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voltage 3 S t i l l .  l a t e r  instrimients use br idges  with t ransformer cou- 

pliirg from a primary i n t o  a secondary which i s  connected t o  the t e s t  

and. re ference  c o i l s .  

L a b o r a t o ~ y ~ ~ ~  u t i l . i z e  a r e f l e c t i o n  type probe, as shown i n  Fig.  1, 

This probe c o n s i s t s  o f  a l a r g e  d r i v e r  c o i l  t o  generate  t h e  e lec t ro-  

magnetic f i e l d  and two pickup c o i l s ,  connected i n  a d i f f e r e n t i a l  asrrange- 

anent  t o  measire d i f fe rences  i n  this  f ie ld . .  I n  a i r ,  the sigt ia ls  devel- 

oped across  t h e  pickup c o i l s  cancel due t o  the s-ymmetry o f  t h e  f i . e ld ,  

but  when a conductor i s  present  t h e  f i e l d  i s  unbalanced and. a s igna l  

r e s u l t s .  The t o t a l  f i e l d  i n  the  presence of 8 metal  can be considered 

as t h e  sum of  t h e  o r i g i n a l  f i e l d  of  t h e  c o i l  i n  a i r ,  plils EL r e f l e c t e d  

field. Tf~e o r i g i n a l  f i e l d  of the c o i l  i n  air i s  s t i l l  symmetricall with 

respect .to t he  pickups and- cance ls ,  bu t  t h e  r e f l e c t e d  field i s  much 

large%* at, tine f r o n t  pickup (nea res t  t h e  metal) than a t  t h e  rear pickup 

c o i l  and does not  cancel .  Thus, the s i g n a l  produced by t h e  pickup 

c o i l s  i s  approximately equal t o  t h e  r e f l e c t e d  f i e l d ,  T h i s  nrrmgemeat 

3.s approximately equivalent  t o  a br idge  c i r c u i t  with a tes t  mid refer-" 

enee c o i l  having t ransformer coupling d i r e c t l y  from t h e  prTmary ( d r i v e r )  

c o i l  to the test and. reference (front an~a rear  pi.ckup) c o i l s ,  

Ins-truir*en-t,s (leveloped a t  O a k  Ridge National 

The magnitude of t h e  r e f l e c t e d  s i g n a l  i s  a functioir of  l i f t - o f f  

( c o i l  to conductor spac ing) ,  electr.ica.1. condixt i -vi ty ,  magrae-tic perme- 

ability, the th ickness  of -the conductor ana t h e  presence of d.isconti- 

n u i t i e s  i n  tile conductor. The phase of t h e  r e f l e c t e d  signal i.s d . s o  

a fhnc t ion  o f  t h e  same parameters but  does not vary niearly as much w i t h  

l i f t - c f f  as t h e  magnitude. 

This r epor t  i s  devoted t o  t h e  annl.ysis, computer ca l cu la t ion  m d  

d.esi.gu of  r e f l e c t i o n  c o i l s  and t h e i r  assoc ia ted  c i r c u i t r y .  The programs 

3 R .  Hochschild, "Electromagnetic Methods of  Test ing Metals ,'I 
Progress in Nonde.s-l;mr?tive Testing, Vol T .i The Macmil1.mi Company, 
New York, 1.959. 

R .  C. McMas'cei- , Nondestructive !?(?sting Nandbook, Vol . T I  The 

C.  V. Dodd, "Applications of  a Phase-Sensitive Eddy-Cui-i-ent 

C. V. Ilodd, "A Por tab le  Phase-Sensitive Eddy-Current Instrument > I 1  

Honald Press Co. , 1959. 

li-rst,riment , I 1  ~ a t c r .  ~ v d .  22 ( 6 ) : 2 6 ~ 4 3  (;lune 1.964 1 . 

M a k z 2 .  EVaZ. 2 6 ( 3 )  : 33-36 (M;zrch 1968). 
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CONOUCTDR 

ELESTRI!:AL CONNFCTICNS 

wivm coil. 

PHYSICAL ARRANgMENT 

Fig. 1. A Reflection-Type Probe i n  t h e  Presence o f  a Coaduc-t,or. 

w i l l  c a l c u l a t e  the actual. phase and magnitude of t h e  rc:-r'lec-ted si.gna1s 

when t h e  probes are connected t o  phase-sensit  ive eddy-current instru- 

mentation devel-oped zt Oak Ridge National Laboratory. 

self-contained and will al low t h e  complete design of  an e n t i r e  system 

f o r  condgct iv i ty  measinements t h i ckness  measurements e t c .  , incl.urling 

the c o i l  a t t enua t ion ,  and opera t ing  parameters. 

Each program is 

THEORETICAL ANALYSIS 

The equivalent c i r c u i t  of a reflection typr3. probe is shorn> i r r  

F ig ,  2 .  We can w r i t e  t h e  following set o f  cquatlons f'or the cirops i n  
vol tage around each of  t h e  loops i n  the c i r c u i t  : 



Vg DRIVING VOLTAGE 

C, 

Z g  

Rg 

R6 

M MUTUAL IMPEDANCE BETWEEN THE DRIVER AND PICK-UP COILS 
Z,, IMPEDANCE OF THE PICK-LIP COILS 
R 7  D.C. RESISTANCE OF THE PICK-UP COILS 
C, SHUNT CAPACITANCE OF THE PICK-UP CIRCUIT 
Rg AMPLIFIER INPUT IMPEDANCE 
I LOOP CURRENT 

SERIES RESISTANCE IN THE DRIVING CIRCUIT 

D.C. RESISTANCE OF THE DRIVER COIL 
SHUNT CAPACITANCE OF THE DRIVING CIRCUIT 

IMPEDANCE OF THE DRIVER COIL 

Fig* 2.  Simp1 i f i e d  C i r c u i t  Diagram f o r  an Eddy-Current Ref1 e c -  
t i o n  T y p e  Probe. 

= 0 (2) 

where j i s  t h e  square root  of  -1 and w i s  t h e  angular o p e r z t i n g  frequency. 

We can use determinants and solve f o r  t h e  c u r r e n t  i n  the  f i n a l  

loop, I,,, produced by an appl ied  voltage V O :  
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We s h a l l  solve for  t h e  cu r ren t ,  14, mult ip ly  it, by the r e s i s t ance  R9 

t o  determine t h e  input  vol tage t o  the  ampl i f i e r  and then mult iply by 

t h e  ampl i f ie r  ga in  G t o  determine t h e  vol tage output .  

From Eq. (6) we e m  c a l c u l a t e  t h e  phase shirt  between the  voltage 

dr iv ing  the eddy-current probe and t h e  amplif ied vol tage received at, 

tine phase s h i f t  de t ec to r .  

mined except f o r  t h e  mutual impedance between the dyi-ver and pickup 

c o i l s ,  M, t h e  d r i v e r  c o i l  impedance, ZD, and t h e  pickup c o i l  impedance, 

A l l  t h e  terms i n  Eq. ( 6 )  can ezsi ly-  be deter-  
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We can der ive  t h e  foil-owing expression7 f o r  t h e  vol tage induced i n  

a pickup c o i l  by a cur ren t  11 flowing i n  a d r ive r  c o i l ,  as shown i n  

Fig.  3. 

The drivel- c o i l  has  11 t u rns  pe r  u n i t  cross-sect ional  area; t h e  pickup 

c o i l  has n' t u rns  pe r  u n i t  cross-sect ional  a r e a  acid imst not extend 

beyond t h e  d r i v e r  i n  t h e  a x i a l  d i r e c t i o n  (R; must not  be g r e a t e r  than 

R2 and R; must not be less than  Rl). 

metal alone and i s  more f u l l y  explained i n  r e f .  7 .  The funct ion 

~(r2,rI) i s  

The y f a c t o r  i s  a funct ion o f  t h e  

where J l ( x )  i s  a first  order  Bessel funct ion.  

We s h a l l  now add a second pickup c o i l  t o  t h e  probe i n  Fig. 3, but 

with t h e  t u r n s  reversed, as shown i n  Fig.  4. The equation f o r  t h e  

second pickup wi.11- be the same a s  Eq. ('0, except t h e  sign w i l l  be 

reversed.  T h i s  i s  equi-valent t o  in t eg ra t ing  t h e  vector  p o t e n t i a l  in 

the p o s i t i v e  0 d i r e c t i o n  f o r  one c o i l  and -the negat ive 0 d i rec t ion  f o r  

the o ther  coil. .. We shal l  t ake  t h e  d i r e c t i o n  of t h e  tu rns  i n  t h e  front, 

plckup c o i l  (nea res t  t h e  meta l )  t o  be t h e  s m e  as t h e  di-iver, and t h e  

turns  of  t h e  r e a r  pickup coi.1 t o  be i n  a d i r ec t ion  opposi te  t h e  d r ive r .  

T h i s  r e v e r s a l  of t u r n s  i n  the r e a r  pickup w i l l  give a negat ive s ign 

when t h e  in t eg ra t ion  around t h e  c o i l  i s  performed. We w i l l  then  have 

f o r  t h e  to ta l .  mutual coupling between t h e  d r i v e r  and both  pickups 

C.  C .  Cheng, C .  V. Dodd, ani3 W. E. Deeds, "General Analysis of  7 

Probe Coi l s  Near S t r a t i f i e d  Conductors," In t .  J .  Nordestruct. Tes t .  
3: l o p 3 0  (197s). 
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where V i s  given by subsLituting t h e  proper dimensions i n  F ig ,  h into 

Eq. (7), with a negat ive s ign  f o r  t he  rear pickup. The resul-t,s are 

Tbrhere 

L46 = the minimum amount of  l i f t - o f f  of  t h e  d r i v e r  c o i l ,  

L2  = the increase i n  l i f t - o f f ,  

L3  = the length of t h e  d r i v e r  coil, 

L 4  = the length of each pickup COKI., 

L 5  = t h e  d i s t ance  each pickup i s  recessed from each end of t h e  

d r i v e r  c o i l ,  

N 3  = the number of  turns on the d r i v e r  c o i l ,  

N 4  = the  mirnber of t u m s  on each pickup c o i l ,  

R i  = t he  d r i v e r  c o i l  inner r ad ius ,  

R2 t h e  d r i v e r  c o i l  outer r ad ius ,  

133 = t h e  pickup coil .  i nne r  r ad ius ,  

R4 = the pickup c o i l  ou ter  radius, and 

R5 = the iwan ra ,dius  of t h e  driver c o i l .  

AI.1 dimensions have been normalized i.n Eq.  ( 8 )  by d tv id ing  by t h e  

mcan radius of t h e  driv-er coil.,  and all t h e  a ' s  have been rnultipli-ed 

by the s m e  mean rad ius .  

The impedmce of t h e  d r i v e r  c o i l ,  ZD, c m  be eaJcula ted  from 

Eq. ( 7 )  by meking  both coil..s t h e  saxe and d iv id ing  by I:. 

a.re 
The r-sI.il.Ls 
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We s h a l l  now calculate the t o t a l  coil impedance of  the two pickuq 

c o i l s .  

pickup r o i l s  i s  

The t o t a l  vector potential produced by a curl-er,t f'lowing i n  t h e  

We have made t h e  vec to r  p o t e n t i a l  from t h e  f r o n t  pi.ckup co i l .  (Pull 

i n  Fig.  4 p o s i t i v e  and . therefore  t h e  second pickup ( P U z )  negative due 

t o  i t s  cu r ren t  flowing i n  t h e  oppos i t e  d i r e c t i o n .  I f  WE open t h e  dri.ves 

c i r c u i t  ( m a k e  R O  i n f i n i t e  and V O  and 

f low i n  t h e  d r i v e r  c o i l  and nr3 c o n t r i b u t i o n  t o  the vector p o t e n t i a l  from 

the d r i v e r  c o i l .  I n  t h e  actual. c i r c u i t  t h e  eii-Lire i n t e r a c t i o n  between 

t h e  d r i v e r  and. pickup c o i l s  i s  contained in the mutual impedance term. 

z e r o ) ,  we w i l l  have no current 

The total self-induced vo l t age  in t h e  pickups is 

-f 

However 2 2  i s  i n  t h e  oppos i te  d i r e c t i o n  from our  normal d i r e c t i o n  o f  

i n t e g r a t i o n .  Performing t h e  dot, product am3 i n t e g r a t i n g  i n  Ltie +O 

d i r e c t i o n  gives:  

Ca lcu la t ing  the impedance o f  botsh c o i l s  gives 
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T1ii.s equation i.s t h e  same as 

4- z - 2JuM12 (13 1 PO PU1 PU2 
z = z  

which can be obtained by consider ing the c0il.s separa te ly .  From ref. 7 , 
Fq, ( 5 7 ) ,  w e  can write t'ne following r e l a t i o n s h i p  f o r  t h e  vol tage induced 

i n  the upper pickup c o i l  by a cur ren t  i n  t h e  lower pickup c o i l ,  

+ e  -( L 3+~J41-2~5 ) I(- a4]2 da . 
F r o m  ref. 7, Eq. (58)  , we can m5te  the  same expression f o r  t h e  vol tage 

induced i n  t h e  lower pickup c o i l  by a u n i t  c u r m n t  i n  -the upper pickup 

c o i l .  

Using Eq. ( 7 )  f o r  t h e  iuipedance of the f r o n t  pickup c o i l  g ives  

For the rear pickup WE: have 
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From Eq. 

and (16)  minus twice Eq. ( 1 4 ) .  'The resuit  i s  
(13) t h e  t o t a l  pickup c o i l  inipedance i s  the sum of Eqs ,  (15) 

W e  have now der ived  equat ions f o r  t h e  mutual impedance between t h e  

d r i v e r  and pickup c o i l s ,  M ,  t h e  d r i v e r  c o i l  impedance, ZD$ and t h e  

pickup c o i l  impedance, 

nes s  , elailding th ickness ,  and conduct iv i ty  ca l cu le t ions .  However, i f  

we wish t o  c a l c u l a t e  t h e  e f f e c t  of d i s c o n t i n u i t i e s ,  w e  must go s t i l l  

further'. "he  q u a n t i t i e s  that; we have already ca l cu la t ed  will be modi- 

f i e d  s l i g h t l y  due t o  t h e  presence of  a f l a w  i n  t h e  material .  

and only these f a c t o r s  are needed T o r  th iek-  zPu' 

8 The vol tage  change i n  t h e  drivel- c o i l  p e r  u n i t  cur ren t  i n  a 
pickup c o i l  due to t h e  presence o f  a f l a w  is:  

where %v and A 

c o i l s ,  r e spec t ive ly .  'fie f a c t o r  [Vol a221 i s  a size, shape, and 

are the vector  p o t e n t i a l s  of t h e  d r i v e r  and pickup D 

8C.  V. Eodd, W. E. Deeds, J. W .  L u y u i r e ,  and W. G. Spoeri ,  Some 
Eddg-Current ProbZsrns and Their Irztegra'I. Solutions, ORNL-4384 
(Apr i l  1969). 
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o r i e n t a t i o n  f a c t o r  2nd w i l l  be discussed l a t e r .  

f o r  any region,  n ,  below the  coil., from re f .  7 ,  %q. 

The vectoy p o t e n t i a l  

( 5 5 )  is 

Subs t i t u t ing  f o r  t h e  vector  p o t e n t i a l  of t h e  driver and pickup 

c o i l s  i n  Eq. (18) g ives  

We s h a l l  now normalize all dimensions by t h e  mean radius of t h e  

c o i l  and separa te  t h e  terns. 

(continued on next page ) 
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X 

Equation (21 )  r ep resen t s  t h e  change i n  t h e  mutual coupling due t o  

t h e  presence of t h e  d i scon t inu i ty .  If‘ we w i s h  t o  c a l c u l a t e  t h e  change 

i n  impedance o f  t h e  d r i v e r  c o i l ,  Zg, due t o  t h e  f law,  we simply square 

t h e  term i n  t h e  f irst  set  of c u r l y  bracke ts  and omit  t h e  t e r m  i n  t h e  

second se t  of c u r l y  b racke t s .  Likewise, t h e  change i n  impedance of t h e  

pickup c o i l  is t h e  square of t h e  term i n  t h e  second set  of c u r l y  brackets  

with the  f irst  set  omit ted.  Also the  t e r m  i n  t h e  square bracke ts  is 

i d e n t i c a l  i n  bo th  sets  of c u r l y  bracke ts  arid needs t o  be ca l cu la t ed  f o r  

only one. 

We s h a l l  now d i scuss  t h e  ca l cu la t ion  of  t h e  t e r m s  V l n ( n , l )  and 

V22(n, l ) .  
with t h e  quot ien t  o f  t hese  terms, and we shall use a simple i k e r a t i v e  

method descr ibed i n  ref .  7. We s h a l l  r ede f ine  t h e  ternis as 

I n  o m  a c t u a l  computer programs we w i l l  be concerned only 

The l e t t e r  n r ep resen t s  any a r b i t r a r y  region under t h e  c o i l  and t h e  

l e t t e r  k t h a t  of  t h e  region d i r e c t l y  under t h e  c o i l .  

For the s p e c i a l  case of  ri equal t o  one, we have 

Therefore ,  
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(1) We c a l c u l a t e  t h e  uuner ica l  value of the first t r a l r s f o r m a t i o n  matrix 

a s  

and i s  dimensionless. 

w i t h  index n. 

elements o f  t h e  t ransformation t o  the next l a y e r .  

The p i s  the r e l a t i v e  permeabi l i ty  of  t h e  l a y e r  n 
( 2 )  Tnen we determine t h e  numerical value for  t h e  four  

They are 

(3)  &om t h i s  w e  sha l l  numerically ca l cu la t e :  

Step 1 i s  performed f o r  t h e  f i r s t  region. 

for n := 3 ,  b . . . , k. 

The g m m a  f a c t o r ,  y, used for all cases except defec t  c a l c u l a t i o n s ,  

Steps 2 a i d  3 are repeated 

i s  

For t h e  case o f  de fec t s  the term i n  t h e  square bracke ts  i n  Eq.  (21)  

be c ome s 



and for the special case o f  defects in region I it becomes 

We shall now consider a few examples. The y factor for a single, 

semi-infinite conductor is: 

The term in square brackets in Eq. (20) for a defect in reg ion  1 is: 

( 3 2  1 

If we have two conductors, the y factor becomes: 

The term in square brackets in Ea_. ( 2 0 )  for a defect in region :? is 



The t e r m  i n  square bracke ts  i n  Eq .  (20)  f o r  a defec t  i n  region 1 i s  

Thus, i n  p r i n c i p l e ,  w e  can analyze t h e  response of a r e f l e c t i o n  c o i l  

above any number of  l a y e r s .  

CONSIDELPATIONS FOX TEST BESIGN 

We shall ~ G W  consider  some p r a c t i c a l  aspects i n  t h e  design of eddy- 

cur ren t  t e s t s  using r e f l e c t i o n  type c o i l s .  

The design of t h e  eddy-current tes t  i s  not automatie. The user  

must t ake  the conductor parameters given i n  the  problem, choose t h e  cioil  

and opera t ing  parameters,  and rim t h e s e  i n  the  computer program. The 

computer program wil.3. c a l c u l a t e  t h e  output of t h e  c o i l  and c i r c u i t  which 

shows how w e l l  t h e  measurements can be made using t h e  sel.ec-t;ed parmetel-s .  

Other parameters must be se l ec t ed  and run t o  determine which choice i s  

optimum. The choice of the parameters use& i n  t h e  examples i n  each 

sec t ion  i s  near  optimum. Other r e p o r t s  referenced i n  t h e  ind iv idua l  

sec t ions  may be  used t o  ensure that; t h e  i n t t i a l  t r i a l  i s  near optirnuni. 

Reference 9 gives  a good o v e r a l l  desc r ip t ion  o f  the l i f t - o f f  i n t e r -  

ac t ions  i n  design. 

We s h a l l  at tempt t o  present  an o u t l i n e  to f o l l o v  i n  optimizing 

t h e s e  t e s t s ,  although due - to  t h e  complex i n t e r a c t i o n s  between t h e  many 

t e s t  va r i ab le s  it w i l l .  become apparent t h a t  t h e  o u t l i n e  cannot be 

followed exac t ly  i n  every s i t u a t i o n .  Because of t h e  i n t e r a c t i o n s  among 

t h e  var ious parameters,  this e11ti.r-e sec t ion  on cons idera t ions  :for test 

design should be read before  s t a y t i n g  a design. 

_.l_l 

9C. V. Dodd and W. A. Sinipson, Jr., !Thickness Measurement-s Using 
Eddy-Current Techniques, ORNL-TM-3'712 (March 1 972) . 



MEurirnize S e n s i t i v i t y  

The sensi t ivj . ty  t o  t h e  des i r ed  t e s t  variable should be  maximized. 

This i s  usua l ly  done with very l a r g e  impedances of  t h e  d r i v i n g  and pickup 

c i r c u i t s .  Undey t h e s e  cond i t ions ,  only the mutual coupling between t h e  

d r i v e r  and pickup c o i l s  i s  a f f e c t i n g  t h e  t e s t s .  The s e n s i t i v i t y  curves 

usuaLly have very broad peaks so t h a t  it i s  not r e a l l y  necessary ' to  

opera te  a t  condi t ions  necessary f o r  t h e  absolu te  m a x i m u m  s e n s i t i v i t y .  

Minimize t h e  Thdesired E f f e c t s  

The s e n s i t i v i t y  t o  v a r i a t i o n s  i n  v a r i a b l e s  t h a t  we do not wish t o  
measure should be minimized while keeping t h e  s e n s i t i v i t y  t o  the  vari-  
ab le s  of i n t e r e s t  as high as poss ib le .  We shall d i scuss  t h e s e  undesired 

v a r i a b l e s  i n  t h e i r  genera l  o rder  of cons idera t ion  i n  c o i l  design problems. 

Lift  -0 f f Var i a t  ions 

L i f t - o f f ,  or v a r i a t i o n s  i n  t h e  d i s t ance  between t h e  c o i l  and eon- 

ductor,  i s  t h e  l a r g e s t  source of e r r o r  i n  most eddy-current tests.  

However, i n  many t e s t s  us ing  phase sens ing ,  t h e  l i f t - o f f  e r r o r  can be 

reduced t o  i n s i g n i f i c a n t  proportions.  The con t ro l l ab le  f a c t o r s  influ- 

encing t h e  phase v a r i a t i o n  due t o  l i f t - o f f  are as follows. 

