incorpora ted  la ter .  

During t h e  M=l  loop, t h e  f i e l d s  ad jacen t  to  the  e x t e r n a l  conducting 

s u r f a c e s  are monitored and t h e  s u r f a c e  c u r r e n t s  are computed a t  each t i m e  

s t ep .  These c u r r e n t  va lues  are c a l c u l a t e d  i n  subrout ine  STOCUR and stored i n  

the a r r a y  FCUR. The p o s i t i o n s  of these surface c u r r e n t s  are determined i n  

sub rou t ine  FCBLD, which is called by subrou t ine  BUILD and b a s i c a l l y  uses  the 

informat ion  i n  the  NOPE a r r a y  to  determine the  s u r f a c e  c u r r e n t  locations. 

After  t he  M=l loop, i n  which t h e  e n t i r e  scatterer (minus t h e  a p e r t u r e )  is 

analyzed and the s u r f a c e  c u r r e n t s  on a l l  e x t e r n a l  surfaces (except  fo r  those 

on the  plane conta in inq  t h e  a p e r t u r e )  have been c a l c u l a t e d  and s to red ,  t he  M=3 

and 4 loops can commence, For the  M=3 loop, t he  NOPE a r r a y  is  f i l l e d  e n t i r e l y  

with zeros  s i n c e  the  purpose of t h i s  c a l c u l a t i o n  is  to  f ind  the  f i e l d s  

r a d i a t e d  by t h e  surface source c u r r e n t s  i n  f r e e  space. During t h i s  loop, the  

e x t e r n a l  s u r f a c e  c u r r e n t s  t h a t  were c a l c u l a t e d  dur ing  the  M = l  loop are forced  

a t  these l o c a t i o n s  by adding t h e  c u r r e n t  d e n s i t y  term to  t h e  cur l  fi equat ion  

( i n  sub rou t ine  EADV). 
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For the M=4 loop, t h e  only non-zero e n t r i e s  i n  the  NOPE a r r a y  occur on 

the plane con ta in ing  the  ape r tu re .  Here, magnetic conductor is placed where 

f r e e  space is  p r e s e n t  i n  the a c t u a l  geometry, and free space is  placed where 

electrical conductor had been present. Since the  aperture is much smaller 

than a cel l  dimension, a magnetic wire of appropr i a t e  r a d i u s  is placed a t  the 

p o s i t i o n  of t h e  aperture. The placement of t h i s  magnetic w i r e  is accomplished 

simply by d e c l a r i n g  the  endpoint  p o s i t i o n s  and r a d i u s  of t he  wire i n  

sub rou t ine  BUILD.  As i n  M = 4 ,  t he  e x t e r n a l  c u r r e n t s  c a l c u l a t e d  during M = l  are 

aga in  forced. 

The f i e l d s  a t  each test p o i n t  l o c a t i o n  (see 171 for  a d e s c r i p t i o n  of t he  

test  p o i n t  d e c l a r a t i o n s  i n  sub rou t ine  DATASAV) are s t o r e d  i n  the  ou tpu t  a r r a y s  

as each loop c y c l e s  through a l l  of i t s  t i m e  increments. A t  the  end of each 

loop, t hese  a r r a y s  are p r i n t e d  o u t  by subrou t ine  PRINOUT. I n  order t o  

c a l c u l a t e  t he  d e s i r e d  f i e l d s  e i t h e r  i n s i d e  or o u t s i d e  the c a v i t y ,  t h e s e  f i e l d s  

must be p o i n t  for p o i n t  added or s u b t r a c t e d  according t o  the  r u l e s  given i n  

equa t ion  (5) .  

c a l c u l a t e d  so t h a t  t he  correct s i g n s  are used i n  t h i s  formula. Also, note  

t h a t  it may be necessary to  d e f i n e  the  t es t  p o i n t s  a t  complementary p o s i t i o n s  

(i.e. image p o s i t i o n s  with r e s p e c t  to the a p e r t u r e  plane)  during the  M = 3  and 4 

r u n s  t o  account for  t h e  E (-2) terms i n  the formula. The use of t hese  r u l e s  

is  more c l e a r l y  seen i n  the  chapter  on numerical r e s u l t s .  

Care must be taken t o  note which f i e l d  component i s  being 

I n  the  fol lowing s e c t i o n  those sub rou t ines  contained i n  THNAPP t h a t  do 

no t  occur i n  G3DXL or have been s i g n i f i c a n t l y  modified are presented. For a 

d e s c r i p t i o n  of t h e  remaining subrou t ines ,  see [7 1. 

1 2  



C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

PROGRAM DRIVER(INPUT,TAPE3=INPUT,OUTPUT=OUTKF,TAPE4=INFILE, 
+ TAPES=PZFILE, TAPE6=PLOTDAT 1 

COMMON/EFIELD/EX(29,29,29~,EY(29,29,29~,EZ~29,29,29~ 
COMMON/HFIELD/HX(29,29,29~,HY~29,29,29~,HZ~29,29,29~ 
COMMON/GRID/X( 28) ,Y (28) ,Z( 28) ,XO (29) ,YO (29) ,zO( 29) , 
1 DX(29),DY(29),D2(29),DXO(28),DYO(28),DZO(28), 
2 DXI (29) ,DYI (29) ,DZI (29) ,DXOI (28) ,DYOI (28) ,DZOI (28) 
COMMON/EXTRAS/NX,NY,NZ,NXl,NYl,NZl,N,M,MQ,DT,XMU,EPSO,EPS,NPTLIM, 

COMMON/OUTLIST/DELX,DELY,DELZ,XPANX,XPANY,XPANZ, 
1 NN,NPTS,LMAX,SIGMA,C,T,PI,EXPFAC,IP,TX,TY,TZ,AMP,ALPHA,BETA,IDLS 

1 IUP,JUP,KUP,IDOWN,JDOWN,KDOWN,INEAR,JNEAR,KNEAR, 
2 IFAR,JFAR,KFAR,XOBS(6),YOBS(6),ZOBS(6),TEST, 
3 NPLANE(6) 

1 ,IHVAL(1250,4),IDIRFC(l25O~,LPDIR,LP 
1 .EAPP(1000,100),LOCE(lOO~,IDIRE,NLOC,M5EXP 

C O M M O N / F O R C E / I B A B , N F C , N F C T , F C U R ~ l 2 5 0 , 1 0 0 0 ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

COMMON/PERM/MM 
CHARACTER*30 TITLE 
INTEGER TEST 

LOOP OVER THE DESIRED PERMUTATION OF THE FOUR CONFIGURATIONS 
(DIFFUSION,M=l/EXPANDED DIFFUSION,M=2/"INCIDENT FIELDS'f,M=3/ 
"MAGNETICff FIELDS,M=4/ 

SET M M  VALUE TO DETERMINE WHICH PERMUTATION 
(DIFFUSION ONLY,MM=l/DIFFUSION,EXPANDED DIFFUSION,MM=lP/ 
SOURCE CURRENTS, "INCIDENT FIELDS", MM=13/ 
SOURCE CURRENTS,"INCIDENT FIELDS,"MAGNETIC" FIELDS,MM=134/ 

IDLS = 0 FOR RADIATED FIELDS ; IDLS = 1 FOR DIRECT STRIKES 

TO USE THE 20-POINT AVERAGING TECHNIQUE , 
SET IAVG=l. TO TURN OFF THE AVERAGING, SET IAVG=O. 

READ CONSTANT PARAMETERS FROM INPUT FILE 

READ(4,1003) TITLE 
READ(4,1004) MM,IDLS,TEST,IAVG 
READ(4,1005) AMP,ALPHA,BETA,SIGMA,EPS 
READ(4.1004) N130,N230,N330,N430,N530 

10 

100 
C 

C 
C 
C 

IF(MM.EQ.l.OR.MM.EQ.12.OR.MM.EQ.13.OR.MM.EQ.14 

PRINT 10 
FORMAT(*MM INPUT ERROR*) 

< .OR.MM.EQ.134.OR.MM.EQ.l345)GO TO 100 

CONTINUE 

DIFFUSION(M=l) LOOP 
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C 
C 
C 

C 
C 

111 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 

M=l 

GENERATE PROBLEM SPACE AND INTERACTION OBJECT FOR M=l 

CALL SETUP 
CALL BUILD 

TSTART-0.0 
PRINT 111 
FORMAT(*BUILD DONE*) 

T=DT/ 2 .  tTSTART 
N =O 
DO 130 N=l,N130 

ADVANCE TIME 

T=T+DT/ 2. 

ADVANCE HFIELD 

CALL HADV 

ADVANCE TIME 

T=TtDT/2. 

ADVANCE EFIELD 

CALL EADV 
IF(MM.EQ.12) CALL SAVESB 

STORE FIELDS 

IF(MOD(N,IP).EQ.O) CALL DATASAV 

130 CONTINUE 
N=N130 

PRINT 150,T,N 

CALL PRINOUT(IAVG,TITLE) 
IF(MM.EQ.12) GO TO 160 
IF(MM.EQ.13 .OR. MM.EQ.134 .OR. MM.EQ.1345)GO'TO 300 
IF(MM.EQ.14)GO TO 400 
GO TO 600 

C 

150 FORMAT(*lEXIT TIME(M=l)=*E12.3*,AFTER CYCLE*IQ) 

160 CONTINUE 

200 CONTINUE 
C 

C 
C EXPANDED DIFFUSION(M=2) LOOP 
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C 
C 

M=2 
C 
C 
C 

C 
C 
C 

GENERATE PROBLEM SPACE AND INTERACTION OBJECT FOR M-2 

CALL SETUP 
CALL BUILD 

SET TIME LIMITS AND EVERY IP DATA POINT SAVED 

TSTART=O.O 
IP=IP*EXPFAC 

C 

C 
C 

T=DT/2. +TSTART 
N =O 
DO 230 N=l,N230 
ADVANCE TIME 

T=T+DT/2. 
C 
C 
C 

C 
C 
C 

ADVANCE HFIELD 

CALL HADV 

ADVANCE TIME 

T=T+DT/ 2. 
C 
C 
C 

C 
C 

ADVANCE EFIELD 

CALL EADV 

STORE FIELDS 
C 

IF(MOD(N,IP).EQ.O) CALL DATASAV 
C 
C 

230 

C 

250 

C 

C 

C 
C 
C 

C 

260 

300 

CONTINUE 
N=N230 

PRINT 250, T, N 
FORMAT(*lEXIT TIME(M=2)=*E12.3*,AFTER CYCLE*I4) 
CALL PRINOUT(IAVG,TITLE) 
GO TO 600 

CONTINUE 

CONTINUE 

"INCIDENT FIELDS" (M=3) LOOP 

M=3 
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C 
C 

C 
C 
C 

C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 

C 

GENERATE PROBLEM SPACE AND INTERACTION OBJECT FOR M=3 

CALL SETUP 
CALL BUILD 

SET TIME LIMITS AND EVERY IP DATA POINT SAVED 

TSTART=O.O 

T=DT/2.+TSTART 
N =O 
DO 330 N=l,N330 

ADVANCE TIME 

T=T+DT/ 2. 

ADVANCE HFIELD 

CALL HADV 

ADVANCE TIME 

T=T+DT/2. 

-ADVANCE EFIELD 

CALL EADV 

STORE FIELDS 

IF(MOD(N,IP).EQ.O) CALL DATASAV 

330 CONTINUE 
N=N330 

PRINT 350,T,N 
350 FORMAT(*lEXIT TIME(M=3)=*E12.3*,AFTER CYCLE*I4) - -_  _ _ _  

CALL PRINOUT(IAVG,TITLE) 
IF(MM.NE.134 .AND. MM.NE.1345)GO TO 600 

C 

C 
360 CONTINUE 

400 CONTINUE 
n 
L 

C "MAGNETIC FIELDSff(M=4) LOOP 
C 

M=4 
C 
C 
C 

GENERATE PROBLEM SPACE AND INTERACTION OBJECT FOR M=4 

CALL SETUP 
CALL BUILD 
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C 
C 
C 

SET IN TIME LIMITS AND EVERY IP DATA POINT SAVED 

TSTART=O. 0 
C 

C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

T=DT/ 2. +TSTART 
N =O 
DO 430 N=l,N430 
ADVANCE TIME 

T=T+DT/2. 

ADVANCE HFIELD 

CALL HADV 

ADVANCE TIME 

T=T+DT/2. 

ADVANCE EFIELD 

CALL EADV 
IF(M5EXP.EQ.l) CALL SAVESB 

C 
C STORE FIELDS 
C 

IF(MOD(N,IP).EQ.O) CALL DATASAV 
C 
C 

430 

C 

450  

5 0 0  

C 
C 
C 

C 
C 
C 

C 
C 
C 

CONTINUE 
N=N430 

PRINT 450,T.N 
FORMAT(*lEXIT TIME(M=4)=*E12.3*,AFTER CYCLE*I4) 
CALL PRINOUT(IAVG,TITLE) 
CONTINUE 
IF(MM.NE.1345)GO TO 600 
IN THIS LOOP(M=5), THE APERTURE FIELDS ARE USED AS SOURCE 
TO CALCULATE THE FIELDS INSIDE THE CAVITY. 

M=5 

GENERATE PROBLEM SPACE AND INTERACTION OBJECT FOR M=5 

CALL SETUP 
CALL BUILD 

SET IN TIME LIMITS AND SAVE DATA EVERY IP 

TSTART=O.O 
IF(M5EXP.EQ.l) THEN 

IP=IP*EXPFAC 
END IF 
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C 
I C 

C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 

T=DT/2.+TSTART 
N =O 
DO 530 N=l,N530 

ADVANCE TIME 

T=T+DT/2. 

ADVANCE HFIELD 

CALL HADV 

ADVANCE TIME 

T=T+DT/ 2. 

ADVANCE EFIELD 

CALL EADV 

STORE FIELDS 
C 

IF(MOD(N,IP) ,EQ. OICALL DATASAV 

N=N530 
530 CONTINUE 

CALL PRINOUT(IAVG,TITLEI 
600 CONTINUE 

STOP 
C 
C FORMAT SPECIFICATIONS 
C 
1003 FORMAT(A30) 
1004 FORMAT(6110) 
1005 FORMAT(6E20.10) 

END 
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C .  Subrmtines 

This s e c t i o n  con ta ins  i n d i v i d u a l  d e s c r i p t i o n s  of each of t h e  sub rou t ines  

t h a t  are contained i n  THNAPP that  are not contained i n  G3DXL. Subrout ines  

WIREBLD and WIREADV p e r t a i n  t o  t h i n  w i r e s ,  sub rou t ines  SLOTBLD and SLOTADV 

p e r t a i n  to  magnetic w i r e s  ( t h e  complement of a p e r t u r e s ) ,  and subrou t ines  FCBLD 

and STOCUR p e r t a i n  t o  t he  use of Babinet ' s  p r i n c i p l e  f o r  t h i n  ape r tu re s .  

O t h e r  sub rou t ines  or func t ions  t ha t  have been e i t h e r  modified o r  added f o r  

THNAPP included BUILD,  EADV, ITRAN, IRTRAN, PULSE, SAVESB, ABSORB and HBC. 
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Subrout ine  BUILD 

Subrout ine BUILD has  t w o  func t ions .  The f irst  is  to  allow the  user  t o  

b u i l d  t h e  M=l through M=5 geometries by f i l l i n g  t h e  NOPE a r r a y  with va lues  

appropr i a t e  for t h e i r  geometries. The second is to allow the  user to s p e c i f y  

a t  the beginning of the M=l loop the p o s i t i o n  of the aperture and a p e r t u r e  

plane so t h a t  t h e  code can dec ide  which s u r f a c e  c u r r e n t s  should be s t o r e d  

dur ing  the M=l loop and later forced dur ing  the M=3 and 4 loops. 

The r u l e s  for  f i l l i n q  the  a r r a y  NOPE are b a s i c a l l y  the  same as they  are 

i n  G3DXL. However, when the  t h i n  aperture formalism is  to  be used, e x t e r n a l  

geometries (M=l, 3,4) must be restricted to  p e r f e c t l y  conductinq s t r u c t u r e s  

compsed of solid cubes and plates (a l though dur ing  M=5, a p e r t u r e  backed 

c a v i t i e s  may con ta in  dielectr ics) .  Althouqh these  plates may be of any s i z e  

and may i n t e r s e c t  solid s e c t i o n s ,  they  cannot  i n t e r s e c t  o ther  plates a t  r i g h t  

angles .  

The f i r s t  t w o  v a r i a b l e s  to be def ined  i n  B U I L D  are IBAB and M5EXP. Both 

of these  are s p e c i f i e d  before the  M=l  loop for  easy  v i s u a l  i d e n t i f i c a t i o n ,  

a l though they  could also be de f ined  as the f i r s t  s ta tements  i n  the M=1 loop. 

The parameter IBAB i n d i c a t e s  whether or not  t h i n  seams w i l l  be p resen t  i n  t h e  

geometry to  be analyzed. Thus, IBAB c o n t r o l s  whether or n o t  t h e  e x t e r n a l  

c u r r e n t s  w i l l  be sensed dur ing  M = l  and then forced  dur ing  M = 3  and 4. The 

acceptable va lues  of IBAB are 1 and 0, which i n d i c a t e  t h a t  t he  t h i n  seam 

formalism w i l l  or w i l l  n o t  be used dur inq  t h e  loop, r e s p e c t i v e l y .  I n  order  to  

be c o n s i s t e n t ,  IBAE3 must equal  1 for MM=1345. The va lues  of MSEXP i n d i c a t e  

whether t h e  M=5 ( i n t e r n a l  c a v i t y )  loop is to use an unexpanded (M5EXP=O) or 

expanded (MSEXP=l g r i d .  

When bu i ld ing  t h e  M=l ve r s ion  of  a scatterer qeometry con ta in inq  a t h i n  

aperture, t h e  e n t i r e  scatter is b u i l t  usinq t h e  normal r u l e s  of t he  NOPE a r r a y  

[7], remembering t h a t  t he  geometry s p e c i f i e d  dur ing  M=l must c o n s i s t  of so l id  

conductor blocks w i t h  no hollow s e c t i o n s ,  with the  p o s s i b i l i t y  of t h i n  p l a t e s  

i n t e r s e c t i n g  the s o l i d  s e c t i o n s  ( b u t  n o t  each o t h e r ) .  A l s o ,  t h e  a p e r t u r e  must 

be s h o r t  c i r c u i t e d  (i.e. covered with metal) dur ing  t h i s  loop. The 

o r i e n t a t i o n  of t h e  plane t h a t  con ta ins  t h e  aperture is i n d i c a t e d  by de f in inq  

the parameter LPDIR to have a va lue  of 1 ,  2,  or 3 - correspcnding to y z ,  xz,  

and xy o r i e n t a t i o n s ,  r e s p e c t i v e l y .  The e l e v a t i o n  of t h i s  plane is i n d i c a t e d  

by t h e  va lue  of the  parameter LP. For example, parameter va lues  of LPDIR=2 
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and LP=15 i n d i c a t e  t h a t  t h e  aperture is  i n  t h e  xz plane,  and t h i s  plane 

appears  a t  the  bottom of t h e  J=15 cells.  

If any w i r e s  are p r e s e n t  i n  the  M=l geometry, only t h e i r  endpoints  and 

rad i i  must be s p e c i f i e d .  The r u l e s  f o r  d e f i n i n g  w i r e s  are the  same f o r  any 

va lue  of M and is  independent of whether o r  not the t h i n  a p e r t u r e  formalism is 

i n  use. Wires can be of any length or r ad ius ,  and they may i n t e r s e c t  o t h e r  

wires, conducting p l a t e s ,  o r  conducting s o l i d s .  Although wires may i n t e r s e c t  

o t h e r  w i r e s  t h a t  are e i t h e r  p a r a l l e l  o r  pe rpend icu la r ,  they may not intersect 

p l a t e s  or s o l i d  s e c t i o n s  d i r e c t l y  on an edge. Wires must be def ined along the 

cell  l a t t i ce  l i n e s  ( i .e.  through E f i e l d  p o i n t s )  and t h e i r  endpoints  must 

co inc ide  with cel l  la t t ice  p o i n t s  (i.e. cell  apex p o i n t s ) .  

The number of w i r e s  t o  be de f ined  is set by t h e  parameter NWRS. For 

three w i r e s ,  the  value of NWRS would be 3. The endpoints  of each w i r e  are 

i n d i c a t e d  by t h e  a r r a y s  I A  and IB .  The r a d i u s  of each w i r e  is i n d i c a t e d  by 

t h e  value of the  a r r a y  WRAD. For example, i f  t h e  2nd wire t o  be modeled is 

s p e c i f i e d  as: 

IA(2 )  = ITRAN ( 1 3 ,  8, 17) 

IB(2)  = ITRAN ( 1 3 ,  17, 17)  

WRAD(2) = .001 1 

t h i s  w i r e  has endpoints  a t  the apexes of cel ls  ( 1 3 ,  8, 17)  and ( 1 3 ,  17, 17) 

and has a r a d i u s  of .001 meters. Note t h a t  although t h i s  p a r t i c u l a r  w i r e  has 

i t s  endpoint a t  t h e  apex of t h e  J=17 ce l l ,  it only runs through t h e  16th 

cell .  On the  o t h e r  hand, i ts o t h e r  endpoint is i n  t h e  J=8 t h  ce l l  and it also 

runs through t h i s  cel l .  ITFXii is a func t ion  t h a t  a s s i g n s  a unique number for 

every t r i p l e t  of numbers ( I ,  J, IC) and allows a l l  of the parameters concerning 

w i r e  c u r r e n t s  t o  be s t o r e d  i n  s i n g u l a r  s u b s c r i p t e d  a r r a y s ,  r a t h e r  than 

t r i p l i c a t e  s u b s c r i p t e d  a r r a y s .  This  r e s u l t s  i n  a l a r g e  reduct ion i n  computer 

s t o r a g e  s i n c e  wires w i l l  g ene ra l ly  appear i n  a r e l a t i v e l y  small nmber  of 

cells. 

For M=3, there w i l l  u s u a l l y  be no material bodies p r e s e n t  du r ing  t h i s  

loop s i n c e  it is t h e  purpose of t h i s  loop t o  c a l c u l a t e  the  f ie lds  of the 

f o r c e d  s u r f a c e  c u r r e n t s  r a d i a t i n g  i n t o  f r e e  space. Thus, a l l  elements of the 

NOPE a r r a y  are f i l l e d  w i t h  z e r o ' s  during t h i s  loop and the  value of WdRS is 

maintained a t  zero. The p o s i t i o n  of t he  a p e r t u r e ,  however, mst be s p e c i f i e d  

i n  t h i s  loop ( o r  be fo re )  so t h a t  t h e  f i e l d s  a t  t h e s e  p o s i t i o n s  can be s t o r e d  

du r ing  t h i s  loop and s u b t r a c t e d  from those  of t h e  M=4 loop i n  o rde r  t o  

21 



determine t h e  a p e r t u r e  f i e l d s .  Since t h e  a p e r t u r e s  are assumed t o  be small, 

only t h e  f ie lds  across t h e i r  narrow dimension are gene ra l ly  s t o r e d  ( t h i s  is 

done au tomat i ca l ly  i n  sub rou t ine  EADV).  The number of cells t h a t  contain the 

a p e r t u r e ( s 1  are i n d i c a t e d  by t h e  value of NLOC, t h e  component of the electric 

f i e l d  i n  t h e  a p e r t u r e  is i n d i c a t e d  by t h e  value of I D I R E  ( 1 ,  2 o r  3 €or  x, y, 

or z d i r e c t e d  f i e l d s ,  r e s p e c t i v e l y ) ,  and t h e  l o c a t i o n s  of t h e  cells t h a t  

c o n t a i n  t h e  a p e r t u r e  are i n d i c a t e d  by the  values  of t h e  a r r a y  LOCE. Note t h a t  

I D I R E  is not an a r r a y  and thus  a l l  a p e r t u r e s  must have the same o r i e n t a t i o n  

( a l though  t h i s  could e a s i l y  be changed by modifying subrou t ine  Z A D V ) .  For 

example, an aperture p o s i t i o n  i n d i c a t e d  by t h e  parameters 

NLOC = 4 

I D I R E  = 1 

LOCE(1-4) = ITRAN ( 1 0 ,  12, 1 1  - 14)  

r e p r e s e n t s  an a p e r t u r e  l y i n g  along t h e  x a x i s ,  and t h e r e  are 4 cells t h a t  

c o n t a i n  t h i s  a p e r t u r e  a t  p o s i t i o n s  ( 1 0 ,  12, 1 1  - 1 4 ) .  These parameters need 

not  be r e - s p e c i f i e d  f o r  t h e  M 4  or M=5 loops. 

For M=4, t h e  only material bodies t h a t  should be p r e s e n t  are magnetic 

w i r e s  and plates s i n c e  it is the purpose of t h i s  loop t o  c a l c u l a t e  t h e  f i e l d s  

r a d i a t e d  by t h e  fo rced  c u r r e n t s  i n  t h e  presence of t h e  complement of  the 

a p e r t u r e .  Magnetic plates are s p e c i f i e d  by much t h e  same r u l e s  as those for 

e l e c t r i c a l l y  conducting p l a t e s ,  except  t h a t  t h e  NOPE values  are t h e  negat ives  

of the i r  e l e c t r i c a l l y  conducting coun te rpa r t s ,  and t h e i r  p o s i t i o n s  within t h e  

cells are somewhat d i f f e r e n t .  Thus, the a p p r o p r i a t e  NOPE values  for magnetic 

p l a t e s  are - 1 ,  -2, -3, -12,  -13, -23, -123. A l s o ,  s i n c e  when modeling t h i n  

a p e r t u r e s  t h e  magnetic p l a t e s  w i l l  a l l  be i n  t h e  same plane,  c>nly t h e  f i r s t  

t h r e e  va lues  w i l l  be needed (i.e. t h e r e  w i l l  be no seams). B a s i c a l l y ,  t h e s e  

nega t ive  NOPE values  i n s t r u c t  sub rou t ine  HBC where t o  ze ro  t h e  t o t a l  

t a n g e n t i a l  f i e l d s .  A s  a r e s u l t ,  t he  r u l e s  f o r  t he  placement of magnetic 

p l a t e s  are somewhat d i f f e r e n t  from t h o s e  of electric p l a t e s  i n  t h a t  magnetic 

plates must run a long  E f i e l d  l i n e s  r a t h e r  t han  E f i e l d  l i n e s .  

s u r f a c e s  are de f ined  along t h e  c e n t e r s  of cells, r a t h e r  t h a n  a long  t h e i r  

edges. I n  s p e c i f y i n g  t h e  M=4 geometry, a dec i s ion  must be made as t o  whether 

t h e  magnetic s u r f a c e  is t o  be p laced  e i t h e r  one ha l f  cell above (i.e. away 

from t h e  scatterer) o r  one ha l f  c e l l  below t h e  a c t u a l  a p e r t u r e  l o c a t i o n  (i.e. 

i n s i d e  t h e  scatterer) ,  recognizing t h a t  e i t h e r  s i t u a t i o n  i s  a n  approximation 

Thus, magnetic 
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of t he  a c t u a l  problem and also t h a t  a '/2 cell  displacement w i l l  have l i t t l e  

effect on t h e  c a l c u l a t e d  f i e l d s .  Usual ly ,  t h e  former is chosen so t h a t  t he  

s u r f a c e s  l i e  j u s t  on t o p  of t h e  forced  s u r f a c e  c u r r e n t  l oca t ions .  

Although t h e  complement of the a p e r t u r e  is a t h i n  s t r i p  OP magnetic 

conductor ,  THNAFT models t h i s  strip as a round magnetic w i r e .  Even though 

w i r e s  and strips are obviously d i f f e r e n t  geometries,  t h e  s p a t i a l  averaqe OE 
t h e  f i e l d s  c l o s e  t o  t h e i r  s u r f a c e s  are very s i m i l a r  i f  their  cross s e c t i o n a l  

dimensions a r e  smal l  with r e spec t  t o  wavelength. A s  a b a s i c  rule of thumb, 

t h e  diameter of t he  w i r e  should be chosen t o  approximately e(pia1 t h e  width of 

t h e  ape r tu re .  The s p e c i f i c a t i o n  of the  magnetic w i r e s  which r ep resen t  t h e  

a p e r t u r e  dur ing  the  M=4 loop is very s i m i l a r  t o  t h e  s p e c i f i c a t i o n  OE e l e c t r i c  

w i r e s .  I n  t h i s  case,  however, t h e  wires  must l i e  a long  E f i e l d  l i n e s  a n d  t h u s  

are def ined  a long  the  middle of cells, r a t h e r  than along their  edges. ~130, 

w i r e  endpoints  must be i n  cell  centers rather than apex po in t s .  The number of 

magnetic wi res  t o  be s p e c i f i e d  is i n d i c a t e d  by t h e  parameter NSLT, and t h e  

endpoin ts  of each wire and its rad ius  must be s p e c i f i e d  i n  t h e  a r r a y s  SLTRAD, 

IMA, and IMB,  r e s p e c t i v e l y .  A s  i n  t h e  case of magnetic p l a t e s ,  t h e  p o s i t i o n s  

of t h e  magnetic w i r e s  w i l l  have t o  be s p e c i f i e d  one ha l f  c e l l  e i t .her  above 

( o u t s i d e )  or below ( i n s i d e )  t h e  a c t u a l  a p e r t u r e  loca t ion .  The later choice is 

gene ra l ly  b e s t  s i n c e  t h e  f i e l d s  c a l c u l a t e d  a t  t h e  a c t u a l  a p e r t u r e  p lane  

r e p r e s e n t  t he  l i m i t  of t h e  f i e l d s  a s  approached from t h e  ou t s ide  (Z+O; see 

equat ion  5). In  l i g h t  of t h i s ,  subrout ine  EADV, which, among o the r  t h i n g s  

c a l c u l a t e s  the  a p e r t u r e  f i e l d s  needed f o r  t h e  M=5 loop, assumes t h a t  the 

magnetic w i r e  has been s p e c i f i e d  one ha l f  cel l  i n s i d e  t h e  c a v i t y  ( o r  be lw  t h e  

a p e r t u r e  p l a n e ) .  N o t e  t h a t  t h e  vers ion  of THNAPP s p e c i f i e d  here assumes that 

t h e  e n t i r e  s c a t t e r e r  l i e s  below (i.e., smaller va lues  of x, y, o r  z )  t h e  

a p e r t u r e  plane.  Thus it is assumed t h a t  the  forced  c u r r e n t s  are below t h e  

a p e r t u r e  plane.  See a l s o  t h e  d e s c r i p t i o n  of EADV. 

- 

For M=5, the  a p e r t u r e  f i e l d s  c a l c u l a t e d  during t h e  M=3 and M=4 loops are 

fo rced  and t h e  cav i ty  f ields a r e  c a l c u l a t e d .  A t  t h i s  po in t ,  t h e  programmer 

has  a choice of running t h e  M=5 loop us ing  an unexpanded o r  expanded q r id .  

The choice of whether an unexpanded or expanded g r i d  is used w i l l  u sua l ly  be 

d i c t a t e d  by the  s i z e  of the  c a v i t y  i n  back of the  ape r tu re .  Small c a v i t i e s  

w i l l  gene ra l ly  d i c t a t e  the  use of an expanded g r id ,  whereas l a r g e  c a v i t i e s  

w i l l  need an unexpanded g r id .  I f  an unexpanded g r i d  is  used, t h e  NOPE a r r a y  

should be f i l l e d  us ing  t h e  normal r u l e s ,  but  r e a l i z i n g  t h a t  those  p a r t s  of t h e  
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scatterer t h a t  are n o t  a part of t h e  c a v i t y  need no t  be spec i f i ed .  A l s o ,  t h e  

r u l e s  for spec i fy ing  the  aperture i t s e l f  dur ing  t h i s  loop are d iscussed  i n  t h e  

r e s u l t s  s ec t ion .  

If an expanded gr id  is to  be used dur ing  t h e  M=5 loop, t h e  v a r i a b l e  M5EXP 

must f i r s t  have been set to  1 (one)  dur inq  or before the  M = l  loop i n  

sub rou t ine  BUILD. A l s o ,  t h e  v a r i a b l e s  i n d i c a t i n g  the l o c a t i o n s  of t h e  

bounding p lanes  of the  sub-volume to  be analyzed dur ing  t h i s  loop (INEAR, 

IFAR, JNEAR, JE'AR, KNEAR, WAR - see [ 7 ] )  need to be s p e c i f i e d  i n  the i n p u t  

f i le .  Care must be taken to ensure t h a t  one of t he  s u r f a c e s  of t h i s  suh- 

volume (of t h e  unexpanded w i d )  correspond e x a c t l y  with t h e  aperture plane and 

con ta ins  the  a p e r t u r e  and t h a t  t h e  c a v i t y  to  be analyzed durinq the  M=5 loop 

l ies  e n t i r e l y  wi th in  the  sub-volume (otherwise f i e l d s  wi th in  the c a v i t y  w i l l  

be i n c o r r e c t l y  zeroed by subrou t ine  OUTBND). The geometry s p e c i f i e d  v i a  the  

a r r a y  NOPE can con ta in  as much i n t e r n a l  d e t a i l  as is  c o n s i s t e n t  with the  g r i d  

s i z e ,  with no r e s t r i c t i o n s  on the  use of d i e l e c t r i c s  or plates. The c a v i t y  

wall i n  the aperture plane  m u s t  be specified as a t h i n  plate  al though other 

p o r t i o n s  of t h e  interior qeometry may con ta in  solid conducter or dielectr ic  

r e g i o n s ,  as well as t h i n  wires. S ince  t h e  aperture plane must correspond to 

one of the  s i d e s  o f  t he  expanded gr id ,  t hese  t h i n  plate elements w i l l  r e s i d e  

i n  e i t h e r  the "bottom" (e.9. 1=1 ) or 'gtop" (e.g. I=29) of t h e  expanded 

numerical  g r i d .  

The p r i n t o u t  of  BUILD t h a t  appears on the next  page con ta ins  t h e  complete 

s p e c i f i c a t i o n  for  a test geometry used to  ob ta in  r e s u l t s  presented  i n  t h e  

r e s u l t s  s ec t ion .  This  geometry is s p e c i f i e d  i n  the "test" por t ion  of t h i s  

sub rou t ine  (i.e., Test=l  - see t h e  d e s c r i p t i o n  of BUILD i n  [ 7 1 ) .  This  

p r i n t o u t  does n o t  con ta in  a geometry s p e c i f i c a t i o n  for  t he  "non-test" or 

"product ion" op t ion  (Tes t  = 0) - t h i s  must be specified by the  user .  
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SUBROUTINE BUILD 

COMMON/EXTRAS/NX,NY,NZ,NXl,NYl,NZl,N,M,MQ,DT,XMU,EPSO,EPS,NPTLIM, 
1 NN,NPTS,LMAX,SIGMA,C,T,PI,EXPFAC,IP,TX,TY,TZ,AMP,ALPHA,BETA,IDLS 
COMMON/TSITEM/NOPE(29,29,29) 
COMMON/OUTLIST/DELX,DELY,DELZ,XPANX,XPANY,XPANZ, 

C 

1 IUP,JUP,KUP,IDOWN,JDOWN,KDOWN,INEAR,JNEAR,KNEAR, 
2 IFAR,JFAR,KFAR,XOBS(6),YOBS(6),ZOBS(6),TEST, 
3 NPLANE(6) 
C O M M O N / W I R E / I A ~ 5 0 ~ ~ I B ~ 5 O ~ ~ I D I R ~ 4 O O ~ ~ M A P Q I ~ 4 O O ~ 6 ~ ~ M A P I Q ~ 4 ~ O ~ 2 ~ ~ N ~ ~  
1 N Q , N W R S , L O C Q ~ 4 0 0 ~ , L O C I ~ 4 O O ~ ~ D E L S ~ 4 O O ~ ~ C U R ~ 4 O O ~ ~ Q ~ ~ O ~ ~ ~ E W D ~ ~ O ~ ~ ~  
2 DIL(400),WRAD(50),SRAD(4OO~,AIND~4OO~,CAP~4OO~,QFAC~4OO,2~ 

1 MMAPIQ(400,2~,NMI,NMQ,NSLT,LOCM~~4OO~,LOCMI~4OO~,DELSM~400~, 
2 CURM(400~,QM~400~,HMD~4OO~,DILM~4OO~,SLRAD~5O~,SMRAD~4OO~, 
3 AMIND(400),CAPM(400),QMFAC(400,2) 

1 ,IHVAL(1250,4),IDIRFC(l25O~,LPDIR,LP 
1 ,EAPP(1000,100),LOCE(lOO~,IDIRE,NLOC,M5EXP 

COMMON/SLOT/IMA~5O),IMB(5O~,MDIR~4OO~,MMAPQI~400,6~, 

COMMON/FORCE/IBAB,NFC,NFCT,FCUR~l25O,lOOO~,LOCFC~l25O~ 

COMMON/PERM/MM 
INTEGER TEST 

DO 50 I=l,NX 
DO 50 J=l,NY 
DO 50 K=l,NZ 
NOPE( I, J, K 1 =O 

C 

50 CONTINUE 
C 
C CYLINDER TEST 
C 

C 
C DEFINE FORCED CURRENT SURFACES FOR THIN SEAM RUNS 
C 
C 
C I B A B = l  FOR T H I N  SEAM R U N S  
C IBAB=O FOR NO THIN SEAMS 
C 

IF(TEST .EO. OIGO TO 8888 

IBAB=l 
M5EXP=O 

C 
C BUILD M=l GEOMETRY 
C 

65 IF(M.NE.1)GO TO 200 
DO 101 I=9,23 
DO 101 J=12,20 
DO 101 K=12,17 
IF(I.LE.13 .AND. J.GT.17)GO TO 101 
NOPE ( I, J, K 1 =4 

101 CONTINUE 
C 
C INDICATE THE APERATURE PLANE 
C 

LPDIR=2 



LP=21 
IF(IBAB.EQ.1) CALL FCBLD 
NWRS=1 
IA(l)=ITRAN(4,15,15) 
IB(l)=ITRAN(9,15,15) 
WRAD(l)=.Ol 
GO TO 500 

C 
C M=2 GEOMETRY 
C 

C 
C M=3 GEOMETRY (INCIDENT FIELDS) 
C 

300 IF(M.NE.3.AND.M.NE.4) GO TO 400 

200 IF(M .NE. 2)GO TO 300 

NLOC=3 
DO 350 I=l,NLOC 
LOCE ( I 1 =I TRAN ( 20,21,13 +I 1 

IDIRE=l 
GO TO 400 

350 CONTINUE 

C 
C M=4 GEOMETRY (MAGNETIC FIELDS CASE) 
C 

C 
C MAGNETIC CONDUCTING SHEET 
C 

400 IF(M.NE.4)GO TO 449 

DO 401 I=l,NX 

DO 401 K=l,NZ 
IF(I.GE.14 .AND. I.LE.23 .AND. K.GE.12 .AND. K.LE.17)GO TO 401 
NOPE( I, J, K =-2 

J=21 

401 CONTINUE 
C 
C MAGNETIC WIRE 
C 

NSLT=l 
IMA( 1) =ITRAN( 20,20,13 1 
IMB( 1) =ITRAN( 20,20 ,16)  
SLRAD( 1) =O . 1 

C 
449 CONTINUE 

IF(M .NE. 5)GOTO 500 
IF(M5EXP.EQ.l) GOT0 490 

DO 441 5=12,17 
DO 441 K=12,17 
NOPE(I,J,K)=l 

I =9 

441 CONTINUE 
I=14 

DO 442 5=18,20 
DO 442 K=12,17 
NOPE( I, J, K 1 =1 
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442 CONTINUE 
DO 443 I=9,13 

DO 443 K=12,17 
NOPE(I,J,K)=2 

DO 444 I=9,23 

DO 444 K=12,17 
NOPE( I, J, K) =2 

J=18 

443 CONTINUE 

5312 

444 CONTINUE 
1=24 

DO 445 J=12,20 
DO 445 K=12,17 
NOPE(I,J,K)=l 

DO 446 I=9,23 
DO 446 J=12,20 
IF(1 .LE. 13.AND.J.GT.17) GO TO 446 
NOPE( I, J, 12 1 =3 
NOPE( I, J, 18 1 =3 

DO 447 1=12,23 

DO 447 K=12,17 
IF(1 .Ea. 20 .AND. (K.GE.13 .AND. K.LE..16) GO TO 447 
NOPE(I,J,K)=2 

445 CONTINUE 

446 CONTINUE 

J=21 

447 CONTINUE 
448 CONTINUE 

C 
C SEAMS 
C 

DO 453 K=12,17 
NOPE( 9,12, K 1 =12 

DO 454 J=12,17 
NOPE(9,J,12)=13 

DO 455 J=18,20 
NOPE(14,J,12)=13 

NOPE(9,12,12)=123 
GO TO 500 

453 CONTINUE 

454 CONTINUE 

455 CONTINUE 

C 
C BUILD THE GEOMETRY FOR THE EXPANDED RUN 
C 

490 DO 491 J=17,28 
DO 491 K=1,24 
NOPE(5,J,K)=l 
NOPE( 25, J, K) -1 

DO 492 I=5,24 
DO 492 J=17,28 
NOPE( I, J, 1) =3 

491 CONTINUE 
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NOPE(I,J,25)=3 

DO 493 I=5,24 
DO 493 K=1,24 
NOPE ( I, 17, K 1 =2 

DO 897 I=5,24 

492 CONTINUE 

493 CONTINUE 

DO 897 K=1,24 
IF((I.EQ.14.0R.I.EQ.15).AND.(K.GE.7.AND.K.LE.l8~~ GO TO 897 
NOPE(I,29,K)=2 

DO 494 K=1,24 
NOPE(5,17,K)=12 

DO 895 J=17,28 
NOPE ( 5, J ,1) =13 

DO 896 I=5,24 
NOPE(I,17,1)=12 

NOPE( 5,17,1) =123 

GO TO 700 

897 CONTINUE 

4 9 4  CONTINUE 

895 CONTINUE 

896 CONTINUE 

500 CONTINUE 

8888 CONTINUE 
C 
C BUILD "PRODUCTION" SCATTERER 
C 

700 CONTINUE 
IF(NWRS.NE.O)CALL WIREBLD 
IF(NSLT.NE.O)CALL SLOTBLD 

C 
497 FORMAT ( 4 ( lox, 201 3 1  1 '1 

RETURN 
END 
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Subroutine WIREBLD 

The purpose of sub rou t ine  WIREBLD is t o  determine a l l  of the p o i n t s  a t  

which w i r e  c u r r e n t s  and charges w i l l  e x i s t  and a l l  of t h e  parameters needed by 

subrou t ine  WIREADV t o  advance t h e  c u r r e n t s ,  charges,  and electric f i e l d s  on 

and near the w i r e s .  A l l  of the  v a r i a b l e s  gene r i c  t o  wires are s t o r e d  i n  the  

common block W I R E .  WIREBLD is c a l l e d  au tomat i ca l ly  whenever w i r e s  are p r e s e n t  

(i.e.,  NWRSSO). 

This  sub rou t ine  proceeds by f i r s t  checking t o  see i f  a l l  of t h e  endpoint 

values  I A  are c l o s e r  t o  the  o r i g i n  than t h e  I B  endpoint values ,  and c o r r e c t i n g  

them i f  they a r e n ' t .  The sub rou t ine  then  proceeds t o  march s e q u e n t i a l l y  a long 

each cell  of each w i r e  t o  i d e n t i f y  a l l  t h e  p o s i t i o n s  of t h e  c u r r e n t s ,  charges,  

and electric f i e l d s  of t h e  w i r e s .  C a r e  is taken t o  make s u r e  t h a t  a l l  w i r e  

i n t e r s e c t i o n s  are sensed and accounted f o r .  

Each w i r e  is broken up i n t o  a series of segments, each one ce l l  long. 

Current  p o i n t s  are def ined a t  each p o i n t  a long t h e  w i r e  t h a t  is co inc iden t  

with a t a n g e n t i a l  electric f i e l d  po in t .  Charge p o i n t s  are def ined a t  cel l  

apex p o i n t s  (which s t r a d d l e  t h e  c u r r e n t  l o c a t i o n s ) ,  i nc lud ing  t h e  w i r e  ends. 

Since w i r e s  i n t e r s e c t  only a t  charge p o i n t s ,  t h e r e  w i l l  be as many c u r r e n t  

l o c a t i o n s  as t h e r e  are w i r e  segments. On the  o t h e r  hand, t h e  same charge 

p o i n t  w i l l  be shared by a l l  wires i n t e r s e c t i n g  a t  t h a t  po in t .  WIRERLI) 

au tomat i ca l ly  checks f o r  i n t e r s e c t i o n s  and t h e r e f o r e  does not r e d e f i n e  charge 

p o i n t s  as it marches down each of t h e  wires. The d e s c r i p t i o n  of sub rou t ine  

WIREADV con ta ins  more information on t h e  r e l a t i o n s h i p  between t h e  w i r e  

segments and t h e  numerical g r id .  

The fol lowing is a summary of the  parameters and arrays f i l l e d  by W I R E B L ~  

and s t o r e d  i n  common block WIRE. Note, however, t h a t  t h e  programmer need no t  

be aware of t h e  values  of these v a r i a b l e s  i n  order t o  use THNAPP s i n c e  they  

are used by WIREAW au tomat i ca l ly .  

N I  - The to t a l  number of c u r r e n t  p o s i t i o n s  defined. 

NQ - The to t a l  number of charge p o s i t i o n s  def ined.  

L O C I ( N )  - The (coded) l o c a t i o n  of the  N t h  cu r ren t .  

LOCQ(N) - The (coded) l o c a t i o n  of t h e  N t h  charge. 
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CUR(N) - The c u r r e n t  a t  t he  N t h  c u r r e n t  p o s i t i o n  f o r  the previous time 

step ( n o t  f i l l e d  by WIREBLD). 

Q(N) - The charge a t  the N t h  charge p o s i t i o n  f o r  t h e  previous t i m e  step 

( n o t  f i l l e d  by W I R E B L D ) .  

EWD(N) - The t a n g e n t i a l  e lectr ic  f i e l d  a t  t he  p o s i t i o n  of the  r3 t h  c u r r e n t  

f o r  t h e  previous t i m e  s t e p .  

IDIR(N) - The o r i e n t a t i o n  of t h e  N t h  c u r r e n t  element. 1, 2 ,  o r  3 f o r  x, 

y, or z o r i e n t a t i o n ,  r e s p e c t i v e l y .  

CAP(N) - The capac i t ance  of the  N t h  segment. 

AIND(N) - The inductance of the N t h  segment. 

SRAD(N) - The r a d i u s  of t h e  N t h  segment. 

DELS(N) - The cross s e c t i o n a l  area of ce l l  t h a t  t he  N t h  segment passes 

through. 

MAPQI (M,N) - A l is t  of t h e  (coded) l o c a t i o n s  of a l l  c u r r e n t  points tha t  

are ad jacen t  t o  t h e  M th charge po in t .  1 < N < 6. A zero value 

i n d i c a t e s  no c u r r e n t  l o c a t i o n .  T h i s  a r r a y  is f i l l e d  f o r  the lowest 

va lues  of N f i r s t .  

MAPIQ(M,N) - The (coded) l o c a t i o n s  of the  t w o  charge l o c a t i o n s  t h a t  art? 

ad jacen t  t o  the  M t h  c u r r e n t  po in t .  N = l  is the  " l e f t "  m o s t  value ( i .e.  

lowest value of I, J, or K), and N=2 is the  " r i g h t "  m o s t  l oca t ion .  

DIL(N) - The t o t a l  length of a l l  segments a t t ached  t o  t h e  N t h  charqe 

p o i n t .  Th i s  number is needed by the c o n t i n u i t y  equat ion i n  o rde r  t o  

advance t h e  charges is t i m e .  

QFAC(M,N) - A list of t w o  parameters (N=l o r  2) used t o  determine ?Q/aZ 

a t  the p o s i t i o n  of t h e  M t h  c u r r e n t .  These parameters con ta in  information 

about t h e  percentage of charge s t o r e d  on either s i d e  of a junc t ion  of 

wires w i t h  d i f f e r e n t  r a d i i .  N=l o r  2 are f o r  charges on t h e  " l e f t "  o r  

" r i g h t "  sides of t h e  m t h  c u r r e n t ,  r e s p e c t i v e l y .  
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SUBROUTINE WIREBLD 

COMMON/WIRE/IA~5O~,IB~5O~,IDIR~4OO~,MAP~I~4OO,6~,MAPIQ~4OO,2~,NI, 
1 NQ,NWRS,LOCQ(400),LOCI~4OO~,DELS~4OO~,CUR~4OO~,~~4OO~,EWD~4OO~, 
2 DIL(400),WRAD(50~,SRAD~4OO~,AIND~4OO~,CAP~4OO~,QFAC~4OO,2~ 

1 DX(29),DY(29),DZ(29),DXO(28),DYO(28),DZO(28), 

C 

COMMON/GRID/X(28),Y(28),2(28),XO(29),YO(29),ZO(29), 

2 D X I ~ 2 9 ~ ~ D Y I ~ 2 9 ~ , D Z I ~ 2 9 ~ , D X O I ~ 2 8 ~ , D Y O I ~ 2 8 ~ ~ D Z O I ~ 2 8 ~  
COMMON/EXTRAS/NX,NY,NZ,NXl,NYl,NZl,N,M,MQ,DT,XMU,EPSO,EPS,NPTLIM, 
1 NN,NPTS,LMAX,SIGMA,C,T,PI,EXPFAC,IP,TX,TY,TZ,AMP,ALPHA,BETA,IDLS 
COMMON/FORCE/IBAB,NFC,NFCT,FCUR(l25O,lOOO~,LOCFC(l25O) 
1 ,IHVAL(1250,4),IDIRFC(l25O~,LPDIR,LP 
1 ,EAPP(1000,100),LOCE(lOO~,IDIRE,NLOC,M5EXP 5 
COMMON/TSITEM/NOPE(29,29,29) 
COMMON/PERM/MM 

DO 100 IWR=l,NWRS 
IF(IA(IWR).LT.IB(IWR))GO TO 100 
ITMP=IA(IWR) 
IA(IWR)=IB(IWR) 
IB ( IWR 1 =ITMP 

C 

100 CONTINUE 
C 
C GENERATE WIRE CURRENT AND CHARGE POINTS 
C 

II=O 
IQ=O 
DO 500  IWR=l,NWRS 
IF(IRTRAN(IA(IWR),l) .NE. IRTRAN(IB(IWR),l)) THEN 

IDIRW=l 
J=IRTRAN( IA( IWR), 2 )  
K=IRTRAN(IA(IWR),3) 
MIN=IRTRAN(IA(IWR),l) 
MAX=IRTRAN(IB(IWR),l) 

IDIRW=2 
I = I R T R A N  ( IA ( IWR 1.1) 
K=IRTRAN(IA(IWR),3) 
MIN=IRTRAN(IA(IWR),2) 
MAX=IRTRAN(IB(IWR),2) 

IDIRW=3 
J=IRTRAN(IA( IWR), 2) 
I=IRTRAN ( IA ( IWR 1 ,  1) 
MIN=IRTRAN(IA(IWR),3) 
MAX=IRTRAN(IB(IWR),3) 

ELSE IF(IRTRAN(IA(IWR),PI .NE. IRTRAN(IB(IWR),2)) THEN 

ELSE 

END IF 
DO 500 IT=MIN,MAX 
IF(ID1RW .EQ. 1) I=IT 
IF(ID1RW .EQ. 2) J=IT 
IF(ID1RW .EO. 3 )  K=IT 
JP=ITRAN ( I, J, K) 
IF(IT .NE. MAX) THEN 

II=II+l 
LOCI (I1 )=JP 
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IDIR(II)=IDIRW 
SRAD(II)=WRAD(IWR) 
IF(ID1RW .EO. 1) THEN 

A=DY(J)/2. 
B=DZ(K)/2. 