Coi l  Geometry, - The s h o r t e r  t h e  d r i v e r  c o i l ,  the smaller i s  t h e  

value of ~ ' u ~ o  at  which t h e  minimum l i f t - o f f  e f f e c t  occurs. 

in order t o  make t h e  value of T2upcf f o r  m h i m w n  l i f t - o f f  effect; be the 

s m e  as t h a t  for m a x i m u m  s e n s i t i v i t y ,  t h e  normalized l e n g t h  of t he  

d r i v e r  c o i l  must be from 0.4 t o  0.6.  Most o t h e r  e f f e c t s  tend  t o  increase 

t h e  value of r'wpa f o r  m i n i m u m  l i f t - o f f ,  nad usua l ly  t h e r e  i s  a ppoblem 

g e t t i n g  t h i s  value low enough (or  the c o i l s  sho r t  enough). 

I n  genera l ,  

By "zero l i f t - o f f "  we really mean t h e  min imum vizlue of lift-off, 
which i s  not a c t u a l l y  zero ,  but some finite value of b i f t ; -of f  because 

of  t,he th i ckness  of  t h e  i n s u l a t i o n  and t h e  bear ing  sur face  on zhc face 
of t h e  probe. The "zero l i f t - o f f "  i s  a normalized th ickness ,  and should 

not be confused w i t h  t h e  m i n i m u m  l i f t - o f f  e f f e c t ,  w h i c h  i.s rz phase shift; 
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due t o  R I.ifi;-off va r i a t ion .  

i s  t h e  value o f  T*U{I~ a t  which t h e  miniciiim l i f t - o f f  e f f e c t  occxrs .  

Therefore,  w e  t r y  t o  make the  "zero l i f t - o f f "  as s m a l l  as p r a c t i c a l .  

For a c o i l  wi th  Teflon t ape  over t h e  face ,  t h e  normalized "zero I - i f t -  

off" ranges from about 0.3 f o r  a mean rarlj-iis of  0.020 i n .  t o  about 0.025 

ro r  a mean rad ius  of 0.40 i n .  For t h e  same c o i l s  without t h e  Teflon 

bape over -the f ace  , t h e  normalized "zero l i f t - o r ~ ? "  would range from 

about 0 .1  to 0.015, respec t ive ly .  

The l a r g e r  t h e  "zero 1.i.ft-offY" t h e  l a r g e r  

I 

The normalized vaI.ues of  t;hz inner  and outel- r a d i i  of t h e  d r i v e r  

c o i l  and pickup c o i l s  have only a small e f f e c t  on the value o f  F2wpcr 
at which t h e  minimum 1if.t-off e f f e c t  occurs.  The val.ues o f  R1, R2, R 3 ,  
and R4 used i n  t h i s  r epor t  (0.75, 1.25, 0 . 3 5 ,  and 0 .7 ,  r e spec t ive ly )  

represent  a compromise between those  producing a minimum value of  F u p o  
f o r  t h e  m i n i m i m  l i f t - o f f  e f f e c t  and t hose  producing maxi.rnum vol tage  

from a ref lec t ion- type  c o i l  system. 

L i f t - o f f  Range. - Thi-s i s  the  range of v a r i a t h n  of  t h e  l i f t - o f f ,  --. 
o r  c o i l  t o  conductor spacing and usually r ep resen t s  u compromise between 

what i s  e a s i l y  obta inable  and t h e  amcmn.t; of e r r o r  introduced. If t h e  

l i f t - o f f  i s  incl-eased from "zero l i f t - o f f "  ( t h e  m i n i m w n )  t o  a maximum 

value ,  thj-s  produces a phase s h i f t  known 8 s  t h e  l i f t - o f f  effect .  The 

smaller t h e  I-if%-off range, t h e  smaller i s  t h e  I . if t-off e f f e c t  and t h e  

value of ?wyo at  which t h e  m i n i m i m  l i f t - o f f  effect; occurs.  

Range of  Measurenierits. - The range of measurements i s  the range of  

t h e  Val-iab1.e such as th ickness  

-that w e  desire to measwe. The smal.ler t h e  range o f  measwements, t h e  

smaller i s  t h e  l i f t - o f f  e f f e c t .  

minimum l i f t - o f f  e f f e c t  t ends  to increase  s1ighl;I.y as t h e  range increases.  

c ladding th ickness  , o r  conduct ivi ty  

I n  most cases t h e  value of F2wpa f o r  

----- Attenuator  Parameters and Number of  Turns_. - l'he a t t enua to r  param- 

e t e r s ,  un3. i.ke t h e  previous parameters,  do not r equ i r e  any additi.ona.1 

nu,nlerical i n t eg ra t ions  and, t h e r e f o r e  r equ i r e  very l i t t l e  additional.  

cornputatton time. Since these parametem w i l l  tend t o  increase  -the 

value of F2wiicr f o r  minimum l i f t - o f f  e f f e c t ,  t h e  coi.1. must be made shorter 

than t h e  optimum indica ted  i n  t h e  previous pwagraphs.  YYie attemi.a,tor 

pstrameters cons i s t  of  the r e s i s t a n c e  capaci tance i n  t h e  i n s t r u m n t  



dr iv ing  and pickug c i r c u i t s  

the  t u r n s  on the coil, play ELG important part in the t,otsl instrume~~t 
response. Selection of the values of these parameters shoi~l d Froreed 

with the fol iowing s t eps .  

The a t t enua to r  pwttnleters togefi-EX- w i t h  

1. Determine t h e  desired ratio r ? f  o? to wg (the rpsonant frequen~yj~ 

The c o i l  inductance and the  shint  capacitance (including cable, coil 

interwinding, ant? amplifier input  capaci tance)  i n  both t n c  d r i v i n g  8lIa 

pickup circuits f o m  a resonant circui-t; t fmt  l i m i t s  the high frrtquency 

respcnse of the probe and, therefore, t h e  noise.  

in t h e  c i r c u i t  

continuously with frequency, at a rate sanewhat greater than w to the 
first power. 

frequency is given "by 

With no capacitance 

t h e  signal w i t h  the probe on a conduetoy w i l l  increase 

The ratio o f  the resonant fi-equency t o  t h e  opera t ing  

where C i s  t h e  shunt capaci tance,  L i s  the c o i l  inductance, a n d  J h  

r ep resen t s  t h e  normalized imaginary part of the coil impedance. 

the r a t i o  W O / W  mid Im are ca l cu la t ed  i n  the p i ~ g r m s ,  The nornial value 

of the ra t io  ranges from 2 to 20, w j t h  10 being the most used. 

r a t i o  greater than  20 the noise becomes trrjublesome With siruzlXer 

r a t i o s ,  t h e  co iZs  cannot be made shart  enough f;o achieve good lift-off 

compensation, arid component variation causes l a r g e r  phase shifts 

Both 

For a 

2 .I Determine approximate coil i ndue l tmce  = The m i r a i m w n  c o i l  

inductance determined by t h e  system's .Low frequency $:)peration and the 

minimun1 output resistance, Hal. c m  be  approximated by: 

Substituting approximate vaiues for  t h e  minimum driving resis"cance znd 

t h e  normalized imagino.ry par t  of  the impedance gives 
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2 (henr i e s  1 

where w i s  t h e  m i n i m u i i i  opera t ing  frequency under cons idera t ion  and 

i s  tile r a t i o  of t h e  resonance frequency t o  t h e  rninlmim 
Wo''rcl-in 
frequency . 

The m a x i m u m  inductance w i l l  be l i m i t e d  by t h e  high frequency 

respoiise of t h e  system an? i s  approximated by: 

The minirnurn capacitance i n  t h e  l e a d s ,  c o i l s ,  and ampl i f i e r s  w i l l .  u sua l ly  

be approximately 100 pF. Thus, we have 

'Yhe probe may be designed t o  opera te  over R very wide frequency range o r  

A wim gage nnsi, be chosen f o r  a s i n g l e  frequency, where w = 

(us ing  t h e  c o i l  design opt ion)  t o  g ive  an inductance somewhere between 

the  rn:x&mm and minimimi values .  

opera t ing  frequency, t h e  inductance of t h e  d r ive r  and pickup c o i l s  

should be approxjmately t h e  s m e ,  s ince  the l e a d  capaci tances  will 

usual1 y be sirriilar . 

'I'max min 

For c o i l s  with t h e  g r e a t e s t  range of 

3. Once t h e  exact  inductance has been aetex.rnined, the capacibmce 

necessary t o  g ive  t h e  des i r ed  ra t - io  of w o / f l )  must be se l ec t ed  ( f o r  each 
valiie o f  opera t ing  frequency).  This i s  eiven by 
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and t h e  r a t i o  wo/w is  ca l cu la t ed  by t h e  a t t enua to r  design option i n  t h e  

progmms e 

14. Next,, the value of d r i v e r  series o r  pickup shunt r e s i s t ance  

needed t o  give a m i n i m u m  temperature d r i f t  (due t o  va r i a t ions  i n  t h e  

c o i l  dc r e s i s t a n c e )  must be determined. A rough approximation for th i s  

r e s i s t a n c e  i s  

f o r  t he  d r i v e r  s e r i e s  r e s i s t a n c e  ( R O ) ,  and 

for  t h e  pickup shunt r e s i s t ance  (R9). 
t h a t  these  values  may be i n  e r r o r  by Q f a c t o r  of 2. The only way d o  

get  an accurate  value o f  t h e  r e s i s t ance  f o r  minimum & i f t  w i l l  be t o  
vary RO and R9 and ca l cu la t e  the d r i f t .  

i nd ica t e  tha t  t h e  r e s i s t a n c e  should be increased,  negative values of  
t h e  d r i f t  i nd ica t e  t h e  r e s i s t ance  should be decreased. The d r i f t s  w i l l  
not become exac t ly  zero,  and t h e r e  i s  an i n t e r a c t i o n  between RQ md 

RP so  t h a t  s eve ra l  ca l cu la t ions  on each may be necessary.  D r i f t s  on the 
order of 0. OQTo/"C a r e  p rac t i ca l  , both a n a l y t i c a l l y  and experimentally. 

5 .  Once t h e  proper a t t enua to r  has been obtained,  it i s  necessary 

It should be emphasized here 

Pos i t i ve  values  o f t h e  d r i f t  

t o  reexamine t h e  lift-off e r r o r  s ince  t h i s  i.s a f f ec t ed  by t h e  a t tenuator  

parameters. It may be necessary t o  vary t h e  coil l eng th ,  t h e  zero 
l i f x - o f f ,  and t h e  l i f t - o f f  range i n  order  to miniinize t h e  l i f t - o f f  

e r r o r .  

redeskgned. Therefore,  s ince  it i s  known %ha% the addi.tion of the  

a t t enua to r  w i l l .  increase  t h e  value of F2wpo a t  which t h e  minimum l i f t -  

o f f  e r r o r  occurs ,  it i s  des i r ab le  t o  design t h e  c o i l  without an attenu- 

a t o r  so t h a t  the value of p w 1 - 1 0  f o r  minimum lift-off e r r o r  i s  less thsn 

t h a t  fo r  maximum s e n s i t i v i t y .  I n  Fig. j w e  show how t h e  f r a c t i o n a l  

increase i n  t h e  value of r wpo f o r  minimm lift-off e r r o r  increases  as 
the  r a t i o  wo/w decreases f o r  8 p a r t i c u l a r  coil. 

This  unfor tuna te ly  r equ i r e s  %hat t h e  coil and a t t enua to r  be 

-2 

m e  value of TWO 
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f o r  minimum l i f t - o f f  e r r o r  with an i .nf i t i i te  r a t i o  o f  w o / w  has been 

taken as uni ty .  This should g ive  a t  l e a s t  an esti.rna'i;e of how nucli t h e  

value o f  F2wp(7 w i l l  be increased and should be t&en into account i n  

t h e  orig-inal. s e l e c t i o n  of  t h e  c o i l  parameters. 

The s e r i e s  of s t eps  out1.i.ned i n  t h i s  section should. serve as a 

rough guide t o  good c o i l  design. 

'LIEE'LECTION C O I L  ABOVE A SINGLE CONDUCTING PLANE 

We sha7.L now consider  t h e  case o f  a r e f l e c t i o n  c o i l  above a. s i n g l e  

This computer program c a l c u l a t e s  the  rnagnitud? and phase of conductor. 

the  vol tage t h a t  i s  fed  t o  the phase measwing c i r c u j h s  o f  the phase- 

s e n s i t i v e  eddy-current instruments and i s  designed t o  he lp  analyze 

eddy-current measi-rements of  conduct ivi ty .  

The program c a l c u l a t e s  t h e  magnitude and phase of the i-nduced 

vol tage a t  5 d i f f e r e n t  values  of Li f t -of f  for each o f  3 d i f f e r e n t  con- 

d u c t i v i t y  vahies, ms.king a t o t a l  of 1.5 calcul.ations.  This a l lows  one 

t o  examine the s e n s i t i v i t y  t o  I.if-'i-off v a r i a t i o n s  as well a,s conduc- 

t i v i t y  v a r i a t i o n s ,  

s h i f t  with the discTiminator ad jus ted  t o  g ive  t h e  same pha.se on the 

nominal conduct ivi ty  sample w i t h  maximain and minimum lif ' t -off .  The 

In addkLion, t h e  pi-ograxo also c a l c u l a t e s  the phase 
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phase on t h e  nominal conduct iv i ty  sample wi th  minlmu!n lift-off is take11 

ELS zero9 and aLL other. phase shifts are roeaswed r e l a t i v e  ta it. 
The equat ions that are evalua ted  are Eq. ( 8 )  f o r  t h e  mutua3 cou- 

p l ing ,  Eq. ( 9 )  f o r  the d r i v e r  c o i l  impedance, and Eq.  (173 fr~r the 
pickup coil impedance. The ganma f a c t o r  for t h e  s i n g l e ,  sen i -Snf in i te  

conductor i s  given i n  Eq. (31). 

The programs are w r i t t e n  i n  both  BASIC and FOHTKAN for use c;n 

t h e  PDP-10. The BASIC program fo l lows .  

To use t h i s  program,, one m i s t  first div ide  a l l  dimensions by tne 

mean r ad ius  of the d r i v e r  c o i l .  Then the  following l i n e s  must be typed 

i n t o  t h e  progran. 

250 
260 

270 
280 

290 

300 

310 

320 

330 

340 
350 

360 

370 

380 

390 
400 

hl0 

420 

430 

440 

t35 = (numerical  value of d r i v e r  c o i l  mean radius i n  inches) 

R1 = (numerical  value of normalized d r i v e r  c o i l  inner  r a d i u s )  

~2 = (mwnerical value of  normalized d r i v e r  coil ou te r  r e d i u s )  

L3 = (numerical  value of  n o r m l i z r r l  d r i v e r  c o i l  4engSth) 

133 = (numerical  value of normalized pickup e o j  L inner radius) 

it4 = (numerical  value of normalized pickup c o i l  ou te r  radius) 

~4 = ( x i m ~ r i c a l  value of normalized pickup c o i l  7.engthj 

L5 = (nimerical. mlue  of normalized pickup c o i l  recess from 

face oc clriver) 

~6 = ( rnmer ica l  value of nomal ized  iiriver coil ininTnium 1. i f t -off)  

~6 -- (nunierical value of  r e s i s t a n c e  of  d r i v e r  c o t 1  ic ohms) 

RT = (numerical  value of  total resistance of both pickup coils 

in ohms) 

~3 = (number of turn.; on d r i v e r  c o i l )  
N1: = (number of t u r n s  on each pickup coil) 

RO = (output  ser ies  r e s i s t a n c e  of d r iv ing  ~ u n p ? i f i e r  j n  oluns) 

R9 = (inpii t  shunt r e s i s t a n c e  of  pickup ampl i f i e r  i r i  alms) 

e6 = ( t o t a l  shunt capaci tance i n  d r iv ing  eircuii, i i i  farads) 

C 7  = ( to t a l -  shunt il.apacitance i n  j?ickup cireurt j n  f a r a d s )  

V Q  = (output  voltage o r  dr iv ing  ampl i f i e r  i n  volts) 

@5 = (gain of pickup ampl i f i e r )  
F = (ope ra t ing  frequency i n  Hertz)  



b50 L2 = (numerical. value of normal ized driver c o i l  l i f t - o f f  

increment) 

~1 = (numerical  value of r e s i s t i v i t y  of conductor i n  m i c r o h  

cent imeter )  
51 0 

51 3 

'750 

U1 = (numerical value of r e l a t i v e  permeabi l i ty  of conductor) 

MO = (numerical value of f r a c t i o n a l  con t l t~ ! t iv i ty  change) 

The program may now be run. The pr int-out  by the computer w i l l  

have t h e  foll.owing format .  

XI.= ( R l )  R2= ( R 2 )  D R I V E R  IXNGTI! I S  (L3) 
R3= ( H 3 )  Rb= (Rh) P I C K  UP LENGTH IS ( L 4 )  
C O I L  MEAll RADIUS (RS) I N C H E S  OPEIZATING FHEQUENCV ( F )  
P I C K  UP R E C E S S E D  (L5) 
NINIMIJM LIFY-OFF ( ~ 6 )  LIFT-OFF INCHEMENT (L2) 
u l=  (UI) MI= ....... XESISTIVITY= (a) MICROHM CM 
'TOTAL C O N D U C T I V I T Y  VARIATION KBS (200.MO)$ 
DNIVEH RES INDUCTANCE NO TURNS SHUNT CAP NOR IM ET 

P I C K U P  R E S  INDUCTANCE NO ?'URNS SHUNT CW NOR IM PT 

DRIVING VOLT S E R I E S  KES AMP G A I N  INPUT IMP 

DISCRIMIN-ATOR VOLTAGE IS ..... 

( ~ 6 )  ...... ( N 3 )  ( C 6 )  ..... 
(R7) ...... ( E 4  ) ( C 7  1 ..... 
(VO) (RO) ( G 5 )  (119 1 

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

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

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

0 ..... ..... ..... ..... 
..... ..... 

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

..... ..... ..... ..... ..... 
PIUSE S H I F T  ..... L I F T - O F F  ..... %..... 
DFCiHEE ..... ..... 
1 C O I L  DESIGN 2 ATTEN. D E S I G N  3 DRIFT CHECK 4 CON CAL 

? 

'The var ious symbols enclosed i n  parentheses are  used to i nd ica t e  

that the niunerical value o f  the  symbol w i l l  be pr in ted .  

There are f i v e  col.umns of da t a ,  one under each value of l i f t - e f f .  

Each coliiutti i s  divided into three sec t ions  of t h r e e  l i n e s  each. These 
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sec t ions  correspond, from t o p  t o  bottom, t o  the t h r e e  values (--lOIS"MO, 

0 ,  and +l00*MO % )  of v a r i a t i o n s  f'rom t h e  nominal conductivity.  

t h r e e  l i n e s  i n  e8ch s e c t i o n  w e ,  from t o p  t o  bot ton ,  the inagnitude of 

the woltage out of the pickup amplifier, the phizse shift between t h e  

voltage out of t h e  pickup amplifier and t h e  d r iv ing  voltage,  and the 

phase s h i f t  between the voltage out of t he  pickup ampl i f ie r  with the 

d i sc r imina to r  set t o  g ive  t h e  same phase s h i f t  wj th  m i n i m u m  l i f t - o f f  

and maximum l i f t - o f f  on t h e  nominal conduct iv i ty  sample. The phase 

s h i f t  i n  the t h i r d  l i n e  is always measwed Prom t h e  nominal conduct iv i ty  

sample with m i n i m u m  l i f t , -of f .  

will he i n  v o l t s  and be either peak-to-peak o r  WZ3, whichever i s  used 

f o r  VO, t h e  output voltage of  t h e  driving ampl i f i e r .  

dimensionless product P , 5 2 w p l D l  is a l s o  callculcited and p r in t ed  out as  

M l  = (R5*uu101). 

and t h e  normalized imaginary part o f  t h e  driving coil impedance, with 

nominal conduct iv i ty  and nominal l i f i - o f f  (L6*2L2) 

Likewise t h e  inductance i n  hen r i e s  of both pickup c o i l s  in air  and t h e  

normalized imaginary part  of the pickup c o i l s '  impedunce t&th noininal 

conductivity m d  l i f t - o f f  i.s also printed.  The t o t a l  phase s h i f t  f o r  

the 2UO*MO % conduct iv i ty  v a r i a t i o n ,  t h e  maximurn phase shift due t o  

lift-off, and the maximum percent of rrtnge error  i n  conduct iv i ty  measure- 
ments due t o  lift-off are given. 

r ad ians  and then i n  degrees. 

The 

The voltage out of the pickup ampl i f ie r  

The ~ a l u e  of the  

The inductance i n  hen r i e s  of the drixring c o i l  i n  a i r  

is also printed,  

The phase shi-%s are given first i n  

The program then e n t e r s  a branching loop t h a t  allows t h e  following 

op t ions ,  depending on which of  1, 2, 3, o r  4 i s  typed as i ~ p u t  aM;elp 

the question mark. 

1, Coi l  Design 

If a 1 i s  ty-ped by the opera tor  a f t e r  t h e  questfun mrks the program 

w - i l l  en t e r  the Coil Design Loop. 

t u r n s  on the d r i v e r  and pickup c o i l s  to be var i ed .  

%he wire gage t o  be given and then c a l c u l a t e  the number of t w n s  and 
c o i l  resist,ance, o r  i t  wi1 . l  a l loy the number o f  turns t o  be entiered 

and c a l c u l a t e  t h e  gage and c o i l  resistance, or  both tu rns  and gage can 

This loop w i l l  allow t h e  nimber o f  

The Eosp w i l l  a l l o w  
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be entered. I F  zeros  are entered f o r  both t h e  gage and t u r n s  of ei.ther 

the dr iver  o r  pickup c o i l s ,  t h e  present  value of t h e s e  w i l l  be r e t a ined .  

The progl-am. then  start,s with t h e  I.abel. 

DRIVEH RES INDUCTia-CE NO TURNS SHUNT CAP NOR IM PT , 
and t h e  rernsillder of t h e  prograrfl i s  r eca l cu la t ed  and p r i n t e d ,  w i t h  the 

“new” coil i n  the c i r c u i t  a 

ca1culal;e M ,  Z. and Z do not  have t o  be repeated.  

2. Attenuator Design 

However, t h e  niirnm-ical i_ntegra.tj.ons t o  

DR ’ PU 

This loop w i l d  allow t h e  driver s e r i e s  r e s i s t a n c e ,  RO, t h e  driver 

shiml; capaci tance,  C6, the ampl i f i e r  input impedance, Rg , atid t h e  sixmt 

capacitunce I.n t h e  pickup c i r c u i t ,  C7,  t o  be Val-Ted. If a 2 i.s ty-ped 

a f t e r  t h e  question mark, t h e  coniputer w i l l .  respond with 

DRIVER SERIES RES, SHUJYT C A P ,  PICK-UP SIIUNT RES, SHUWi! (2413 . 
The r e s t s t a n c e  is to be g iven  i n  ohms, and t h e  capaci tance i n  f a i - a d s .  