A=DX ( I 1 / 2 .  
B=DZ(K)/2. 

A=DX(I)/2. 
B=DY(J)/2. 

ELSE IF(ID1RW .EO. 2 )  THEN 
I 

ELSE 

END IF 
DELS(II)=4.*A*B 

I A I N D ( I I ~ = X M U / ~ 4 . * P I ~ * ~ A L O G ~ ~ A * * 2 + B * * 2 ~ / S R A D ~ I I ~ * * 2 ~  
< +A/B*ATAN(B/A)+B/A*ATAN(A/B)+(SRAD(II)**2)*PI/(4.*A*B)-3.) 

CAP(II)=EPSO*XMU/AIND(II) 
END IF 
DO 120 IV=l,IQ 
IF(LOCQ(1V) .Ea. JP) THEN 

DO 125 IW=1,6 
IF(MAPQI(IV,IW) .EO. OIGO TO 126 

125  CONTINUE 
126 IQC=IV 

IF(IT .NE. MINI THEN 
I MAPQI(IQC,IW)=IIP 
I IF(IT .NE. MAX) THEN 

MAPQI(IQC,IW+l)=II 
GO TO 130 

GO TO 130 
ELSE 

END IF 

MAPQI(IQC,IW)=II 
GO TO 130 

I 

ELSE 
I 

I END IF 
END IF 

IQ=IQ+l 
IQC=IQ 
LOCQ(IQ)=JP 
IF(IT.NE.MIN)THEN 

I MAPQI(IQ,l)=IIP 

120 CONTINUE 

IF(IT .NE. MAX) THEN 

END IF 

MAPQI (IQ,l) =I1 

MAPQI (IQ,2) -11 

ELSE 

END IF 

IF(IT .NE. MINI MAPIQ(IIP,2)=IQC 
IIP=II 

500 CONTINUE 
NI=II 
NQ=IQ 

130 IF(1T .NE. MAX) MAPIQ(II,l)=IQC 

C 
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C CHARGE ADVANCE PARAMETERS 
C 

DO 200 IQ=l,NQ 
DIL( 10) = O .  
DO 200 IV=1,6 
II=MAPQI(IQ,IV) 
IF(I1 .NE. 0 )  THEN 

JP=LOCI(II) 
IF(IDIR(I1) .Ea. 1)DIL(IQ)=DIL(IQ)+O.5*DXO(IRTRAN(JP,l~~ 
IF(IDIR(I1) .EO. 2)DIL(IO)=DIL(IQ)+O.5*DYO(IRTRAN(JP,2)) 
IF(IDIR(I1) .EO. 3)DIL(IQ)=DIL(IQ)+O.5*DZO(IRTRAN(JP,3)) 

END IF 
200 CONTINUE 

C 
C CURRENT ADVANCE PARAMETERS 
C 

DO 300 II=l,NI 
DO 300 IS=1,2 
IQ=MAPIQ( 11, IS) 
JP=LOCQ(IQ) 
I=IRTRAN (JP, 1) 
J=IRTRAN( JP, 2) 
K=IRTRAN( JP, 3 1 
RO=O.S*(DX(I)*DY(J)*DZ(K))**(1./3.) 
CC=l./ALOG(RO/SRAD(II)) 
DENOM=O. 
ANUM=O. 
DO 320 IV=1,6 
JJ=MAPQI(IQ,IV) 
IF(JJ.EQ.O)GO TO 320 
JP=LOCI(JJ) 
I=IRTRAN( JP, 1) 
J=IRTRAN( JP, 2 1 
K=IRTRAN( JP, 3) 
IF(IDIR(JJ).EQ.l)DEL2=DXO(I)/2. 
IF(IDIR(JJ).EQ.Z)DEL2=DYO(J)/Z. 
IF(IDIR(JJ).EQ.3)DEL2=DZO(K)/2. 
DENOM=DENOM+DEL2/CC/ALOG(RO/SRAD(JJ)) 
ANUM=ANUM+DEL2 

QFAC(II,IS)=ANUM/DENOM 
320 CONTINUE 

300 CONTINUE 
C 
C DETERMINATION OF WIRE INTERSECTIONS WITH PLATES 
C 

DO 340 IWR=l,NWRS 
DO 340 IS=1,2 
IF(IS.EQ.l)IPQ=IA(IWR) 
IF(IS.EQ.2)IPQ=IB(IWR) 
DO 350 IQ=l,NQ 
IF(LOCQ(IQ).EQ.IPQ)GO TO 360 

350 CONTINUE 
360 IF(MAPQI(IQ,2).NE.O)GO TO 340 

I I =MAPOI ( IO, 1 1 
IPI=LOCI(II) 
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I=IRTRAN(IPI,l) 
J=IRTRAN(IPI,2) 
K=IRTRAN( IPI, 3 I 
IF(IDIR(III.EQ.1 .AND. MAPIQ(II,l).EQ.IQ)THEN 

ELSE IF(IDIR(III.EQ.1 .AND. MAPIQ(II,2).EQ.IQ)THEN 

ELSE IF(IDIR(III.EQ.2 .AND. MAPIQ(II,l>.EQ.IQ>THEN 

ELSE IF(IDIR(III.EQ.2 .AND. MAPIQ<II,2).EQ.IQITHEN 

ELSE IF(IDIR(III.EQ.3 .AND. MAPIQ(II,lI.EQ.IQ)THEN 

ELSE IF(IDIR(III.EQ.3 .AND. MAPIQ(II,2I.EQ.IQ)THEN 

IF(NOPE(I-l,J,K).EQ.4 .OR. NOPE(I,J,K),EQ.l)LOCQ(IQ)=-IPQ 

IF(NOPE(I,J,K).EQ.4 .OR. NOPE(I+l,J,K).EQ.l)LOCQ(IQI=-IPQ 

IF(NOPE(I,J-l,K).EQ.4 .OR. NOPE(I,J,K).EQ.2)LOCQ(IQ)=-IPQ 

IF(NOPE(I,J,K).EQ.4 .OR. NOPE(I,J+l,K).EQ.2)LOCQ(IQ)=-IPQ 

IF(NOPE(I,J,K-l).EQ.4 .OR. NOPE(I,J,K) .EQ.3)LOCQ(IQ)=-IPQ 

IF(NOPE(I,J,K).EQ.4 .OR. NOPE(I,J,K+l).EQ.3)LOCQ(IQ)=-IPQ 
END IF 

340 CONTINUE 
IF(IBAB.EQ.1 .AND. M.EQ.l .AND. MM.GT.12)THEN 
DO 370 II=l,NI 
LOCFC(NFC+II)=LOCI(III 
IDIRFC(NFC+II)=IDIR(II) 

NFCT=NI 
ENDIF 

370 CONTINUE 

DO 400 II=l,NI 
WRITE(5,600)II,LOCI(II~,IDIR~II~,MAPIQ~II,l),MAPIQ~II,2~ 

400 CONTINUE 
DO 410 IQ=l,NQ 
WRITE(5,600IIQ,LOCQ(IQ~,(MAPQI(IQ,IV),IV=l,6~ 

410 CONTINUE 
DO 412 II=l,NI 
WRITE(5,7OO)II,QFAC(II,l),QFAC(II,2) 

412 CONTINUE 
DO 413 IQ=l,NQ 
WRITE(5,700)IQ,DIL(IQ) 

413 CONTINUE 
700 FORMAT(I8,4E12.4) 
600 FORMAT(8112) 

RETURN 
END 
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Subrout ine WIREADV 

The purpose of WIREADV is to advance t h e  c u r r e n t s ,  charges ,  and electric 

f i e l d s  i n  those cells t h a t  con ta in  t h i n  wires.  I t  a l s o  stores the forced wire  

c u r r e n t s  for  use i n  subrout ine  EADV dur ing  the  M=3 and 4 loops i f  t h i n  

apertures are to  be analyzed. It i s  c a l l e d  EADV dur ing  every t i m e  cyc le  

whenever wires are def ined  a f t e r  the  f i e l d s  have been f i r s t  advanced under 

t h e  assumption that no wires are present .  WIREADV then  readvances t h e  

E f i e l d s  (a long  with t h e  charges and c u r r e n t s )  only i n  those cel ls  t h a t  

con ta in  wires. The technique used to  advance these  q u a n t i t i e s  is  b a s i c a l l y  

the same as t h a t  developed by Holland and Simpson [61. In  t h i s  d i scuss ion ,  

t h i s  technique w i l l  be b r i e f l y  ou t l ined  and the  code w r i t t e n  for t h i s  

technique w i l l  a lso be d iscussed .  

Shown i n  Figure 4a and 4b are t w o  or thogonal  views of a wire ,  running 

along a ce l l  l a t t i ce  l i n e .  The wire is of r a d i u s  "a" and lies along the  z 

ax i s .  Although the  t a n g e n t i a l  electric f i e l d  along the s u r f a c e  of the  wire 

and the  to ta l  e lectr ic  f i e l d  i n s i d e  the  w i r e  is zero,  the f i e l d s  a t  l a t t i c e  

p i n t s  a long the  wire  cen te r  w i l l  i n  gene ra l  no t  be zero  s i n c e  the  f i e l d s  

c a l c u l a t e d  by a FDTD code r e p r e s e n t  average f i e l d s  i n  t h e  ce l l  surrounding 

each poin t .  Thus, s i n c e  the wire  r a d i u s  is assumed to be small as compared to 

the  c e l l  dimension, the  f i e l d s  along these  po in t s  w i l l  no t  be zero. Only as 

t h e  wire  dimensions s t a r t  to  approach those of t h e  cel l  c r o s s  s e c t i o n  w i l l  

these f i e l d s  indeed tend towards zero.  

3Id0 view 
Electric Wire 

Fig.  4. T w  views of the  placement of an e l e c t r i c  wire 

i n  the  numerical gr id .  Current and charge 

loca t ions  a r e  shown a s  arrows and dot s ,  

re spec t ive ly .  
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From [6], the average t a n g e n t i a l  electric f i e l d  in t he  cells con ta in ing  

t h e  w i r e  segments is r e l a t e d  t o  t h e  charge and c u r r e n t  on the  w i r e  by: 

where I is t h e  c u r r e n t  and Q is t h e  charge pe r  u n i t  l eng th  along t h e  wire. 

and Ei denote scattered and i n c i d e n t  ( i f  p r e s e n t )  components of t h e  f i e l d ,  

r e s p e c t i v e l y .  Also, L and C are e f f e c t i v e  cell inductances and capacitances 

p e r  meter, r e s p e c t i v e l y .  Appropriate expressions f o r  L and C are given by 

[ G I  : 

and 

where Ax and Ay are t h e  cross s e c t i o n a l  dimensions of t h e  ce l l .  

I n  WIREADV, c u r r e n t s  (shown as arrows i n  Figure 4a)  are eva lua ted  a l o n g  

t h e  g r i d  l a t t i ce  l i n e s  a t  t h e  same l o c a t i o n s  as t h e  electric f i e l d  tangent  to 

t h e  w i r e ,  and t h e  charges (shown as dots i n  Figure 4a)  are eva lua ted  i n  

between t h e  c u r r e n t  l o c a t i o n s .  I is  eva lua ted  a t  t h e  same p o i n t s  in t i m e  as 

is E , whereas (r is eva lua ted  a t  i n t e r l a c e d  p o i n t s  i n  t i m e  ( the  same as TI). 
This  scheme appears  t o  y i e l d  good numerical s t a b i l i t y .  Thus, the d i f f e r e n c e d  

form of equat ion (6)  is: 

The s u p e r s c r i p t s  i n  t h e  above q u a n t i t i e s  i n d i c a t e  the p o i n t s  i n  t i m e  

where they are evaluated.  The d i f f e r e n t  ve r s ions  of o t h e r  p e r t i n e n t  equa t ions  

r e l a t i n g  t h e  f i e l d  q u a n t i t i e s  I, Q, E, and H are 1 )  Maxwell's curl fi equat ion:  I 
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and 21, t h e  c o n t i n u i t y  equat ion 

t of c u r l  Z I n  equat ion (10 ) , t h e  t e r m  ( V  x HIZ denotes  the compone .hat 

i s  tangent  t o  t h e  w i r e .  A l s o ,  As is t h e  crossed s e c t i o n a l  area of t h e  cell.  

Since both equat ions ( 4 )  and (5) con ta in  t h e  v a r i a b l e s  E and I, E can be 

e l imina ted ,  y i e l d i n g  

Once equat ion (12)  has been used t o  advance I, E can be advanced from the 

a p p l i c a t i o n  of equat ion ( 9 )  or (10 ) .  

The o v e r a l l  o rde r  i n  which t h e  f i e l d  q u a n t i t i e s  r e l a t i o n  to wires are 

eva lua ted  i n  THNAPP and t h e  sub rou t ine  WIREADV is: 

( 1 )  Subroutine EADV advances E i n  a l l  cells  under t h e  assumption t h a t  no 

w i r e s  are p resen t  i n  the  geometry. 

( 2 )  WIREADV c a l c u l a t e s  I i n  cells con ta in ing  wires us ing  equat ion (12) .  

( 3 )  WIREADV c a l c u l a t e s  E i n  cel ls  con ta in ing  w i r e s  u s ing  equat ion ( 9 )  or ( l o ! .  

( 4 )  WIREADV c a l c u l a t e s  Q f r o m  equat ion ( 1 1 ) .  

( 5 )  E X  is c a l l e d  t o  set the  c o r r e c t  f i e l d s  on and within conducting 

sheets and s o l i d s .  

( 6 )  IiADV is called t o  advance t h e  H f i e l d s  (same as i n  G3DXL). 

(7) SLOTADV is called t o  modify the  H f i e l d  i n  cells  con ta in ing  magnetic 

w i r e s  ( i f  p r e s e n t ) .  

( 8 )  HBC is c a l l e d  t o  set t h e  c o r r e c t  f i e l d s  on magnetic s u r f a c e s  ( i f  

p r e s e n t  1. 

When dea l ing  w i t h  s t r a i g h t  w i r e s  t h a t  have no changes i n  r ad ius ,  WIREADV - 
proceeds by d i r e c t l y  u t i l i z i n g  equat ions (101, (111, and ( 1 2 1 ,  t o  advance E , 
I, and Q. However, when d e a l i n g  with t h e  junc t ions  of wires of d i f f e r e n t  

r ad i i  and/or m u l t i p l e  w i r e  j unc t ions ,  mod i f i ca t ions  of t h e s e  expressions must 

37 



a be used i n  o rde r  t o  c o r r e c t l y .  e v a l u a t e  t h e  terms - I (which i n  its most 

general  case is a c t u a l l y  V 0 7 1 and 

junc t ion  of w i r e s ,  each having a d i f f e r e n t  radius .  The charge p o i n t s  are 

i3Z 6 - Q [6]. Shown i n  Figure 5 is d 
a Z  

Fig. 5 .  Three wires intersect ing  wires ,  each of 

d i f f e r e n t  r a d i i .  Current and charge 

locat ions  are shown a s  arrows and 

d o t s .  respect ive ly .  

shown as dots and t h e  c u r r e n t  p o i n t s  are shown as arrows. The charges and 

c u r r e n t s  have been given a r b i t r a r y  numbers f o r  t h e  sate of i l l u s t r a t i o n .  For 

i n s t a n c e ,  i n  o rde r  t o  advance t h e  charge dens i ty  Q( 3), V J must be eva lua ted  

a t  t h i s  p o i n t  t a k i n g  i n t o  account a l l  t h e  c u r r e n t  f lowing i n t o  t h i s  

j unc t ion .  This  is accomplished by summing a l l  of the  c u r r e n t s  flowing i n t o  

t h i s  node and d i v i d i n g  by t h e  sum of the  segment lengths .  The a r r a y  MAPQI 

con ta ins  t h e  l ist  of a l l  c u r r e n t s  t h a t  flow i n t o  t h i s  node. Once t h e  t o t a l  

c u r r e n t  f lowing i n t o  t h i s  node has been summed, t he  charge d e n s i t y  is advanced 

by the  formula 

- 

where A R . i s  t h e  l eng th  of t h e  i t h  segment and D I L ( M )  is t h e  sum of t h e  h a l f  

l e n g t h s  of w i r e  segments a t t a c h e d  t o  the M t h  charge. 
1 

The c o r r e c t  eva lua t ion  of equat ion ( 12) demands tha t  t h e  d i s c o n t i n u i t y  of 

the charge dens i ty  on d i f f e r e n t  sides of mul t ip l e  w i r e  j unc t ions  of d i f f e r e n t  

r a d i i  be accounted f o r .  The s i z e  of t h i s  d i s c o n t i n u i t y  is dependent upon t h e  

r e l a t i v e  values  of t h e  capaci tance of each of these segments. Thus, i f  one 

wants to  e v a l u a t e  I ( 2 )  i n  Figure 5, one cannot assume t h a t  t h e  charge d e n s i t y  

on t h e  r i g h t  s i d e  of t h i s  c u r r e n t  element is Q ( 3 )  s i n c e  Q ( 3 )  r e p r e s e n t s  only 

an average charge d e n s i t y  a t  t h e  junc t ion .  I n  WIREADV, t h e  correct charge 
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d e n s i t i e s  t h a t  s t r a d d l e  a p a r t i c u l a r  c u r r e n t  I ( M )  are found from the  product  

of the  charge d e n s i t i e s  s t o r e d  i n  t h e  a r r a y  Q t i m e s  t h e  f a c t o r s  QFAC(M,l )  or 

QFAC(M,2), depending upon whether t h e  charge is t o  t he  "left" (1.e. s m a l l  

values  of I, J, or K) o r  t h e  " r i g h t "  s i d e ,  r e s p e c t i v e l y .  The formula €or 

determining the  & t e r m  a t  the  M t h  c u r r e n t  is  thus  
az 

1 
A2 
- [ Q ( B )  * QFAC(M,2) - Q ( A )  * QFAC(M,2)] (14)  

where Q ( A )  and Q ( B )  are the charge p o i n t s  t o  t h e  ' lr ight" and "left" of 'L(id), 

r e s p e c t i v e l y .  Remember  a l s o  t h a t  t h e  a r r a y  MAPIQ con ta ins  t i l e  list of charges 

t h a t  are ad jacen t  t o  each cu r ren t .  The expression f o r  QFAC(M,N)  is 

A Ri/2 

where the  sums inc lude  a l l  segments a t t ached  t o  t h e  " r i g h t "  ( N = l )  or " l e f t "  

( M = 2 )  hand charge t h a t  straddles t h e  c u r r e n t  I ( M ) .  

The computer v a r i a b l e s  t h a t  are used i n  WIKEADV i n  t h e  above formula are 

DXO, DYO, o r  DZO, depending upon whether t h e  segments are x, y, or z 

d i r e c t e d .  For c u r r e n t  elements t h a t  are not ad jacen t  t o  junc t ions ,  the 

elements of t h e  QFAC a r r a y  are equal t o  1, meaning t h a t  the  charge dens i ty  a t  

t h o s e  p o i n t s  is t h e  same as t h a t  s t o r e d  i n  t h e  Q a r r ay .  

F i n a l l y ,  during t h e  M = l  loop WIREADV c a l c u l a t e s  and s t o r e s  t h e  t i m e  

h i s t o r i e s  of t h e  e x t e r n a l  w i r e  c u r r e n t s  ( f o r  use i n  sub rou t ine  EADV during t h e  

M = 3  and 4 loops) i f  the  parameter IBAB = 1. The values  s t o r e d  i n  the <lrray 

FCUR are c a l c u l a t e d  from the  Maxwell's c u r l  equation: 

It should be noted t h a t  the  s u b s c r i p t s  of the FCUR a r r a y  t h a t  are 

s p e c i f i e d  i n  t h i s  p o r t i o n  of t h e  sub rou t ine  ( j u s t  above t h e  12 Continue 

s t a t e m e n t s )  are FCUR ( I I + N F C , N ) .  The second s u b s c r i p t ,  N,  i n d i c a t e s  the time 

cyc le .  The f i r s t  s u b s c r i p t ,  II+NFC, i n d i c a t e s  t h a t  it is t h e  I I ' t h  wire 

c u r r e n t  t h a t  is being s t o r e d ,  but  it is l o c a t e d  i n  t he  I I + N F C ' t h  l o c a t i o n  i n  

FCUR. The reason f o r  t h e  s h i f t  t e r m  NFC is tha t  the a r r a y  FCUR is used €or 

both fo rced  s u r f a c e  and w i r e  c u r r e n t s .  The s u r f a c e  c u r r e n t s  are s t o r e d  in t h e  

f i r s t  NFC l o c a t i o n s  (NFC being t h e  number of fo rced  s u r f a c e  c u r r e n t  l o c a t i o n s )  

and t h e  fo rced  w i r e  c u r r e n t s  are s t o r e d  i n  t h e  remaining N I  l o c a t i o n s .  
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SUBROUTINE WIREADV 
C 

I. 

COMMON/EFIELD/EX(29,29,29),EY(29,29,29),EZ(29,29,29) 

COMMON/EXTRAS/NX,NY,NZ,NX1,NY1,NZ1,N,M,MQ8DT,XMU,EPSO,EPS,NPTLIM~ 
1 NN,NPTS,LHAX,SIGMA,C8T,PI,EXPFAC,IP,TX,TY8TZ8AMP,ALPHA,BETA,IDLS 
COMMON/GRID/X(28),Y(28),2(28),X0(29),Y0(29),20(29), 

2 DXI~29~,DYI~29~,DZI(29~,DXOI~28),DYOI~28~,DZ01~28~ 

1 
2 DIL~400~,WRAD~50~,SRAD~400~,AIND~400~,CAP~400~,QFAC~400,2~ 

1 ,IHVAL(1250,4),fDIRFC(125O~,LPDIR,LP 
1 ,EAPP(1000,100),LOCE(lOO~,IDIRE,NLOC,M5EX~ 

COMMON/HFIELD/HX(29,29,29),HY(29,29,29),Hz(29,29,29) 

1 DX( 29 1 8  DY ( 29) , DZ ( 29 1 ,  DXO ( 28 1 PDYO ( 28 1 ,DZO (28 1, 

C O M M O N / W I R E / I A ( 5 0 ) , I B ( 5 O ~ ~ I D I R ~ 4 O O ~ , M A P Q I ~ 4 O O ~ 6 ~ ~ ~ A P I Q ~ ~ O O ~ ~ ~ ~ N I ~  
NQ, NWRS, LOCO ( 40 0 1 , LOCI ( 40  0 1, DELS ( 40 0 1, CUR ( 40 0 1, Q ( 400 1, EWD ( 40 0 1 

COMMON/FORCE/IBAB,NFC,NFCT,FCUR~125O,lOOO~,LOCFC~l25O~ 

COMMON/PERM/MM 

DTE=DT / EPSO 

DO 12 II=l,NI 
T=T-DT/ 2. 

ADVANCE WIRE CURRENT 

C1=(2.*DELS(II)*DT*DT)/~4.*AIND(II~*EPSO*DELS~11~+DT**2~ 

C3=2. *EPSO/DT 

PLSE=PULSE(II) 
JP=LOCI(II) 
I=IRTRAN(JP,l) 
J=IRTRAN (JP, 2 1 
K-IRTRAN (JP, 3 1 
DQ~Q(MAPIQ~II,2))*QFAC(II,2~-Q~MAPIQ~II,l))*QFAC~II,l~ 
OLDCUR=CUR ( I I 1 
EWDD=EWD(II) 

C2~(4.*AIND~II)*EPSO*DELS~II)-DT**2~/~2.*DELS~II~*DT**Z~ 

C4=2.*DT**2/(4.*AIND(II)*EPSO*DELS(II)+DT**2) 

IF(IDIR(I1) .Ea. 1) THEN 
CUR~II)=C1*(C2*CUR~II~+C3*(EWD~II~tEINCX~I,J,K~+PLSE 

< -l./(CAP(lI)*DX(I))*DQ) 
< +(HZ(I,J,K)-HZ(I,J-l,K))*DYI(J) 
( -(HY(I,J,K)-HY(I,J,K-l))*DZI(K)) 

ELSE IF(IDIR(I1) .EO. 2) THEN 
CUR(II)=Cl*(C2*CUR(II)+C3*(EWD~II~tEINCY~I,J,K~tPLSE 

< -1./(CAP(II)*DY(J))*DQ) 
< +(HX(I,J,K)-HX(I,J,K-l))*DZI(K) 
< -(HZ(I,J,K)-HZ(I-l,J.K))*DXI(I)) 

ELSE 
CUR(II~=C1*(C2*CUR(II)+C3*(EWD(II)+EINCZ~I,J,K~+PLSE 

< -1./(CAP(II)*DZ(K))*DQ) 
( t(HY(I,J,K)-HY(I-l,J,K))*DXI(I) 
< -(HX(I,J,K)-HX(I,J-l,K))*DYI(J)I 
END IF 

C 
~ C 

C 
ADVANCE E 
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IF(IDIR(I1) .EO. 1) THEN 
EX~I,J,K)~2.*AIND~II~/DT*~CUR~II~-OLDCUR~-EWD~II~-2.*PLSE 

EWD(II)=EX(I,J,K) 

EY(I,J,K)=2.*AIND~II~/DT*~CUR~II)-OLDCUR~-EWD~II~-2.*PLSE 

< -2.*EINCX(I,J,K)+2./(CAP(II)*DX(I))*DQ 

ELSE IF(IDIR(I1) .EQ. 2) THEN 

< -2.*EINCY(I,J,K)+2./(CAP(II)*DY(J))*DQ 
EWD(II)=EY(I,J,K) 

ELSE 
EZ(I,J,K~~2.*AIND~II~/DT*~CUR~II~-OLDCUR~-EWD~II~-2.*PLSE 

EWD(II)=EZ(I,J,K) 
< -2.*EINCZ(I,J,K)+2./(CAP(II)*DZ(K) )*DQ 

END IF 
IF(1BAB .EO. 0 .OR. M.NE.l .OR. MM.LE.12)GO TO 12 
IF(IDIR(I1) .EQ. 1) THEN 

FCUR(II+NFC,N)=(HZ(I,J,K)-HZ(I,J-l,K))*DYI(J) 
< -(HY(I,J,K)-HY(I,J,K-l))*DZI(K) 
< +(l/DTE)*(EWDD-EWD(II)) 
ELSE IF(IDIR(II1 .EO. 2) THEN 

FCUR(II+NFC,N)=(HX(I,J,K)-HX(I,J,K-l))*DZI(K) 
-(HZ( I, J,K) -HZ( 1-1, J,K) 1 *DXI (I 1 < 

< t(l/DTE)*(EWDD-EWD(II)) 
ELSE IF(IDIR(I1) .EO. 3 )  THEN 

FCUR(II+NFC,N)=(HY(I,J,K)-HY(I-l,J,K))*DXI(I) 
< -(HX(I,J,K)-HX(I,J-l,K))*DYI(J) 
< +(l/DTE)*(EWDD-EWD(III) 

ENDIF 

T=T+DT/2. 
12 CONTINUE 

C 
C ADVANCE CHARGE 
C 

DO 20 IQ=l,NQ 
IF(LOCQ(IQ).LT.O)GO TO 20 
SUM=O. 
DO 30 IV=1 ,6  
II=MAPQI(IQ,IV) 
IF(I1 .EQ. 0)GO TO 30 
IF(MAPIQ(II,2) .EO. IQ)SUM=SUM+CUR(II) 
IF(MAPIQ(I1,l) .EO. IQ)SUM=SUM-CUR(II) 

30 CONTINUE 
Q(IQ)=Q<IQ>tDT/DIL(IQ)*SUM 

20 CONTINUE 
RETURN 
END 
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Funct ion PULSE 

Function PULSE 1s called by WIREADV. Its purpose is  to allow a w i r e  to  

be e x c i t e d  a t  some p o i n t  or p o i n t s  by a pre-defined pulse  funct ion.  I t  is  

intended for s i t u a t i o n s  i n  which the  geometry i s  to be exc i t ed  by a c u r r e n t  

p u l s e  i n i t i a t e d  on one of t h e  wires.  Thus, PULSE r e t u r n s  nonzero va lues  on ly  

when IDLS = 1 and the  w i r e  segment number matches t h e  one ( s )  s p e c i f i e d  i n  

PULSE. 

When dea l ing  with geometr ies  involv ing  t h i n  apertures, care must be taken 

to ensure t h a t  PULSE r e t u r n s  nonzero va lues  only  for  t he  M=l  loop. Otherwise,  

PULSE w i l l  attempt to  e x c i t e  c a v i t y  wires d i r e c t l y ,  r a t h e r  than al lowinq t h e m  

to  be e x c i t e d  by t h e  aperture f ie lds  alone. 
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FUNCTION PULSE(I1) 
C 

COMMON/UGRID/UX(28),UY(28),UZ(28),UXO(2g),UYO(2g),UzO(29) 
COMMON/GRID/X(28),Y(28),Z(28),XO(29),YO(2g),ZO(29), 

2 DXI(29),DYI(29),DZI(29),DXOI(28),DYOI(28),DZOI(28) 
1 DX(29),DY(29),DZ(29),DXO(28),DYO(28),DZO(28), 

COMMON/EXTRAS/NX,NY,NZ,NXl,NYl,NZl,N,M,MQ,DT,XHU,EPSO,EPS,NPTLIM, 
1 NN, NPTS, LHAX, SIGMA,C, T, PI, EXPFAC, IP, TX, TY, TZ, AMP, ALPHA,BETA, IDLS 

C 
C THREAT I 
C 

PULSE=O . 0 
IF(I1 .NE. 3 .OR. IDLS .EO. 0 )  GO TO 1 
TAU =: T - (UYO(23) - Y0(22))/C 
IF (TAU.LE.O.O)GO TO 1 
PULSE =AMP/2.*(1.-COS(ALPHA*TAU)) 
IF(TAU .GE. PI/ALPHA)PULSE=AMP 

1 CONTINUE 
RETURN 
END 
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Subrout ine SLOTBLD 

Subroutine SLOTBLD performs t h e  same func t ion  f o r  magnetic w i r e s  t h a t  

WIREBLD performs f o r  electric w i r e s .  Like WIREBLD, it starts with t h e  de f ined  

values  of t h e  magnetic w i r e  endpoints  (which must be i n  cel l  c e n t e r s )  and 

segments t h e  e n t i r e  magnetic w i r e  s t r u c t u r e ,  d e f i n i n g  magnetic c u r r e n t s  and 

charges along each segment. 

magnetic w i r e  i n  t h e  spat ia l  grid. 

Figure 6 shows t h e  o r i e n t a t i o n  of a t y p i c a l  

(a) slde view 
Magnetic Wire 

Fig. 6. Two views of the placement of a magnetic wire 

in the numerical grid. Current and charge 
locations are shown as arrows and dots, respectively. 

Except f o r  t h e  f a c t  t h a t  magnetic w i r e s  must be def ined a long  f i e l d  

p o i n t s  r a t h e r  t han  

a lgo r i thm and variables i n  SLOTBLD are nea r ly  t h e  same as t h a t  of WIREBLD. 

For t h i s  reason, t h e  variable names generated by SLOTBLD are nea r ly  t h e  same 

as those  of WIREBLD, with t h e  a d d i t i o n  of a preceding "M" f o r  most .  The 

fo l lowing  is a table t h a t  i n d i c a t e s  a variable i n  t h e  common block SLOT and 

i ts  electric w i r e  counterpart i n  common block W I R E :  

f i e l d  p o i n t s  as i n  t h e  case of electric w i r e s ,  t h e  

SLOTBLD Variable WrREBLD Variable 

N M I . .  . . . . . . . . . . . .  . N I  

N M Q .  rn .NQ 

LOCMI . . . . . . . . . . . . .  .LOCI 

LOCMQ . .LOCQ 

CURM. .CUR 

QM. . . 6 e 2  
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HMD . 
MDIR. 

CAPM. . 
AMIND . 
SMRAD 

DELSM . 
MMAPQI . 
MMAPIQ. 

DILM. . 
QMFAX . 

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

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

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

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

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

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

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

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

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

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

.EMD 

I D I R  

CAP 

AIND 

SRAD 

. DELS 

. MAPQI 

MAPIQ 

. D I L  

. QFAC 

The f u n c t i o n  of each of the  above v a r i a b l e s  can be  deduced by not inq the  

f u n c t i o n  of its electric wire counterpart  i n  the  d e s c r i p t i o n  of WIREBLD. 
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SUBROUTINE SLOTBLD 

COMMON/SLOT/IMA(50),IMB~50~,MDIR~4OO~,MMAPQI~400,6~, 
C 

1 MMAPI~(400,2),NMI,NMQ~NSLT,LOCMQ~4OO~,LOCMI~4OO~~DELSH~400~~ 

3 AMIND(40O),CAPM(400).OMFAC(4OO,2) 

1 DX(29),DY(29),DZ(29),DX0(28),DY0(28),DZO(28), 

2 CURM~400),QM(400),HMD~4OO~,DILM~4OO~,SLRAD~5O~,SMRAD~400~, 

COMMON/GRID/X(28),Y(28),2(28),X0(29),YO(29),20(29), 

2 DXI~29),DYI(29~,DZI~29~,DXOI~28~,DYOI~28~,D201~28~ 

1 NN,NPTS,LMAX,SIGMA,C,T,PI,EXPFAC,IP,TX,TY,TZ,AHP,ALPHA,BETA,IDLS 
COMMON/EXTRAS/NX,NY,NZ,NXl,NYl,NZl,N,M,HQ,DT,XMU,EPSO~EPS,~PTLIM~ 

COMMON/TSITEM/NOPE(29,29,) 

DO 100 ISL=l,NSLT 
IF(IMA(ISL).LT.IMB(ISL))GO TO 100 
ITMP=IMA(ISL) 
IMA(ISL)=IMB(ISL) 
IMB ( ISL 1 =ITMP 

C 

100 CONTINUE 
C 
C 
C 

GENERATE MAGNETIC WIRE CURRENT AND CHARGE POINTS 

II=O 
I Q = O  
DO 500 ISL=l,NSLT 
IF(IRTRAN(IMA(ISL),l) .NE. IRTRAN(XMB(ISL),l)) THEN 

MDI RW =1 
J=IRTRAN(IMA(ISL),2) 
K=IRTRAN(IMA(ISL),3) 
MIN=IRTRAN(IMA(ISL),l) 
MAX=IRTRAN(IMB(ISL),l) 

ELSE IF(IRTRAN(IMA(ISL),2) .NE. IRTRAN(IMB(ISL),2)) THEN 
MDIRW=2 
I=fRTRAN(IMA(ISL),l) 
K=IRTRAN(IMA(ISL),3) 
MIN=IRTRAN(IMA(ISL),2) 
MAX=IRTRAN(IHB(ISL),2) 

MDIRU-3 
J=IRTRAN(IMA(ISL),2) 
I=IRTRAN(IMA(ISL),l) 
MIN=IRTRAN(IMA(ISL),3) 
MAX=IRTRAN(IMB(ISL),3) 

ELSE 

END IF 
DO 500 IT=HIN,MAX 
IF(MD1RW .EO. 1) THEN 

I=fT 
JPl=ITRAN ( I+1, J, K 1 

J=IT 
ELSE IF(HD1RW .EO. 2) THEN 

JP~=ITRAN ( I, J+1, K 1 

JP~=ITRAN(I,J,K+~) 

ELSE 
K=IT 

END IF 
JP=ITRAN(I,J,K) 
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125 
126 

120 

130 

500 

IF(IT .NE. MAX) THEN 
I I =I I +1 
LOCMI ( I I 1 =JP1 
MDIR(II)=MDIRW 
SMRAD(II)=SLRAD(ISL) 
IF(MD1RW .EO. 1) THEN 

A=DYO ( J 1 / 2. 
B=DZO (K) /2. 

A=DXO ( I 1 / 2. 
B=DZO(K)/2. 

A=DXO (I 1 /2. 
B=DYO ( J 1 / 2. 

ELSE IF(MDIRW .EO. 2 )  THEN 

ELSE 

END IF 
DELSM(II)=4.*A*B 
AMIND~II)=EPS0/~4.*PI~*~ALOG~~A**2+B**2~/SMRAD~II~**2~ 

CAPM(II)=EPSO*XMU/AMIND(II) 
< +A/B*ATAN(B/A)tB/A*ATAN(A/B)+(SMRAD(II)**2)*PI/(4.*A*B)-3.) 

END IF 
DO 120 IV=l,IQ 
fF(LOCMQ(1V) .EQ. JP) THEN 

DO 125 IW=1,6 
IF(MMAPQI(IV,fW) .EO. 0)GO TO 126 
CONTINUE 
IOC=IV 
IF(IT .NE. MINI THEN 

MMAPQI(IQC,IW)=IIP 
IF(IT .NE. MAX) THEN 

MMAPQI(IQC,IW+l)=II 
GO TO 130 

GO TO 130 
ELSE 

END IF 

MMAPQI(IQC,IW)=II 
GO TO 130 

ELSE 

END IF 
END IF 
CONTINUE 
fQ=IQ+l 
IQC=IQ 
LOCMQ( 10) =JP 
IF(IT.NE.MIN)THEN 

MMAPQI(IO,l)=IIP 
IF(IT .NE. MAX) THEN 

END IF 

MMAPQI (IQ, 1) -11 

MMAPQI (IQ, 2)=II 

ELSE 

END IF 
IF(IT .NE. MAX) MMAPIQ(II,l)=IQC 
IF(IT .NE. HIN) MMAPfQ(IIP,2)=IQC 
IIP-I1 
CONTINUE 
NMI =I I 
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C 
C 
C 

C 
C 
C 

MAGNETIC CHARGE ADVANCE PARAMETERS 

DO 200 IQ=l,NMQ 
DILM(IQ)=O. 
JP=LOCMQ(IQ) 
DO 200 IV=1,6 
11 =MMAPQI ( IO, IV 1 
IF(I1 .NE. 0 )  THEN 

IF(MDIR(I1) .EQ. 1)DILM(IQ)=DILM(IQ)+O.5*DXO(IRTRAN(JP,l~~ 
IF(MDIR(I1) .EQ. 2)DILM(IQ)=DILM(IQ)+O.5*DYO(IRTRAN(JP,2)) 
IF(MDIR(I1) .EO. 3)DILH(IQ)=D1LM(IQ)+0.5*DZO(IRTRAN(JP,3)~ 

END IF 
200 CONTINUE 

MAGNETIC CURRENT ADVANCE PARAMETERS 

DO 300 II=l,NMI 
DO 300 IS=1,2 
IQ=MMAPIQ(II,IS) 
JP=LOCMQ(IQ) 
I=IRTRAN(JP,l) 
J=IRTRAN(JP,2) 
K=IRTRAN( JP, 3 1 
RO=0.5*(DXO(I)*DYO(J)*DZO(K))**(l./3.) 
CC=l./ALOG(RO/SMRAD(II)) 
DENOM=O. 
.ANUM=O. 
DO 320 IV=1,6 
JJ=MMAPQI(IQ,IV) 
IF(JJ.EQ.O)GO TO 320 
IF(MDIR(JJ).EQ.l)DEL2=DXO(I)/2. 
IF(MDIR(JJ).EQ.2)DEL2=DYO(J)/Z. 
IF(MDIR(JJ).EQ.3)DEL2=DZO(K)/2. 
DENOM=DENOM+DEL2/CC/ALOG(RO/SMRAD(JJ)) 
ANUM=ANUM+DEL2 

QMFAC(II,IS)=ANUM/DENOM 
320 CONTINUE 

300 CONTINUE 

400 CONTINUE 
DO 410 IQ=l,NMQ 
WRITE(5,600)IQ,LOCMQ(IQ~,(MMAPQI(IQ,IV),IV=l,6~ 

410 CONTINUE _ _  
DO 412 II=l,NMI 
WRITE(5,700~II,QMFAC(II,1~,QMFAC~II,2~,AMIND~II~,CAPM~II~ 

412 CONTINUE 
DO 413 IQ=l,NMQ 
URITE(5,700)IQ,DILM(IQ) 

413 CONTINUE 
700 FORMAT(I8,4E12.4) 
600 FORMAT(8112) 

RETURN 
END 
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Subrout ine SLOTADV 

- 
This  sub rou t ine  i s  called by HADV dur ing  every  t i m e  cyc le  after t h e  H 

f i e ld s  have f i r s t  been advanced under t h e  assumption t h a t  no magnetic wires 

are present .  Its func t ion  is to  c o r r e c t l y  advance the  H f i e l d s  a long each 

w i r e  and a lso t h e  magnetic c u r r e n t s  and charges.  

The technique used to  advance these  q u a n t i t i e s  is  t h e  e l e c t r i c a l  dua l  of 

t h e  w i r e  technique used i n  WIREADV. Thus, one can t ransform t h e  equat ions  

t h a t  advance the  H f i e l d ,  magnetic c u r r e n t s ,  and magnetic charges  ( equa t ions  

i n  t h e  WIREADV s e c t i o n )  by making t h e  fol lowing s u b s t i t u t i o n s  [131: 

WIREADV SLOTADV 

v a r i a b l e  v a r i a b l e  

E . . . . . . . . .  H 

H e . . . . . . . .  -E 

I . . . . . . . . .  I m  
Performing these  s u b s t i t u t i o n s  on equat ions  i n  t h e  WIREADV, t he  fol lowing 

advancing equat ions  are obta ined:  

and 

n a n+ - A t  - I = QM a t  M 

- 
SLOTADV advances each of t h e  magnetic wire c u r r e n t s ,  H f i e l d s ,  and 

charges  i n  t h e  same order  as t h e  above equat ions.  The cases of magnetic w i r e  

j u n c t i o n s  are handled e x a c t l y  the  same as t h e i r  dua l  q u a n t i t i e s  i n  WIREADV. 
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SUBROUTINE SLOTADV 
I C 

COMMON/EFIELD/EX(29,29,29),EY(29,29,29~,EZ~29,2~~~9~ 
COMMON/HFIELD/HX(29,29,29),HY(29,29,~9~,HZ~29,~9,~9~ 
C O M M O N / E X T R A S / N X , N Y , N Z , N X l , N Y l , N , M , M Q , D T , X M U , E P S O , E P S , N P T L I M ,  
1 NN,NPTS,LMAX,SIGMA,C,T,PI,EXPFAC,IP,TX,TY,TZ,AMP,ALPHA,BETA,IDLS 
COMMON/GRID/X(28),Y(28),Z(28),X0(29),YO(29~,ZO~29~, 
1 DX(29),DY(29),DZ(29),DXO(28),DYO(28),DZO(28), 
2 

1 MMAPIQ~400,2~,NMI,NMO,NSLT,LOCMQ(400~,LOCMI~4OO~,DELSM~400~, 
2 CURM(400~,QM~400),HMD~4OO~,DILM~4OO~,SLRAD~5O~,SMRAD~400~, 
3 AMIND(40O),CAPM(400),QMFAC(400,2~ 

DXI ( 29) ,DYI (29) ,DZI (29) ,DXOI (28) .DYOI (28) eDZOI(28) 
COMMON/SLOT/IMA(5O),IMB(50),MDIR(4OO),MMApQI(4OO,6), 

I C 

C 
C 

T=T-DT/ 2 .  
DO 12 II=l,NMI 

ADVANCE MAGWIRE H 
C 

C1=(4.*AMIND(II~*DELSM(II~*DT)/~4.*AMIND~11~*XMU*DELSM~11~+DT**2~ 
C 2 ~ ~ 4 . * A M I N D ~ I I ~ * X M U * D E L S M ~ I I ~ - D T * * 2 ~ / ~ 4 . * A M 1 N D ~ 1 1 ~ * X M U * D E L S M ~ 1 1 ~  

C 3 = D T / ( 2 . * A M I N D ( I I ) * C A P M ( I I ) * D E L S M ( I I ~ ~  
C4=2.*DT**2/(4.*AMIND(II)*XMU*DELSM(II)+DT**2) 
JP=LOCMI (I1 1 
I=IRTRAN(JP,l) 
J=IRTRAN (JP, 2 1 
K=IRTRAN (JP, 3 1 
DQ~QM~MMAPIQ~II,2~~*QMFAC(II,2)-QM~MMAPI~~II,l~~*QMFAC~II,l~ 
IF(MDIR(I1) .EQ. 1) THEN 

< +DT**2) 

HX(I,J,K)=Cl*(-CURM(II)/DELSM(II)+C3/DX(I)*DQ 
< -(EZ(I,J+l,K)-EZ(I,J,K))*DYOI(J) 
< +(EY(I,J,K+l)-EY(I,J,K))*DZOI(K)) 
< +C2*HMD(II)-C4*HINCX(I,J,K) 
ELSE IF(MDIR(I1) .EQ. 2) THEN 

HY(I,J,K)=Cl*(-CURM(II)/DELSM(II)tC3/DY(J)*DQ 
< -(EX(I,J,K+l)-EX(I,J,K))*DZOI(K) 
< +(EZ(I+l,J,K)-EZ(I,J,K))*DXOI(f)) 
< +C2*HMD(II)-C4*HINCY(I,J,K) 
ELSE 

HZ (I, J,K) =C1*( -CURM( I1 1 /DELSM( I1 1 +C3/DZ(K) *DO 
< -(EY(I+l,J,K)-EY(I,J,K))*DXOI(I) 
< +(EX(I,J+l,K)-EX(I,J,K))*DYOI(J)) 
< +C2*HMD(II)-C4*HINCZ(I,J,K) 
END IF 

I C 
C 
C 

ADVANCE WIRE CURMRENT 

IF(MDIR(I1) .EQ. 1) THEN 
CURM(II~=CURM~II~+DT/2./AMIND(II)*(HX~I,J,K~+HMD~II~~ 

< -DT/(AMIND~II~*CAPM(II)*DX(I))*DQtDT/AMIND~II~*HINCX~I,J,K~ 
HMD(II)=HX(I,J,K) 

ELSE IF(MDIR(I1) .EO. 2) THEN 
CURM~II~=CURM~II~+DT/2./AMIND(II)*(HY(I,J,K~+HMD~II~~ 
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C 
C 
C 

< -DT/~AMIND(II)*CAPM~II~*DY~J~~*DQtDT/AMIND~II~*HINCY~I,J,K~ 
HMD ( I1 1 =HY ( I, J, K 1 

ELSE 
CURM~II)=CURM(II)+DT/2./AMIND~II~*~HZ~I,J,K~+HMD~II~~ 

< -DT/(AMIND(II)*CAPM~II~*DZ~K)~*DQtDT/AMIND~II~*HINCZ(I,J,K~ 
HMD(II)=HZ(I,J,K) 

END IF 
12 CONTINUE 

T=TtDT/2. 

ADVANCE CHARGE 

DO 20 IQ=l,NMQ 
SUM=O. 
DO 30 IV=1,6 
II=MMAPQI(IQ,IV) 
IF(I1 .EO. OIGO TO 30 
IF(MMAPIQ(II,2) .EQ. IQ)SUM=SUMtCURM(II) 
IF(MMAPIQ(I1,ll .EO. IQ)SUM=SUM-CURM(I1) 

30 CONTINUE 
QM(IQ)=QM<IQ)+DT/DILM(IQ)*SUM 

20 CONTINUE 
RETURN 
END 
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Subrout ine FCBLD 

The purpose of subrou t ine  FCBLD is  t o  determine the p o s i t i o n s  of t h e  

fo rced  s u r f a c e  c u r r e n t  l o c a t i o n s  when t h e  t h i n  seam opt ion is used. FCBLD 

ope ra t e s  au tomat i ca l ly ,  u s ing  only t h e  NOPE a r r a y  as its input .  The ou tpu t  of 

t h i s  sub rou t ine  is a set of a r r a y s  ( i n  common block FORCE) tha t  con ta in  the 

l o c a t i o n s  and spatial o r i e n t a t i o n s  of t h e s e  s u r f a c e  c u r r e n t s ,  as w e l l  as a 

l i s t  of the magnetic f i e l d  l o c a t i o n s  tha t  d r i v e  t h e m .  

FCBLD assumes tha t  i n  t h e  proceeding c a l l  of sub rou t ine  BUILD, t h e  

geometry t o  be analyzed has been b u i l t  u s ing  only s o l i d  conducting blocks 

(NOPE = 4 )  and conducting s u r f a c e s  (NOPE = 1, 2,  or 3 ) .  It is f u r t h e r  assumed 

tha t  t h e r e  are no hollow s e c t i o n s  wi th in  t h e  geometry, and the conducting 

s u r f a c e s  do not  i n t e r s e c t  with each other pe rpend icu la r ly ,  a l though 

i n t e r s e c t i o n s  w i t h  the s o l i d  s e c t i o n s  are allowed ( t h u s  al lowing t h e  modeling 

of s t r u c t u r e s  such as a i r c r a f t  wings, etc.) .  I t  is also assumed t h a t  t h e  

d i r e c t i o n  (LPDIR) and e l e v a t i o n  (LP) of the a p e r t u r e  plane have also been 

specified a t  o r  before the  M=l s e c t i o n  of BUILD. 