If- zero i s  ty-prd i n  f o r  any val-ue, the present  value i n  t h e  computer 

w i l l  be r e t a ined .  Af te r  t h e  input  data and. a ca r r i age  r e t u m  are t y p e d . ,  

t h e  computer will c a l c u l a t e  t h e  ra, t io o f  resonant frequency t o  opera t ing  

frequency for t h e  p a r t i c u l a r  L--C c i r c u i t ,  a very roifgh value of res is t -  

ance f o r  minimum temperature d . r i f t ,  a,nd. the ratio between t h e  r e s i s t a n c e  

and reactance i n  the  c i r c u i t  f o r  bo th  t h e  d r i v e r  and pickup c i r c u i t s .  

The program then star ts  with t h e  l abe l  

DRIVER RES INDUCTANCE NO TURNS SXJIVT C A P  NOR IM PT , 
and the remainder of t h e  p t ~ g r ~ t ~  i s  r eca l cu la t ed  and pl-inted with the  

“new” a t t enua to r  i n  t h e  ci.rcui.t I) 

calciL.a.te M, Z DR ’ 
3. D r i f t  Check 

Again t h e  numerical i n t eg ra t ions  to 

and Zpu do not have t o  be repeated.  

T h i s  loop calciil-ates t h e  e f f e c t  of t h e  drift of any of the c i r c u i t  

or sample parameters after t h e  instrument has  been c a l i b r a t e d  and 

adjusted. If a 3 I s  typed as input ,  t he  progrem w i l l  respond vith t h e  

percent v a r i a t i o n ,  t h e  parameter varied, the  maxi.mum change i n  phase 

(both rad ians  m d .  degrees)  of any of the  15 different phases calcul.ated 

( 5  l i f t - o f f  values f o r  each of 3 d i f f e r e n t  condiic-tirvity valires) and tile 

percent  of  t h e  Faage t h e  d r i r t  represents .  The percent  vstriiztiosi of 
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each parameter may be va r i ed  independently. The following table  gives 

t h e  parameter, t h e  l i n e  number, and t h e  consta.uk t o  be va r i ed :  

P a r m e t  er 

Driver Resis tance 

Pickup Resistance 

Driver  Shur~L Cap. 

Piclrup Shunt Cap. 

S e r i e s  Resistance 
Amplifier Input Resistance 

Applied Voltage 

Fre que nc y 

Mean Radius 

R e s i s t i v i t y  

Line Number 

8610 
8620 

8640 
8650 
8660 
8670 

8680 

8690 

8700 

8630 

Constant 

El 

E2 

E 3 
E 4  

E 7 

E8 

E9 
A 1  

A2 

a8 

For example, t o  put i n  a 2% v a r i a t i o n  i n  t h e  driver c o i l -  r e s i s t a n c e ,  on? 
would type: 

8610 El = .Q2 
'The amount t h a t  each parameter i s  var ied  must be set, before t h e  prograr~~ 

i s  run. All of the, v a r i a t i o n s  a r e  0.01 or 1% i n  t h e  cu r ren t  ver:;ioii of 

t h e  program. Since t h e  phase shift; produced by the parameter variat , ion 

i s  q u i t e  l i n e a r  over a range of about lo%, a l i n e a r  i n t e r p o h t i o a  or 

ex t r apo la t ion  nay be used f r o m  t h e  1% parameter varit i t ton.  

typed i n  f o r  any parameter v a r i a t i o n ,  t h a t  parameter w i l l  not be var ied  

nor w i l l  it be typed out in t h e  l i s t  of' parameter v a r i a t i o n s .  When the 

c a l c u l a t i o n  i s  completed and the d r i f t s  p r i n t e d ,  t h e  program r e t u r n s  to 

t h e  branch po in t  and r epea t s  t h e  question 

IF zero is 

1 Coi l  Design 2 Atten. Design 3 D r i f t  Check IC Con Ca1 ~ 

The f i r s t  seven drifts do not r e q u i r e  t h a t  t h e  nunlerical itatcgra- 

Lions t o  c a l c u l a t e  M, ZDR9 and ZpT, be repea ted ,  but they must be .repeated 

t o  ca;lculate t h e  d r i e s  due to frequency, mean r a d i u s ,  arid r e s i s t i v i t y  

changes. There fore  t h e  c a l c u l a t i o n  of t h e s e  last  t h r e e  drii"t s rpquires 

Q cons iderable  mrmunt of computer t i m e  I )  



4.  con C a l  

T h i s  loop i s  t o  cont inae ca l cu la t ions .  If a s e r i e s  of  ca l cu la t ions  

i s  t o  be made, a loop may be e s t ab l i shed  a t  t h i s  po in t .  liowevtts, in 

t h e  present, vers ion  of  t h e  program, i f  a 4 i s  typed as inpu t ,  t h e  program 

w i l l  end. 

Sample Calculat ion of  RFCON 

L e t  us  suppose we wish t u  d.esign a re f lec t ion- type  c o i l  t o  measure 

e1ect:rj.ca.l conduct iv i ty  of  a t h i c k  n e t a l  p l a t e .  The coil .  values  b d o w  

were chosen by t r ia l  and e r r o r  t o  give good results. The d r i v e r  coil 

has a mean rad ius  of 0.300 i n . ,  inner  and o u t e r  rad%?. of  0.225 in .  

and 0.375 i n .  , and a length  of  0.180 i n .  

and outer  r a d i i  o f  0.105 and 0.210 i n . ,  R l eng th  o f  Q.060 i n . ,  and are 

mount ,e t l  f l u sh  with t h e  ends of  t h e  d r i v e r  c o i l .  The d r i v e r  c o i l  has 

810 t w n s  of No. 36 w i r e  Faith a r e s i s t a n c e  o f  57.555 Q, and the pickup 

c o i l s  have 2825 t u r n s  each of No. 48 w i r e ,  wi th  a r e s i s t a n c e  o f  

34143.01 f o r  both coi1.s. The input  r e s i s t ances  of bo th  t h e  d r i v e r  

s e r i e s  and t h e  pickup ampl i f ie r  are chosen t o  be 1 MQ. 

capacltnnces i n  both  c i r c u i t s  are choseci t o  be 1 pF. 

t o  p r a c t i c a l l y  i n f i n i t e  source and de tec to r  impedances, so t h a t  only 

t h e  mutu.o.l. coupling, M ,  a f f e c t s  t h e  phases. The minimum l i f t - a f f  i s  

taken t o  be 0.030 i n .  wi th  a l i i ' t -o f f  increment o f  0.0075 i n .  The 

nominal r e s i s t i v i t y  of t h e  material i s  2.95 pR cm, the  var i .a t ion i n  

conduct ivi ty  i s  &5$$ and t h e  r e l a t i v e  maa1eti.c permeabi l i ty  i s  L .  

frequency i s  500 Hzg t h e  output vol tage of  t h e  d r iv ing  Amplifier is. 

10 V ,  ar id  t h e  gain o f  t h e  pickup ampl i f ie r  i s  un i ty  ( a  u n i t y  gain al.l.oxs 
t h e  a c t u a l  gain needed i n  t h e  m.pl.i.fj.er t o  be ca l cu la t ed  by d iv id ing  

-the max imurn  output vol tage with un i ty  gain i n t o  10). 

The pickup c o i l s  have inner  

me shunt 

T h i s  corresponds 

The 

The program RFCON j.s assumed t o  be i n  t h e  a c t i v e  core ,  and the 

following infoimation i s  .typed i n t o  t;he computer. A l l  l i n e a r  dimensions 

are normalized by d iv id ing  by t h e  c o i l  mean r ad ius ,  except €or t he  

c o i l  1tiepm r ad ius ,  which i s  i n  inches.  
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250 

260 

270 

290 

280 

300 

310 

32 o 
330 

34 0 

350 

360 

370 

380 

39 0 

400 

4l0 

420 

430 

44@ 
l+50 

510 

515 

750 

R5 = .300 

R1 = .75 
R2 = 1.25 

~3 = .6 
R3 = .35 
R4 = .TO 

114 = *2 

L5 = 0 

LG = .1 

RF( = 3443.01 

N3 = 810 

R6 = 57.555 

N 4  = 2925 

RO = IE6 
R9 = 1.E6 
CS IE-12 

c7 = 1.x-12 
vo = 10 

GS = 1. 
F = 500 

L2 = ,025 

K1 = 2.95 

u1 = 1 
MO = -0.05 

The program may now be run with t h e  following results. The 

data inputed from t h e  terminal. by t h e  user are underlined. 

return m u s t  be typed by t h e  user- a t  the end of each input line. 

A carriage 
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R 1 =  0.75  H 2 =  1.25 DKXVEH L t N G T H  IS 0.6 
R 3 =  0.35 R 4 =  0.7 PICK UP L E N G T H  IS a.2 
C O I L  MEAN R A D I U S  0.3 INCHES 0FEKATING FREQUENCY 500 
P I C K  UP RECESSED 0 
M I N  L X F T * @ F F =  0.1 L I F T - O F F  INCREMENT= 0.025 
ul= 1 M I =  7.77051 RESISTIVITY= 2.95 MICKBHM C M  
TBTAL CBNDUCTIVITY VAKIATI0N 10 X 
DRIVER RES INDUCTANCE NB T U R N S  SWUI'JI C A P  N0k I M  P I  

PICKUP M S  INDUCTANCE NO TURNS SHUNT CAP NGk I M  P I  
3443.01 8-83174E-2 2925  1.0OOOOE-12 0.931484 

DRIVING VQLT SERIES RES AMP GAIN INPUT IMP 
10 1 000000 1 1000000 

57.555 9.601 45E-3 81 0 1 .oooaoE-i2 0.8'19034 

D ISCRPMINATBK VBLTAGE IS-2034257E-6 

0.1 0.125 0.15 0.175 0.2 

3 -4657idE-5 3.18994E-5 2 . 9 3 7 8 6 E - 5  2.7 07 53E -5  2 493 1 4 E - 5  

1 e53083E-2 1.50008E-2 
-0.784464 -0.790631 -0 e797096 -0 803805 - Q * H l O 7 1 4  

1 48557L-2 1.49523E-2 1 e53638E-2 

3 641 t 8E-5 3.34915E-5 3 -08349E-5 2-84fl30E-5 2-61821E-5 
-O.H11008 -0 61 6891 -0 823092 -0 829554 -0 83623 
- 1  044989E-2  - 1  e47715E-2 -1 e49175E-2 - 1  -48548E--2 - 1  e4h084 t -2  
PHASE SHIFT 2.98064E-2 L I F T - O F F  5-08092E-4 % 1.70464 
DEGREE 1.70778 2.91 1 l 6 E - 2  
1 C O I L  DESIGN 2 ATTEN. DESIGN 3 D R I F ' ?  CHECK 4 G @ N  C A L  
?p 

D R I V E R  W I R E  GAGE3 TURNS> P I C K - U P  W I R E  G A G E S  TUKNS 
? 3 6 r 0 ~ 4 8 s Q  

D R I V E R  924 TURNS OF k" 3 4  WIRE 33 / L A Y E R  28 L A Y C k S  68.2723 BWM 
PICKUP 3225 TURNS EA h! 48 W I R E  43 / L A Y E R  7 5  L A Y E R S  3569.24 @WMS TETAL, 

Nliih 1 M  P I  DRIVER RES INDUCTANCE N B  TUENS SHUNT CAP 

PICKUP RES INDUCTANCL NB TURNS SHLJNT CAP NBh I M  PI  
3569 - 2 4  0-107363 3225 I *00000E-12 0.991484 

D R I V I N G  VBLT SERIES RES AMP G A I N  INPIJ1 IMP 
10 I000060 1 1000000 

60 2723 1.24943E-2 924 1 - 0 0 0 0 U E - 1 2  0.879034 



31 

DISCKIMINAT@R VQLTAGE IS-2.94402E-6 

0.1 01125  0.15 0 175 0.2 

4.35Hh8E-5 4-01  159E-5 3069458E-5  3.40495E-t, 3a1403.5k-5 

1 *53083E-2 1.50007E-2 1 c48557E-2 1.49523s-2 1 .53638E-2 

4.471 28E-5 4.11 437E-5 3 I 7 882 6E- 5 3 e49035E-S 3.21624E-:, 

0 -2e95207E-4 -4-46253E-4 -3 .72484E-4  0 

-0.f5107l52 p 0 a 784532 -0 07 90699 -0 ~ 7 9 7  163 -0  0803873 

* 0 7981 3 1 -0. €304 1 5 5  -0 8 10487 -0.817073 -cia823865 

4057906E-5 4-21256E-5 3*87772E-5 3 0 57 f 90E-5 3-29260E-5 
- 0 - 8 l 1 0 7 6  -0.816958 -0 * 823  159 -0 e 829622 -0 -836298 
- 1  4 4 9 8 9 E - 2  - 1  -47715E-2 -1 .49175E-2  -1  048549E-2  -1  -45084E-2 
PHASE SHIFT 2-98064E-2 L I F T - O F F  5.08152E-4 W 1.70484 
D E G R E E  1.70778 2.91 150E-2 
1 C B I L  DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 C0N G A L  
?2 

D R I V E R  SERIES RES, SHUNT CAPS PICK-UP SHUNT KESt SHUNT CAP 
?401E2r1n2E-?~S=4E3tl*lE~8 

D V R  C T  8.76802 BELElW R E S  302.529 OPT 
P-U CT 9.30217 BELQW RES 3 1 1 O e E i l  lJPT 
D R I V E R  RES INDUCTANCE NO T U R N S  

PICKUP RES I NDUC TANCE N O  TURNS 

DRIVING VOLT SERIES RES A M P  GAIN 

0 ISCRLMINATQR VQLTAGE IS-41 16O57E-3 

60 a2723 1.24943E-2 924 

3569 * 24 0 107363 3225 

10 41 0 1 

RES 11.882% k E S / R E A C l A N C E  
R E S  16 e 1475 RES/REACTANCE 

SHUNT CAP NBi i  I M  P T  
l020000E-7 0 .87  9034 

S H U N T  C A P  N0K HM PT 
1*10000E-8 a *  991 4%4 

INPUT IMP 
5400 

0.1 0.125 0.15 0 ,175  0.2 

5 5341  3 E - 2  5 15255E-2 4 e74844E-2 4.37876E-2 4 * O4i)64E-% 

1 S 1 480E-2 1 -47468E-2 1.45944E-2 1 * 47688E-2 1 a5343CaE-2 
- 0  * 989504 -0 .996298  - 1  000335 - 1  mol06 -1.01802 

5 87 644E-2 5*41004E-2 4 9833 1 E-2  4 a S9306E-2 4*23623S-2 
- 1  *01541 - 1  e 0 2 1  97 - 1  e02879 -1 .a3584 - 1  e04306 
-1 .43376E-2 -1.47751E-2 -1.499'FlE-2 - 1 e P 9 2 3 1 E - 2  -3m44788E-2 
P H A S E :  SHIFT 2.96226E-2 LIFT-BFF 7a48618E-4 X 2.52719 
DEGREE I - 69725  4 0 2 8 928E-2 
1 CBIL DESIGN 2 A T T E N .  DESIGN 3 DRIFT CHECK 4 CBM GAL. 

? 3  - 
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S Y S T E M  D R I F T  V A R I A T I O N S  
X VARIATN PARAMETER HAD I A N  DEGREE X @F R A N G E  

1 D R I V E R  RES 5.941 09E-5 0 -003LIQ'J 0 -20056 
I PICKUP RES 1025870E-4 7 -21 1836-3; 0.424913 
1 DWR SHUNT CAP -2.2737'7E-4 -1.30277E-2 -0.76758 
1 P-U S H U N T  C A P  -7 46027 E-4 - 4  027 442E;-2 -2 51 844 
1 S E R I E S  RES 1 50037E-3 805964FbE-2 5 . 0 64 95 
1 AMP I N P U T  R E S  -4-834836-4 -2077016E-2 -1.63215 
1 APPLIED VBLT -1002489E-3 -5087213E-2 -3.45982 
1 F R E Q U E N C Y  -6.11733CE-3 -0 -350499 -20.651 
1 MEAN RADXLJS -5*12030%-3 -00465259 -27 . 4 126 
1 R E S  I S T  I V I  T Y 2c99047E-3 0.17 1341 10 -0952 

?si 
1 C0lL DESIGN 2 AT'TEN. DESIGN 3 D R I F T  CHEGK 4 C@N GAL 
- 

The user has exercised a l l  the design options available, and these options 

may be repeated, omitted, or taken in any order. %ne BASIC version of t h e  

program RFCON follows. 
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1140 G C  SlJS 6000 
1150 R E M  FER DISCKIMINATBR VEL'I'AGE AND PHASE SHIFT 
1160 G O  SUB 6500 
1170 REM FGi? P i i I N T I N G  0F kESUL.3-S 
1180 G O  SlJR 6700 
1190 REM FCIR A V .  PHASE SI-IXFT AND LIFT-OFF EktIBK 
1200 G 0  StJR 7000  
1400 R E M  FBR C D I L  A N D  A T T E N U A T O R  DESIGNSr AND D R I F T  
1410 G Q  T B  7200 
1499 R E M  SUBK0UTINE F Z R  INTEGRATIQN 
1500 A3=0 
1510 A 4 - 0  
1520 FBI3 I = l  T(3 3 
1530 F O R  J = l  T 8  5 
1540 A I I r J I - 0  
155C R (  IsJ)=O 
1 5 6 0  CClrJ)=O 
1570 D (  I D . J )  ~0 
1580 E (  I r  J ) = O  
1590 FCIrJ)=O 
1600 NEXT J 
1610 NEXT 1 
1620 ILET s 2 = s  
1 0 3 0  Bf=O 
1640 92=5 
165Ct SlzlE-2 
1660 FOR X=Bl+S1/2 T B  82 STEP SI 
1670 GB SlJB 2000 
1680 NEXT X 
1690  Bl=B2 
1 7 0 @  B2=B2+5.2 
1710 S1=*05 
1720 IF X < 9  THEN 1660 
1'730 S i = . l  
1 7 4 0  IF X c 2 9  THEN 1660 
1750 Slz.2 
1760 TF X<39 THEN 1660 
1770 Slz-5 
1780 IF X<79 THEN 1 6 6 0  
1 '7 90 RETURN 
1998 R E M  SUBRBUTINE FOR L-F'ACTBR A N D  INTEGkIANTS 
1999 REM F0R J - F A C T B X  
2000 G Q  SUR 2700 
2010 r:!5=0 
2020 w2-0 
2 0 3 0  W6=0 
2040 W7=0 
20513 w4=1 
2060 W8=1 
2070 w3=1 
2060 I F  x * ~ 5 > 2 0  THEN 2100 
2090 WS=EXPC - X * L 5  1 
2100 1 F  X*L2>20 THEN 2120 
2 1 1 n !.!2-.EXPC -X*L2 1 
2 1 2 0  IF X*Lbr20  THEN 2140 
2 130 Wh=EXPC - X * L t j P  
2140 IF X*L7>20 THEN 2160 



35 



36 



37 

6250 
6260  
6 2 7 0  
6280 
4290  
h 300 
6310 
6 499 
6 5 0 0  
651 0 
6 520 
6 5 3 0  
6 540 
6550 
6 5 5 5  
6 5S6 
6'560 
6 5 7 0  
6 580 
6 5 9 0  
6 600 
6610 
6 699 

7 120 R E T U R N  
7 1 9 s "  H E M  F B R  C0J.L DESIGN, A T T E N U A T B R ,  DRIFT, AND EXIT 
7 2 0 0 1 ' " K I N T " l  C B I L  D E S I G N  2 A T T E N .  DESIGN 3 DRIFT CHECK 4 CBN CAL" 
7210INPU-r  N5 
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3020 I F  E 3 = 0  THEN 9070 
9 0 3 0  V O - V O S C  1 +E91 

9 0 5 0  G d  SlJB 9320 
9 0 6 0  VO=V0/<1+E93 
3070 I F  A 1 = 0  THEN 9 1 2 0  
9 0 8 0  F=F*<l+Al) 
9090  PRINT 1 O O * A l  r"FKEC'UEENCY''r 
7 1 0 C  GB S U R  9 3 0 0  
9110  F=F/<l+Al) 
9 3 2 0  I F  A2=0 THEN 9170  
9 1 3 0  E 5 = 1 ? 5 : % ( l + A 2 )  
7 140  P R I N T  1 0 0 * R 2 9 " M E A N  R A U 1 U S " r  
9150 G Q  SUB 9300 
3 1 6 0  R S = i : 5 / < 1 + A Z >  
9 1 7 0  I F  A 8 = 0  THEN 9220 
9 180 K 1  = K 1 * (  1 + A E o  
9 1 90 PR I NT ¶ 00*A8 D "RES 1 S T  P V  I T  Y", 
9200  G O  SUB 9300 
9210 K1 = K l / <  1 + R 8 )  
3220 G B  T0 7200  
9 2 9 9  K E M  S U R K G U T I N E  F B R  D R I F T  
? 3 0 0  G 0  SUB 600 
9 3 1 0  G @  SUB 1500 
9 3 2 0  G @  S U R  6000 
9330 @ l = O  
9340 F O R  1 = 1  T B 3  
9 3 5 0  FGii J-:i TG; 5 
9360 0~=01-ATN(02/SOH(M<IrJ)~M(I~.~l)-02*Q2))+P(Ir.J)-~(I~J) 
9 3 7 0  I F  A A S C Q I  )>ARSC02) THEN 9390 
9 3 8 0  01:::02 
9 3 9 0  NEXT < J  
9400 NEXT I 
9 4 10 
9420 R E T U R N  
9900 END 

9 0 4 0  PK!N1 ¶ O O ' c E 9 r " A P P L I E U  VQLT"r 

Pi: I N T  @ 1 D 1 EIWQ 1 / P 9 r  100*01 /O 
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XFCON, FORTRAN Version 

The FORTRAN vers ion  of RFCON i s  very similar t o  t h e  BASIC: vers ion.  

The l i n e  numbers given a r e  only for i d e n t i f i c a t i o n  and e d i t i n g  purposes 

mi13 nave no e f f e c t  on t h e  a c t u a l  execution o f  the FORTRAN program. The 
input data f o r  t h e  prog-rani i s  contained i n  l i n e s  250 through 480. 
data must be typed i n  t h e  seventh column, o r  s i x  spaces must first be 

t;yped. The data a r e  inputed as follows: 

The 

130250 N 5  = ( c o i l  mean rad ius  i n  inches)  

0w60 Ri = (normalized inner  radi-us of  d r i v e r  c o i l )  

00270 R% = (normalized ou te r  r ad ius  of d r i v e r  c o i l )  

00280 L3 = (normalized length  of d r i v e r  c o i l )  

~3025)O R 3  = (normalized inner  rad ius  of  pickup c o i l )  
00300 RL, = (normal-ized outer  rad ius  of pickup c o i l )  

00310 L4 = (normalized l eng th  of‘ pickup c o i l )  

(30320 

00330 

003kO 

00350 

00360 

00370 

00380 

00390 

00400 

00410 

00420 

001~30 

nCilc40 

00450 

Q O l i 6 O  

004TO 

00)ib@ 

L5 = (normalized l eng th  of  recess  of  each pickup c o i l  from 
the  face of t h e  d r i v e r  c o i l )  

~6 = (normalized minimum l i f t - o f f  of the d r i v e r  c o i l )  

~6 = ( r e s i s t a n c e  of d r ive r  c o i l  i n  ohms) 

R7 = ( r e s i s t a n c e  of both pickup c o i l s  i n  ohms) 

N3 = ( n w b e r  o f  t u r n s  on t h e  d r i v e r  c o i l )  

114 = (n*mbei- o f  t u r n s  011 each pickup c o i l )  

RO = ( b r i v e r  ampl i f ie r  s e r i e s  r e s i s t a n c e  i n  ohms) 

Rg = (pickup ampl i f ie r  shunt r e s i s t a n c e  i n  ohms) 

CS = (shunt cripacitance o f  d r i v e r  c i r c u i t  i n  f a rads )  

C7 = (shunt capacitance of pickup c i r c u i t  i n  f a rads )  

vo = ( a t p u t  vol tage i n  volts) 

GAIN = (mp:Lifier ga in )  

F”REQ = (opera t ing  frequency i n  H e r t z )  
L2 = (normalized l i f t - o f f  increment of  t h e  d r i v e r  c o i l )  

mu = (nominal e l e c t r i c a l  r e s i s t i v i c y  i n  microkim-cm) 

111 = ( r e l a t i v e  magnetic permeabi l i ty )  

~9 = ( f r a c t i o n a l  v a r i a t i o n  of conduct iv i ty)  
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'The pr int-out  of t h e  FORTRAN version of  RFCON i s  practically iden- 

t i c a l  t o  t h e  BASIC version and w i l l  not  be repeated. The main diffe;-- 

e n c e  i s  t h a t  t h e  quest ion mark i s  not p r in t ed  out when t h e  program i s  

ready t o  accept da ta .  The Coil Design, Attenuator Design, D r i f t  Check, 

and Continue Calculat ions opt ions are t h e  snme. The l i n e  m m b t 3 r s g  

constant names, and parameter var ied  i n  t h e  d r i f t  ca l cu la t ions  are as 
fallows : 

Line N u m b e r  

03120 

a m 0  

0314 0 

03150 
03162 

03170 

03180 

03190 

03200 

03210 

Constant 

DR1 

DR2 

D R 3  
DE4 

DE5 
DR6 
DR7 
D R ~  

W3 

DR10 

Parameter 'Varied 

Driver Resistance 

P i  ckup Re s i  st a m  e 

Drivey Shunt Capacitance 

Pickup Shunt Capacitance 

S e r i e s  Resis tance 

Amplifier Input Resis tance 

Applied Voltage 

Frequency 

Mean Radius 

R e s i s t i v i t y  

For example, t o  vary t h e  d r ive r  r e s i s t a n c e  by 2%¶ one would type :  

03120 D R 1  = 0.02 

As i n  t h e  BASIC vers ion ,  t h e  las t  t h r e e  d r i f t s  r equ i r e  that t h e  e n t i r e  

numericul i n t eg ra t ion  be repeated and a r e  r e l a t i v e l y  long  running. If 

any of t h e  d r i f t s  i s  s e t  equal t o  zero,  it w i l l  be omitted from t h e  

d r i f t  ca l cu la t ions .  

Let us suppose t h a t  we wish t o  design a r e f l e c t i o n  t n e  coil., i d e n t i c a l  

t o  the one designed by the  BASIC version.  W e  put t h e  following da ta  

i n  t h e  program (gene ra l ly  by using the EDIT RECON.Fh comand on the 

PDR-10 and i n s e r t i n g  t h e  s ta tements ) .  All l i n e a r  dimensions are normal- 

i zed  by div id ing  by t h e  c o i l  mean r ad ius ,  except t h e  c o i l  mean r ad ius ,  

vhich i s  i n  inches.  
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00250 

00260 

00270 

00280 

00290 

00300 

O031Cl 

00320 

00330 

003140 

00350 
00360 

00370 

00380 

00390 

00400 

00410 

00420 

00430 

00440 

00450 

00460 

00470 

00480 

R5 = ,300 

RI = .75 

R2 = 1.25 
L3 = .6 
R3 = .35 
R4 = -70 

L4 = .2 

L5 =: 0.0 

~6 = .I 

R6 = 57.555 
R7 = 3443.01 
113 = 810.0 

n4 = 2925.0 

RO = L.E6 

H9 =: 1.E6 
C 6  = 1.E-22 

C 7  = 1.E-12 

vo = 10. 

GAIN = 1. 

FTBQ = 500. 

~2 = .025 

mol = 2.95 

u1 = 1.0 

K9 = .05 

The FORTIW program may now be executed. The print-out w i l l  be 

essentially i d e n t i c a l  to the BASIC print-out and will not be repeated. 
The FORTRAN version of W C O N  follows. 





45 

0 0 5 8 0  
00590 
00600 
0061 0 
0 6 620 
00630 
0 0640 
0 0 450 
00660 
00670 
0 0 680 
0 0 690 
00700 
007 10 
00720 

TYPE SOnK5rFREQ 
50 FIDRMATCIH DI^IHC@IL MEAN HADIUS=rFB*5r7H INCHESS~XD 

I2QWBPERATING FREBUENCY=rlPE12.5) 
TYPE 60nL5 

TYPE 70aL6rL.2 
60 F(aRMATC1H aISHPICKUP RECESSEDDF~.~) 

90 FBHMATCIH s23HCQNDUCTIVITY VAKIATIBN=r F8.20lHX) 
0073OC THE INTEGRATIBN IS PERFBRMED BY THE TRAPEZBIDAL METHBD, 
00740C EVALUATING AT THE CENTER OF THE INTERVAL3 FOR X LARGE 
0 0 T 5 0 C  THE INTEGRAL CQNVERGES RAPIDLYsSB LARGER INTERVALS 
007606 ARE TAKEN 
00770C IN THE INTEGRATIBN TMUTJ DRIVER, PICKUP# A I H l r  AND 
c) 07 8OC 
0 07 90 
00800  
00840 
0 0820 
00830 
00840 
00850 
0 0840 
00870 
0 0 880 
00890 
00900 
00940 
el0920 
00930 
00940 
00950 
00960 
0097QC 
00980C 
00990C 
0 1000 
01010 
0 1020 
0 1030 
031040 
0 1050 
01060 
0 l o a 8  
0 i 080 
0 1090 

A I R 2  AKE CALCULATED 
105 s1=0.01 

S2=S .0 
81 =o.o 
R2=S2 
A I R I = O * O  
A IR2=0 00 
Q B  108 J = 1 r 3  
D0 108 K = l r 5  
D R I V E R C J ~ K ) = C O . Q J O O O )  
P ICKUPC J z  K) = C 0 . O n  0 0 > 
TMIJTC J r  K )  =C0 -01 0 Q 1 

108 CBNTSNUE 
118 ZI=CB2-B1 > / S I  

X = B 1  - S 1 6 2 * 0  
50 170 M=I#Il 
X=X+S 1 
Z = R 2 * X  
Q 1  = R 2  

SUBRQlUTlRIE BESSEL EVALUATES 
THE PRODUCT BF THE BESSEL 
ARGUMENT 

GALL BESSELiVAL24 
Z = R  1 *X  
01 =R1 
CALL BESSELCVALI 4 
Z=F?4*X 
01 =R4 
C A L L  BESSELCVAL4) 
Z=H3*X 
Q 1  =R3 
CALL BESSEL(VAL3) 

THE INTEGRAL OF 
FUNCTIBN AND 1TS 
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a 1730 
0 f 740 
01750 
O l 7 h O  
01770 
Q1780 
09790 
0 B 800 
01810 
0 1820 
0 18325 
0 Ii 840 
0 1850 
0 3.860 
03870 
0 1 8 8 O C  
6) 1 8 9 0 C  
0 1900 
OlYlQ 
c3 f 920 
0 f 930 
0 1940 
0 1.950 
Q 1969 
0 1970 
0 1980C 
0 1990 
Q2000 
02CB0 
0 x 0 2 0  
02a330 
02040 
02050 
a 20 60C 
0 207 OC 
02080 
02090 
02100 
021 90 
02120 
021 313 
021.10 
021 50 
021 60 
031 70 
a21 80 
82191% 
02280 
02210 
0 2220 
0 2230 
0 2240 
02250  
0 22 60 
02270 
02280 
02290 
02300  
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50 

03470 
03480 
03890 630 
03508 
0351 0 
0 5 5 2 0  
0 3 5 3 0  630 
0354C 
0 3 5 5 0  
03560 640 
03570 
03586 
8 3 5 9 0  
63600 650 
05610 
03620 
83530 660 
113640 
03650 
03660 
036‘/0 678 
6 3 h R C  
53690 
03700 671 
03‘7 10 
03720 
0 3s 30 
03748 672 
03750 
03750 
03170 673 
I) 37 86 
0379c 
0 3 8 0 0  
0 3 H % O  674 
0 3820 
0 3830 
03840 675 
0 3 6 5 0  
033tShO 676 
03H70 
03880 
03890 
03905 677 
03910 
03920 
03990 678 
03940 
03950 679 
03960 
03370 
0 3 Y Y O  
03990 680 
0 4000 
O W ! O  
040PO 681 
0 4030 
04040 G a  TB 295 
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04430 
Q 4 640 
04650 
0 4660 
04670 
0 4680 
0 4698 
04700 
04710  
0 4720 
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0 52138 END 
05210 SUBRBUTINE CIHCT~(DIJVIJBJRADDSEN) 
0 5220 OIMENSIBN 0(3rS)r~MAGC3rS)rPHASE<3,5) 
0 5 2 3 0  C A L L  C I R C ~ ( T M A G J P H A S E I Q O D T ~ , T ~ )  
0 5240 01=0*0 
0 5250 041 6000 I = l t 3  
0 5260 00 6000 J = l r S  
0 5270 Q ~ = ~ I - A T A N ~ < V ~ B S Q ~ T C T M A G < P I J ) * T N A G < I ~ J ) * M A G I - V ~ * V ~ ) )  
0 5280 
0 5290 IFCABSIQI >*GT*ABS(QB) 1 G 0  1'0 6000 
0 5300 91 =Q2 
0 5 3 1 0  6 0 0 0  CIZINTINUE 
0 5320 02NEW=HAD*QB 
o 5330 Q3=100*0*01 /SEN 
0 5340 TYPE 6010rQ1sQ2NEW1Q3 
05350 6010 F ~ R M A T ~ ~ H ~ ~ ~ X ~ ~ ~ ~ P E I ~ . S B ~ X ) D ~ P E ~ ~ * S ~  
a5360 RETURN 
05370 END 

1 +PHASE C I a J) -0C 1 D J >  



REFLLCTION COTJ., ABOVE A CLAD CONDUC'TOH 

inre s h a l l  n o w  consider  the case  of a r e f l e c t i o n  coil. above a c l ad  

conductor. This pi-ogi-am. c a l c u l a t e s  t h e  magnitude and phase of t h e  

vol tage t h a t  i s  fed  t o  the phase measuring c i i - m i t s  of the phase- 

s e n s i t i  ve eddy-current i.nstrument and i s  designed t o  he lp  analyze eddy- 

cur ren t  measurements of  c ladding th ickness .  

'The p-I.ogra.in calcula- tes  t h e  magnitude and phase of  t h e  induced 

vol-tage f o r  f i v e  differ-ent  values  of  l i f t - o f f  with each of t h r e e  d i f -  

fei,ent c ladding th ickness  vaJ.ues, for a tobal of T i f i e e n  calcul .a t ions.  

T h t s  allows one to examine t h e  s e n s i t i v i t y  t o  l i f t - o f f  v a r i a t i o n s  as 

wll as cladding th ickness  va r i a t ions .  In addi t ion  t h e  program also 

calcul.at,es. the phase s h i f t  with t h e  d iscr imina tor  adjus-bed t o  give t h e  

s m e  phase on t h e  nominal cl.adding th ickness  sample wi th  maximum and 

rnininiuai l i fL -o f t .  The phzse on t h e  nominal sample with minimum l i f t -  

o f f  i s  taken as z e r o ,  .and a l l  o ther  phase shiPis a r e  measured re la t ive 

t o  i t .  The equations that  are eval-uated a r e  Ea_. ( 8 )  f o r  t h e  mutual .  

coupling, Eq. ( 9 )  f o r  the d r ive r  c o i l  impedance, and Eo_. (17) f o r  -the 

pickup c o i l  .j.rnpedan.ce. The g a m a  f a c t o r  f o r  Lhe c l a d  conductor i s  

given i n  Fq. ( 3 3 ) .  
f o r  use on a PDP-IO. The BASIC program follows. 

The p r o g r m s  are m-i-t-t;eti in bo.th BASIC and FORTIU3 

To use t h i s  prog~am,  one m u s t  f irst  d iv ide  a11 coil. and l i f t - o f f  

dimensions by t h e  mean. radius of the  dyiver  c o i l .  Then t h e  following 

l i n e s  must be typed iri to t h e  program: 

250 

260 

270 

380 

290 

300 

31 0 

320 

330 

- ~5 :=: (iiumoi-ica.1 value of d r i v e r  c o i l  mean i-adii.18 i n  inches)  

Rl = (numerical val.ue o f  normal.ized d-river coil .  inner  r a d i u s )  

~2 = (nwne.;.icd value of normalized d r i v e r  c o i l  ou ter  r a d i u s )  

L3 ::: (niimei-ical value o f  iiormali.zed d r i v e r  c o i l  l eng th )  

R 3  :: (n -mer i ca l  value of  normaiized pickup c o i l  inner  r ad ius )  

~4 = (numerical  value of normalized pickup c o i l  ou ter  radius) 

L4 = (nunierical value of  normalized pickup c o i l  l eng th )  

1,5 := (numerical  value of noriiial..zed picku.p r eces s  f r o m  face  

o f  dr iver )  

LS = (numerical  value of normalized d r i v e r  c o i l  m i n i . m m  

l i f t - o f f )  
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34 0 

350 

360 

370 
380 
390 

400 

410 

420 
430 
440 

450 

510 
520 

530 

540 

545 
550 

555 

R 6  = (numerical value of r e s i s t a n c e  of d r ive r  c o i l  i n  ohms) 

R7 = (numerical  value of t o t a l  r e s i s t a n c e  of both pickup c o i l s  

i n  ohms) 

N 3  = (number of  t u r n s  on d r i v e r  c o i l )  

N 4  = (number of t u r n s  on each pickup c o i l )  

RO = (output  s e r i e s  r e s i s t a n c e  of  d r iv ing  ampl i f i e r  i n  ohms) 

Rg = ( input  shunt r e s i s t a n c e  of pickup ampl i f i e r  i n  ohms) 

~6 = ( t o t a l  shunt capaci tance of dr iv ing  c i r c u i t  i n  f a rads )  

C7 = ( t o t a l  shunt capaci tance of pickup c i r c u i t  i n  f a r a d s )  

V0 = (output  vo l tage  of d r iv ing  ampl i f i e r  i n  volts) 

G5 = (ga in  of pickup ampl i f i e r )  

F = (opera t ing  frequency i n  Hertz)  

L2 = (numerical value of normalized d r i v e r  c o i l  l i f t - o f f  

increment ) 

C(1) = (numerical value of  minimum cladding th ickness  i n  inches)  

C ( 2 )  = (numerical  value of nominal c ladding th ickness  i n  inches)  

C ( 3 )  = (numerical  value of  maximum cladding th ickness  i n  inches) 
= (numerical. value of  r e s i s t i v i t y  of base ma te r i a l  i n  

micyohm-cm) 

U1 = ( m m e r i c s l  value of r e l a t i v e  permeabi l i ty  of base material) 

K 2  = (numerical  value of" r e s i s t i v i t y  of  c ladding ma te r i a l  i n  
m i  crahrri- cm ) 

272 = (numerical  value of r e l a t i v e  permeabi l i ty  of cladding 

material ) 

The program may now be run. The pr int-out  by t h e  computer will 

have t h e  following format: 
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..... ..... ..... ..... ..... 

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

..... ..... ..... ..... ..... ..... ..... ..... 
0 ..... ..... ..... 
..... ..... ..... ..... ..... ..... ..... ..... ..... ..... ..... ..... ..... ..... m m x  SHIFT LIFT-OFF % , ”  .... 

1)EGXEE ..... ..... 
1 COIL DESIGN 2 ATTEN-. DESIGN 3 DRIFT CHECK 4 CON CAL 
?4 

..... 

..... ..... 

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

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

The vezious symb0l.s enclosed in parentheses i r e  used t o  i n d i c a t s  

that; the i i u i e r i ca l  value of  -Lhe symbol r ~ i l L .  be pr in ted .  

Thei-e ZT:+ f i v e  columns of data, one under each value of l i f t - o f f .  

‘Each colunn i.s di.vided i .nto t h r e e  seii t ions o f  three l i n e s  each. These 

 section.^ correspond, from .top t o  bottom, t o  the th ree  vizl.l~es of  clad- 

ding thickness. The thi-ee l ines  in each sec t ion  ai-2, from top t o  

bottom, t h e  xagni.tude of t h e  voltage wxt; of t h e  pickilp ampl i f i e r ,  t h e  

phas? shift between the  vol tage  out of the pickup anpl.ifier and the 

driv-ing vel-tag?, and t h e  phase shift between the  voltage out of  the 

pj.ck.u.p amplifier w i t h  t h e  d iscr imina tor  s e t  -to give t h e  :;;.me phase 

shift v i t h  minimum l i f t - o f f  and  maximum lift-off on t h e  C ( 2 )  claddi.ng 
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th ickness  sample, 

nominal t h i ckness .  The phase s h i f t  i n  t h e  t h i r d  l i n e  i s  always measured 

from t h e  C ( 2 )  c ladding  th ickness  sample with minimum l i f%-of f .  The 

vol tage  out of" t h e  pickup ampl i f i e r  w i l l  be i n  v o l t s  and be e l t h e r  peak- 

to-peak o r  WE, whichever i s  used fo r  VO, the output vo l tage  of  t h e  

driving ampl i f i e r .  

also ca l cu la t ed  and p r i n t e d  out as ML = ( R 5 2 ~ l . l l C r l )  and l ikewise  M2 is 

ca lcu la t ed  using R 5 2 ~ p 2 C 1 2 .  

c o i l  i n  a i r  and t h e  normalized imaginary par t  of t h e  d r iv ing  c o i l  imped- 

ance are also p r i n t e d ,  with C ( 2 )  cladding th ickness  and nominal l i f t - o f f  

(164-2x2). Die inductarice i n  hen r i e s  of bo th  pickup c o i l s  i n  air  md t h e  

normalized imaginary p a r t  of t h e  pickup c o i l s v  impedance with cladding 

th ickness  C(2) and Lif't-off a r e  a l s o  prinked. 

f o r  the cladding t;hjckness v a r i a t i o n  between C ( 3 )  and C ( . l j ,  the raaximum 
phase s h i f t  due t o  l i r t - o f f ,  and t h e  maximum percent of range e r r o r  i n  

cladding th ickness  measiuements due t o  1ir . t-off are given. The phase 

s h i f t s  a r e  given f i r s t  i n  rad ians  and then  i n  degrees. 

'&is sample i s  usually (but  does not have to b e )  t h e  

2 The value of the dimensionless product R g  w y ~ c r 1  i s  

The inductance i n  hen r i e s  of t h e  d r iv ing  

The t o t a l  phase s h i f t  

The program then  e n t e r s  a branching loop that allows the fol.lowing 

op t ions ,  depending on which of 1, 2, 3, o r  4 i s  typed as input a f t e r  

t h e  question rnark, 

I. Cull. Design 

If a 1 i s  typed by the  opera tor  a f t e r  t h e  question mark, the program 

w i l l  e n t e r  t h e  Coi l  Design Loop. 

turns on t h e  d r i v e r  and pickup c o i l s  t o  be varied.  

the w i r e  gage to be given and then  c a l c u l a t e  t h e  number o f  t u r n s  and 

coil r e s i s t a n c e ,  o r  it w i l l  allow the number of t u r n s  t o  be en tered  and 

c a l c u l a t e  t h e  gage and c o i l  r e s i s t a n c e ,  o r  both t u r n s  and gage can 5e 

entered. If zeros are entered  for both t h e  gage and t u r n s  of either 

t h e  d r i v e r  o r  pickup c o i l s ,  the present  value of t hese  w i l l  be r e t a ined ,  

The program then  starts with t h e  l a b e l  

This loop w i l l  allow t h e  nmber of 

The loop w i l l  a l l o w  

DRIVER RES INDIJCTANCE NO VJBNS SHUNT CAP NOR IM BT 

a d  the z-emainder of t h e  program i s  recalculated and p r i n t e d p  with t h e  

"new" c o i l  i n  t h e  c i r cuTt .  However, t h e  numerical i n t eg ra t ions  to ca l -  

cul.a?,e M, ZDR3 and Z do not have to be repeated, PU 



2. Attenuator Design 

This loop w i l . 1  allow t h e  d r i v e r  s e r i e s  r e s i s t a n c e ,  XO, t h e  d r ive r  

shunt capacita.nce, ~ 6 ,  t h e  ampl i f i e r  i.npu1; impedance, Rg, and t h e  shunt 

capaci tance i n  the pickup c i r c u i t ,  C ' r ,  t o  be var ied ,  If a 2 i s  typed 

a f t e r  t h e  quest ion mark, t h e  computer will respond wi.th 

DHIVRR SERIES XES, SIIUNT CAP, PICK-UP SKIJN'I' IUS, CHUIVT CAP . 
The r e s i s t a n c e  i.s t o  be given i n  ohms, and t h e  capaci.tance i n  fa rads .  