FCBLD proceeds by f i r s t  i d e n t i f y i n g  t h e  s u r f a c e s  of the geometry. This  is 

accomplished by marching through t h e  numerical g r i d ,  ce l l  by ce l l ,  and a t  each 

ce l l  checking t h e  values  of t h e  NOPE a r r a y  i n  r i n g s  of fou r  ad jacen t  cel ls  i n  

a l l  t h r e e  or thogonal  o r i e n t a t i o n s  about each cell.  These t h r e e  or thogonal  

d i r e c t i o n a l  s ea rches  correspond t o  t h e  t h r e e  possible o r i e n t a t i o n s  of the 

s u r f a c e  c u r r e n t s .  The ce l l  by cell search through t h e  numerical gr id  is  

accomplished i n  t h e  DO 1 loop, and the  t h r e e  or thogonal  d i r e c t i o n s  wi th in  t h i s  

search are performed i n  t he  DO 20 loop. 

The f i r s t  test performed f o r  each of t h e  or thogonal  loops about each ce l l  

is whether or not any of t h e s e  cel ls  con ta ins  a conducting plane.  I f  none are 

p r e s e n t ,  FCBLD then  sums t h e  va lues  of NOPE f o r  t h e  fou r  cells i n  t h e  loop. 

I f  t.his sum ( I A D D )  equa l s  zero,  the  cell  is i n  f r e e  space and no t  ad jacen t  t o  

t h e  scatterer. I f  it equa l s  16, it is i n  t he  i n t e r i o r  of the scatterer. I n  

e i t h e r  of these cases, t h e r e  is no s u r f a c e  c u r r e n t  a long  t h i s  d i r e c t i o n  a t  

t h i s  cel l  p o s i t i o n .  All o t h e r  values  of IADD i n d i c a t e  t h a t  a s u r f a c e  c u r r e n t  

does e x i s t  a t  t h i s  l oca t ion .  FCBLD then  tests which of t h e  cel ls  a d j a c e n t  t o  

t h e  s u r f a c e  c u r r e n t  l o c a t i o n  con ta in  s o l d  conductor and f r e e  space and from 

t h i s  is a b l e  to  determine which H f i e l d (  s) c o n t r o l  each of these s u r f a c e  

c u r r e n t s .  
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Figure 7 d e p i c t s  a p o r t i o n  of an example o b j e c t  to  he lp  show t h e  output  

of FCBLD. Shown is a conducting s o l i d  s e c t i o n  on t h e  l e f t ,  w i t h  a t h i n  

conducting p l ane  on t h e  r i g h t  that b u t t s  a g a i n s t  t h e  s o l i d  sec t ion .  Seve ra l  

(of t h e  many) c u r r e n t s  t h a t  would be i d e n t i f i e d  by FCBLD are shown as t h e  

numbered c u r r e n t s .  Also shown i n  t h i s  f i g u r e  is t h e  numerical g r id ,  complete 

with I, J, and K cell number i d e n t i f i e r s .  

1-17 -18 49 -20 -21 -22 -23 -24 
I 

Fig. 7. A representative scattering geometry showing various surface current locations 
identified by subroutine FCBLD for use as forced currents i n  the H-3 and 

H-4 loops. 

An example of t h e  simplest type of c u r r e n t  l o c a t i o n  f o r  FCBLD t o  i d e n t i f y  
A i s  J21 which is a X d i r e c t e d  c u r r e n t  on t h e  s o l i d  s e c t i o n  a t  cell p o s i t i o n  

( 1 8 ,  1 4 , 1 2 ) ,  away f r o m  any bends of s e a m s .  In t h i s  case, of the four E i e l d s  

surrounding t h i s  l o c a t i o n  t h a t  could c o n t r o l  t h i s  current, only t h e  $ d i r e c t e d  - 
H e i e l d  i n  cell  (18,14,12) is  nonzero ( s i n c e  t h e  f i e l d s  perpendicular  to 

and i n s i d e  a p e r f e c t  conductor are z e r o ) .  Thus, t h i s  c u r r e n t  is  specified by 

the  fo l lowing  list of v a r i a b l e s :  

LOCFC(21) = ITRAN(18,14,12) 

IDIRFC(21) = 1 

IHVAL(21,l) = 0 

IHvAL(21,2) = 0 

IHVAL (21,3) = 1 

IHVAL (21,4) = 0 
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where the  va lues  of LOCFC and I D I W C  i n d i c a t e  t h a t  t h i s  cu r ren t  is located a t  

p o s i t i o n  (18,14,12) and is x directed. 
A 

The purpose a r r a y  IHVAL de r ives  from t h e  fact t h a t  STOCUR uses  t h e  

express ion  

v x E = T + j p O  (19) 

t o  c a l c u l a t e  t he  s u r f a c e  c u r r e n t s  t o  be forced  i n  la ter  loops. Although it is 

c e r t a i n l y  easy to  c a l c u l a t e  VxH a t  each forced  c u r r e n t  l o c a t i o n  and, 

phys i ca l ly ,  t h e  Ti f i e l d s  perpendicular  t o  and i n s i d e  a p e r f e c t l y  conducting 

s u r f a c e  are i d e n t i c a l l y  zero,  it is p o s s i b l e  (when the  " s c a t t e r e d  f i e l d  mode", 

IDLS=O, is used)  t h a t  t h e  values  a c t u a l l y  c a l c u l a t e d  by the  code may n o t  be 

zero.  These nonzero f i e l d s  do not  i n  any way cause problems i n  the 

c a l c u l a t i o n  of t h e  f i e l d s  o u t s i d e  t h e  conductor su r faces ,  but  they would cause 

t h e  i n c o r r e c t  c a l c u l a t i o n  of t h e  forced  su r face  c u r r e n t s  as c a l c u l a t e d  by 

equat ion  19. To circumvent t h i s ,  the  va lues  of IHVAL act as b inary  

m u l t i p l i e r s  i n  the VxT ope ra to r  of subrout ine  STOCUR so t ha t  only those f i e lds  

t h a t  w i l l  be phys ica l ly  nonzero are a c t u a l l y  used. The numbering system used  

( i .e.  1 ,2 ,3 ,4)  co inc ides  w i t h  t h e  order  i n  which the fou r  H f i e l d  va lues  are 

used i n  t he  c u r l  ope ra to r  i n  subrout ine  STOCUR. 

- 

Current  l o c a t i o n s  t h a t  l i e  along "ex te r io r "  seams, such as J32 are 

d i f f e r e n t  i n  t h a t  t h e r e  are two 

i d e n t i f y i n g  v a r i a b l e s  are 

f i e l d  va lues  tha t  c o n t r o l  them. For J32 the 

LOCFC(32) = ITRAN(21,14,12) 

IDIRFC(32) = 2 

IHVAL(32,l) = 1 

IHVAL (32 ,2)  = 0 

IHVAL(32,3) = 1 

IHVAL(32,4) = 0 

On t h e  o the r  hand, l o c a t i o n s  a long  " i n t e r i o r "  seams such as Jx always w i l l  

have zero c u r r e n t  s i n c e  the  fou r  H f i e l d  l o c a t i o n s  surrounding t h i s  l o c a t i o n  

are i d e n t i c a l l y  zero.  As a r e s u l t ,  FCBLD w i l l  no t  e s t a b l i s h  a fo rced  c u r r e n t  

a t  t hese  loca t ions .  

- 

For fo rced  c u r r e n t s  e s t a b l i s h e d  a long  t h i n  su r faces  (e.g. NOPE = 

1 ,2 , .  . . e tc )  , t e s t i n g  procedure used by FCBLD t o  determine the l o c a t i o n s  of 
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t h e s e  c u r r e n t s  and t h e i r  c o n t r o l l i n g  f i e l d s  is more involved ( s i n c e  s u r f a c e s  

can have e i t h e r  x, y, or z normal d i r e c t i o n s ) ,  but  is e s s e n t i a l l y  t h e  same. 

Such a c u r r e n t  is dep ic t ed  as J47 i n  Figure 7. 

p a r t i c u l a r  c u r r e n t  is  c o n t r o l l e d  by t h r e e  (one on each s i d e  of the p l a t e ,  p l u s  

the  component ad jacen t  t o  and normal t o  t h e  p l a t e ) .  For such a case, t h e  

i d e n t i f y i n g  v a r i a b l e s  are 

A A  A 

As can be seen, t h i s  

LOCFC(47) = ITFWN(24,14,11) 

IDIRFC(47) = 2 

IHVAL(47,l) = 1 

IHVAL(47,2) = 1 

IHVAL(47,3) = 1 

IHVAL(47,4) = 0 

F i n a l l y ,  FCBLD checks t o  see i f  any fo rced  s u r f a c e  c u r r e n t  l o c a t i o n  

co inc ides  with t h e  a p e r t u r e  plane i n d i c a t e d  by t he  parameters Lp and LPDIR. 

T h i s  test  is  performed a t  t h e  end of t h e  DO 1 loop. I f  indeed there is a 

coincidence,  FCBLD w i l l  not e s t a b l i s h  a forced s u r f a c e  c u r r e n t  l o c a t i o n  a t  

t h e s e  l o c a t i o n s .  
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SUBROUTINE FCBLD 

COMMON/FORCE/IBAB,NFC,NFCT,FCUR~l25O,lOOO~,LOCFC~l25O~ 
C 

1 .IHVAL(1250,4),IDIRFC(l25O~,LPDIR,LP 
1 .EAPP(1000,100),LOCE(lOO~,IDIRE,NLOC,M5EXP 

1 NN,NPTS,LMAX,SIGMA,C,T,PI,EXPFAC,IP,TX,TY,TZ,AMP,ALPHA,BETA,IDLS 
COMMON/EXTRAS/NX,NY,NZ,NXl,NYl,NZl,N,~,MQ~DT,XMU,EPSO,EPS,NPTLIM, 

C O M M O N / W I R E / I A ( 5 O ) , I B ~ 5 O ~ ~ I D I R ( 4 O O ~ , M A P Q I ~ 4 O O ~ 6 ~ ~ ~ A P I Q ~ 4 O O ~ 2 ~ ~ N I ~  
1 NQ,NWRS,LOCQ(400~,LOCI~4OO),DELS~4OO~~CUR(4OO~,Q(4OO)~EWD(4OO~~ 
2 DIL(400),WRAD(50~,SRAD~4OO),AIND~4OO~,CAP~4OO~,~FAC~4OO,2~ 
COMMON/TSITEM/NOPE(29,29,29) 
DO 1 I=l,NX 
DO 1 J=l,NY 
DO 1 K=l,NZ 
DO 20 L=1,3 
ISTCR=O 
IF(L.NE.1) GO TO 30 
IF(NOPE(I,J,K-1).EQ.l.OR.NOPE~I,J,K~.EQ.l.OR.NOPE(I,J-l,K~.EQ.l 

IF(NOPE(I,J,K-l).EQ.2.OR.NOPE~I,J,K~.EQ.2.OR.NOPE~I,J-l,K~~EQ.2 

IF(NOPE(I,J,K-l).EQ.3.OR.NOPE(I,J,K).EQ.3.OR.NOPE~I,J~1,K~~EQ~3 

IADD~NOPE(I,J,K)+NOPE(I,J-l,K~+NOPE~I,J-l,K-l~+NOPE~I,J,K-l~ 
IF(IADD.EQ.16.0R.IADD.EQ.O) GO TO 30 
IF(NOPE(I,J,K).EQ.O.AND.NOPE(I,J-l,K).EQ.O) THEN 

< .OR.NOPE(I,J-l,K-l).EQ.l) GO TO 23 

< ,OR.NOPE(I,J-l,K-l).EQ.2) GO TO 24 

< .OR.NOPE(I,J-l,K-l).EQ.3) GO TO 25 

ISTCR-1 
NFC=NFC+ 1 
IHVAL(NFC,3)=1 

END IF 
IF(NOPE(I,J-1,K).EQ.O.AND.NOPE(I,J-l,K-1~.EQ.O~ THEN 

IF(ISTCR.EQ.0) THEN 
ISTCR=l 
NFC=NFC t 1 

END IF 
IHVAL( NFC, 2 1-1 

END IF 
IF(NOPE(I,J,K-1).EQ.O.AND.NOPE(I,J-l,K-l~.EQ~O~ THEN 

IF(ISTCR.EQ.0) THEN 
ISTCR=l 
NFC=NFC+ 1 

END IF 
IHVAL(NFC,4)=1 

END IF 
IF(NOPE(I,J,K-l).EQ.O.AND.NOPE(I,J,K~~EQ~O~ THEN 

IF(ISTCR.EQ.0) THEN 
ISTCR=l 
NFC=NFCt 1 

END IF 
IHVAL(NFC, 1)=1 

END IF 
IF(ISTCR.EQ.1) THEN 

LOCFC(NFC)=ITRAN(I,J,K) 
ID1 RFC ( NFC 1 =1 

END IF 
GO TO 21 

IF(IADD.NE.S.AND.IADD~NE~l0) GO TO 20 
23 fADD~NOPE(I,J,K~+NOPE~I,J-l,K~+NOPE(I,J-l,K-l~+NOPE~I,J,K-l) 
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IF(NOPE(I,J,K).NE.4.AND.NOPE(I,J-l,K).NE.4) THEN 
NFC=NFC+ 1 
IHVAL(NFC,3)=1 
GO TO 26 

END IF 
IF(NOPE(I,J-1,K).NE.4.AND.NOPE(I,J-l,K-l~.NE.4~ THEN 

NFC=NFC+l 
IHVAL( NFC, 2 1 =1 
GO TO 26 

END IF 
IF(NOPE(I,J-1,K-1).NE.4.AND.NOPE(I,J,K-1~.NE.4~ THEN 

NFC=NFCtl 
IHVAL(NFC,4)=1 
GO TO 26 

END IF 
IF(NOPE(I,J,K-l).NE.4.AND.NOPE(I,J,K).NE.4) THEN 

NFC=NFC+ 1 
IHVAL( NFC, 1) =1 
GO TO 26 

END IF 
GO TO 20 

IF(IADD.EQ.10) THEN 
24 IADD~NOPE~I,J,K~+NOPE~I,J-l,K~+NOPE~I,J-l,K-l~+NOPE~I,J,K-l~ 

IF(NOPE(I,J,K).EQ.2.OR.NOPE(I,J,K-l).EQ.2) GO TO 20 
IF(NOPE(I,J-l,K).EQ.2) THEN 

NFC=NFC+ 1 
IHVAL(NFC,3)=1 
GO TO 26 

END IF 
IF(NOPE(I,J-l,K-l).EQ.2) THEN 

NFC=NFC + 1 
IHVAL( NFC, 4 1 =1 
GO TO 26 

END IF 
END IF 
IF(IADD.EQ.4) THEN 

IF(NOPE(I,J,K-1).EQ.O.AND.NOPE(I,J,K~.EQ.O~ GO TO 20 
NFC=NFC+ 1 
IHVAL ( NFC, 1 1 =1 
IHVAL( NFC, 2 1 =1 
GO TO 26 

END IF 
IF(IADD.EQ.2) THEN 

IF(NOPE(I,J,K-1).EQ.O.AND.NOPE(I,J,K1.EQ.O~ GO TO 20 
IF(NOPE(I,J,K-l),EQ.2) THEN 

NFC=NFC+l 
IHVAL(NFC, 1)=1 
IHVAL( NFC, 2 1 =1 
IHVAL(NFC, 3 1-1 
GO TO 26 

END IF 
IF(NOPE(I,J,K).EQ.Z) THEN 

NFC=NFC t 1 
IHVAL( NFC, 1) -1 
IHVAL( NFC, 2 1-1 
IHVAL( NFC, 4 1 =1 
GO TO 26 

END IF 
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END IF 
GO TO 20 

IF(IADD.EQ.11) THEN 
I 25 IADD~NOPE~I,J,K~+NOPE~I~J~l,K~+NOPE~I,J~l~K-l~+NOPE(I,J,K-l) 

IF(NOPE(I,J,K).EQ.3.OR.NOPE(I,J-l,K).EQ.3) GO TO 20 
IF(NOPE(I,J,K-l).EQ.3) THEN 

NFC=NFC+l 
IHVAL(NFC,3)=1 
GO TO 26 

END IF 
IF(NOPE(I,J-l,K-l).EQ.3) THEN 

NFC=NFC t 1 
IHVAL(NFC,2)=1 
GO TO 26 

END IF 
END IF 
IF(IADD.EQ.6) THEN 

IF(NOPE(I,J,K).EQ.O.AND.NOPE(I,J-l,K).EQ.O) GO TO 20 
NFC=NFC+ 1 
IHVAL( NFC, 3 1 =1 
IHVAL(NFC,4)=1 
GO TO 26 

END IF 
IF(IADD.EQ.3) THEN 

IF(NOPE(I,J,K).EO.O.AND.NOPE(I,J-l,K~.EQ.O~ GO TO 20 
IF(NOPE(I,J,K).EQ.3) THEN 

NFC=NFC+ 1 
IHVAL(NFC,3)=1 
IHVAL(NFC,2)=1 
IHVAL(NFC,4)=1 
GO TO 26 

END IF 
IF(NOPE(I,J-l,K).EQ.3) THEN 

NFC =NFC+ 1 
IHVAL(NFC,3)=1 
IHVAL( NFC, 4 1 =1 
IHVAL( NFC, 1) -1 
GO TO 26 

END IF 
END IF 
GO TO 20 

IDIRFC(NFC)=l 
26 LOCFC(NFC)=ITRAN(I,J,K) 

30 IF(L.NE.2) GO TO 40 
IF(NOPE(I,J,K).EQ.1.OR.NOPE(I,J,K-l).EQ.l.OR.NOPE~I-l,J,K-l~.EQ.l 

< .OR.NOPE(I-l,J,K).EQ.l) GO TO 31 
IF(NOPE(I,J,K).EQ.2.OR.NOPE~I,J,K-l~.EQ.2.OR.NOPE~I-l,J,K-l~.EQ.2 

< .OR.NOPE(I-l,J,K).EQ.2) GO TO 32 
IF~NOPE(I,J,K).EQ.3.OR.NOPE(I,J,K-l~.EQ.3.OR.NOPE~I-l,J,K-l~.EQ.3 

< .OR.NOPE(I-l,J,K).EQ.3) GO TO 33 
IADD~NOPE(I,J,K)+NOPE~I,J,K-l)+NOPE~I-l,J~K~l~+NOPE~I~l~J~K~ 
IF(IADD.EQ.16.0R.IADD.EQ.O) GO TO 40 
IF(NOPE(I,J,K).EQ.O.AND.NOPE(I,J,K-l~.EQ.O~ THEN 

ISTCR=l 
NFC=NFC+ 1 
IHVAL(NFC,3)=1 

END IF 
IF(NOPE(I,J,K-l).EQ.O.AND.NOPE(I-l,J,K-l).EQ.O) THEN 
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IF(ISTCR.EQ.0) THEN 
ISTCR=l 
NFC =NFC+ 1 

END IF 
IHVAL(NFC,2)=1 

END IF 
IF(NOPE(I-1,J,K-1).EQ.O.AND.NOPE(I-l,J,K~.EQ.O~ THEN 

IF(ISTCR.EQ.0) THEN 
ISTCR=l 
NFC =NFC+ 1 

END IF 
IHVAL( NFC, 4 1-1 

END IF 
IF(NOPE(I-1,J,K).EQ.0.AND.N~PE(18J8K).EQ.0) THEN 

IF(ISTCR.EQ.0) THEN 
ISTCR=l 
NFC =NFC+ 1 

END IF 
IHVAL( NFC, 1) =1 

END IF 
IF(ISTCR.EQ.1) THEN 

LOCFC(NFC)=ITRAN(I,J,K) 
IDIRFC (NFC 1 =2 

END IF 
GO TO 21 

IF(IADD.NE.lO.AND.IADD.NE.12) GO TO 20 
IF(NOPE(I,J,K).NE.4.AND.NOPE(18J,K-l~.NE.4~ THEN 

32 IADD=NOPE(I,J8K~tN0PE~1,J,K-1~+N0PE~1-1,J,K-1~+N0PE~1-1,J,K) 

NFC=NFC+ 1 
IHVAL(NFC, 3)=1 
GO TO 36 

END IF 
IF(NOPE(I,J,K-1),NE.4.AND.NOPE(I-l,J8K-l~.NE.4~ THEN 

NFC=NFC+ 1 
IHVAL( NFC, 2 1 =1 
GO TO 36 

END IF 
IF(NOPE(I-1,J,K-1).NE.4.AND.N~PE(I-l,~8K).NE.4) THEN 

NFC=NFC+ 1 
IHVAL(NFC,4)=1 
GO TO 36 

END IF 
I F ( N O P E ( I - l , J , K ) . N E . 4 . A N D . N O P E ( f , J , K ) . N E . 4 )  THEN 

NFC=NFC+ 1 
IHVAL(NFC,1)=1 
GO TO 36 

END IF 
GO TO 20 

IF(IADD.EQ.9) THEN 
31 IADD=NOPE(I,J,K~+NOPE~I~J~K-1)+NOPE~I-l8J,K-l~+NOPE~I-l,J,K) 

IF(NOPE(I8J,K).EQ.1.OR.NOPE(I,J,K-1).EQ.l) GO TO 20 
IF(NOPE(I-l,J,K).EQ.l) THEN 

NFC=NFCt 1 
IHVAL(NFC,l)=l 
GO TO 36 

END IF 
IF(NOPE(I-l,J,K-l).EQ.1) THEN 

NFC =NFC+ 1 
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IHVAL(NFC,Z)=l 
GO TO 36 

END IF 
END IF 
IF(IADD.EQ.2) THEN 

IF(NOPE(I,J,K).EQ.O.AND.NOPE(I,J,K-l).EQ~O) GO TO 20 
NFC=NFC+ 1 
IHVAL(NFC,3)=1 
IHVAL(NFC,I)=l 
GO TO 36 

END IF 
IF(IADD.EQ.1) THEN 

IF(NOPE~I,J,K).EQ.O.AND.NOPE(I,J,K-l~.EQ~O~ GO TO 20 
IF(NOPE(I,J,K-l).EQ.l) THEN 

NFC=NFC+ 1 
IHVAL(NFC,4)=1 
IHVAL(NFC,ZI=l 
IHVAL(NFC,3)=1 
GO TO 36 

END IF 
IF(NOPE(I,J,K).EQ.l) THEN 

NFC=NFC+l 
IHVAL( NFC, 1) =1 
IHVAL(NFC, 3 1 =1 
IHVAL(NFC,4)=1 
GO TO 36 

END IF 
END IF 
GO TO 20 

33 ~IADD~NOPE(I,J,K~+NOPE~I,J,K-l~+NOPE~I-l,J,K-l~tNOPE~I-l,J~K~ 
IF(IADD.EQ.11) THEN 

IF(NOPE(I,J,K).EQ.3.0R.NOPE(I-l,J,K).EQ*3I GO TO 20 
IF(NOPE(I,J,K-l).EQ.3) THEN 

NFC=NFCt 1 
IHVAL( NFC, 3 1 =1 
GO TO 36 

END IF 
IF(NOPE(I-l,J,K-l).EQ~3) THEN 

NFC=NFC+l 

GO TO 36 
IHVAL(NFC,4)=1 

END IF 
END IF 
IF(IADD.EQ.6) THEN 

IF(NOPE(I,J,K).EQ.O.AND.NOPE(I-l,J,K).EQ~O) GO TO 20 
NFC=NFC+ 1 
IHVAL( NFC, 1) =1 
IHVAL(NFC,2)=1 
GO TO 36 

END IF 
IF(IADD.EQ.3) THEN 

IF(NOPE(I,J,K).EQ.O.AND.NOPE(I-l,J,K).EQ.O) GO TO 20 
IF(NOPE(I,J,K).EO.S) THEN 

NFC=NFC+l 
IHVAL(NFC, 1)=1 
IHVAL(NFC,Z)=l 
IHVAL(NFC,4)=1 
GO TO 36 
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END IF 
IF(NOPE(I-l,J,K).EQ.3) THEN 

NFC =NFC+ 1 
IHVAL( NFC, 3 1 =1 
IHVAL(NFC, 2 1 =1 
IHVAL(NFC,l)=l 
GO TO 36 

END IF 
END IF 
GO TO 20 

36 LOCFC( NFC 1 =I TRAN ( I, J, K 1 
IDIRFC(NFC)=2 

40 IF(L.NE.3) GO TO 20 
IF~NOPE~I,J,K~.EQ.1.OR.NOPE~I-l,J,K~.EQ.l.OR.~~~~~~-~,~-~8K~.EQ. 

< l.OR.NOPE(I,J-l,K).EQ.l) GO TO 41 
IF(NOPE(I,J,K).EQ.2.OR.NOPE(I-l,J,K~.EQ.2.OR.~~~~~~-~8~-~8K~.EQ. 

< 2.0R.NOPE(I,J-l,K).EQ.2) GO TO 42 
IF(NOPE~I,J,K~.EQ.3.OR.NOPE~I-l,J,K~.EQ.3.OR.NOPE~I-l,J-l,K~.EQ. 

< 3.0R.NOPE(I,J-l,K).EQ.3) GO TO 43 
IADD=NOPE(I,J,K~+NOPE~I-1,J,K)+NOPE~I-1,J-l,K~+NO~E~~8J-l,K~ 
IF(IADD.EQ.O.OR.IADD.EQ.16) GO TO 21 
IF(NOPE(I,J,K).EQ.O.AND.NOPE(I-l,J,K~.EQ.O~ THEN 

ISTCR=l 
NFC=NFC+l 
IHVAL( NFC, 3 1 =1 

END IF 
IF(NOPE(I-1,J,K).EQ.O.AND.NOPE(I-l,J-l,K~.EQ.O~ THEN 

IF(ISTCR.EQ.0) THEN 
ISTCR=l 
NFC=NFC+ 1 

END IF 
IHVAL(NFC, 2) =1 

END IF 
IF(NOPE~I-1,J-1,K).EQ.O.AND.NOPE~I,J-l,K~.EQ.O~ THEN 

IF(ISTCR.EQ.0) THEN 
ISTCR=l 
NFC =NFC + 1 

END IF 
IHVAL( NFC, 4 1 =1 

END IF 
IF(NOPE(I,J-1,K).EQ.O.AND.NOPE(I,J,K~.EQ.O~ THEN 

IF(ISTCR.EQ.0) THEN 
ISTCR=l 
NFC=NFC+ 1 

END IF 
IHVAL( NFC, 1) =1 

END IF 
IF(ISTCR.EQ.1) THEN 

LOCFC(NFC)=ITRAN(I,J,K) 
IDIRFC(NFC)=3 

END IF 
GO TO 21 

fF(IADD.NE.ll.AND.IADD.NE.14) GO TO 20 
IF(NOPE(I,J8K).NE.4.AND.NOPE(I-1,J,K).NE.4) THEN 

43 IADD=NOPE(I8J,K)+NOPE(I-1,J,K)+NOPE(I-1,J-l,K)+NOPE(I,J-l,K) 

NFC=NFC+ 1 
IHVAL(NFC,3)=1 
GO TO 46 
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END IF 
IF(NOPE(I-1,J,K).NE.4.AND.NOPE(I-1,J-1,K~.NE.4~ THEN 

NFC =NFC+ 1 
IHVAL( NFC, 2 1 =1 
GO TO 46 

END IF 
IF(NOPE(I-1,J-1,K).NE.4.AND.NOPE(I,J-1,K~.NE~4~ THEN 

NFC =NFC + 1 
IHVAL( NFC, 4 1 =1 
GO TO 46 

END IF 
IF(NOPE(I,J-l.K).NE.4.AND.NOPE(I,J,K).NE.4) THEN 

NFC=NFC + 1 
IHVAL( NFC, 1) =1 
GO TO 46 

END IF 
GO TO 20 

41 IADD=NOPE~I,J,K~+NOPE~I-l,J,K)+NOPE(I-l,J-l.K~+NOPE~I,J-l~K~ 
IF(IADD.EQ.9) THEN 

IF(NOPE(I,J,K).EQ.l.OR.NOPE(I-l,J,K).EQ.l~ GO TO 20 
IF(NOPE(I-l,J,K).EQ.l) THEN 

NFC=NFC+l 
IHVAL( NFC, 3 1 =1 
GO TO 46 

END IF 
IF(NOPE(I-l,J-l,K).EQ.l~ THEN 

NFC=NFC+l 
IHVAL(NFC,4)=1 
GO TO 46 

END IF 
END IF 
IF(IADD.EQ.2) THEN 

IF(NOPE(I,J,K).EQ.O.AND.NOPE(I,J-l,K).EQ.O~ GO TO 20 
NFC=NFC+ 1 
IHVAL( NFC, 1) =1 
IHVAL( NFC, 2 1 =1 
GO TO 46 

END IF 
IF(IADD.EQ.1) THEN 

IF(NOPE(I,J,K).EQ.O.AND.NOPE(I,J-l,K~~EQ~O~ GO TO 20 
IF(NOPE(I,J-l,K).EQ.l) THEN 

NFC=NFC+l . 
IHVAL(NFC,l)=l 
IHVAL(NFC, 2)=1 
IHVAL(NFC,3)=1 
GO TO 46 

END IF 
IF(NOPE(I.J.KI.EQ.1) THEN 

NFC=NFC t 1 
IHVAL( NFC, 1) =1 
IHVAL(NFC,P)=l 
IHVAL(NFC,4)=1 
GO TO 46 

END IF 
END IF 
GO TO 20 

42 IADD=NOPE(I,J,K~+NOPE~I-l,J,K~+NOPE~I-l,J-l,K~+NOPE~I,J-l,K~ 
IF(IADD.EQ.10) THEN 
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IF(NOPE(I,J,K).EQ.2.OR.NOPE(I-l,J,K~.EQ.2~ GO TO 20 
IF(NOPE(I,J-l,K).EQ.2) THEN 

NFC=NFC+ 1 
fHVAL(NFC,l)=l 
GO TO 46 

END IF 
IF(NOPE(I-1,J-1,K).EQo2) THEN 

NFC =NFC + 1 
IHVAL(NFC,2)=1 
GO TO 46 

END IF 
END IF 
IF(IADD.EQ.4) THEN 

IF(NOPE(I,J,K).EQ.O.AND.NOPE(I-l,J,K~.EQ.O~ GO TO 20 
NFC=NFC+l 
IHVAL(NFC, 3)=1 
IHVAL( NFC, 4 1 =1 
GO TO 46 

END IF 
IF(IADD.EQ.2) THEN 

IF(NOPE(I,J,K).EQ.O.AND.NOPE(I-l,J,K~.EQ.O~ GO TO 20 
IF(NOPE(I,J,K).EQ.PI THEN 

NFC=NFC+l 
IHVAL( NFC, 3 1-1 
IHVAL(NFC,2)=1 
IHVAL(NFC,4)=1 
GO TO 46 

END IF 
IF(NOPE(I-l,J,K).EQ.21 THEN 

NFC=NFC+l 
IHVAL(NFC,3)=1 
IHVAL(NFC,4)=1 
IHVAL(NFC,l)=l 
GO TO 46 

END IF 
END IF 
GO TO 20 

IDIRFC(NFC1-3 
GO TO 20 

46 LOCFC(NFC)=ITRAN(I,J,K) 

21 IF(ISTCR.EQ.1) THEN 
IADD=IHVAL(NFC,l)+IHVAL(NFC,2)+IHVAL(NFC,3)+IHVAL(NFC,4) 
IF(LPDIR.EQ.l.AND.LP.EQ.I.AND.IADD.EQ.1) GO TO 22 
IF(LPDIR.EQ.2.AND.LP.EQ.J.AND.IADD.EQ.l) GO TO 22 
IF(LPDIR.EQ.3.AND.LP.EQ.K.AND.IADD.EQ.l) GO TO 22 
GO TO 20 

22 IHVAL( NFC, 1) =O 
IHVAL(NFC,2)=O 
IHVAL(NFC,3)-0 
IHVAL(NFC,4)=0 
NFC=NFC-l 

END IF 
20 CONTINUE 
1 CONTINUE 
RETURN 
END 
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Subrout ine STOCUR 

The purpose of sub rou t ine  STOCUR is t o  c a l c u l a t e  and s t o r e  t h e  t i m e  

h i s t o r i e s  of t h e  c u r r e n t s  on t h e  e x t e r n a l  p l ana r  s u r f a c e s  ( e x t e r n a l  w i r e  

c u r r e n t s  are handled by subrout ine WIREADV) of t h e  scatterer during t h e  M=1 

loop so t h a t  they can be used as fo rced  c u r r e n t  sources  during the :4=3 and 4 

loops. STOCUR is called during each t i m e  cycle  of t h e  M = l  loop after t h e  

f i e l d s  are advanced by subrou t ine  HADV. 

STOCUR proceeds by marching through each fo rced  s u r f a c e  l o c a t i o n  a n d  

c a l c u l a t i n g  the  s u r f a c e  c u r r e n t  from Maxwell's equat ion:  

But s i n c e  t h e  electric f i e l d  t a n g e n t  t o  t h e  conducting surface is zero,  the 

c u r r e n t  is determined j u s t  from t h e  c u r l  of . 
When t h e  c u r l  of Ti is  determined a t  t h e  s u r f a c e  c u r r e n t  l o c a t i o n ,  it is 

important  f o r  STOCUR t o  know which of t h e  fou r  r? f i e l d  values  normally used i n  

t h e  c u r l  r e l a t i o n s h i p  should be used. The problem t o  be circumvented he re  is 

t h a t  when us ing  e x t e r n a l l y  app l i ed  f i e l d s  ( i .e .  IDLS = 0 ,  us ing EINCX),  it is 

p o s s i b l e  t h a t  t h e r e  w i l l  be non-zero H f i e l d s  i n s i d e  t h e  conducting 

s u r f  aces. Although t h i s  does not e f f e c t  t h e  e x t e r n a l  c a l c u l a t i o n s ,  it would 

be i n c o r r e c t  t o  b l i n d l y  use a l l  fou r  3 f i e l d  components i n  the c u r l  expres s ion  

f o r  3 . Thus, STOCUR uses  t h e  elements of t h e  a r r a y  IHVAL, which have values  

of either 0 or 1, as f i l t e r s  t o  make s u r e  t h a t  only t h e  c o r r e c t  E f i e l d  va lues  

are used. The values  of IHVAL are syncronized w i t h  the o rde r  i n  which the  

corresponding f i e l d  values  are used wi th in  the  c u r l  ope ra t ion .  

- 

The ou tpu t  of STOCUR is the  a r r a y  FCUR ( I F C , N )  where, IFC is t h e  s u r f a c e  

c u r r e n t  element number and N is t h e  time s t e p  number. 
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SUBROUTINE STOCUR 

COMMON/FORCE/IBAB,NFC,NFCT,FCUR~l25O,lOOO~,LOCFC~l25O~ 
C 

1 ,IHVAL(1250,4),IDIRFC(l25O),LPDIR,LP 
1 ,EAPP(1000,100),LOCE(lOO~,IDIRE,NLOC,M5EXP 
COMMON/HFIELD/HX(29,29,29),HY(29,29,29),HZ(29,29,29) 
COMMON/EXTRAS/NX,NY,NZ,NXl,NYl,NZl,N,M~M~~DT,XMU,EPSO~EPS,NPTLIM, 

COMMON/GRID/X(28),Y(28),2(28),XO(29),YO(29),~O(29), 
1 NN,NPTS,LHAX,SIGMA,C,T,PI,EXPFAC,IP,TX,TY,TZ,AMP,ALPHA,BETA,IDLS 

1 DX(29),DY(29),DZ(29),DXO(28),DYO(28),DZO(28), 
2 DXI(29~,DYI~29~,DZI~29),DXOI(28),DYOI(28~,DZOI~28~ 
COMMON/PERM/MM 
INTEGER SGN 

DO 1 IFC=l,NFC 
JP=LOCFC(IFC) 
I=IRTRAN(JP,l) 
J=IRTRAN( JP, 2) 
K=IRTRAN (JP, 3 1 
IVl=IHVAL(IFC,l) 
IVZ=IHVAL(IFC,2) 
IV3=IHVAL(IFC,3) 
IV4=IHVAL( IFC, 4 1 
IF(IDIRFC(IFC).EQ.l) THEN 

C 

FCUR(IFC,N~~(HZ~I,J,K)*IVl-HZ~I,J-l,K~*IV2~*DYI~J~ 
< -(HY(I,J,K)*IV3-HY(I,J,K-l~*IV4~*DZI(K) 

FCUR~IFC,N~~(HX~I,J,K)*IVl-HX~I,J,K-l~*IV2~*DZI~K~ 
< -(HZ(I,J,K)*IV3-HZ(I-l,J,K)*IV4)*DXI(I) 

FCUR(IFC,N)=(HY(I,J,K)*IVl-HY(I-l,J,K)*IV~)*DX~(~) 
< - ( H X ( I , J , K ) * I V 3 - H X ( I , J - l , K ) * D Y I ( J )  

ELSE IF(IDIRFC(IFCl.EQ.2) THEN 

ELSE 

END IF 
1 CONTINUE 
RETURN 
END 
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Subrout ine EADV 

Subrout ine EADV i n  THNAPP s e r v e s  e s s e n t i a l l y  t h e  same purpose as it does 

i n  G3DXL except f o r  t h e  presence of fo rced  c u r r e n t s  during M=3 and M=4 runs 

and t h e  f o r c i n g  of a p e r t u r e  f i e l d s  during M=5. T h i s  sub rou t ine  proceeds by 
I f i r s t  advancing t h e  f i e l d s  i n  each cel l  under t h e  assumption t h a t  t h e r e  are no 

fo rced  c u r r e n t s  p re sen t .  A f t e r  a l l  of t h e  f i e l d s  have been advanced under 

t h i s  assumption, t h o s e  cells tha t  con ta in  fo rced  c u r r e n t s  and/or fo rced  

a p e r t u r e  f i e l d s  are dealt  with s e p a r a t e l y .  T h i s  procedure saves computational 

t i m e  s i n c e  t h e  number of cells t h a t  con ta in  fo rced  c u r r e n t s  is  small as 

compared t o  t h e  t o t a l  number of cells. Thus, it would s i g n i f i c a n t l y  slow the  

a lgo r i thm down t o  test  each cell  f o r  t he  presence of a fo rced  c u r r e n t  o r  

f i e l d .  

For cel ls  that con ta in  fo rced  c u r r e n t s  (du r ing  M=3 o r  4 ) ,  t h e  d i f f e r e n c e d  

form of Maxwell's c u r l  E equat ion f o r  t h e  m th component of E becomes 

1 n+l - 
Em E m m ( 2 1  1 

where t h e  s u b s c r i p t  m i n d i c a t e s  the mth component. 

t e r m  of t h i s  expres s ion  has a l r e a d y  been taken i n t o  account i n  EADV, only t h e  

las t  t e r m  need be added t o  Em i n  those  cells that con ta in  fo rced  c u r r e n t s .  

This  is performed by sequencing through a l l  of t h e  fo rced  c u r r e n t  l o c a t i o n s  

and d i r e c t i o n s  ( u s i n g  t h e  a r r a y s  LOCFC and I D I R F C )  and adding the  above 

c u r r e n t  term t o  t h e  p rev ious ly  c a l c u l a t e d  f i e l d s .  The c u r r e n t s  stored i n  

the  a r r a y  FCUR ( s u p p l i e d  by subrou t ine  STOCUR f o r  s u r f a c e  c u r r e n t s  and WIREADV 

f o r  w i r e  c u r r e n t s )  a l r eady  have taken t h e  cell  s i z e s  i n t o  account and t h u s  

have u n i t s  of A/m. 

Since a l l  b u t  t h e  last 

During M=3, 4, and 5, t h e  a p e r t u r e  f i e l d s  are e i t h e r  c a l c u l a t e d  (M=3 and 

4 ) ,  or fo rced  (M=5). The number of cells con ta in ing  t h e  a p e r t u r e s  i s  

contained i n  t h e  v a r i a b l e  NLOC, and the  p o s i t i o n s  and o r i e n t a t i o n s  of t h e  

a p e r t u r e  f i e l d s  are contained i n  the  a r r a y s  LOCE and I D I R E ,  r e s p e c t i v e l y  (see 

t h e  s e c t i o n  on Subroutine BUILD f o r  t h e  r u l e s  f o r  s p e c i f y i n g  t h e s e  v a r i a b l e s ) .  
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During M-3 and 4, t h e  a p e r t u r e  f i e l d s  are ( a u t o m a t i c a l l y )  c a l c u l a t e d  

accord ing  t h e  formula 

- m=3 - m=4 
~ p p  E t a n  E t a n  

- E ( 2 2 )  

and stored i n  t h e  a r r a y  EAPP. Note t h a t  equat ion 22 is t h e  computer vers ion  

of equat ion  5 for t h e  case where it is assumed t h a t  a l l  of t h e  forced  c u r r e n t s  

are on t h e  s a m e  side of t h e  a p e r t u r e  p lane  as is t h e  c a v i t y  and t h e  f ieLds  are 

eva lua ted  i n  t h e  l i m i t  as z + 0'. 

w i r e  used dur ing  t h e  M=4 c a l c u l a t i o n  w a s  '/2 cell  i n s i d e  t h e  a p e r t u r e  (i.e.,  

below t h e  s u r f a c e ) .  

I t  is also assumed h e r e  t h a t  t h e  magnetic 

The way t h a t  EADV forces t h e  a p e r t u r e  f i e l d s  dur ing  M=5 depends on t h e  

value of M5EXP. For MSEXP=O, t h e  a p e r t u r e  l o c a t i o n s  are t h e  same as they were? 

i n  M = 3  and 4 and t h u s  t h e  a p e r t u r e  f i e l d s  are forced  d i r e c t l y  i n  EADV. Note 

t h a t  it is important  t h a t  t h e  cells specified here  are i n  e x a c t l y  t h e  same 

p l a n e  as is t h e  aper ture .  

When an  expanded g r id  is used (M5EXP = 11, Subrout ine OUTBND is c a l l e d  tQ 

force t h e  correct a p e r t u r e  f ields s i n c e  t h e  a p e r t u r e  f ie lds  must be 

i n t e r p o l a t e d  i n  both space and t i m e .  For t h i s  case, SAVESR is c a l l e d  durincj 

each c y c l e  t o  store t h e  t a n g e n t i a l  f i e l d s  a long  t h e  expanded ce l l  

subspace.  Obviously, care must be taken to  make s u r e  t h a t  one of t h e  

expansion g r id  sides is coinc ident  with t h e  a p e r t u r e  p lane  i n  order €or t h i s  

process to  work c o r r e c t l y .  (See a lso t h e  d e s c r i p t i o n  of BUILD.) 
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SUBROUTINE EADV 
r C 

C 

C 
C I 

C 
C 
C 

C 
C 

~ C 

COMMON/EFIELD/EX(29,29,29),EY(29,29,29~,EZ~29~29,29~ 
COMMON/HFIELD/HX(29,29,29),HY(29,29,29~,HZ~29,29,29~ 
COMMON/EXTRAS/NX,NY,NZ,NXl,NYl,NZl,N,M,MQ,DT,XMU,EPSO,EPS,NPTLIM, 
1 NN,NPTS,LMAX,SIGMA,C,T,PI,EXPFAC,IP,TX,TY,TZ,AMP,ALPHA,BETA,IDLS 
COMMON/GRID/X(28),Y(28),Z~28),XO~29),YO(29~,ZO~29~, 
1 DX(29),DY(29),DZ(29),DXO(28),DYO(28),DZO(28), 
2 DXI(29~,DYI(29~,DZI~29~,DXOI~28),DYOI(28~,DZ01~28~ 
COMMON/EBS/EYXD(29,29),EYXU(29,29),EZXD(29,29),EZXU(29,29) 
1 .  EXYD( 29.29) ,EXYU( 29,29),EZYD( 29.29) ,EZYU( 29,291, 
2 EXZD(29,29),EXZU(29,29),EYZD(29,29),EYZU(29,29), 
3 
4 EXYDD(29,29),EXYUU(29,29),EZYDD(29,29),EZYUU(29,29), 
5 EXZDD(29,29),EXZUU(29,29),EYZDD(29,29),EYZUU(29,29), 
6 EZXUU(29,29),CX(2),CY(Z),CZ(2) 
COMMON/WIRE/IA(5O~,IB(5O~,IDIR(4OO~,MAPQI~4OO,6~,MAPIQ~4OO,2~,NI, 
1 NQ,NWRS,LOCQ(400~,LOCI~4OO),DELS(4OO),CUR~4OO~,Q~4OO~,EWD~4OO~, 
2 DIL(400),WRAD~50),SRAD~400~,AIND(400~,CAP~400~,QFAC~400,2~ 

N1, N2, N3, EYXDD( 29.29 1, EYXUU ( 29.29 1, EZXDD( 29,29) 

COMMON/TSITEM/NOPE(29,29,29) 
COMMON/FORCE/IBAB.NFC,NFCT,FCUR~l25O,lOOO~,LOCFC~l25O~ 
1 ,IHVAL(1250,4~,IDIRFC(l25O~,LPDIR,LP 
1 ,EAPP(1000,100),LOCE(lOO~,IDIRE,NLOC,M5EXP 

DTE=DT/EPSO 
ADVANCE EX 

DO 1 I = 1,NXl 
DO 1 J = 2,NYl 
DO 1 K = 2,NZl 
IF(NOPE(I,J,K).EQ.4) GO TO 1 
EX ( I, J, K) =EX ( I, J, K) +DTE* ( (HZ (I, J, K ) -HZ ( I, J-l,K 1 1 *DYI (J 1 
1 -(HY(I,J,K)-HY(I,J,K-l))*DZI(K)) 
1 CONTINUE 

ADVANCE EY 

DO 2 I = 2,NXl 
DO 2 J = 1,NYl 
DO 2 K = 2,NZl 
IF(NOPE(I,J,K).EQ.4) GO TO 2 
EY(I,J,K)=EY(I,J,K)+DTE*((HX(I,J,K)-HX(I,J,K-l))*DZI(K) 
1 -(HZ(I, J,K)-HZ(I-l, J,K) )*DXI (I) 1 

2 CONTINUE 

ADVANCE E2 

DO 3 I = 2,NXl 
DO 3 J = 2,NYl 
DO 3 K = 1,NZl 
IF(NOPE(I,J,K).EQ.4) GO TO 3 
EZ(I,J,K)=EZ(I,J,K)tDTE*((HY(I,J,K)-HY(I-l,J,K))*DXI(I) 

- (  HX( I, J, K 1 -HX ( I, J-1, K) 1 *DYI (J 1 1 
3 CONTINUE 
IF(NWRS .NE. OICALL WIREADV 

68 



IF (M.EQ.2.0R.M.EQ.5) GO TO 10 
IF(NZ.NE.N3)CALL ABSORB 

IF(M.EQ.2.0R.(M.EQ.5.AND.M5EXP.EQ.l)) THEN 
10 CONTINUE 

CALL OUTBND 
CALL EBC 
RETURN 

END IF 
CALL EBC 
IF(IBAB.EQ.1 .AND. M.GT.2 .AND. M.LT.5) THEN 

DO 4 IFC=l,NFCtNFCT 
JP=LOCFC(IFC) 
I=IRTRAN(JP,l) 
J=IRTRAN(JP,2) 
K=IRTRAN(JP,3) 
IIDIR=IDIRFC(IFC) 
IF(IID1R .Ea. l)EX(I,J,K)=EX(I,J,K)-DTE*FCUR(IFC,N) 
IF(IID1R .EQ. 2)EY(I,J,K)=EY(I,J,K)-DTE*FCUR(IFC,N) 
IF(IID1R .EQ. 3)EZ(I,J,K)=EZ(I,J,K)-DTE*FCUR(IFC,N) 

4 CONTINUE 
END IF 
DO 20 L=l,NLOC 
I=IRTRAN (LOCE (L) ,1) 
J=IRTRAN( LOCE( L) ,2 1 
K=IRTRAN (LOCE ( L) , 3  1 
IF(M.NE.3) GO TO 45 
IF(IDIRE.EQ.1) THEN 

ELSE IF(IDIRE.EQ.2) THEN 

ELSE 

END IF 
45 CONTINUE 

IF(M.NE.4) GO TO 85 
IF(IDIRE.EQ.1) THEN 

ELSE IF(IDIRE.EQ.2) THEN 

ELSE 

END IF 
85 CONTINUE 

IF(M.NE.5.OR.M5EXP.EQ.l) GO TO 115 
IF(IDIRE.EQ.1) THEN 

ELSE IF(IDIRE.EQ.2) THEN 

ELSE 

END IF 
115 CONTINUE 
20 CONTINUE 

N3=N2 
N2=N1 

EAPP ( N, L) =EX( I, J, K 1 

EAPP(N,L)=EY(I,J,K) 

EAPP( N, L) =E2 ( I, J,K) 

EAPP(N,L)=EAPP(N,L)-EX(I,J,K) 

EAPP( N, L) =EAPP ( bl, L) -EY ( I, J, K 1 

EAPP(N,L)=EAPP(N,L)-EZ(I,J,K) 

EX(I,J,K)=EAPP(N,L) 

EY(I,J,K)=EAPP(N,L) 

EZ(I,J,K)=EAPP(N,L) 
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Nl=N 
C 
C 
C ADVANCE EXY 
C 

DO 11 I = 1,NX 
DO 11 K = 1,NZ 
EXYD(1,K) = EX(I.2,K) 
EXYU(1.K) = EX(I,NYl,K) 
EXYDD(I,K)=EX(I,l,K) 
EXYUU(I,K)=EX(I,NY,K) 

11 CONTINUE 
C 
C ADVANCE EX2 
C 

DO 111 I = l,NX 
DO 111 J = l,NY 
EXZD(1,J) = EX(I,J,2) 
EXZU(1,J) = EX(I,J,NZl) 
EXZDD(I,J)=EX(I,J,l) 
EXZUU(I,J)=EX(I,J,NZ) 

111 CONTINUE 
C 
C ADVANCE EYX 
C 

DO 22 J = l,NY 
DO 22 K = 1,NZ 
EYXD(J,K) = EY(Z,J,K) 
EYXU(J,K) = EY(NXl,J,K) 
EYXDD(J,K)=EY(l,J,K) 
EYXUU (J, K 1 =EY ( NX, J, K 1 

22 CONTINUE 
C 
C ADVANCE EYZ 
C 

DO 222 I = l,NX 
DO 222 J = l,NY 
EYZD(1,J) = EY(1,J.P) 
EYZU(1,J) = EY(I,J,NZl) 
EYZDD(I,J)=EY(I,J,l) 
EYZUU(I,J)=EY(I,J,NZ) 

222 CONTINUE 
C 
C 
C ADVANCE EZX 
C 

DO 33 J = 1,NY 
DO 33 K = 1,NZ 
EZXD(J,K) = EZ(2,JeK) 
EZXU(J,K) = EZ(NXl,J,K) 
EZXDD(J,K)=EZ(~,J,K) 
EZXUU(J,K)=EZ(NX,J,K) 

33 CONTINUE 
C 
C ADVANCE EZY 
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Subrout ine ABSORB 

THNAPP uses a d i f f e r e n t  method than does G3DXL of e s t ima t ing  t h e  t a n g e n t i a l  

electric f i e l d s  on the o u t e r  boundary of t h e  problem space. Whereas G3DXL uses 

the  so c a l l e d  " r a d i a t i n g  boundary condi t ion"  and implements t h i s  technique i n  

t h e  sub rou t ine  ERAD, THNAPP u t i l i z e s  an improved technique developed by Mur 

[14],  which is o f t e n  c a l l e d  t h e  "absorbing boundary condi t ion"  or t h e  "Mur 

condi t ion" .  This  cond i t ion  is imposed i n  subrout ine  ABSORB, which e s s e n t i a l l y  

r ep laces  ERAD. 