If zero i s  typed i n  f o r  any value,  t h e  present  value i n  t h e  coniputer 

w:i1.l be re ta ined .  A f t e r  t h e  input  d a t a  arid a ca r r i age  r e t u r n  are typed,  

t h e  computer. w i l l  c a l c u l a t e  t h e  r a t i o  of  resonant frequency t o  opera t ing  

frequency for t h e  par t icu l -a r  L-C c i r c u i t ,  a very rough value of resist- 

ance f o r  minimum temperature d r i f t ,  and. t h e  r a t i o  between t h e  r e s i s t a n c e  

and reactnjnce i n  t h e  c i r c u i t  f o r  both t h e  d r i v e r  and pickup c i r c u i t s .  

'The program then  starts with t h e  l a b e l  

DRIVER RES INDUCTANCE NO TURNS SHUNT C A P  NOR I M  PT , 
a n d  t h e  remainder of t h e  program i s  recalcula.ted and. p r in t ed  with t h e  

"new" attenuatoi- i n  t h e  c i r c u i t .  

c a l c u l a t e  M y  Z and Z do not  have t o  be  repeated.  

3. D r i f - t  Check 

Again , t h e  numerical i n t eg ra t ions  t o  

DR ' PU 

ThLs loop c a l c u l a t e s  t h e  e f f e c t  of t h e  d r i f t  o f  any o f  t h e  c i r c u i t  

o r  smple  p a r m e t e r s  a f t e r  t h e  instrument has been c a l i b r a t e d  and 

adjusted.. If a 3 i s  typed as inpu t ,  t h e  program w i l l  respond with t h e  

peycent var ia t i -on ,  t h e  parameter va r i ed ,  t he  m a x i m u m  change i n  phase 

(both  rad ians  and degrees)  of any of  t h e  15 d i f f e r e n t  phases ca lcu la ted  

( 5  l i f t - o f f  values f o r  each of 3 d i f f e r e n t  cladding th ickness  va lues )  

and. the  percent  of t h e  range Tepresented by t h e  drtf ' l i .  The percent  

v a r i a t i o n  of each parameter may be va r i ed  independently. The foll.oxi.ng 

t a b l e  gives  t h e  parameter, t he  l i n e  niuflber, and t h e  constant  t o  be 

vaz'i.ed : 
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Parameter 

Driver Resistance 

Pickup Res i s t an ce 

Driver Shunt Cap. 

Pickilp Shunt Cay. 

Se r i e s  Resis tance 

Amp. Input Resistance 

Applied Vol tage  

Fr e quem y 

Mean Radius 

Base R e s i s t i v i t y  

Claddtng R e s i s t i v i t y  

Con s t  a n t  

El 

E2 

E3 

E4 

E7 
E8 

E9 
Al 

A 2  

A8 

A9 

For exarp le ,  t o  put  i n  a, 2% v a r i a t i o n  i n  t h e  dri-ver c o i l  r e s i s t a n c e ,  one 

The mmmt t h a t  each panmeter i s  var i ed  must be s e t  before  the program 

i s  run. All of t h e  v a r i a t i o n s  are 0.01 a r  1% i n  t h e  cu r ren t  vers ion  of 

the program, 

i s  q u i t e  l i n e a r  over a range of about 107, a l i n e a r  i n t e r p o l a t i o n  or 

ex t r apo la t ion  may be used from t h e  1% parmeter v a r i a t i o n .  

Since t h e  phase s h i f t  produced by the p a r m e t e r  v a r i a t i o n  

If zero i s  

typed i n  f o r  my parameter v a r i a t i o n ,  t h a t  parameter wi.:I.:l- not be varied 

nor w i l l  it be tyl?ed out i n  the  l i s t  of parameter v a r i a t i o n s .  \hen t h e  

c a l c u l a t i o n  i s  connpleted and t h e  d r i f t s  p r i n t e d ,  t h e  program r e t u r n s  to 

t h e  branch poin t  and r epea t s  t h e  quest ion 

1 Coil Design 3 At ten .  Design 3 D r i f t  Check 4 Con Cal . 
The f irst  seven dr i rCs  do not  r equ i r e  r e p e t i t i o n  of  t h e  numerical 

i n t eg ra t ions  to c a l c u l a t e  M,  Z 

c a l c u l a t e  t h e  d r i f t s  due t o  frequency, mem rad ius ,  nnd r e s i s t i v i t y  

and Zpu, but they  nust be repeated to  DR , 

changes of t h e  base and cladding materials. Therefore,  t he  c a l c u l a t i o n  

of  these las t  four d r i f t s  r equ i r e s  a considerable  anowit of  computer time. 

4. Con Cal 

This loop is t o  continue c a l c u l a t i o n s ,  19 a s e r i e s  of calculations 

is t o  be made, B lcop may be e s t ab l i shed  at t h i s  po in t .  However, i n  
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t h e  present  vers ion  of t h e  p rogram,  if a 4 i s  -typed as i npu t ,  t h e  program 

will. end. 

Sample Calculat  i.on o f  RFCL-;D 

Let 11s suppose w e  wish 'to design a re f lec t ion- type  c o i l  t o  measure 

the  th ickness  of aluminum wi . th  a r e s i s t i v i t y  of 3.632 liSZ-cm c l a d  on 

aliminum with a r e s i s t i v i t y  o f  5.393 pR-cm. 

have determined t h a t  t h e  following p a m w t e r s  g ive  near opt T m u n ~  perform- 

ance f o r  a nominal c laddihg Lhickness of 0.028 i n .  The d r i v e r  c o i l  

has a mean rad ius  o f  0.08325 i n . ,  i.nner. and ou te r  rad i i  o f  0.0625 and 

0.10)h i n .  , and a l eng th  of 0.030 i n .  The pickup c0il.s have inner  and 

ou te r  r a d i i  of 0.030 and 0.058 i n .  , a length o f  0.008 i n . ,  and are 

mounted flush with the ends of t h e  dri.ver c o i l .  T h e  d r i v e r  coil. has 

360 t u r n s  of N G .  46 wire with a r e s i s t a n c e  of  79.36 R ,  and t h e  pickup 

c o i l s  have )+!.O Lwns each o f  No. 54 w i r e ,  wi th  a r e s i s t a n c e  of  530.5 R 
for both c o i l s .  The d r i v e r  series and .the pickup ampl i f i e r  input  resis-t- 

ances are both chosen t o  be 1 Mf2* The shunt capaci tances  i n  both 

c i r c u i t s  a re  chosed to be 3- pF. T h i s  corresponds t o  practica1.I.y i n f i n i t e  

source and detector impedances, s o  t h a t  only t h e  mutual coupling, M ,  

affects t h e  phases. The minimum l i . f t -o f f  i.s taken t o  be 0.0083 i n .  with 

a 1-ift-off increment of 0.002 i n .  The nominal claddirrg th ickness  i s  

0.028 i n .  
The  r e l a t i v e  magnetic permeabi l i ty  i s  1 f o r  both  cladcli.ng and base 

mater ia l .  The frequency i s  1.0 K)Iz; .the output  vol-Lage of t h e  d r iv ing  

mpl.ifiex. i.s 1 0  V ,  and t h e  ga in  of  t h e  pickup amplijfier i s  u n i t y  (a. 

umit;y ga in  al.l.ows the actual.  gain needed t n  the amplifi-er t o  be cal.cu- 

lated by d iv id ing  t h e  rnaxiimm output  vol tage with wii ty  gain i n t o  10). 

From another  report"  we 

wi-th t h e  minimi.un and maxiuium th icknesses  0.0266 and 0.029h i n .  

The program RFCLAD i s  assumed t o  be in the a c t i v e  core,  and t h e  

follo3ring information j.s typed i n t o  the  computer. All Linear dimensions 

art? normalized by d iv id ing  by the c o i l  mean radj.u.s, except f o r  t h e  c o i l  

mean radius, which i.s i n  inches.  
l-.l.--.,p 

1 0  C.  V .  Dodd arid W, A. Simpson, Thickness Meusurernents Using Eddy- 
Curpent; Techniques, OWL-TM-3712 (March 1972). 
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250 
260 
270 

280 

290 

300 

32 0 

32 0 

339 
340 

350 

360 

370 
380 
39 0 

400 
410 

420 

430 

440 
450 

510 

520 

530 
540 
54 5 
550 
555 

E5 = .(I8325 
RL = -75 
R2 = 1.25 

L 3  = .36 

R 3  = .36 

H4 = .@6 
~4 = .096 

L5 = 0 

E6 = .I 

~6 = 79.36 

R7 = 530.5 

N3 = 360 

N4 = 410 
RO = 1 ~ 6  
R9 = 1 ~ 6  
~6 z z  1~-12 

c7 = IIZ-12 

vo = 10 

G5 = 1 

F = lE)+ 

~2 = .025 

C ( L )  = ,0266 

c ( 2 )  = ,028 

c(3)  = .0294 

KI = 5.39261 
UI = 1 

K2 = 3.63204 
u3 = 1 

The program may now be run v i t h  the fol lowing r e su l t s .  The data 

inputed from t h e  termi~ial  by the  user are underlined. A carriage return. 

must be typed by the user at the end of each input  Line. 
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R 1 z  0 .75  R2= 1.25 D R I V E R  L E N G ' I H  I S  0.36 
8 3 :  0 . 3 6  K4= 0.696 PICK UP L E N G T H  I S  0.0'36 

P I C K  UP R E C E S S E D  0 
C O I L  MEAN R A D I U S  8.32500E-2 I N C H E S  W E R A T I N G  FMOUENCY i o m a  

111:: 1 M I =  h.54632 R E S I S T I V I T Y =  5.393 M I C R C ~ H M  crq 
M I N  LIFT-QIFF= 0.1 L I F T - B F F  JNGkEMENT= 0.025 

u 2 =  1 M 2 =  3.72034 R E S I S T I V I T Y =  3 - 6 3 2  MICRL33HM CM 
7 H I @ K N E S S =  0.0266 0.028 0.0294 
D R I V E R  R E S  I N D U C T A N C E  NPJ T U H N S  S H U N T  CAP NPlR 1 M  PI 

P I C K L I P  R E S  I N D UC I' ANC E N O  T U R N S  SHUNT CAP NGlK 1 M  P'1' 
53#. 5 4.72124E-4 41Q 1.00000E-82 0.992308 

D R I V I N G  V O L T  SERIES R E S  AMP G A I N  I N P U T  IMP 
10 1000000 1 1000000 

7 9 . 3 6 6-05067E-4 3 60 1 . o o m m - i 2  0.8496i6 

D ISCHJMINATBR VOLTAGE IS-6.34032E-7 

0.1 0.125 0.15 0.1'15 0.2 

1 -31981E-5 1.21111E-5 1.11162E-5 1.92067E-5 9.37b05E-b 

3 52YR2E-3 3.70341E:-3 3 4741 9E-3 3.56 1 7 4E-3 3.4708QE-3 
-0.80261 e -Q*E106756 -0.81 1478 -0 81 6682 -0.822287 

1.32201E-9 1.21309E-9 1 1 1  34OE-§ 1.a222wc-5 9.396B6QE-6 

0 1 91 264E-4  1 -77376E:-4 7 861 85E-5 Q 
- 0  806062  -0 81 OX 83 -0.814883 -0 82ao67 -0.825653 

1.32375E-5 1.21466E-5 1.11481E-5 1.02355E-5 9 40207 E - 6  

- 3  -28660E-3 -3  07 812E-3  -3.07631E-3 -3 161 2 7 K - 3  - 3  e22730E-3 
-0.809286 -0 8 13384 -0.81 8065 -0 62323 -0e828798 

PHASE SWIFT 6.75398E-3 LXFT-0FF 2 . 3 2 6 0 7 E - 4  IN X 3.44404 
I N DEGREE 0.3869'7 1 1 -33274E-2 
1 C 0 I L  D E S I G N  2 A F T E N .  D E S I G N  3 P R H F T  CHECK 4 C O N  C A L  

? l  - 
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DRIVER WIRE GAGEa TURNS0 PICK-UP WIRE GAGES TURNS 

DRIVER 391 TURNS OF # 46 WIRE 17 /LAYER 23 LAYERS 71.9293 BHM 
P I C K U P  429 TURNS EA I 54 WIRE 1 1  /LAYER 39 LAYERS 532*5%2 ElHMS TBTAL 
DRIVER RES INDUCTANCE N 0  TURNS SHUNT CAP NElR I M  P T  

391 1 . 0 0 0 0 ~ ~ - 1 2  O a 8 4 ~ 6 1 6  7 1 e 9293 
P I C K U P  RES INDUCTANCE N0 TURNS SHUNT CAP NIaR 1M P'T 
532 * 582 5 o 16896E-4 429 1000000E-12 0*992308 

D R I V I N G  V0LT SERIES RES AMP GAIN INPUT IMP 

D ISCRlMINATBR VQLTAGE IS-7 020S54E-7 

'P46rO954~  0 

7 e 13760E-4 

10 1000000 1 1 000000 

8.1 0.125 0.15 0.175 a.e 

1 -50436E-5 I -3804OE-5 1*26693E-5 1 e l16321E-5 1 s O 6 8 5 Q E : - 5  
-0  o 809294 -0 81 3393 -a.8i 8073 -0 823238 -0.828806 
-3.28659E-3 -30078148-3 -3.07633E-3 -3016530E-3 -3e22733E-3 
PHASE S H I F T  6.75391E-3 LIFT-OFF 2.325828-4 IN X 3.44382 
IN DEGREE 0.386971 1 33266E-2 
I C 0 I L  D E S I G N  2 ATTEN* DESIGN 3 DRIFT CHECK 4 C 0 N  CAL 
T2 - 



D R I V E R  SERIES RES> SHUNT CAP, PICK-UP S H U N l -  k<ES* S H U N T  C A P  

P-U CT 9.6529 BELOW RES 311.091 OPT RES 1803072 KES/ I IEAC1ANCE 
DRIVER RES I NDU@ T A NC E NB TURNS SHUN1 CAP N@R I M  P? 

71.9293 7 13760E-4  391 4 m7Q000E-C) 0 * 84961 5 

PICKUP RES INDUCTANCE NO TURNS SHUNT CAP NBR IM PP 
532.582 5 16896E-4 42 9 5.30000E-9 0 992308 

D R I V I N G  VBLT SERlES RES AMP G A I N  INPUT IMP 
10 520 1 5 90 

D XSCWZMINATBR VBLTAGE IS-7 -33995E-4 

0.1 0.125 0.1s 0.195 0.2 

1 .3254’PE-2 1 -21734E:-2 1.11 820s-2 1.02743E*2 7.44413E-3 
- 1  000731 - 1  001222 -1.01766 - 1  -02353 - 1  -0297b 
3.996388-3 3 51 01 OE-3 3 43 129E-3 3.37805E-3 3 e45436E:-3 

1.3277iE-2 1 -21 936E-2 1-12002E-2 1 .Q2507E-2 9.45898E-3 

0 2.67476E:-5 - 4 e  1067SE-5 -8e47280E-5 Q 
- 1  -01071 -1 001561 -1.02102 - 1  002687 - 1  -03308 

1.32949E-2 1 -22094E-2 1.121 4SE-2 1.03Q37E-2 9 47 07 % E - 4  
- 1  e0139 - 1  -018’17 -1 -02417 - 1  - 0 3  - 1  e0361 9 
-3.25632E-3 -3.21 634E-3 -3e27227E-3 -3*30567.!C-3 -3.21 174E-3 
PHASE SHIFT 6.70650E-3 LIFT-OFF 1.3205YE-4 I N  X 1.96905 
I N  DEGREE 0.384255 7 056615E-3 
1 CBIL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 CBN G A L  

?3 - 
S Y S T E M  D R I F T  VARIATIBNS 
2 V A R I A T N  PARAMETER RAD I A N  DEGREE Z DF RANGE 

1 DRIVER RES -1.756856-5 - 1  o08660E-3 -0.261 962 
1 P I c w r  RES -7 *94883E-5 - 4 e 5 4 9 7 6 E - 3  - 1  18405 
1 DVH SHUNT CAP -2.11865E-4 -0-012139 -3  4 15909 
1 P-U SHUNT CAP -9.27642E-4 -5.3150QE-2 -13.832 
1 SERIES RES 1 e 2  1604E-3 6.96740E-2 18.1322 
I A M P  INPUT RES -6-56098E-4 -3*95917E-2 -9.78301 
1 APPLIED VOLT -7.71806E-4 -4a42212E-2 - 1  1.5083 
1 FREQUENCY -6.12591E-3 -09350989 -91 a 3 4 2 9  
1 MEAN WAD I US -7 a 5,6684E-3 -0 433548 - 1  12.828 
1 BASE RESISTVY 892T61QE-4 4 -7  41 8 6 E - 2  12.3404 
1 CLADDING RES 2 059832E-3 09148873 38.7432 

?4 
1 COIL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 CQN C A I  
- 

Th? user has exercised all the design opiions avai lable ,  and t,hese op t ions  

may be repeated, omitted, or taken in any oder. The RASIC version of the 

progrRn RFCLAD fo l lows  ~ 
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1030  PRINT " P I C K  bP FiECESSED"SL5  
1 0 4 c) P 
1050 P R I N T  " L ' l = " ; I J l ~ " M I = " ~ i ' / i l r " ~ ~ S I S ?  IVIl'Y=";Kl ;"MICt<OWM CM" 
1 0 6 0  U2 3"N2 ~ ' ' j  M2 r"fiES I ST 1 V I T  Y ='I 5 K2 i " M  I C i i O H M  CM" 
1070 PRINT " T H I C K N E S S = " r C <  1 ) r C < 2 ) r C < 3 )  
1100  KEM P R B G E A M  BEGINS 
1 1 1  0 REM FOR INTEGRATIWNS 
1 120 GD SUR 1500 
1130 REM F C F :  INDIJC'I'ANCES AND C I R C U I T ;  M A G N I T U D E  AND P H A S E  
1 1 4 0  G @  SUB 6000 
I150 K E N  FBi; DISCEININATBE VQLTAGE A N D  PHASE S H I F l  
1 1  60 GB SlJY 6500 
1170 R E M  F O R  PRINTING OF RESULTS 
1180 G Q  Sl.Jf3 6'900 
1 1 9 0  i i E M  FOK A V .  PHASE SHIFT A N D  L I F T - O F F  EIZKQI;: 
1200 GCs SUB 7000  
1400 REM FGR CBIL A N D  A T T E N U A T O R  DESIGNS3 A N D  D i < I b - l '  
1 4 1 0  G B  TQ 7200 
1499 R E M  SUBRBUTXNE FBR INTEGKATIBN 
1500 A 3 = 0  
1510  A 4 = 0  
15213 F O R  1x9  T E  3 
1530 C B R  J= l  TB 5 

I N T " M i N 1 i % T - C F F =" ; 1 6 ; 'I  1 i F T - @ FF 

PR I NT "U2 z'' 

i i\iC i-i E ME: N T =" i 1 2 

1540  A ( I > J ) = Q  
1 5 5 0  R < I > J ) = 0  
1 5 h C  CCI>J)=O 
1570 UCIrJ)zO 
1 5 8 0  E (  I 3  J ) = 0  
1590  F ( I , J ) = O  
16QO NEXT J 
1 6 1 0  N E X T  I 
1620  L E T  52=5 
1630 e31 =o 
1 6 4 0  927:s 
1 6 5 0  s i = l E - 2  
1 6 6 0  F O R  X=B1+S1/2 TfJ B2 STEP SI 
1 6 7 0  G O  S U R  2000 
l h 8 O  NEXT X 
1 690 H I  = n 2  
1700  B2=82+S2 
1710 s1=.05 
1 7 2 0  I F  Xc9 THEN 1660 
1 4 3 0  S I I . . ~  
1740 I F  X c 2 9  THEN 1660 

1 7 6 0  IF  X < 3 9  THEN 1660 

i 7 8 n  I F  x c 7 9  T H E N  1660 
1790  R E T U R N  
I99Fi REM S U R R O U T I i N E  FOR L-FACTOR A N D  I N T E G R A N T S  
1 9 9 9  R E M  F E R  J-FACTQR 
2000 GO S U R  2900 
2010  1:15=C 
2020 w?.=o 
2030 1.!5=0 
3040 'rJ7=5 
2050 W4=l 
2060  W8=1 

1750  S1.:02 

1770  S1z.5 
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9200 G B  S U B  9300 
9 2 1 0  KI=KI/(l+A81 
9220  I F  A9=0 THEN 9270 
9 2 3 0  Ki?=K2*< 1 + A 9 )  
9240 P P I N T  1 @O*A9,"CLADUING 1tES"r 
9 2 5 0  G17, S U B  9300 
9260 K2=K';I/( 1 + A 9 )  
9 2 7 0  GGi TO 7200 
9299  PEM SURf? ,OUTINE FEik DkIFT 
9300 GO, SUR 600 
9.310 GC3 SUR 1500 
9320  G0 SUB 6000 
9330 C l = O  
9340 FBR 1 = 1  T83 
9 3 5 0  FOk! J= l  T@ 5 

9 3 7 0  I F  ARS<Ol )>ABS<( !Z)  THEN 9390 
9380 Q1=02 
9390 NEXT J 
9400 NEXT I 
9 4 1 0  P R I N T  81r180*01/P9r100*01/O 
9 4 2 0  RETURN 
7900 END 

9360 C 2 = 8 1 - A T N < ~ 2 / S n ~ ~ M C I r J ) ~ ~ ( I ~ J ) - ~ 2 * ~ ~ )  )+P<IIJ)-Q<IIJ) 



RFCLAD FOW'TLW Version 

The FORTRAN vers ion  of  RFCZAI) i s  very similar. t o  t h e  BASIC vers ion.  