I 

Bas ica l ly ,  t h e  Mur approach is t o  assume t h a t  t h e  f i e l d s  i n  t h e  v i c i n i t y  of 

t h e  problem space ou te r  boundaries  are behaving roughly as a p lane  wave. Given 

t h i s  assumption, the Mur approach proceeds t o  estimate t h e  apparent  d i r e c t i o n  of 

t h e s e  p lane  waves a t  each p o i n t  a long  t h e  boundary by observing t h e  f i e l d s  

c a l c u l a t e d  j u s t  w i th in  t h e  problem space. Once t h i s  d i r e c t i o n  has been 

determined, an estimate of the f ie lds  j u s t  beyond t h e  boundary can be e s t ima ted  

by assuming that  t h e  f i e l d s  p rogres s  beyond the boundary as a p lane  wave. As an 

example, i f  we cons ider  the  x=O p lana r  boundary of t h e  problem space, Mur's 

f irst  approximation t o  t h e  absorb ing  boundary condi t ion  can be w r i t t e n  as 

where c is t h e  speed of l i g h t .  Note t h a t  it has been assumed tha t  t h e  waves 
I i n c i d e n t  on thd boundary are propagat ing  i n  t h e  -x d i r e c t i o n .  Equation 1 can 

then  be expressed i n  d i f f e r e n t  form i n  a way c o n s i s t e n t  with t h e  FDTD approach. 

Evalua t ing  t h e  spat ia l  d e r i v a t i v e  a t  p o s i t i o n  x = '/2 Ax, y = (J-1 )Ay, z = (k-1 )Az, 

and the temporal d e r i v a t i v e  a t  t i m e  t = ( n + l ) s t  y i e l d s  (where Ax, Ay, and Az, are 

t h e  cell widths,  and st is the  t i m e  s tep):  

Note tha t  t h e  t i m e  and space indexing used here  are t h e  same a s  t h a t  used 

throughout THNAPP (and G3DXL). S imi l a r  a n a l y s i s  can be used t o  obtain 

formulas t h a t  allow t h e  t a n g e n t i a l  electric f i e l d s  a t  a l l  of t h e  boundary 
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s u r f a c e s  t o  be estimated u s i n g  t h e  Mur technique. 

Equation 24 can be solved t o  o b t a i n  an estimate of t h e  boundary f i e l d  t o  

o b t a i n  

En+ 'I2 ( 1, J , K )  z (2,JtK) - cAt + Ax (1 ,J ,K) = En+ 'I2 (2,J ,K) + En+3/2 
z z 

As can be seen from equat ion ( 3 1 ,  t h e  use of this technique demands t h a t  the 

f i e l d s  a long t h e  boundaries,  as w e l l  as f i e l d s  one cell  away from t h e s e  

boundaries be known. These f i e l d  q u a n t i t i e s  are s t o r e d  by subrout ine EADV as 

they are c a l c u l a t e d  f o r  use i n  ABSORB i n  the  a r r a y s  w i t h  v a r i a b l e  n'ames t h a t  

begin with EXY, EXZ, and EYZ ( i n d i c a t i n g  t h e  p l ane  on which they e x i s t ) ,  followed 

with s u f f i x e s  of D, DD, V, and W ( i n d i c a t i n g  t h a t  they are e i t h e r  on or wi th in  

one cel l  of t he  boundary r e s p e c t i v e l y . )  Using t h e  a p p r o p r i a t e  v a r i a b l e  names, 

equa t ion  24 becomes 

(25)  

Subrout ine Absorb is called by subrou t ine  EADV af ter  the  fields wi th in  t h e  

problem space have been advanced. The cons t an t s  t h a t  involve the  t i m e  s t e p ,  t h e  

cel l  dimensions and t h e  speed of l i g h t  ( f o r  example, see equat ion 2)  are c a l c u l a t e d  

i n  sub rou t ine  SETUP (under t he  v a r i a b l e  names C X ( l ) ,  C X ( 2 ) ,  and CX(3) 1, f o r  use i n  

ABSORB 

73 



SUBROUTINE ABSORB 

ADVANCE EZX 

DO 11 J=2,NY1 
DO 11 K=l,NZl 

110 EZ(l,J,K)=EZXD(J,K)+CX(l)*(EZ(2,J,K)-EZXDD(J,K)) 
EZ(NX,J,K)=EZXU(J,K)+CX(2)*(EZ(NXl,J,K)-EZXUU(J,K)) 

11 CONTINUE 
C 
C ADVANCE EYX 
C 

DO 12 J=l,NYl 
DO 12 K=2,NZ1 

EY(NX,J,K)=EYXU(J,KI+CX(2)*(EY(NXl,J,K)-EYXUU(J,K)) 
120 EY(l,J,K)=EYXD(J,K)+CX(l)*(EY(2,J,K)-EYXDD(J,K)) 

12 CONTINUE 
C 
C ADVANCE EZY 
C 

DO 13 I=2,NX1 
DO 13 K=l,NZl 

130 EZ(I,l,K)=EZYD(I,K)+CY(l)*(EZ(I,2,K)-EZYDD(I,K)) 
EZ(I,NY,K)=EZYU(I,K)tCY(2)*(EZ(I,NYl,K)-EZYUU(I,K)) 

13 CONTINUE 
C 
C ADVANCE EXY 
C 

DO 14 I=l,NXl 
DO 14 K-2,NZl 

140 EX(I,l,K)=EXYD(I,K)+CY(l)*(EX(I,2,K)-EXYDD(I,K)) 
EX(I,NY,K)=EXYU(I,K)+CY(2)*(EX(I,NYl,K)-EXYUU(I,K)) 

14 CONTINUE 
C 
C ADVANCE EX2 
C 

DO 15 I=l,NXl 
DO 15 J=2,NY1 

150 EX(I,J,l)=EXZD(I,J)+CZ(l)*(EX(I,J,2)-EXZDD(I,J)) 

74 



E X ( I , J , N Z ) ~ E X Z U ( I , J ) + C Z O * ( E X ( I , J , N Z l ~ - E X Z U U ~ I , J ~ ~  
15 CONTINUE 

C 
C ADVANCE EYZ 
C 

DO 16 I - 2 , N X l  
DO 16 J = l , N Y l  

E Y ( I , J , N Z ) ~ E Y Z U ( I , J ) + C Z O * ( E Y ( I , J , N Z l ~ - E Y Z U U ~ I , J ~ ~  
16 CONTINUE 

RETURN 
END 

160 EY(I,J,l)=EYZD(I,J)+CZ(l~*~EYI,J,Z~-EYZDD~I,J~~ 
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Subrout ine SAVESB 

The role of SAVESB i n  THNAPP is an ex tens ion  of what it is i n  G3DXL. A s  i n  

G3DXL, its purpose is t o  s t o r e  t h e  t a n g e n t i a l  electric f i e l d s  a long t h e  predef ined  

sub-boundary du r ing  a loop t h a t  uses  an unexpanded g r id ,  f o r  use i n  a subsequent 

expanded run. Subrout ine OUTBND is c a l l e d  during tha t  subsequent run t o  i n t e r p o l a t e  

t h e  fields i n  both t i m e  and space. However, THNAPP demands t h a t  SAVESB work i n  t w o  

s i t u a t i o n s .  The f i r s t  is when us ing  an MM=12 run i n  which a scatterer ( t h a t  does 

not  con ta in  any t h i n  a p e r t u r e s )  is  t o  be analyzed f i r s t  us ing  a course g r i d  (M=l ) , 
and then re-analyzed us ing  an expanded gr id  (M=2). T h i s  is the case handled i n  

G3DXL. The second is when us ing  an MM-1345 run and t h e  M=5 loop is t o  use an  

expanded gr id .  

I n  either of t h e  t w o  s i t u a t i o n s  mentioned above, SAVESB is c a l l e d  by the main 

program DRIVER a f t e r  EAW is c a l l e d .  The way i n  which SAVESB ope ra t e s  is determined 

by the va lue  of M. I f  M=l, SAVESB proceeds,  as i n  G3DXL, t o  store a l l  t a n g e n t i a l  

electric f i e l d  components along the sub-boundary defined by the parameters INEAR, 

IFAR, JNEAR, JFAR, KNEAR, WAR. This  po r t ion  of the subrout ine  occurs  below 

s ta tement  30. 

I f  M=4, SAVESB assumes tha t  one of t he  sub-boundary s u r f a c e s  lies along t h e  

a p e r t u r e  plane.  Because of t h i s ,  it would be was tefu l  f o r  SAVESB to  march through 

a l l  864 t a n g e n t i a l  f i e l d  l o c a t i o n s  along t h e  sub-boundary ( f o r  EXPFAC = 4.0) s i n c e  

t h e  only nonzero electric f i e l d s  a long t h e  sub-boundary w i l l  occur i n  t h e  

a p e r t u r e .  Thus, SAVESB f i l l s  only those elements of t h e  a r r a y  ARAY t h a t  correspond 

t o  t h e  a p e r t u r e  loca t ions .  The de termina t ions  of which sub-boundary s u r f a c e  

c o n t a i n s  t h e  a p e r t u r e ( s 1  is made by comparing t h e  va lues  of INEAR, ..., W A R  

( s p e c i f i e d  i n  t h e  inpu t  f i l e )  with LPDIR and LP ( s p e c i f i e d  i n  BUILD).  The e x a c t  

l o c a t i o n s  of t h e  a r r a y  ARAY t h a t  r e c e i v e  t h e  a p e r t u r e  f i e l d  va lues  are then  

determined from t h e  aperture o r i e n t a t i o n  ( I D I R e )  and s p a t i a l  l o c a t i o n ( s )  (LOCE) of 

the ape r tu re .  
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I C 

C 

I 

C 
C 
C 
C 

C 

C 
C 

C 

C 

5 
10 

SUBROUTINE SAVESB 

COMMON/EFIELD/EX(29,29,29),EY(29,29,29),EZ(29,29,29) 
COMMON/EXTRAS/NX, NY, NZ, NX1, NY 1, NZ1, N, M, MQ, DT, XMU, EPSO, EPS, NPTLIM, 
1 NN,NPTS,LMAX,SIGMA,C.T,PI,EXPFAC,IP,TX,TY,TZ,AMP,A~HA,BETA,IDLS 

COMMON/RAY/ARAY(864,1000) 
COMMON/OUTLIST/DELX,DELY,DELZ,XPANX,XPANY,XPANZ, 
1 IUP,JUP,KUP,IDOWN,JDOWN,KDOUN,INEAR,JNEAR,KNEAR, 
2 IFAR,JFAR,KFAR,XOBS(6),YOBSo,20BS(6),ZOBS(6),TEST, 
3 NPLANE(6) 

1 ,IHVAL(1250,4),IDIRFC(l25O~,LPDIR,LP 
1 ,EAPP(1000,100),LOCE(lOO~,IDIRE,NLOC,n5EXP 

COMMON/FORCE/IBAB,NFC,NFCT,FCUR(l25O,lOOO~,LOCFC~l25O~ 

THIS SUBROUTINE SAVES THE TANGENTIAL E FIELD COMPONENTS ON THE 
SUBBOUNDARY 

EXPFAC=4.0 
LIMIT=28/EXPFAC 
L=l 
IF(N.NE.1) GO TO 10 
IT=1 
PRINT 5 
FORMAT(*SAVESB CALLED*) 
CONTINUE 

IMIN=INEAR 
.JMIN=JNEAR 
KMIN=KNEAR 

IMAX=IMIN+LIMI T 
JMAX=JMIN+LIMIT 
KMAX=KMIN+LIMIT 

I L=I MI N-1 
JL=JMI N -1 
KL=KMI N -1 

IF(M.EQ.1) GO TO 30 
IF(LPDIR.NE.1) GO TO 20 
IF(IDIRE.EQ.2) THEN 

L=l 
GO TO 85 

IF(LP.EQ.INEAR1 THEN 

END IF 
IF(LP.EQ.IFAR1 THEN 

L=7 3 
GO TO 95 

END IF 
END IF 
IF(IDIRE.EQ.3) THEN 

IF(LP.EQ.INEAR) THEN 
L=145 
GO TO 115 
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END IF 
IF(LP.EQ.IFAR) THEN 

L=217 
GO TO 135 

END IF 
END IF 

20 IF(LPDIR.NE.3) GO TO 25 
IF(IDIRE.EQ.1) THEN 

IF(LP.EQ.KNEAR) THEN 
L=289 
GO TO 155 

END IF 
IF(LP.EQ.KFAR1 THEN 

L=361 
GO TO 175 

END IF 
END IF 
IF(IDIRE.EQ.2) THEN 

IF(LP.EQ.KNEAR1 THEN 
L=433 
GO TO 195 

END IF 
IF(LP.EQ.KFAR) THEN 

L=505 
GO TO 215 

END IF 
END IF 

25 IF(LPDIR.NE.2) GO TO 30 
IF(IDIRE.EQ.1) THEN 

IF(LP.EQ.JNEAR) THEN 
L=577 
GO TO 235 

END IF 
IF(LP.EQ.JFAR) THEN 

L=649 
GO TO 255 

END IF 
END IF 
IF(IDIRE.EQ.3) THEN 

IF(LP.EQ.JNEAR1 THEN 
L=7 2 1 
GO TO 275 

END IF 
IF(LP.EQ.JFAR) THEN 

L=793 
GO TO 295 

END IF 
END IF 

C 
C EY ON INEAR,J,K SIDE 
C 

85 CONTIN'JE 
DO 90 J=JL,JMAX 
DO 90 K=KMIN,KMAX 
DO 91 LL=l,NLOC 
IF(J.NE.IRTRAN(LOCE(LL),2).0R.K.NE.IRTRAN(LOCE(LL),3)) GO TO 91 
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ARAY (L, IT) =EAPP(N, LL) 
I 91 CONTINUE 

L=Lt1 
90 CONTINUE 

I GO TO 320 
C 
C EY ON IFAR,J,K SIDE 
C 

95 CONTINUE 
DO 110 J=JL,JMAX 
DO 110 K=KMIN,KMAX 
DO 111 LL=l,NLOC 
IF(J.NE.IRTRAN(LOCE(LL),2).OR.K.NE.IRTRAN(LOCE(LL),3)) GO TO 111 
ARAY ( L, IT) =EAPP( N, LL) 

111 CONTINUE 
L=L+1 

110 CONTINUE 
GO TO 320 

115 CONTINUE 
C 
C E2 ON INEAR,J,K SIDE 
C 

DO 130 J=JMIN,JMAX 
DO 130 K=KL,KMAX 
DO 131 LL=l,NLOC 
IF~J.NE.IRTRAN~LOCE~LL~,2~.OR.K.NE.IRTRAN~LOCE~LL~,3~~ GO TO 131 
ARAY (L, IT) =EAPP( N, LL) 

131 CONTINUE 
L=L+1 

130 CONTINUE 
GO TO 320 

135 CONTINUE 
C 
C E2 ON IFAR,J,K SIDE 
C 

DO 150 J=JMIN,JMAX 
DO 150 K=KL,KMAX 
DO 151 LL=l,NLOC 
IF(J.NE.IRTRAN(LOCE(LL),2).OR.K.NE.IRTRAN(LOCE(LL),3)) GO TO 151 
ARAY ( L, IT 1 =EAPP( N, LL) 

151 CONTINUE 
L=L+1 

150 CONTINUE 
GO TO 320 

155 CONTINUE 
C 
C EX ON I,J,KNEAR SIDE 
C 
C 

DO 170 I=IL,IMAX 
DO 170 J=JMIN,JMAX 
DO 171 LL=I,NLOC 
IF(I.NE.IRTRAN~LOCE~LL~,l~.OR.J.NE.IRTRAN~LOCE~LL~,Z~~ GO TO 171 
ARAY ( L, IT 1 =EAPP( N, LL) 

171 CONTINUE 
L=L+1 
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170 CONTINUE 

175 CONTINUE 
GO TO 320 

C 
C EX ON I,J,KFAR SIDE 
C 

DO 190 I=IL,IMAX 
DO 190 J=JMIN,JMAX 
DO 191 LL=l,NLOC 
IF(I.NE.IRTRAN(U)CE(LL),l).OR.J.NE.IRTRAN(LOCE(LL),2)) GO TO 191 
ARAY ( L, IT 1 =EAPP( N, LL) 

191 CONTINUE 
L=L+l 

190 CONTINUE 
GO TO 320 

195 CONTINUE 
C 
C EY ON I,J,KNEAR SIDE 
C 
C 

DO 210 I=IMIN,IMAX 
DO 210 J=JL,JMAX 
DO 211 LL=l,NLOC 
IF~I.NE.IRTRAN(LOCE(LL),l).OR.J.NE.IRTRAN~LOCE~LL~,2~~ GO TO 211 
ARAY (L, IT) =EAPP( N, LL) 

211 CONTINUE 
L=L+1 

210 CONTINUE 
GO TO 320 

215 CONTINUE 
C 
C EY ON I,J,KFAR SIDE 
C 

DO 230 I=IMIN,IMAX 
DO 230 J=JL,JMAX 
DO 231 LL=l,NLOC 
IF~I.NE.IRTRAN~MCE~LL),l~.OR.J.NE.IRTRAN~LOCE~LL~,2~~ GO TO 231 
ARAY ( L, IT 1 =EAPP ( N, LL) 

231 CONTINUE 
L=L+1 

230 CONTINUE 
GO TO 320 

235 CONTINUE 
C 
C EX ON I,JNEAR,K SIDE 
C 
C 

DO 250 I=IL,IMAX 
DO 250 K=KMIN,KMAX 
DO 251 LL=l,NLOC 
IF(I.NE.IRTRAN(LOCE(U),l).OR.K.NE.IRTRAN(LOCE(LL),3)) GO TO 251 
ARAY(L,IT)=EAPP(N,LL) 

251 CONTINUE 
L=L+1 

250 CONTINUE 
GO TO 320 
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255 CONTINUE 
C 
C EX ON I,JFAR,K SIDE 
C 

DO 270 I=IL,IWAX 
DO 270 K=KHIN,KMAX 
DO 271 LL=l,NLOC 

ARAY ( L, IT 1 =EAPP( N, LL) 
271 CONTINUE 

L=L+1 
270 CONTINUE 

GO TO 320 
275 CONTINUE 

t -  IF(I.NE.IRTRAN(LOCE~LL),l~.OR.K,NE.IRTRAN~LOCE~LL~,3~~ GO TO 271 

C 
C E2 ON I,JNEAR,K SIDE 
C 

DO 290 I=IMIN,IHAX 
DO 290 K=KL,KMAX 
DO 291 LL=l,NLOC 
IF~I.NE.IRTRAN~LOCE~LL~,l~.OR.K.NE.IRTRAN~LOCE~LL~,3~~ GO TO 291 
ARAY ( L, IT) =EAPP( N, LL) 

291 CONTINUE 
L=L+l 

290 CONTINUE 
GO TO 320 

295 CONTINUE 
C 
c c  E2 ON I,JFAR,K SIDE 
C 

DO 310 I=IMIN,IMAX 
DO 310 K=KL,KMAX 
DO 311 LL=l,NLOC 
IF~I.NE.IRTRAN~LOCE~LL~,l~.OR.K.NE.IRTRAN~LOCE~LL~,3~~ GO TO 311 
ARAY ( L, IT) =EAPP( N, LL) 

311 CONTINUE 
L=L+1 

310 CONTINUE 
GO TO 320 

C 
C SAVES BOUNDARY FOR H-2 EXPANDED RUN 
C 

30 CONTINUE 
DO 92 J=JL,JMAX 
DO 92 K=KHIN,KMAX 
ARAY ( L, IT 1 =EY ( INEAR, J, K 1 
L=L+1 

92 CONTINUE 
DO 112 J=JL,JMAX 
DO 112 K=KHIN,KHAX 
ARAY (L, IT) =EY (IFAR, J,K) 
L=L+1 

112 CONTINUE 
DO 132 J=JHIN,JMAX 
DO 132 K=KL,KMAX 
ARAY ( L, IT) =E2 ( INEAR, J,K) 
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L=L+1 
132 CONTINUE 

DO 152 J=JMIN,JMAX 
DO 152 K=KL,KMAX 
ARAY(L,IT)=EZ(IFAR,J.K) 
L=L+l 

152 CONTINUE 
DO 172 I=IL,IMAX 
DO 172 J=JMIN,JMAX 
ARAY ( L, IT 1 =EX ( I, J, KNEAR 1 
L=L+1 

172 CONTINUE 
DO 192 I=IL,IMAX 
DO 192 J=JMIN,JMAX 
ARAY(L,IT)=EX(I,J,KFAR) 
L=L+l 

192 CONTINUE 
DO 212 I=IMIN,IHAX 
DO 212 J=JL,JHAX 
ARAY(L,IT)=EY(I,J,KNEAR) 
L=L+1 

212 CONTINUE 
DO 232 I=IMIN,IMAX 
DO 232 J=JL,JHAX 
ARAY(L,IT)=EY(I,J,KFAR) 
L=L+1 

232 CONTINUE 
DO 252 I=IL,IMAX 
DO 252 K=KMIN,KMAX 
ARAY(L,IT)=EX(I,JNEAR,K) 
L=L+1 

252 CONTINUE 
DO 272 I=IMIN,IMAX 
DO 272 K=KL,KMAX 
ARAY(L,IT)=EX(I,JFAR,K) 
L=L+l 

272 CONTINUE 
DO 292 I=IHIN,IHAX 
DO 292 K=KL,KMAX 
ARAY (L, IT) =EZ( I, JNEAR,K) 
L=L+1 

292 CONTINUE 
DO 312 I=IMIN,IMAX 
DO 312 K=KL,KMAX 
ARAY(L,IT)=EZ(I,JFAR,K) 
L=L+1 

312 CONTINUE 
C 
C 

320 CONTINUE 
400 IT=IT+l 

RETURN 
END 
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Subrout ine HBC 

The purpose of subrout ine  HBC is s i m i l a r  i n  a dua l  sense t o  t h a t  of sub rou t ine  

EBC. When magnet ical ly  conducting s u r f a c e s  are def ined  i n  the NOPE a r ray ,  HBC 

zeroes  t h e  E f i e l d  components t h a t  are tangent  t o  t h e s e  s u r f a c e s  o r  i n t e r n a l  t o  

them. 

As i n d i c a t e d  i n  the d e s c r i p t i o n  of subrout ine  BUILD, magnetic s u r f a c e s  and 

solids can be s p e c i f i e d  us ing  t h e  same r u l e s  t h a t  apply f o r  electric s u r f a c e s  and 

s o l i d s ,  except  t h a t  nega t ive  va lues  are used i n  t h e  NOPE a r ray .  One more d i f f e r e n c e  

is t h a t  t h e  magnetic su r faces  l i e  a long  t h e  cel l  c e n t e r s ,  r a t h e r  than t h e i r  edges. 

T h i s  is because t h e  f i e l d s  are eva lua ted  along the c e n t e r s  of the cell faces, 

r a t h e r  than  along t h e  l a t t i c e  l i n e s  as is  the case f o r  electric f i e l d s .  