The l i n e  niim'oers given are only f o r  i d e n t i f i c a t i o n  and e d i t i n g  purposes 

and have no e f f e c t  011 t h e  actual  execution of  t h e  FORTRAN program. The 

input  da-La f o r  t h e  progrm i s  contained. i n  l i n e s  250 through 520. The 

da ta  niust be typed i n  t h e  seventh column, o r  s i x  spaces m u s t  f irst  be 

typed. The data are inputed as follows: 

00250 

00260 

00270 

00280 

002go 

00300 

00310 

00320 

00330 

00340 

00350 

00360 

003r{0 

00380 

00390 

00400 

OOblO 

00420 

004 30 

00440 

001150 

ooK0 
00k70 

00480 

00490 

R 5  = ( c o i l  mean rad ius  i n  inches)  

R1 = (normalized inner  rad ius  o f  d r i v e r  c o i l )  
R2 = (nor.ralized outer  r ad ius  of d r i v e r  c o i l )  

L3 = (normalized l eng th  of d r i v e r  c o i l )  

R 3  = (normalized inne r  rad ius  o f  pickup c o i l )  

R h  = (normalized outer  rad ius  of pickup c o i l )  

L4 = (normalizcd l eng th  o f  pickup c o i l )  

LS = (no rua l i zed  l eng th  of r eces s  of  each pickup c o i l  from 
t h e  f ace  cf t h e  d r i v e r  c o i l )  

LC; = (normalized minimum l i f t - o f f  of " t h e  dr ive r  c o i l )  

136 = ( r e s i s t a n c e  of d r ive r  c o i l  i n  ohms) 

R 7  = ( r e s i s t a n c e  of bo th  pickup c o i l s  i n  ohms) 

N3 = (numbei- of t u r n s  on the  d r i v e r  c o i l )  

N4 = (numbel- of t u n s  on each pickup c o i l )  

RO = ( d r i v e r  ampl i f i e r  series r e s i s t a n c e  i n  ohms) 

R9 = (pickup ,amplifier shunt, r e s i s t a n c e  i n  ohms) 

CG =: (shunt  capaci tance o f  d r i v e r  c i r c u i t  i n  f a r a d s )  

~7 = (shunt  capaci tance of pickup c i r c u i t  i n  f a rads )  

vo = (output  vo l tage  i n  v o l t s )  

GAIN =: ( ampl i f i e r  ga in )  

FREQ = (opera t ing  frequency i n  Her tz )  

L2 = (normalized l i f t - o f f  increment of the d r i v e r  c o i l )  

HHu ( r e s i s t i v i t y  of base material i n  micro:un-cm) 

U1 = ( re la t ive  magnetic permeabi l i ty  of base material) 

RI102 = ( r e s i s t i v i t y  of c ladding material i n  microhm-cm) 

U2 = ( r e l a t i v e  magnetic permeabi l i ty  of' cladding material 1 
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00500 CLAD(1) = (numerical value of  minimum cladding th ickness  i n  

inches )  

00510 CLAD(2) = (numerical value of nominal c ladding  th ickness  i n  

inches ) 

CLAD(3) = (numerical value of maximum c ladding  th ickness  i n  

inches)  

00520 

The pr in t -out  of t h e  FORTRAN vers ion  of RFCLAD i s  p r a c t i c a l l y  

i d e n t i c a l  t o  t h e  BASIC vers ion  and will not be repeated. 

ference i s  t h a t  t h e  ques t ion  mark i s  not p r i n t e d  out when t h e  program 

i s  ready t o  accept data. 

Check, and Continue Calcula t ions  opt ions  are t h e  same. The l i n e  numbers, 

constant names, and parameter va r i ed  i n  t h e  drirt; c a l c u l a t i o n s  are as 

follows : 

The main d i f -  

The Coi l  Design, Attenuator  Design, D r i f t  

Line Number 

03270 

03280 

03290 

03300 

03310 

03320 

03330 

03340 

03350 

03360 

03370 

Constant 

DR1 

DR2 

DR3 
DR4 

DR5 
DR6 

DR7 
DR8 

DR9 
D R l O  

D R l l  

Parameter Varied 

Driver  Resis tance 

Pickup Resis tance 

Driver  Shunt Capacitance 

Pickup Shunt Capacitance 

S e r i e s  Resistance 

Amplifier Input Resistance 

Applied Voltage 

Frequency 

Mean Radius 

Base R e s i s t i v i t y  

Cladding R e s i s t i v i t y  

For example, t o  vary the  d r i v e r  r e s i s t a n c e  by 2% one would type :  

03270 D R 1  = 0.02 

A s  i n  t h e  BASIC vers ion ,  t h e  l a s t  four  d r i f t s  r e q u i r e  t h a t  t h e  e n t i r e  

numerical i n t e g r a t i o n  be repea ted  and a r e  r e l a t i v e l y  long running. 

any of t h e  d r i f t s  i s  set equal  t o  zero,  it w i l l  be omit ted from t h e  

dr i f t  c a l c u l a t i o n s .  

If 
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Sample Calculat ion o f  RFCLAD. F4 

];et us suppose t h a t  we wish t o  design R r e f l e c t i o n  type c o i l ,  

ideni;ica,l t o  t h e  one designed by t h e  BASIC version.  We w i l l  put t h e  

fol1ow:ing data i n  t h e  program (genera l ly  by using the  EDIT RFCLAD.F4 

command on t h e  PDP-lO and inseyt ing  t h e  s ta tements ) .  

o f f  dimensions are normalized by div id ing  by t h e  c o i l  m e a n  r a d i u s ,  

except t h e  c o i l  mean r a d i u s ,  which i s  i n  inches.  

A l l  coil and. lift- 

00zs0 

00260 

00270 

00280 

00290 

00300 

00710 

00320 

00330 

00340 

00350 

00360 

00370 

00380 

00390 

00400 

oohio 
00420 

00430 

00440 

00450 

00460 

004.*?0 

oob80 

00490 

R 5  = .08325 

R1 = .75 

R2 = l . 2 5  
~3 = .36 

R 3  = .36 
R4 = .696 
~4 = .og6 
LS = 0.0 

~6 = .I 

R 6  = 79.36 
R7 = 530.5 

N3 = 360. 

N4 = 41.0. 

RO = 1 .E6  
R9 := 1 . ~ 6  
C 6  1.E-12 

C 7  ]..E-12 

vo = 10.  

GAIN = 1 

%'HE& := 1.. OE4 

~2 = .025 

RHO1 = 5.39261 

u1 z: 1. 

RHO2 = 3.63204 
u2 ::: 1. 
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500 CLAD(L) = .0266 

510 O ( 2 )  = ,028 

520 CLAD(3) = .0294 

The F O R T W  program may now be executed. The pr int-out  w i l l  be 

essentially i d e n t i c a l  to the BASIC pr int-out  and will not be repeated. 

The FORTRAN version of RFCLAD follows. 
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0001 Ot 
0 00?0C 
0 003oc 
00040 
0005@ 
00060 
0Oi?70 
00080 
00090 
00100 
001 10 
i j0120 
00130 
00140 
001 5 0  
001 scc 
0 0 1 ' 7 0 C  
001$Z?C 
001 9QC 
0020OC 
0021 oc 
00820 
00230C 
00%43C 
00250 
0 02 60 
00270 
0 (1380 
00290 
O O J O O  
0031 0 
00320 
80330 
00340 
00358 
00360 
0 037Q 
0 0380 
00390 
00490 
00nr0 
00420 
00438 
00440 
OisBt .0  
00460 
004'ro 
00480 
00990 
00500 
O O S l 0  
00526 
0053CI 
(10540 
00550 
00Sb0 
005.10 
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00580 20 R M 2 = 0 ~ 5 0 9 4 * U 2 * F U E Q * R ! 5 * R S / R H 0 2  
00590C THE SYSTEM PARAMETERS ARE PRINTED OUI 
00600 I F C J K L - N E . 0 3  GEl T @  105 
00610 TYPE 3 0 r R 1  r R 2 r L 3  
00620 30 FORMATClH ~ ~ H R ~ = ~ P ~ . S ~ ~ X ~ ~ W R ~ ~ ~ ~ ~ . ~ J ~ X ~ ~ ~ ~ D R I V E R  LENGTH=, 
00630 1F8*5) 
00640 T Y P E  4 0 ~ R 3 r R B a L 4  
00650 40 FBRMATC IH J ~ H R ~ = ~ F ~ . ~ ~ ~ X ~ ~ H R ~ = J F ~ O S J ~ X ~  l4HPICKUP LENGTH=. 
0 0 660 1 F 8 . 5 )  
00670 T Y P E  SOrRSnFUEQ 
00688 50 FQRMATC 1H $17HC81L MEAN R A D I U S ~ S F ~ . S J ~ H  I N C H E S ~ ~ X J  
00690 1 2 0 H B P E R A T I N G  FREQUENCY=r 1 P E 1 2 . 5 )  
00700 TYPE 6 O J L S  
00710 60 FBRMATClH n l 5 W P I C K U P  R E C E S S E D J F ~ O ~ )  
00720 TYPE 70rL6+L2 
00730 70 FQRMiAfClM 913HMIM L I F T - ~ F F = D F ~ . ~ ~ ~ X J ~ ~ H L I F T ~ ~ F ~  INCREMENT=r  
00740 1F8.51 
007s0 TYPE E l O i U l  oRMf 0RH01 
00760 80 FBRMATClW ~ ~ H U ~ ~ J F ~ ~ ~ J S X J ~ H M ~ = ~ F ~ * ~ J ~ ~ J ~ ~ H ~ ~ ~ I S T I V I ~ ~ ~ S  
00770 1 S P E I 2 e S r I l H  MICRBHM CM1 
00780 TYPE 9 0 o l J Z ~ N M 2 r R H 0 2  
00790 90 FBRMATC 1 H J 3HU2rrFb - 2 r  ~ X S ~ H M ~  * r F 9 . 5 * 2 X o  12HKESI ST 11V I T Y = r  
00800 t l P E 1 2 - S J  1 1 H  MICROIHM CM) 
00818 
00820 100 FBRMATCIH ~ ~ O H T H I C K N E S S = J F ~ . ~ J ~ < ~ X I F B ~ ~ ) )  
Q0830C THE I N T E G R A T I B N  I5 PERFBRMED B Y  THE TRAPEZBIDAL METH@DJ 
00840E EVALUATING AT THE CENTER O F  THE I N T E R V A L 8  F0R X LARGE 
0 0 8 S O C  THE INTEGRAL C0NVERGES RAPIDLYJSB LARGER I N T E R V A L S  
0 0 8 6 0 C  ARE TAKEN 
00876aC IN THE PNTEGRATIBN TMUT, D R I V E R S  P I C K U P *  AI631~ AND 
O 0 8 8 O C  A I R 2  ARE CALCULATED 
061890 105 5 1 = 0 * 0 1  
00900 S38=5.0 
00310 Bi=Q.O 
00920 32=S2 
00930  A I R ! - O a ! 3  
OQ940 A f R2-8 00 
00950  D0 108 J = l r 3  
00960 DB IO$ K = ~ J S  
00970 DRIVER<4sK)=CO-O,O.O) 
00980 P ICKLJPC J0 K 1 =C0 * O  $ 0  I 0 3 
00990 TMUTCJS K) =CO . O J O = O )  

TYPE 1 00 #CLAD C 1 ) J C LAD C 2 ) J CLAD ( 3 > 

108 CBNTXIIVIUE 
OlOXO 1 1 0  Il=CBZ-B13ISI 
0 1026 X=BI -s1 e.0 
8 1030 DB 1-70 Y . = l J X l  
01040 X=X+Sl 
0 1050 Z=R2*X 
01060 Q a  =R2 
01070C SUBRBUTPNE BESSEL EVALUATES THE INTEGRAL OF 
01086C THE PRBDUCT BE THE B E S S E L  F U N C T I B N  AND ITS 

C ARGUMENT 
OA 1100 CALL SESSELCVAL23 
0 1 1 1 0  Z=R9 *% 
011120 81 = R 3  
01 130 C A L L  B E S S E L C V A L I )  
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01140 
01150 
01160 
01170 
01180 
01 190 
0 1200 
01210 
0 1220 
0 1230 
0 1246 
0 1250 
0 1260 
0 1270 
0 1286) 
0 1290 
0 13OOC 
OlCilO 
0 1320 
01330 
0 1348 
0 1350 
0 1360 
01310 
0 1380 
01390 
0 1400 
01410 
8 1420 
0 1430 
0 1440 
0 1450 
01460 
0 1470 
0 1980 
0 1490 
8 1580 
01510  
0 1520 
0 1530 
0 1540 
8 1550 
0 1 5 6 0  
0 1570 
8 1580 
0 1590 
0 1600 
01610  
31620 
0 1630 
0 1640 
0 1650  
0 1660  
0 1670 
6 1 6 B O  
6 149063 
01700 
01ITroc 
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02300 
02310 
02320 
02330 
09340 
0 2 3 5 0  
02360 
0 2 3 7 0  
02380 
02390 
0 2400  
02410 
02420 
02430 
0 244.0 
OP-458 
02469 
0 2470 
0 2 i ‘ F J O  
02490 
025017 
02510 
02520 
02530 
0254C 
0 2 5 5 0  
02560 

0 2 5 8 0  
0?590 
03600 
02610 

0 2 630 
02640 
0 2 6 5 0  
03660 
026’30 
0 2 680 
02590 
02700 
027lO 
02720 
02730 
02740 
02750 
02760 
02770 
02780 
02790 
02800 
0 2 8 1 0  
0 2830 
02H.30 
02840 
02850 
0 2 8 6 0  
02870  

a257(7 

02620 



co
 

w
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03450 
03460 
03470 
0 3480 
03990 
0 4500 
03510 
03520 
03530 
03540 
0 3 5 5 0  
03560 
03570 
03580 
03590 
03600 
03610 
Q 3 620 
03630 
03610 
0 3 650 
03660 
83670 
0 3 680 
03690 
03780 
03710 
03720 
03700 
03740 
03750 
03760 
03770 
03780 
r7 37 90 
038CO 
03810 
83820 
03830 
03840 
03850 
03860 
0.3838 
03880 
03890 
03900 
03910 
e 3 920 
03930 
03940 
03950 
03360 
039180 
0 3980 
03990 
0 m o o  
u4010 
0 AQPQ 
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aa 

REFLECTION COIL ABOVE M m : r P L E  CONDUCTORS, CONDUCTIVITY VARIATION 

We s h a l l  now consider -Lhe case of a r e f l e c t i o n  c o i l  above multiple 

conductors, as shown i n  Fig. 4 (p .  7 ) .  This program c a l c u l a t e s  t h e  

magnitude and phase of t h e  vol tage  t h a t  i s  fed t o  t h e  phase measuring 

c i r c u i t s  of t h e  phase s e n s i t i v e  eddy-current ins t r rments  and i s  designed 

t o  he lp  analyze eddy-current .measurements of conductivity.  

The program c a l c u l a t e s  t h e  magnitude and phase o f  t h e  induced 

vol tage  a t  5 diffelrent values of l i f t - o f f  for each o f  3 d i f f e r e n t  con- 

ducti.vTty values of a s p e c i f i c  conductor, makjng a t o t a l  of 15 calcula- 

t i o n s .  This allows one t o  examine t h e  s e n s i t i v i t y  t o  l i f t - o f f  va r i -  

ations as well. 8.5 conduct iv i ty  v a r i a t i o n s  of t h e  s p e c i f i c  conductor. 

I n  add i t ion ,  t h e  program also c a l c u l a t e s  t h e  phase s h i r t  with. t h e  

d iscr imina tor  ad jus ted  t o  give t h e  same phase on t h e  nominal conduc- 

t i v i t y  sample wi.th m a x i m u m  a d  minimum l i f i - o f f .  

nominal conductivity sample with m i n i m u m  l i f t - o f f  i s  taken as zero,  and 

a l l  o the r  phase s h i f t s  a r e  measured r e l a t i v e  t o  it, 
The equations which a r e  evaluated a r e  Eq.  (8)  for  t h e  mutual cou- 

!The phase an t h e  

p l ing ,  Eq. ( 9 )  f o r  t h e  d r ive r  c o i l  impedance, and Eq. (17) f o r  t h e  

pi.ck.iip c o i l  impedance. The g m a  f a c t o r  f o r  mul t ip le  conductors i s  

c a h d - a t e d  from E q s .  (24)  t o  ( 2 8 ) .  

The programs a r e  m - i t t e n  i n  both BASIC and FQBTRAN,for use on 

t h e  PDP-10. The BASIC program fo l lows .  

To use t h i s  program, MULTIC (BASIC), one must f i r s t  d iv ide  aJ-1 

.li.meiisions by the mean r ad ius  of  t h e  d r ive r  c o i l .  Then t h e  following 

l i n e s  must be typed i n t o  t h e  program. 

250 

260 

270 

280 

290 

300 

310 

32 0 

R 5  = (numerical value o f  d r i v e r  c o i l  mean r ad ius  i n  inches)  

HI = (numerical. ml-ue of normalized d r i v e r  c o i l  i n n e r  r a d i u s )  

R2 = (numerical value of normal.ized d r i v e r  c o i l  ou ter  r a d i u s )  

23 = (numerical value of normalized d r i v e r  c o i l  length) 

R 3  = (numerical value of normalized pickup c o i l  inner  r a d i u s )  

R4 = (numerical value of normalized pickup c o i l  ou te r  r a d i u s )  

L4 r= (n imer ica l  value of normalized pickup c o i l  l eng th )  

L5 = (numerical vahre of normalized pickup c o i l  r eces s  from 
face of  d r i v e r )  
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330 

340 
350 

360 

37 0 

380 

390 
400 
410 
420 

430 

h40 
450 

510 

52Q 

670 

~6 = (numericdl value of normalized d r i v e r  c o i l  minimum l i f t -  

o f f )  

~4 = (numerical value of r e s i s t a n e e  of d r i v e r  c o i l  i n  ohms) 

R7 = (numerical  value of  total .  r e s i s t a n c e  of both pickup c o i l s  

i n  ohms) 

N 3  = (number of t u r n s  on d r i v e r  c o i l )  

Nh = (number of t u r n s  on each pickup c o i l )  

RO = (output  s e r i e s  r e s i s t a n c e  of dr iv ing  ampl i f ie r  i n  ohms) 

~9 = (input, shunt r e s i s t a n c e  of pickup ampl i f i e r  i n  ohms) 
~6 = ( t o t a l  shunt capaci tance i n  d r iv ing  c i r c u i t  i n  farads) 

C 7  = (total shunt capaci tance i n  pickup c i r c u i t  i n  f a r a d s )  

ir0 = (output voltage of d r iv ing  ampl i f i e r  i n  v o l t s )  

G? = (ga in  of  pickup ampl i f i e r )  

F = (opera t ing  frequency i n  Her t z )  

~2 = (riumerical value of normalized d r ive r  c o i l  l i f t - o f f  

increment4 1 
139 = ( to ta l .  nimber of  conductors + 1) 
N 8  = (number of t h e  s p e c i f i c  conductor with conduct iv i ty  

v a r i a t i o n ,  r e f e r  t o  Fig. 4 )  
Ivl0 = (numerical  value of f r a c t i o n a l  conduct iv i ty  change of  t h e  

M8-th l a y e r )  

The input  data of conductors are typed i n t o  t h e  program between 

the statement numbers 800 and 980, according t o  t he  order  of appearance 

from t h e  lowest conductors [ r e f e r  t o  Fig.  4 (p .  711. 

8GQ DATA IE10, K ( 1 ) ,  U(1) 

810 DATA T(2), K(2), U ( 2 )  

DATA T ( N ) ,  K ( N ) ,  U ( M )  

where 



T ( N )  = numerical value of thickness  of t h e  Nth l a y e r  conductor 

i n  inches 

K ( N )  = numerical value of r e s i s t i v i t y  of t h e  Nth l a y e r  con- 

ductor  i n  microhm cent imeters  y 

U ( N )  = numerical value o f  r e l a t i v e  permeabi l i ty  of the  N t h  

l a y e r  conductor and 

t h e  (N+l)th l aye r  denotes the t o p  o r  surface l aye r .  

The curren t  vers ion of M U L T I C  ( B A S I C )  is l i m i t e d  t u  a maxiaun of nine 

conductors. However t h i s  l i m i t a t i o n  can be removed e a s i l y  by adding 

one D I M E N S I O N  s ta tement ,  

60 D I M  T ( N 9 ) ,  R ( N 9 ) ,  U ( N 9 ) ,  S ( N 9 l Y  X ( N 9 ) ,  Y(N9) . 
The program may now be run. The pr int-out  by the computer w i l l  

have t h e  following format. 

N THICK( INCH) R(MU-OHM CM) MySTGMA U 
(1 1 ( T ( l ) )  ( K ( 1 )  1 ....... ( U ( l - ) )  
( 2 )  ( T ( 2 ) )  (K(2) 1 ....... ( u ( 2 )  1 

( b - - l I  ( T ( N P - 1 ) )  ( K ( i9-1) ) ....... ( u (  &l. 1) 
( N 9 )  (TW 1 1 ....... ( U ( N ) )  
C O N D U C T I V I T Y  V A R I A T I O N  OF ( N 8 ) T H  LAYER I S  f -(100*MO)% 
H1= (Rl) R2== ( R 2 )  D R I V E R  LENGTH IS  ( L 3 )  
R 3 =  (83) R4= (R4) P I C K  UP LENGTH I S  ( L 4 )  
C O I L  MEAN I W I U S  ( R 5 )  I N C I I L S  O P E R A T I N G  FREQWZNCY ( P )  
P I C K  U P  R E C E S S E D  ( L 5 )  
M E N I m  L I m - O F F  ( ~ 6 )  L I F T - O F F  INC-T ( L 2 )  
D R I V E R  FGS INDUCTANCE NO TUJ3NS SHUrJT CAJ? NOR I M  PT 

P I C K U P  RES INDUCTANCE NO TURNS SHUNT C A P  NOR I14 PT 

D R I V I N G  VOLT S E R I E S  XES AMP G A I N  I N P U T  IMP 

D I S C R I M I N A T O R  VOLTAGE I S  ..... 

0-6) ...... ( N 3 )  ( c 6 )  ..... 
( R 7 )  ...... ( N 4 )  (c7) ..... 
( v o )  (RO) ( G 5 )  (R9 1 

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

..... ..... ..... ..... ..... ..... ..... ..... ..... ..... 
0 ..... ..... ..... ..... 



..... ..".. ..... ..... ..... ..... " . . * .  ..... ..... ..... ..... ..... 
PHA.SE SHIFT ..... LIFT-OFF ..... 
DEGREE ..... ..... 
1 COIL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 CON CAL 

? 

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

The var ious  symbols enclosed i n  parentheses a r e  used t o  i n d i c a t e  

t h a t  t h e  numerical value of  t h e  symbol w i l l  be p r in t ed .  

There are f i v e  columns of d a t a ,  one under each value of Xifi-off. 