Due t o  t h e  s i m i l a r i t i e s  i n  d e c l a r i n g  electric and magnetic s u r f a c e s ?  the 

ope ra t ion  of HBC is very similar t o  t h a t  of EBC. 
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SUBROUTINE HBC 
C 

C 
C 

C 

C 

C 

C 
C 
C 
C 
C 
C 

C 
C 
C 

C 

C 

C 

C 
C 
C 

C 

COMMON/EFIELD/EX(29,29,29),EY(29,29,29),E2(29,29,29) 
COMMON/HFIELD/HX(29,29,29),HY(29,29,29),H2(29,29,29) 
COMMON/GRID/X(28),Y(28),Z(28),XO~29),YO(29~,ZO~29~, 
1 DX(29),DY(29),D2(29),DX0(28),DY0(28),DZO(281, 
2 DX1~29~,DY1~29~,D21~29~,DX01~28~,DY01~28~,D201~28~ 
COMMON/EXTRAS/NX,NY,NZ,NXl,NYl,N2l,N,~,MQ,DT,XMU,EPSO,EPS,NPTLIM, 
1 NN,NPTS,LMAX,SIGMA,C,T,PI,EXPFAC,IP,TX,TY,TZ,AMP,ALPHA,BETA,IDLS 
COMMON/TSITEM/NOPE(29,29,29) 

IF(M.NE.4)RETURN 

DO 500 I=l,NXl 
DO 500 J=l,NYl 
DO 500 K=l,NZl 

IF(NOPE(I,J,K).EQ.O) GO TO 499 

IF(NOPE(I,J,K).EQ.-4) GO TO 400 

FOR SEAMS(M=4) AND EXPANDED SEAMS(M-5) SET 
N*H(SCAT)=O FOR SURFACES BETWEEN SEAMS, SET 
E=-EINC FOR SEAMS AND DO NOT SET H(SCAT) ADJACENT 
TO A SEAM 

~IF(NOPE(I,J,K).NE.-l.AND.NOPE(I,J,K).NE.-l2.AND. 
1 NOPE(I,J,K).NE.-13.AND.NOPE(I,J,K).NE.-123)GO TO 70 

Y-2 PLANE 

HY(I,J+1,K+1)=-HINCY(I,J+l,K+l~ 
HY ( I, J + 1, K 1 =-HINCY ( I, J+ 1, K 1 
HZ(I,J+l,K+l)=-HINCZ(I,J+l,K+l) 
HZ(I,J,K+l)=-HINCZ(f,J,K+l) 

IF(NOPE(I,J,K).EQ.-12.OR.NOPE(I,J,K).EQ.-l23~ GO TO 70 
IF(NOPE(I,J,K).EQ.-13) GO TO 80 

GO TO 500 

70 IF(NOPE(I,J,K).NE.-2.AND.NOPE(1,J,K).NE.-23.ANDe 
1 NOPE(I,J,K).NE.-12.AND.NOPE(I,J,K).NE.-123) 
2 GO TO 80 

X-2 PLANE 

IF(NOPE(I,J,K).EQ.-23.OR.NOPE(I,J,K).EQ.-l23) GO TO 80 
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C 

C 

C 
C 
C 

80 

GO TO 500 

CONTINUE 

X-Y PLANE 

HX(I+l,J+l,K)=-HINCX(I+l,J+l,K) 
HX ( I+1, J, K 1 =-HINCX ( It 1, J, K 1 
HY ( I+1, J+1, K )=-HINCY ( I+1, J+1, K 1 
HY(f,J+l,K)=-HINCY(I,J+l,K) 

C 
GO TO 500 

C 

C 
C 
C 

400 CONTINUE 

SOLID REGION 

HX(I+l,J,K)=-HINCX(I+l,J,K) 
HX ( I +1, J t 1, K) =-HINCX ( I +1, J+1, K 1 
HX(I+l,J,K+l)=-HINCX(I+l,J,K+l) 
HX ( I +1, J t 1, Kt1 ) =-HINCX ( I +1, J+1, K+1) 
HY(I,J+l,K)=-HINCY(I,J+l,K) 
HY( I+1, Jtl,K)=-HINCY (Itl, J+l,K) 
HY(I,J+l,K+l)=-HINCY(I,J+l,K+l) 
HY ( I + 1, J t 1, K t 1 ) =-HI NCY ( I +1, J t 1, K+1) 
HZ(I,J,K+l)=-HINCZ(I,J,K+l) 
HZ ( I+1, J, K+1) =-HINCZ ( I t1, J, K+1) 
HZ(I,J+l,K+l)=-HINCZ(I,J+l,K+l) 
HZ ( I + 1, J +1, K+1) =-HI NCZ ( I +1, J + 1, Kt11 

C 
499 

500 
C 

C 

CONTINUE 

CONTINUE 

RETURN 
END 
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Function ITRAN 

The purpose of ITRAN is t o  produce a s i n g l e  coded number t h a t  i n d i c a t e s  t h e  I, 
, 

J, and K coord ina tes  of a cell.  Since only one number is needed t o  i n d i c a t e  t h e  

n- tuple  (I,  J, K), computer m e m o r y  can be conserved. 

The formula by which this number is produced is 

ITRAN = lOOOO*I + lOO*J + K ( 2 7 )  

I Thus, the number ITRAN is simply t h e  numbers I, J, and K w r i t t e n  i n  sequence as 
i f  they  w e r e  one number. 

I The func t ion  ITRAN need not  be changed i f  the dimension of t h e  numerical g r i d  

is changed from t h e  present (28 ,  28, 281, as long as the number of cells i n  any one 

dimension does not  exceed 99. I 

FUNCTION ITRAN(I,J,K) 

1TRAN=10000*1+100*J+K 
RETURN 
END 

C 

C 
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Function IRTRAN 

The purpose of func t ion  IRTRAN is t o  "decode" t h e  coded position numbers t h a t  

have been produced by func t ion  ITRAN. Thus, IRTRAN r e t u r n s  t h e  I, J, and K values 

f o r  a p a r t i c u l a r  cell. 

IRTRAN is c a l l e d  by t h e  s ta tement  IRTRAN (IVAL, N) . IVAL is t h e  coded number 

to  be decoded. N is t h e  index t h a t  tel ls  IRTRAN which index (I,  J, or K) is t o  be 

re turned .  N can equal  1, 2, o r  3, corresponding t o  I, J, or K. 

FUNCTION IRTRAN(1VAL.N) 

IF(N-2 11.2.3 

GO TO 10 

GO TO 10 

C 

1 IRTRAN=IVAL/10000 

2 IRTRAN~(IVAL-(IVAL/1OOOO1*lOOOO1/lOO 

3 IRTRAN~IVAL-(IVAL/100~*100 
10 RETURN 

END 
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I n  t h i s  s e c t i o n ,  example c a l c u l a t i o n s  of THNAPP w i l l  be presented  t o  

demonstrate  c a p a b i l i t i e s  t h a t  were not p re sen t  i n  i ts predecessor  G3DXL. To t h i s  

end, two examples w i l l  be presented:  a mult iple  w i r e  con f igu ra t ion  and a s o l i d  

scatterer con ta in ing  a t h i n  ape r tu re .  

A. Mult ip le  Wire Geometry 

Shown i n  Figure 8 is a conf igu ra t ion  of t h r e e  i n t e r s e c t i n g  w i r e s ,  each of 

d i f f e r e n t  l eng ths  and r a d i i .  This  geometry can be modeled by choosing a s p a t i a l  

g r i d  of dimensions. 

DXO = 2 x DYO = 2 x D Z O  = 1.12 m 

r-0.04m \ f r-o.16m 

Pig. 8. A geometry o f  three in tersec t ing  wires  on r a d i i  0.1 m, 0.04 m, and 0.16 m. 

is exc i t ed  by a pulse a t  the f a r  r ight  s i d e  o f  the longes t  wire and the current is monitored a t  

l o c a t i o n s  IA, IB, I d ,  and I 

This configuration 

D' 
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-1.01 i i i 

0.5 1.0 

0.0 

B 
-0.5 

-1.0 -1.0 1 t 1 
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4 

mec msec 

Fig.  9. The trans ient  response of the  wire geometry of Figure 8. 

a)  - d ) ,  currents  I A, Igr IC, ID, respect ive ly .  

Since tha t  only material bodies i n  this geometry are w i r e s ,  the NOPE a r r a y  is 

l e f t  a lone  (i.e. t h e  zero values  en te red  i n  sub rou t ine  SETUP are u n a l t e r e d ) ,  and the  

w i r e  g e o m e t r y  is indicated by the s t a t e m e n t s  

NWRS = 3 

I A  (1) = ITRAN (5 ,  13, 16) 

I B  (I) = ITRAN (24,  13, 16) 

I A  (2) = ITRAN (8, 9, 16) 

I B  ( 2 )  = ITRAN (8, 17, 16) 

I A  (3) = ITRAN (8, 13, 16) 

I B  (3) = ITRAN (8, 13, 9) 

WRAD (1) = .01 

W R A D  ( 2 )  = .04 

WRAD (3) = e 1 6  
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A p r i n t o u t  of the  v a r i a b l e s  LOCI, I D I R ,  and MAPIQ as a funct ion  of c u r r e n t  

element number, and the  v a r i a b l e s  LOCQ and MAPQI as a func t ion  of charge p o i n t  

number are shown i n  Tables 1 and 2, r e spec t ive ly .  

I 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
1 2  
1 3  
14 
15 
16 
17 
18  
1 9  
20 
21 
2 2  
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

I 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3  
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

LOCO( 1 )  

51316 
61316 
71316 
81316 
91316 

101316 
111316 
121316 
131316 
141316 
151316 
161316 
171316 
181316 
191316 
201316 
211316 
221316 
231316 

80916 
81016 
81116 
81216 
81316 
81416 
81516 
81616 
81309 
81310 
81311 
81312 
81313 
81314 
81315 

LOCO( 1 )  

51316 
61316 
71316 
81316 
91316 

101316 
111316 
121316 
131316 
141316 
151316 
161316 
171316 
181316 
191316 
201316 
211316 
221316 
231316 
241316 

80916 
81016 
81116 
81216 
81416 
81516 
81616 
81716 
81309 
81310 
81311 
81312 
81313 
81314 
81315 

n = i  
1 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
1 2  
13  
14 
1 5  
16 
17 
18  
1 9  
20 
20 
21 
22 
24 
25 
26 
27 
28 
28 
29 
30 
31 
32 
33 

IDIR(1)  HAPIO(1,l) HAPIO(I.2) 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 

Table 1 

n=2 

0 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
1 3  
14 
1 5  
16  
17 
18 
1 9  
0 
0 

21 
22 
23 
25 
26 
27 

0 
0 

29 
30 
31 
32 
33 
34 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13  
14 
15 
16  
17 
18  
19 
21 
22 
23 
24 

4 
25 
26 
27 
29 
30 
31 
32 
33 
34 
35 

n o 3  

0 
0 
0 

23 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

n=4 

0 
0 
0 

24 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13  
14 
1 5  
16 
17 
18 
1 9  
20 
22 
23 
24 

4 
25 
26 
27 
28  
30 
31 
32 
33 
34 
35 

4 

n=5 

0 
0 
0 

34 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

H =6 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Table 2 
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These v a r i a b l e s  show how t h e  sub rou t ine  WIREBLD has segmented t h e  geometry. Of 

p a r t i c u l a r  i n t e r e s t  i n  Table 1 is t h e  e n t r y  f o r  MAPQI a t  charge p o i n t  #4. Here, w e  

see t h a t  WIREBLD has c o r r e c t l y  sensed t h e  i n t e r s e c t i o n  of t h e  t h r e e  wires and 

i n d i c a t e s  t h a t  c u r r e n t  element numbers 3, 4, 23, 24, and 35 s t r a d d l e  t h i s  charge. A 

knowledge of t h e s e  v a r i a b l e s  is  important i f  it is desired t o  have a p a r t i c u l a r  

c u r r e n t  or charge v a r i a b l e  monitored by subrou t ine  DATASAV and p r i n t e d  ou t  hy 

subrou t ine  PRINOUT. ( A  simple way to  accomplish t h i s  is t o  modify the end of 

sub rou t ine  DATASAV so t h a t  one or more of t h e  ESTORE, or HSTORl, or HSTOR2 v a r i a b l e s  

are over-ridden w i t h  an element of t h e  a r r a y s  CUR or Q.) 

The e x c i t a t i o n  used f o r  t h i s  geometry is a t a n g e n t i a l  electric f i e l d  p u l s e  

a p p l i e d  one cel l  from t h e  f r e e  end of the  longes t  ( x d i r e c t e d  w i r e ) .  The e x c i t i n g  

f i e l d  is de f ined  i n  sub rou t ine  PULSE by the f u n c t i o n  

A 

PULSE = ( 1  - cos a t )  . 

8 where a = 2.1 x 10 sec 

(28)  

The c u r r e n t  response of the w i r e  system t o  the  i n c i d e n t  c u r r e n t  p u l s e  is shown 

i n  Figure 9 a-d, which d e p i c t s  the t r a n s i e n t  c u r r e n t s  a t  l o c a t i o n s  A-D (shown i n  

F igu re  81, r e s p e c t i v e l y .  Figure 9a shows t h e  i n c i d e n t  c u r r e n t  pu l se ,  followed by 

t he  r e f l e c t i o n  of t h i s  p u l s e  off  of the  junc t ion  po in t .  W e  note  tha t  t h i s  

r e f l e c t i o n  is p o s i t i v e ,  corresponding t o  the fact  tha t  the junc t ion  is a l o w  

impedance load. Notice also that  immediately fol lowing t h i s  p o s i t i v e  r e f l e c t i o n  is  

a negat ive,  double humped pulse .  T h i s  is the r e s u l t  of negat ive r e f l e c t i o n s  of t h e  

p u l s e  as it reflects off of t h e  w i r e  ends. The double hump r e s u l t s  from t h e  

d i f f e r e n c e  of t h e  w i r e  l eng ths  a f t e r  t h e  junct ion.  

Figure 9b shows the c u r r e n t  on t h e  long, 0 d i r e c t e d  w i r e ,  j u s t  before t h e  

junc t ion .  H e r e  w e  can e a s i l y  see t h e  i n i t i a l  p o s i t i v e  r e f l e c t i o n  from t h e  junc t ion .  

and t h e  subsequent negat ive r e f l e c t i o n  from t h e  w i r e  ends. A l s o ,  F igu res  9c and 9d 

show t h e  i n j e c t e d  c u r r e n t s  on t h e  y and z directed w i r e s ,  r e spec t ive ly .  A s  can 

e a s i l y  be seen, t h e  i n i t i a l  current injected on t h e s e  two w i r e s  is p r o p o r t i o n a l  t o  

t h e  w i r e  radius-  and would be expected. Other r e f l e c t i o n  and t r ansmiss ion  

phenomenon are also contained i n  t h e s e  f i g u r e s  but  are d i f f i c u l t  t o  i d e n t i f y  

A A 
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i n d i v i d u a l l y  due t o  t h e  number of r e f l e c t i o n  p o i n t s  i n  t h i s  problem. 

B. S c a t t e r e r  Containing a Thin Aperture 

Shown i n  Figure 10 is  a " fuse lage  l i ke" ,  conducting geometry which conta ins  a 

t h i n  a p e r t u r e  of dimension 3m x O.lm a t  its top  and a s imulated l i g h t n i n g  channel a t  

i ts  "nose". 

is e x c i t e d  by e s t a b l i s h i n g  a t a n g e n t i a l  e l e c t r i c  f i e l d  a t  t h e  cen te r  segment with 

t h e  same temporal c h a r a c t e r i s t i c s  as i n  equat ion ( 2 7 )  and i n  t h e  p r i n t o u t  of 

Function PULSE. 

The l i g h t n i n g  channel is modeled by a 5m long w i r e  of r ad ius  0.01m and 

F i g .  10. A "fuselage like" geometry consisting of a conducting surface with a 3m x 0.lm 

aperture. This aperture is backed by a large or small cavity (shown as a dotted 
surface). 

5u lightning channel. 

This geometry is transiently excited by a current pulse on a simulated 
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The coding f o r  the geometry of Figure 10 is contained i n  t h e  "test" op t ion  

(i.e. TEST=O) of t h e  p r i n t o u t  of SUBROUTINE BUILD. For the unexpanded o p t i o n  

(MSEXP=O), t h e  c a v i t y  behind t h e  a p e r t u r e  is t h e  e n t i r e  scatterer. A s  can be seen 

from the M=5, M5EXP=O s e c t i o n  of t h e  p r i n t o u t ,  a l i n e  of cel ls  cen te red  about the  

a p e r t u r e  is absent  i n  t h e  p l a t e  con ta in ing  t h e  ape r tu re .  

For t h e  expanded case (MSEXP=l), t h e  c a v i t y  is t h a t  shown as t h e  hidden l i n e s  

i n  Figure 10. I n  order t h a t  the expanded geometry s p e c i f i e d  i n  t h e  M=5, MSEXP=l 

s e c t i o n  of BUILD is c o r r e c t l y  o r i e n t e d  with t h e  unexpanded geometries of Y=1,3, and 

4, t h e  a p p r o p r i a t e  values  of INEAR, IFAR, JNEAR, JFAR, KNEAR, and KFAR t h a t  must be 

read i n t o  t h e  program i n  t h e  inpu t  f i l e  are 

INEAR- 1 7 

IFAR=24 

JNEAR= 14 

JFAR=2 1 

KNEAR= 1 

KFAR=8 

A l i n e  of cells, 2 cel ls  w i d e ,  12 cells  long, and cen te red  about the a p e r t u r e  

has been l e f t  open f o r  t h e  ape r tu re .  Although a s i n g l e  cell  l i n e  could a l s o  be 

used, t h e  e f f e c t  on t h e  response w i l l  be small s i n c e  t h e  correct a p e r t u r e  f i e l d s  are 

fo rced  i n  t h e  open cel ls  of the  a p e r t u r e  and thus  t h e  exac t  width of t h e  open 

s e c t i o n  is not cr i t ical .  

Figures 11 and 12 show the c u r r e n t  a t  t h e  s h o r t  c i r c u i t e d  a p e r t u r e  ( c a l c u l a t e d  

du r ing  M = l )  and t h e  a p e r t u r e  e lectr ic  f i e l d  (ob ta ined  by f i l l i n g  the  array ESTORE i n  

sub rou t ine  DATASVE with t h e  va lues  of t h e  a r r a y  EAPP). The s h o r t  c i r c u i t  cur ren t  

waveform con ta ins  no information about t h e  a p e r t u r e ,  and t h u s  e x h i b i t s  t h e  response 

c h a r a c t e r i s t i c s  expected of t h e  e x t e r n a l  geometry of t h e  scatterer. A s  would be 

expected, t h i s  c u r r e n t  waveform i n d i c a t e s  t he  presence of a c u r r e n t  pu l se  eminat ing 

from the  l i g h t n i n g  channel t h a t  r e f l e c t s  back and f o r t h  over the  ape r tu re .  

Comparing t h i s  wavefom with Figure 11 w e  see t h a t  t h e  a p e r t u r e  i n i t i a l l y  

responds t o  t h e  i n c i d e n t  c u r r e n t  p u l s e  with a p o s i t i v e  ( x directed) e lectr ic  f i e l d ,  

b u t  immediately swings negat ive due t o  the f a c t  t h a t  t he  a p e r t u r e  starts to 

discharge.  A s  a r e s u l t ,  the a p e r t u r e  waveform con ta ins  high frequency components 

n o t  seen i n  t h e  short c i r c u i t  c u r r e n t  waveform. The a p e r t u r e  f i e l d  of Figure 12, 

however, does however con ta in  information about t h e  d e t a i l s  of t h e  c a v i t y .  

A 
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Figures 13 and 14 show examples of t h e  e x t e r n a l  and i n t e r n a l  e l e c t r i c  f i e l d  
A 

( x d i r e c t e d )  response i n  t h e  presence of the a p e r t u r e  and the  large c a v i t y  

(MSEXP=O), r e s p e c t i v e l y .  I n  t h e  case of these waveforms, the i n t e r n a l  c a v i t y  
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Fig. 11. Surface current e x c i t e d  a t  the center  o f  the  short  

c irt iuited aperture of  Figure 10. 
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Fig. 12. The 2 directed e l e c t r i c  f i e l d  in the aperture of 

Figure 10, calculated by taking the  d i f f e r e n c e  

between the f i e l d s  ca lculated by t h e  M=3 and 

li-4 loops.  
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F i g .  13. The e directed e l e c t r i c  f i e l d  3 above the  aperture 

qf  Figure 10 calculated by m-1 loop. 
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, 

c o n s i s t s  of the e n t i r e  in te r ior  s e c t i o n  of t h e  scatterer. The p o i n t s  a t  which t h e s e  

waveforms are measured are 3 m above and below t h e  a p e r t u r e ,  r e s p e c t i v e l y .  As would 

be expected,  the i n t e r i o r  c a v i t y  response i n  weaker than  t h e  e x t e r n a l  response and 

t h e r e  is a phase r e v e r s a l  of t h e  i n i t i a l  response.  

A comparison of t h e  do t t ed  and s o l i d  curves  of Figure 14 is  an important test 

of t h e  s e l f  cons is tency  of t h e  c a l c u l a t e d  s o l u t i o n s .  The s o l i d  curve is the. 

i n t e r i o r  response c a l c u l a t e d  d i r e c t l y  f r o m  Babine t ' s  p r i n c i p l e  and thus  is obtained 

by t a k i n g  t h e  d i f f e r e n c e  between t h e  M=3 and 4 waveforms. Since these  c a l c u l a t i o n s  

do not  conta in  information about t h e  c a v i t y ,  they a r e  v a l i d  only f o r  t h e  opening 
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Fig. 14. The x^ direc ted  e l e c t r i c  f i e l d  3n below the aperture 

(and i n s i d e  t h e  m a l l  cav i ty )  o f  Figure 10. S o l i d  

Curve- response ca lcu la ted  from M-3 and M-4 loops 

F i g .  15. The x^ direc ted  e l e c t r i c  f i e l d  2 m below the  

aperture (and ins ide  t h e  small cav i ty )  o f  

Figure IO. Response ca lcu la ted  by the  M-5 
on ly .  Dotted Curve- response ca lcu la ted  by t h e  loop. 

$1-5 loop by forc ing  the  aperture f i e l d .  

p o r t i o n  of t h e  response.  The do t t ed  curve, on t h e  o t h e r  hand, is  obta ined  from the  

M=5 c a l c u l a t i o n s  where t h e  a p e r t u r e  f i e l d  c a l c u l a t e d  dur ing  t h e  prev ious  runs i s  

fo rced  i n  t h e  a p e r t u r e  and only t h e  c a v i t y  is modeled. As expected, t h i s  waveform 

ag rees  w i t h  the  f i e l d s  c a l c u l a t e d  d i r e c t l y  from Babine t ' s  p r i n c i p l e  f o r  e a r l y  times, 

b u t  d i sag rees  later s i n c e  t h e  dotted curve more c o r r e c t l y  r e p r e s e n t s  t h e  hiyh Q 

response of t h e  cav i ty .  
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Figure 13 w a s  c a l c u l a t e d  dur ing  t h e  M=l loop when t h e  a p e r t u r e  w a s  short 

c i r c u i t e d  ( a t  a d i s t a n c e  3m atmve t he  ape r tu re ,  t h e  e f f e c t  of t h e  a p e r t u r e  is 

small). Figure  14, however, w a s  ob ta ined  from c a l c u l a t i o n s  performed dur ing  t h e  M=3 

and 4 loops, according t o  t h e  r u l e s  of Equation 5. Since i n  t h i s  case t h e  f i e l d  

p o i n t  is on t h e  same s i d e  of the a p e r t u r e  as are t h e  forced  su r face  c u r r e n t s ,  this 

waveform w a s  ob ta ined  v i a  

I 

where t h e  no ta t ion  -3 and +3 i n d i c a t e s  f i e l d s  3m below and 3m above t h e  a p e r t u r e  

p lane ,  r e s p e c t i v e l y .  Thus, t h e  test  p o i n t s  def ined  i n  t h e  inpu t  f i l e  for use by 

subrou t ine  DATASVE were set appropr i a t e ly .  
A F i n a l l y ,  shown i n  F igure  15 is t h e  x directed e l e c t r i c  f i e l d  i n s i d e  t h e  small 

c a v i t y  (i.e., f o r  MSEXP-1) i n d i c a t e d  i n  F igure  10, 2 meters below t h e  a p e r t u r e .  As 

would be expected,  t h i s  waveform is of smaller magnitude than is t h a t  of Figure 14 

s ince  the cavity resonances are now quite  high i n  frequency as  compared to the power 

spectrum of t h e  i n c i d e n t  l i g h t n i n g  pulse .  I 
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V. CONCLUSION 

T h i s  report has p re sen ted  a Fin i te -Dif fe rence  Time-Domain e lec t romagnet ic  

computer code, c a l l e d  THNAPP, t h a t  is capable  of ana lyz ing  metal  s t r u c t u r e s  such as 

a i r p l a n e s  and missiles t h a t  conta in  long a p e r t u r e s  t h a t  are much t h i n n e r  than  a 

wavelength. This  code u t i l i z e s  a technique  t h a t  employs Bab ine t ' s  p r i n c i p l e  t o  

e f f e c t i v e l y  s e p a r a t e  t h e  reg ions  on both s i d e s  of t h e  a p e r t u r e  so t h a t  numerical  

g r i d s  most appropr i a t e  t o  each region can be used. This  code r e t a i n s  the basic 

a r c h i t e c t u r e  of the code G3DXL [ 7 ] ,  t hus  demanding a minimum of a d d i t i o n a l  e f f o r t  t o  

run t h i s  code. The preceding  s e c t i o n s  have provided a complete d e s c r i p t i o n  of t h e  

theory u t i l i z e d  i n  t h i s  code, a complete d e s c r i p t i o n  of the opera t ion  of t h e  code as 

w e l l  as t h e  use and philosophy u t i l i z e d  i n  t h e  subrout ines ,  and numerical  examples 

demonstrat ing t h e  ope ra t ion  of t h e  code. 

The numerical  examples shown i n  t h i s  report have demonstrated t h e  basic 

c a p a b i l i t i e s  of t h i s  code, but  have been d e l i b e r a t e l y  kept simple so as t o  aid i n  

t h e  readers understanding of t h e  use of t h e  code and t h e  i n t e r p r e t a t i o n  of t h e  

r e s u l t s .  The modeling of m o r e  " r e a l  l i fe"  problems such as aircraft  and m u l t i p l e  

a p e r t u r e s  and complex c a v i t i e s  is  a s t r a i g h t f o r w a r d  a p p l i c a t i o n  of the i n s t r u c t i o n s  

given i n  t h e  s e c t i o n s  desc r ib ing  t h e  code. 
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