Each column i s  divided i n t o  t h r e e  sec t ions  of three l i n e s  each. These 

sec t ions  correspond, from t o p  t o  bottom, t o  t h e  t h r e e  n l u e s  (-lQQ*MO, 

0,  and +lOO)EMO% v a r i a t i o n s  from nominal) of t h e  conduct iv i ty  of t h e  

~S-tka l a y e r .  

t h e  magnitude of  t h e  vol tage  out of t h e  pickup ampl i f i e r ,  t h e  phase 

s h i f t  between t h e  vol tage  out of t h e  pickup ampl i f i e r  and t h e  d r iv ing  

vol tage ,  and t h e  phase s h i f t  between t h e  vol tage  out of t h e  pickup 

ampl i f ie r  with t h e  d i sc r imina to r  set t o  g ive  t h e  same phase s h i f t  with 

m i n i m m  l i f t - o f f  and maximum l i f t - o f f  on t h e  nominal conduct iv i ty  

sample. The phase s h i f t  i n  t h e  t h i r d  Pine i s  always measured from t h e  

nominal condixctivity sample wi th  minimum l i f t - o f f .  The vol tage  out of 

t h e  pickup amplifier w i l l  be i n  v o l t s  and be e i t h e r  peak-to-peak o r  

MS, whichever i s  used f o r  VO, t h e  output voltage of t h e  d r iv ing  ampli- 

f ier .  For each conductor N ,  t h e  value o f  a dimensionless product 

R 5  w 1 . 1 ~ 0 ~  i s  a l s o  ca l cu la t ed  and p r i n t e d  under t h e  column M,SIGMA. 

inductance i n  hen r i e s  of  t h e  d r iv ing  c o i l  in air  and t h e  normalized 

imaginary past of t h e  d r iv ing  c o i l  impedance are a l s o  p r i n t e d ,  with 

nominal conduct iv i ty  and nominal l i f ' t -off  ( ~ 6 - + 2 ~ 2 ) .  

henr i e s  of  both pickup c o i l s  i n  air and the  normalized imaginary p a r t  

of t h e  pickup c o i l s '  impedance with nominal conduct iv i ty  and l i f t - o f f  

i s  also p r i n t e d .  

varriation, t h e  maximum phase s h i f t  due t o  l i f t - o f f  and t h e  maximum 

percent of range error i n  Conductivity measurements due t o  l i f t - o f f  

a r e  given. The phase s h i f t s  are given f irst  i n  radiabns and then  i n  

degsees. 

The t h r e e  l i n e s  i n  each s e c t i o n  a r e ,  from t o p  t o  bottom, 

2 The 

The inductance i n  

The to ta l .  phase s h i f t  for t h e  2!0O*MO% conduct iv i ty  



The pr.0gra.m then e n i e r s  a branching loop t h a t  allows t h e  following 

opt ions ,  depending on which of l 3  2 ,  3, o r  4 i s  typed as input  af ter  

t h e  quest ion mark. 

1. Coil  Design 

If' a 1. i s  typed by t h e  operator  a f t e r  t h e  quest ion mark, t h e  program 

w i l l  en t e r  t h e  Coil  Design Loop. This loop will. al low t h e  number of 

t u r n s  on the  d r i v e r  and pickup c o i l s  t o  be var ied.  The loop w i l l  a l low 

t h e  wire  gage t o  be given and then  c a l c u l a t e  t h e  number of  t u r n s  and 

c o i l  r e s i s t a n c e ,  o r  it w i l l  al low t h e  number of  t u r n s  t o  be en tered  and 

c a l c u l a t e  t h e  gage and c o i l  r e s i s t a n c e ,  o r  bo th  t u r n s  and gage c m  be 

entered.  If zeros are en tered  for both t h e  gage and tu rns  of  e i t h e r  t he  

d r i v e r  o r  pickup c o i l s ,  the  present  value of t hese  w i l l  be r e t a ined .  

The p:rogram then  s tar ts  with t.he label. 

UHIVER RES INDUCTANCE NO TURNS SHUNT CAP NOR IM FT , 
and the  remainder of .the program i s  r eca l cu la t ed  and p r in t ed ,  with t h e  

"newts c o i l  i n  t h e  c i r e i i i t .  However, t h e  numerical i n t eg ra t ions  t o  
calciil.ate M ,  Z and I, do not have t o  be repeated.  

2. Attenuator Design 

DR ' PU 

This loop w i l l .  al low t h e  d r i v e r  s e r i e s  res is tazice,  ROY t h e  d r i v e r  

shunt capaci tance,  ~ 6 ,  t he  ampl i f ie r  input  impedance, R 9 ,  and t h e  shunt 

capaci tance i n  t h e  pi-ckup c i r c u i t ,  C 7 ,  t o  be var ied.  If a 2 i s  typed 

after t h e  quest ion mark, t h e  computer w i l l  respond with 

DRIVER smms RES, smm CAP, PICK-UP S ~ T  RES, SHUNT CAP 

The r e s i s t a n c e  i s  t o  be  gi.ven i n  ohms, and t h e  capaci tance i n  fa rads .  

If zero i s  typed i n  f o r  any value,  t h e  present  value i n  t h e  computer 

w i l l  be r e t a ined .  A f t e r  t h e  input  d a t a  and a ca r r i age  re turn are typed, 

t h e  coaiputer w i l l  c a l c u l a t e  t h e  r a t i o  of resonant frequency t o  opera t ing  

frequency f o r  t h e  p a r t i c u l a r  L-C c i r c u i t ,  a very rough value of  resist- 
ance f o r  minimum temperature drirt, and t h e  r a t i o  between t h e  r e s i s t a n c e  

and reactance i n  t h e  c i r c u i t  f o r  both t h e  dr-iver and pickup c i r c u i t s .  

The program then starts with t h e  l a b e l  

DRIVER N3S INDUCT.ANCE NO TURNS SI-IUNT C A P  NOR ?M PT , 
and the  remainder o f  t h e  program i s  recalculated and pininted with the 

"new" attenuatol-  i n  the c i r c u i t .  Again, t h e  numerical i n t eg ra t ions  t o  

c a l c u l a t e  M y  ZDR, and Zpu do not have to be repeated.  
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3. D r i f t  Check 
This loop c a l c u l a t e s  t h e  e f f e c t  of' t h e  d r i f t  of any of  the c i r c u i t  

o r  sample pwameters  a f t e r  t h e  instrument has been c a l i b r a t e d  and 

ad jus ted .  I f  8% 3 i s  typed as i n p u t ,  t h e  program w i l l  respond wi th  t h e  

percent v a r i a t i o n ,  t h e  parameter varied, t h e  maxiinwn change i n  phase 

(both  r ad ians  stnd degrees) of any of t h e  1 5  d i f f e r e n t  phases ca l cu la t ed  

( 5  l i f t - o f f  va lues  f o r  each of 3 d i f f e r e n t  conduct iv i ty  va lues)  and t h e  

percent  of t h e  range t h e  drift r ep resen t s .  The percent v a r i a t i o n  of 

each parameter may be va r i ed  independently. The following t a b l e  g ives  

the parameter, t h e  l i n e  number, and t h e  cons tan t  t o  be va r i ed :  

Parameter 

Driver  Resis tance 

Pickup Resistance 

Driver Shunt Cap. 

Pickup Shunt Cap. 

S e r i e s  Resistance 

Amp. Input Resistance 

Applied Voltage 

Frequency 

Mean Radius 

Line Hmber 

8610 
862 0 

8630 

8640 
8650 

8660 

8670 

8680 

8690 

Constant 

E l  

E2 

E 3  
E4 

E7 
E8 

E9 
Al 

A2 

For example, t o  put i.n a 2% v a r i a t i o n  i n  t h e  d r i v e r  c o i l  r e s i s t a n c e ,  

one would type:  

8610 E l  = .02 

The amount t h a t  each panuueter i s  va r i ed  must be s e t  be fo re  t h e  program 

is  run. A 1 1  of t h e  v s z i a t i o n s  are 0.01 o r  1% i n  t h e  cu r ren t  vers ion  of 

t h e  program. Since the phase sh iP t  produced by t h e  parameter v a r i a t i o n  

i s  q u i t e  l i n e a r  over a range of about lo%, a l i n e a r  i n t e r p o l a t i o n  o r  
ex t r apo la t ion  may he used from t h e  1% parameter v a r i a t i o n .  

typed i n  f o r  any parameter v a r i a t i o n ,  that, parameter w i l l  not be va r i ed  

nor w i l l  it be typed out i n  the l i s t  of parameter v a r i a t i o n s .  When t h e  

c a l c u l a t i o n  i s  completed and t h e  d r i f t s  p r i n t e d ,  t h e  program r e t u r n s  t o  

t h e  branch poin t  and r epea t s  t h e  question 

If zero i s  

1 Coi l  Design 2 Atten.  Design 3 D r i f t  Check 4 Con C a l  
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The f i r s t  seven d r i f t s  do no t  r equ i r e  t h a t  t h e  numerical integrn-  

t i o n s  t o  c a l c u l a t e  M,  Z arCi % be repea ted ,  but they  must be repeated 

t o  c a l c u l a t e  t h e  d r i f t s  due t o  frequency and mean r ad ius  changes. There- 

f o r e ,  t h e  ca l cu la t ion  of  t hese  las t  two d r i f t s  r e q u i r e s  a considerable  

mount  of computer t ime. 

1313 ’ PU 

4.  @on C a l  

This loop  i s  t o  continue ca l cu la t ions .  T f  a series or ca l cu la t ions  

i s  t o  be made, a loop may be e s t ab l i shed  a t  t h i s  po in t .  However, in 

t h e  present  vers ion  of t h e  program, i f  a 4 i s  typed as input ,  the program 

w i l l  end. 

Sample Calculat ion of  MUZTIC 

L e t  us suppose we wish t o  design a. rc f lec t ion- type  c o i l  t o  measure 

t h e  conduct iv i ty  val-iation of a cladding material t h a t  has  a th ickness  

of  28 m i l s  and a nominal r e s i s t i v i t y  of 3.632 yS2-cm. 

c ladding,  t h e  next conductor i s  194- m i l s  ‘chick and has a r e s i s t i v i t y  

of  5.393 yR-.cm. F ina l ly ,  t h e r e  i s  another  l a y e r  of  c ladding material ,  

with a th ickness  of 28 m i l s  and r e s i s t i v i - t y  of  3.632 UR-cm. 

c o i l  has a mean r ad ius  of 0.08325 i n . ,  inner  and ou te r  r a d i i  of  0.0625 and 

0.104 i n .  , and a I.ength o f  0.03 i n .  

oiuter r a d i i  of 0.03 arid 0.058 i n . ,  a length  of  0.008 i n .  and are mounted 

f l u s h  with -the ends o f  t h e  d r i v e r  c o i l .  The d r ive r  c o i l  has 360 t u r n s  

of No. 46 wire  with a r e s i s t a n c e  of  ‘79.36 n, and t h e  pickup c o i l s  have 

410 t u r n s  each of No. 51+ w i r e ,  wi th  a r e s i s t a n c e  o f  530.5 R f o r  ba th  

c o i l s .  The d r i v e r  s e r i e s  m d  t h e  pickup ampl i f ie r  input  r e s i s t a n c e s  

are both chosen t o  be 1 MQ. The shunt capaci tances  i n  both c i r c u i t s  

a r e  chosen t o  be  1 pF. 

and de tec to r  impedances, so t h a t  only t h e  mutual coupling, M, a f f e c t s  

the phases. 

l i f t - o f f  increment of 0.002 i n .  The v a r i a t i o n  i n  the conduct iv i ty  of 

t h e  sur face  cladding i s  k5%. The re l -a t ive  permeabi l i ty  of  a l l  l a y e r s  

i s  1. The frequency i s  10,000 Hz, t h e  ouLput vol tage  o f  t h e  driving 

ampl i f ie r  i s  10  V ,  and t h e  gain of  t h e  pickiup ampl i f i e r  i s  u n i t y  

Below t h e  surface 

The d r i v e r  

The pickup c0il.s have inner  and 

This  corresponds t o  practica1.l.y i n f i n i t e  source 

The minimum 1. i f t -off  i s  taken t o  be 0.0083 i n .  wi th  a 
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( a  un i ty  ga in  allows the  a c t u a l  ga in  needed i n  t h e  amplifier t o  be 

calculated by d iv id ing  t h e  maximum output vo l tage  with u n i t y  gain 

into 10). 

The program MUI;TIC i s  assumed t o  be i n  t h e  active core,  and t h e  

following information is typed i n t o  t h e  computer. 

are normalized by d iv id ing  by t h e  c o i l  mean radius, except for the coil 

mean radius, which i s  i n  inches.  

A l l  l i n e a r  dimensions 

250 

260 

270 

280 

290 

300 

310 

32 0 

330 

340 

350 

360 

37 0 

380 

390 
400 

410 

420 

430 

4hO 
450 
43-0 

520 

670 

R5 = .0832$ 

R1 = .75 
R2 = 1.25 

~3 = .% 
R3 = .36 

~4 = .@6 
~4 = .096 

L5 = 0 
~6 = .I. 
R6 = 79.36 
R7  530.5 

N 3  = 360 
N4 = 410 

RO = 1 ~ 6  
R9 = JE6 
~6 = lE-12 

c7 = 1E-12 
vo = 10 

G5 = l. 
F = 10000 

L2 = .025 

N9 = 5 
N 8  = 4 
M0 = -.05 
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800 DATA 1E10, 1E10, 1 

810 DATA .028, 3.632, 1 

82 0 DATA .194, 5.393, 1. 

830 DATA ,028, 3.632, 1 
84 0 DATA 1, 3.E10, 1 

The program may now be  uti with t h e  following results. The data 

i.nputcd from t h e  terminal by the user w e  underlined. A ca r r i age  

re turn  m u s t  be typed by t h e  user at t h e  end of each. input l i n e .  
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M ULT I T  C BAS IC ) 

N THICK( I N C H )  KCMU-P)HM CM) N + S I G M A  U 
1 1 *00000E+10 I *00000E*10 0 1 
2 0.028 3 e 632 9.72034 1 
3 00 194 5.393 6 54632 1 
4 0.028 3 s 632 9 072034 1 
5 1 1 *00000E+10 0 1 

THICKNESS VARlATIEiN OF 4 TH LAYER IS +- 5 X 
R 1 =  0.75 R2= 1.25 DRIVER LENGTH IS 0.36 
R 3 =  0.36 R4= 0.696 PICK UP LENGTH IS 0.096 
C @ I L  MEAN RADIUS 8.32SOOE-2 INCHES OPEHAT ING FREQUENCY 10000 
P I C K  UP RECESSED 0 

D R I V E R  RES I MDUC T A NC E N0 TURNS SHUNT CAP NOH IM PT 

PICKUP R E 5  INDUCTANCE N0 TURNS SHUNT C A P  N B R  IM PT 

DRIVING V0LT SERIES RES AMP GAIN INPUT IMP 
10 1 a00000 1 1 OOOQOO 

DISCRIMINATBR VQILTAGE 15-6.340338-7 

MIN LIFT-OFF= 0.1 LIFT-OFF INCREMENT= 0.025 

79.36 6 05067 E-4 3 60 1.00000E-12 0.849616 

530 * 5 4.7 2 124E - 4  41 0 1.000QOE-12 0 e 992308 

0.1 0.125 0.15 0.175 0.2 

1.31981E-5  1.21191E-5 1 . 1  11626-5 1.02067E-5 9a37604E-6 

3.52971E-3 3 7 03 2 8E-3  3-67406E-3 3 561 59E-3 3.4706SE-3 

1 e32201 E-5 I -21 309E-5 1 - 1134OE-5 I .O2228E-5 9 3 905 9E- 6 

-0 80261 3 -0 8067 57 -0.81 1479 -0 El 1 6683 -0 * 888288 

- 0  8060 63 -0.81 09 83 -00814884 -0 820068 -0 825654 
0 1091204E-4 1 e77376E-4 7 E15962E-5 Q 

la023S5E-5 9.40206E-6 
-0 * $09286 -0 8 13385 -0 a 6 1 SO65 -0 82323 -0e828798 
-3.28648E-3 -3-07799E-3 -3.07622E-3 -3.161 16E-3 -3022723E-3 
PHASE SHIFT 6.75367E-3 LIFT-OFF 2.326298-4 IN X 3.44449 
IN DEGREE 0.386957 1 ~33287E-2 
1 C Q I L  DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 CBN GAL 

1 * 3237 SE-S 1 021 4666-5 1 1 1  481s-5 

?A 
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DRIVER WIRE GAGE. TURNS. PICK-UP WIRE GAGE. TURNS 
?46.0154s 0 

D R I V E R  391 TURNS OF # 4 6  WINE 17 /LAYER 23 LAYERS 71.9293 OHM 
PICKUP 429 TURNS EA # 5 4  WIRE 1 1  /LAYER 39  LAYERS 532.582 BHNS TlbTAL 
DRIVER RES INDUCTANCE N0 TURNS SHUNT CAP N0K I M  PT 

7 1 9293 7013760E-4 391 1.00000E-12 0.849616 
Nffi TURNS SHUNT CAP N B R  I M  PT PICKUP RES INDUCTANCE 

532 582 s . i 6 a 9 6 ~ - 4  429 1.00000E-12 00992308 
DRIVING VElLT SERIES RES AMP GAIN INPUT IMP 

10 1 aooooo 1 1 OOQOOO 
DISCRIMINATffiR VPILTAGE IS-7.20555E-7 

6.1 0.125 0.15 0.175 0.2 

1049990E-5 1 -37636E-5 1.26329E-5 1 15993E-5 1.06554E-5 

3 05297 1 E - 3  3.70328E-3 3 - 67 405E-3 3056157E-3 3047065E-3 
-0 802 42 1 -0.806765 -0.81 ‘148’7 -0.81 6691 -0 a 8222 97 

1 -50239E-5 1.37861E-5 1026532E-5 1 -16176E-5 1 0067 19E-5 

0 1.91 189E-4 1.77369E.3-4 7 085962E-5 -7 *45058E-9 
-0.806071 -0 081 01 91 -0 8 1 4892 -0 82007 6 -0.825662 

1 m50438E-5 1.3804BE-5 1024693E-5 1.16321E-5 i . a 6 s s o ~ - f j  
-0 -808294 -0 81 3393 -0 81 8073 -0 823238 -a e 828807 
-3028647E-3 -3007799E-3 -3007623E-3 -3.1 61 16E-3 -3.22720E-3 
P H A S E  SHIFT 6.75367E-3 L I F T - 0 F F  2-32629E-4 IN X 3.44449 
IN DEGREE 00386957 1 33287 E-2 
1 C B I L  DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 CPlN CAL 
?2- 
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DRIUEP S E K I E S  ? F S j  SHUNT CAP+ PICK-UP SHUNT RES, SHUNT CAP 
?5.0E29 4.7E-9s6.2E2n 4 * 7E -9 

D V R  C T  9042723 BEL0!d fiES 359.202 OPT RES 1301225 HES/kEACSANCE 
P - U  CT 1Oe2505 BEtEllPJ RES 330.351 OPT RES 19,2381 KES/REACTANCE 
D R I V E R  RES E ND tic TANC F. N O  TUKNS SHUN1 CAP N W  IM PT 
7 1.9293 7 13760E-4 391 a.’i1ooa0~-9 0 *845’6 I 6  

P I C K U P  RES I NDUC TANG E N0 TURNS SHUNT CAP N0k It4 PJ 
532 582 5 0 16896E-4 42 9 4e7000OE-9 0 992308 

D R I V I N G  V0LT S E R I E S  RES AMP G A I N  INPUT IMP 
nn 500 1 620 

D I S C R I M I N A T B R  U0LTAGE IS-7.81534E-4 

0.1 0.125 0.15 0.575 0-2 

le40412E-2 1.28960E-2 1 c 184S9E-2 1e08844E-2 1.00052E-2 

3.49556s-3 3 050292E:-3 3 * 422Q7E -3  3 -3’7 109E-3 3-45401E-3 
- 1  * D O 0 0 3  -1.00497 - 1  401043 - I  801 6 3 3  - 1 a02257 

1 *40839E-2 1 .29344E3-2 1 0 18805E-2 1009157E-2 1.00333E-% - I ~ 0 0 6 6 1  - 1  e O X 1 S 2  - 1  001694 -1.0228 - 1  002902 
-3 e 25559s-3 -3 e2222 1 E-3 -3 *2$045E-3 -3  -3  1 177E-3 -3.21 142E-3 
PHASE SHIFT 6.7QS42E-3 LIFT-OFF 1.311831E-4 I N  % 1.96603 
EN DEGREE 0.384192 7 *55334E-3 
I C E l I L  D E S I G N  2 ATTEN. DESIGN 3 DRIFT CHECK 4 CPjN G A L  
?3- 

SYSTEM D R I F T  
% VARIATN 

1 
1 
1 
1. 
1 
1 
1 
1 
1 

VARIATIBMS 
PARA METER 
D R I V E R  R E S  
PICKUP RES 
DVR SHUNT CAP 
P-U S H U N T  C A P  
S E R I E S  RES 
AMP INPUT RES 
APPLIED VBLT 
F REOUE NC Y 
MEAN RADIUS 

RAD I A N  
2 463 1 6E-5 

-5 a 91 1374E-5 
-2 0 10896E-4 
-8.43331E-4 
1 e231 48E-3 

-5m98446E-4 
-7 a75740E-4 
-5.05134 1 E-3  
-7 * 58457E-3 

1 C B I L  DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 CBN CAL 
?A 

X OF RANGE 

-0 88268 
-3.14516 
-12.57 6 9  
18.3654 

-15.92481 
- 3  I o 5 6 8 8  
-9043fjl 
- 1 8 3 . 1 1 1  

0 .i 3 67 33 9 

The user has exercised a.l.1 t h e  design options available, and these options 

may be repeated, omitted, or taken in any order. Tfie BASIC version of t he  

program MULTIC fol lows.  
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1770 s1=.5 
1780 IF X < 7 9  THEN 1660  
1790 RE:TUF?N 

1999 REM F@R \J -FACTBH 
PO00 G B  SUR 2700 
2010 ws=0 
2020 W2=0 
2 0 3 0  l d 6 - 0  
20340 w7=0 
2 0 5 P  C!4=l 
20.50 W H = 1  
2 0 7 0  W3=1 
20KO IF X*L5>20 TWEN 2100 
2 0 9 0  W ~ = E X P (  - x * L ~ )  
2100 IF X*L2>20 THEN 2120 
2110 W2=%XP<-X*L2) 
3120 IF X%Lh>20 THEN 2140 
2 I30 W6=EXP( -X*L6) 
2140 IF X*L7>20 THEN 2160 
2 150 W7=EXP( -X*L7) 
2160 IF X*L4>15  TWEN 2220 
2 1’90 w4=1 -EXP< -X*L4) 
2180 IF X*LH>15 T H E N  2220 
2190  W 8 = 1  -EXP(-X*L8) 
2200 IF X*L3>15 TWEN 2220 
22’10 W 3 = 1  - E X P ( - X * L 3 )  
2220 IF X>30 THEN 2460 
2230 IF X*L9>20 THEN 2460 
2 2 40 A 5 = W 6 * W 6 * W 3 + W  4 * W 5 * W 8 * 5 3  
2 250 A S=W 6*W 6*W3*W 3*S4 
2 2 6[? A 7 =‘A 6 C W 6 * W 4 * W  4 * W 5 * W 5 * W 8 *W 8 * S 5 
2270 L ( I ) = l  
2280 F O R  J=2 T 0  5 
2290 L . . < J ) = O  
2300 IF J*X*L2>20 T H E N  2320 
2390 L(J)=WP*L<J-l 1 
2320 NEXT J 
2329 REM F 0 R  GAMMA FACTBk  
2330 G0 SUR 3200 
2340 CBR 1 - 1  T O  3 
2350 F@R J = 1  TO 5 
2360 Ql-K(I)*L<J)*L(J) 
2370 02=-N(  I ) *L<J1*LCLJ)  
2 380 A <  I t J) = A  ( I t J) * Q 2 * A 5  
2390 B ( I t  J) = R  ( I t  J 1 + 0 1  * A S  
2400 C<IIJ)=C(IIJ)+O~*A~ 
3.41 0 D <  I t  J) = D (  1 1  J)+O1 * A 6  
2 420 E (  I t  J )  = E (  I t 3 )  + ( J 2 * A 7  
2430 F<ItJ)=F(ItJ)+Ol*A7 
2 4 4 0  NEXT J 
2450 NEXT I 
2 4 6 0  A 3 = A 3 + 2 * (  X*L3-U3)*SY 
2 47 0 A 4 =A 4 .f ( 4* < X * L 4 - W  4 1 -2 *LI 7 * W  4*W 4 ) * S 5 
2480 RETIIKN 
‘2 6 9 9  R E M  SUBROUTINE FGF? J 5 = J ( l i 1  D K ~ ) / X T ~ I J ~ = J ( ~ ~ ~ ~ ~ ~ ) / ~ T ~  
P700  R = R I  

199% R E M  S U U R B U T I N E  Fa:,: L-FACTOK AND INTLGhAN15 





104 

344C I F  N8=N7 THEN 3 5 9 0  
3 4 5 0  I F  N8=N7+1 ? H E N  3 6 9 0  
3 4 6 0  N=N7+1 
3 4 7 0  GEj SUB 5100 
3 4 8 0  Gt? SUB 5 1 5 0  
3 4 9 0  N 6 = N U - I  
3500  IF N$=N7+2 THEN 3 6 5 0  
3 5 1 0  I F  N$>N7 THEN3540 
3 5 2 0  N6=N9 
3530 I F  N7=N9-1  T H E N  3 9 8 0  
3 5 4 0  XO=X<2) 
3 5 5 0  Y 0 = ’ 9 ( 2 )  
3 5 6 0  F E R  N=N7+2 TP, N6 
3 5 7 0  X I = X < N )  
3580 Y I = Y ( N )  
3 5 9 0  G @  SIAB 5300 
3600 G0 SUB 5580 
3610 X0=Y1 
3620 Y 0 = ’ ( 1  
3630 NEXT N 
3640 I F  N86N7 THEN 3980 
3 h S C  I l = V 3  
3650  I2=V4 
3 6 7 0  I3=V7  
3680 I 4 = V R  
3 6 9 0  I F  NE(zN9-I T H E N  3980 

3710 N=N8+2 
3 7 2 0  GB SUB 5 1 0 0  
3 7 3 0  G 0  SUB 5 3 0 0  
3 7 4 0  V l = T I  
3 7 5 0  V2=T2 
3760 V 3 = T 3  
37713 V4=T4 
3780 V 5 = T 5  
3790 V6=T6  
3 8 0 0  V 7 = T 7  
3810 V 8 = T 8  
3 8 2 0  I F  N8=N9-2 THEN 3930 
3830 X O = X ( N 8 + 2 )  
3840 YO=Y<N8+2) 
3850 FOR N=N8+3 T0 N 9  
386C X l = X < N )  
3 8 7 0  Yl -YCN) 
3880  G@ SUB 5 3 0 0  
3 8 9 0  G 0  SUB 5500 
3900 X O = X I  
3 9 1 0  Y O = Y 1  
3 9 2 0  NEXT N 
3 9 3 0  I 5 = \ / 3  
3940 I 6 = V 4  
3950 I 7 = V 7  
3960 I8=V8 
3 9 7 0  R E M  T ( M + l  . M ) T ( M n M - l  1 1 s  J 
3980 FOR P=l TO 3 
3990 I F  N W N 7  THEN 43$0 
4000 I F  NE4=N7 THEN 4160 
4010 XO=X<NFI-l 1 

3700 REM F 0 K  V(K,M+I  ) L a 1  
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5 1 T O  v7=x1 +xo 
5 180 VR==Yt + Y O  
5190 RETUFiN 
5299 R E M  S U B K G U T I N E  FBR XFQKMATIBM MATRIX T 
5 3 0 0  Q 2 = X 1  +xo  
5310 01 zX1 - X O  
5320 C4=Yl + Y O  
5 3 3 0  03=Y 1 - Y O  
5 3 4 0  05-LJCN-1 ) * T ( N - l  )/R5 
5350 06=EXP<OS*XO) 
5 3 hC 07 =COS ( Q5*Y 0 > 
5370 ClB=STN<05*YO) 
5 3 8 0  TI=<Q2*Q7+04*08>/06 
5 3 9 0  T2 = <  C4*07 -Q2*08) 106 
5 4 0 0  T 3 r C O l  *Q7-Q3*08)*Q6 
5410  74=<Q3*@7+01*08)*Qh 
5 420 T S = <  01 *(?7 +03*08 >/Q6 
5430 T6=403*07-Q1 *Q,S)/Q6 
5 4 4 0  T7=<Q2*07-Q4*08>*Q6 
5450 T8=CQ4*07+02*08)*Q6 
5 4 6 0  RETURN 
5 4 9 9  REM SUBRBUTINE FElR XFBHMATIQN MATRIX U 
55ooc1 =VI 
5 5 1002=V2 
5 52005 =V 5 
5 5 3 0 Q h = V 6  
5540 VlrT1*01-T2*02+T3*QS-T4*Q6 
5550 V2=T2*(31 +T1 *Q2+T4*05+T3*Q6 
5 5 6 0  \/5=T5*Rl -Th*02+T7*05-T8*06 
5 570 V6=T6*Q1 +T5*02+T8*OS+T7*Qb 
5 5H003=V3 
5 59CQ4='J4 
5 60009 =v7 
5 61 008=V8 
5 620 V3=T1 *Q3-72*[~4+T3*07-T4*08 
5 6 3 0  V 4 = T 2 * 0 3 + T 1 * 0 4 + T 4 * 0 7 + T 3 * ~ $  
5 640 V7=T?i*Q3-T6*04+T7*Q7 -T8*Q8 
S h S 0  V8=T$*03+T5*~4*T8*87*T3*Q8 
5660 RFTl lRN 
5999 REM S U B R B U T I N E  F0R C I R C U I T I  MAFNITUOEa AND PHASE 
6O0ONI =N3/<  (R2-Hl )*L3) 
6010N2-N4/<<R4-KJ)*LY) 
602000=5~300475204E-7*F*R5 
6030 W1 =!d*C6*1?0 
4040 W2=W*C7*R9 
6 0 5 0  W3=1 - W  1 *W2 
6060 W4=W1 +Id2  
6 0 7 0  FER I = l  T0 3 
6080 F O R  J=1 Ta) 5 
E Q ~ Q ~ ~ - Q O * N ~ * N ~ * A < I D J )  
6 1 0 0 2 9 = 0 0 * N 1 * N 2 * B (  L D J )  
6 1 1 O Z = O O * N I  *N1 * C  C I i d  3 
6 12CZ2=QO*N1 *N1 * < D <  I i  J) +A3 1 
6 13071 =GlO+N%*N2*E C I D J) 
6140Z3=00*N2*N2* (F (  I r J ) + A Y )  
6 150 81 =RO+R6+Z-W1 * Z 2  
4 160 0 2 = R Y * R ' ? + Z 1  -W2*23 
6 1 7 0  Q ~ = z ~ + w ~ * c ~ < s + z )  
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7 100 PH 1NT"PHASE SHIFT" ;Q;"LIFT -DFF"jIOl -023"IN x " 3  I OO*(U I -L)2)/3 
7 110 PR1NT"IN DEGHEEsS;B*P8r(Ol-B2)*P8 
7 120 PETURN 
7199 HEM FQlR CQIL DESIGN# ATTENIJATBKr D H I C T s  AND EXIT 
7200PRIN?"1 CQIL DESIGN 2 ATTEN. O E S I G N  3 D)<IFT CHECK 4 CON GAL"  
7210INPUT N5 
7 220PRINT 
72308N N5 60 TO 7300~8200r8600~9900 
7299 R E M  F0R CBIL DESIGN 
7300 PRINT ' " D R I V E R  WIRE GAGE> TURNS# PICK-UP WIRE GAGE0 1'UkNS" 
7310 INPUT Q l r Q 2 r Q 3 r Q 4  
7319 REM FQR DRIVER 
7320 W I = H I  
7 330 W2=K2 
7340 W3=L3 
7350 G0 SUB 7510 
7360 N3=02 
7370 R6=09 
7380  PRINT "DRIVER"3N3;"TTURNS 0F #"JG;''WIkE''3 
7 3 90 PR I NT 07 i " / L A Y E R "  i Q B  ; " L A Y E K S " 3 H 6  I"OHM" 
7399 R E M  F13R PICKlJP 
7400 01=03 
7410 0 2 ~ 0 4  
7420 GI 1 =R3 
7 430 W 2  = R 4  
7440 W 3 = L 4  
7450 GE9 SlJB 7510 
7460 N 4 = Q 2  
7470 R7=2*09 
7 480 PR IN? "PICKUP"; N4 ; ' " T U R N S  EA # " i  G 3"W 1KE"t 
7 490 P R  I NT 07 i " / L A Y  E&" ; Q8 5 "LAYERS" 3 R7 3 "OHMS TBTAL" 
7500 GGI T'Q 1140 
7509 REM SVDRBUTINE F0R G A G E  AND T U R N  NUMBER 
7510 bc'l=Wl*RS 
7 520 W2=W2*R5 
7 530 W3=bJ3*R5 
7 5 3 9  R E M  FOR GAGE 
7540 G-RB 
7550 IF G s . 5  THEN 7640 
7560 05=*95*SBR((W2-W1 )*W3/Q2) 
7570 86~1.0371E-5/QS/Q5 

7590 G=40+10*(LBG<Q6)*LBG(.99~9+.~17*CGO/l~-l~))~2.~~25~ 
7580 G O - 4 0  

7600 IF A A S C G - G Q ) < I E - ~  THEN 7630 
7610 GO-G 
7620 GO  TO 7590 
7630 G=INT(G) 
7639 R E M  F0R TURN NUMBER AND H b  
7640 ~h=(.?g89+.OS7*(G/lQ-r))*10t<G/IO-4) 
7 650 05=SOR< 1.0371E-S/Q6) 
7 6 5 0  IF G> 110 T H E N  7690 
7670 Q5=(.460655*LBG(Q5*1E3)-.43444)*1E-3+Q5 
7680 G O  T 0  7700 
7690 Q5=(88.02228*05*2.56791E-2)*1E-3+QS 
7700 67=INT(W3/05) 
7710 08=XNTC(W2-WI>/Q51 
7720 IF 02>*5  THEN 7740 
7730 Q 2 = O ? * Q $  
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8980 R 9 - R 9 * (  1 + E 8 1  

9080 G 0  SUB 9320 
9010 R 9 = R 9 / ( 1 + E 8 )  
9020 I F  E 9 = 0  THEN 9070 
9030 VO=VO*<I+E9) 
9040 P R I N T  1 0 0 * E 9 r v v A P P L I E D  V B & T " D  
9 0 5 0  G 0  S U B  9320 
9060 V O = V O / ( l + E 9 )  
9071) I F  A 1 = 0  THEN 9 1 2 0  
9080 F=F+C 1 + A I  1 
9090 PRINT 1 0 0 * A 1  D * ' F R E ~ U E N C Y " ~  
9100 G 0  S U R  9300 
9110  F = F / < l + A l )  
9120 I F  A2=0 THEN 9170  
9130 R5-R5*(1+A2) 
9 1 4 0  P R I N T  100*A2rg'MMEAN R A D I U S " D  
9 1 5 0  G Q  S U B  9300 
9 160 R 5 = R 5 / (  1 + A 2 )  
9 1 7 0  G 0  TQ 7200 
9299 REM SUBRBCITINE F Q R  D R I F T  
9300 G 0  SI!B 600 
9318 G Q  SUB 1500 
9330 G O  S U R  6000 
9330 01=0 
9340  FUR I = l  T B 3  
9350 F8R J-1 TU 5 

9370  I F  ARS(QI)>ARS(Q2) T H E N  9390 
9380 Ql=CJ2 
9390 NEXT J 
9400 NEXT I 
9 4 1 0  PRINT Ql,lBQ*Ql/P9~100*Ql/Q 
9420 RETURN 
9900  END 

8990 PRINT I O O * F . ~ D " A M P  I N P U T  kES"8 

9360 0 2 ~ 0 1  - A T N ( B 2 / S Q K (  M <  I 8 J)*MC I > J)-62*@2) ) + P (  1 1  J) -0 ( I 8 J) 



ill 

MULTIC, F O R T W  Version 

The FORTRM!I vers ion  of  MULTIC i s  very  similar t o  t h e  BASIC vers ion .  

The l i n e  numbers given are only f o r  i d e n t i f i c a t i o n  and e d i t i n g  purposes 

and have no effect on t h e  actual execution of t h e  FORTRAN program. The 

d a t a  must be typed i n  t h e  seventh column, o r  s ix  spaces must f i r s t  be 

typed. 

GO2 5 0 

00260 

00280 

oozgo 

00300 

0031.0 

00320 

00270 

00330 
00340 

00350 
00360 

00370 

00380 

00390 
00400 

00410 

00420 

a0430 

00440 

00450 

00510 

00520 

The data are inputed as follows: 

R 5  = ( c c i l  mean r a d i u s  i n  inches )  
R1 = (normalized inne r  r a d i u s  o f  d r i v e r  c o i l )  

R 2  = (normalized ou te r  r ad ius  of driver c o i l )  

L 3  = (normalized l eng th  of d r i v e r  c o i l )  

R 3  = (normalized inne r  r ad ius  of pickup c o i l )  

R 4  = (normalized o u t e r  r a d i u s  of pickup c o i l )  

L4 = (normalized l eng th  of pickup c o i l )  

L5 = (normalized l e n g t h  of r e c e s s  of  each pickup c o i l  from 

t h e  f ace  of t h e  d r i v e r  c o i l )  

~6 = (normalized min imum l i f t - o f f  of  the  driver c o i l )  

R 6  = ( r e s i s t a n c e  of d r i v e r  c o i l  i n  ohms) 
R 7  = ( r e s i s t a n c e  of both pickup c o i l s  i n  ohms) 
N 3  = (number of t u r n s  on t h e  d r i v e r  c o i l )  

N4 = (number of turns on each pickup c o i l )  

RO = ( d r i v e r  ampl i f i e r  s e r i e s  r e s i s t a n c e  i n  ohms) 

Rg = (pickup ampl i f i e r  shunt r e s i s t a n c e  i n  ohms) 
~6 = (shunt capacitance of  d r i v e r  c i r c u i t  i n  f a r a d s )  

C7 = (shunt c a p a c i t m c e  of pickup c i r c u i t  i n  f a r a d s )  

vo = (output  vo l tage  i n  v o l t s )  
G5j = ( ampl i f i e r  g a i n )  

F =Z (ope ra t ing  frequency i n  Her tz )  

L 2  = (normzlized l i f t - o f f  increment of the  d r i v e r  c o i l )  
T Q  = ( t o t a l  number o f  conductors + 1) 

N 8  = (number of  t h e  s p e c i f i c  conductor with conduct iv i ty  

v a r i a t i o n )  
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00540 DATA RHO/(res i s t iv i t ies  i n  microhm-ern)/ 

00550 DATA U / ( p e m e a b i l i t i e s  1 / 
00560 DATA T/ ( th icknesses  in i n c h ) /  

00740 MO = ( f r a c t i o n a l  v a r i a t i o n  of conduct iv i ty  of t h e  N8-th 

layer) 

The cur ren t  version of MVLTIC.F4 i s  l i m i t e d  t o  8 maximum of n ine  con- 

ductors.  

one DIMENSSON statement.  

00110 DIMENSION T(Ng), U(Ng), BHO(Ng), M(Ng), BmA(N9) 

However, t h i s  l i m i t a t i o n  can be removed e a s i l y  by changing 

The print-out of t h e  FORTRAN vers ion  o f  MJLTIC i s  p r a c t i c a l l y  

i d e n t i c a l  t o  t h e  BASIC vers ion  and w i l l  not be repeated. 

ference i s  tha t  t h e  question mark i s  not p r in t ed  out w h e n  the  program 

is ready t o  accept data. The Coil  Design, Attenuator Design, Drift 

Check, and Continue Calcula t ions  opt ions  are  t h e  sane. 

constant names, and p a r m e t e r  varied i n  t h e  d r i f t  ca l cu la t ions  are as 
foLlows : 

The main d i f -  

The l i n e  numbers, 

Line Number 

04380 

04390 

04400 

04410 

Oh420 

04430 

04440 

04450 

04460 

Const a n t  
D R l  

DR2 

DR3 
DX4 

DR5 
DR6 

D W  
DR8 

DR9 

Parameter Varied 

Driver Resistance 

Pickup Resistance 

Drives Shunt Capacitance 

Pickup Shunt Capacitance 

S e r i e s  Resistance 

Amplifier Input Resistance 

Applied Voltage 

F ~ ~ ~ U e n c g r  

Mean Radius 

For example, t o  vary the d r i v e r  r e s i s t a n c e  by 2% one would type: 
04380 D R ~  = 0.~2 

A s  i n  t h e  BASIC vers ion ,  t h e  last two d r i f i s  r equ i r e  that t h e  ent i re  
numerical i n t e g r a t l o n  be repeated and a r e  r e l a t i v e l y  long running. If 

m y  of the  drifts i s  set  eqix i l  t o  zero,  it will be omitted from t h e  

d x i f  1; ca lcu la t ions .  
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Sample Calculation of MULTIC.3’4 

Let us suppose that we wish t o  design a r e f l e c t i o n  type c o i l ,  i d e n t i c a l  

to the one designed by the BASIC vers ion .  
data i n  t h e  program (generally by using t h e  EDIT MLJLTIC.F4 command on 
the PDP-10 and lnserting the s t a t emen t s ) .  All linear dimensions are 

normalized by a iv id ing  by the c o i l  mean radius, except the  c o i l  mean 

radiim, which i s  i n  inches.  

We w i l l  put t h e  following 

00250 

00260 

00270 

00280 

00290 

00300 

00310 

00320 

00330 

00340 

00350 

00360 

00380 

00390 

00400 

00370 

004lO 

00420 

00430 

00440 

00450 

00510 

00520 

00540 

00550 
00560 

00740 

R 5  = .08325 

R1 = 0.75 
R 2  = 1.25 

L3 = .36 

R4 =: .36 

R 4  = .696 
~4 =: .096 

L5 = 0.0 

26 = 0.1 

~6 = 79.36 
R 7  = 530.5 
N 3  = 360. 
Nk = 410. 
RO = 1.~6 
~9 = 1 . ~ 6  
C 6  1.E-12 

C7 = 1.E-12 

vo = 10.0 
G5 = 1.0 

F = I.OE4 
L2 = 0.025 

N 9  = 5 
N8 = 4 
DATA 

DATA U/5*Z., 5*0,/ 

DATA 

140 = .05 

RHO/Z.E10, 3.632, 5.393, 3.632, 1.El0 ,  5*0./ 

T/1.E30, 2.83-2, 1.94E-1, 2.83-2, l., ?*O./ 
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The FORTRAN program m y  now be executed. The print-out will be 
essentially identical t o  the BASIC print-out and will not be repeated. 

The FORTRAN version o f  MULTIC follows. 
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000 1 oc 
0002oc 
O00306: 
0 0040 
00050 
0 00 60 
00070 
00080 
00090 
00100 
001 I n  
OQ120 
00130 
o o i m  
O 0 f 5 C a  
001 60 
001 70 
OOf80C 
001 90C 
0 0 2 h ) O C  
0021oc 
0 0220 
00230C 
0 OZ4OC 
00250 
00260 
00270 
0 0280 
0 02 90 
00300 
003 10 
00320 
00330 
00340 
00350 
00360 
00370 
00388 
00390 
00400 
00410 
00428 
00430 
0 0440 
0842;Ls 
QcO460C 
QO47OC:  
08480C 
00490C 
0 05006 
00510 
00520 
00530 
0054Q 
0 0 5 5 0  
00560 
00570 
00580 
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00590 
00600 
00610 
0 0 620 
0 0 630 
0 0 640 

08660 
00670 
00680 
00690 
0 0 7 0 0  
0 0 7 1 0  
00720 
00730 
00740  

80760 
0 8 7 7 0  
0 07 80 
0 0 7 9 0  
00f300c 
0 0 8 1 0  
00820 
00830 
00840 
0 0850 
00860 
00878 
00880 
00890 
00900 
00910 
00920 
00930 

00950 
00960 
00970 
0 0 980 
00990C 
0 1 000c 
0 1 0 1 0  
0 1 0 2 0  
0 1030 
0 1040 
01050 
0 1 Oh0 
01070 
0 1 0 8 0  
01090 
01100 
01 110 
01120 
01 I30 
0 1 1 4 0  
0 1 1 5 0  

00650 

00750 

a0940 
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01160 
0 1 1 7 0  
01180 
01190  
0 1200 
01210 
0 1220 
0 1230 
0 1240 
0 1 2 S O  
0 1260 
0 1270 
0 1280 
Q 1%?Q 
0 1300 
O E J l O  
e 1320 
0 1330 
01340 
0 1350 
e11360 
0 1370 
0 1380 
0 1390 
0 14006 
01410  
0 1420  
0 B 430 
0 1440 
0 1450 
0 1460 
0 1470 
0 1480 
0 1490 
5) 1500 
01510 
0 1520 
0 I5313 
0 I540 
0 1550 
0 1 5 6 0  
0’1570 
0 1 SSQC 

0 1600 
01610 
0 1620 
0 ‘1 630 
0 8.640 
a 1.650 
0 1660 
0 1670 
0 1680 
0 1 6 9 0  
0 ‘a ’TOO 
01798  
0 1720 
0 1330 

o 1 5 9 ~  



118 

0 1740 
0 1750 
01760 
0 1770 
0 1780 
0 1790 
0 1800 
01880 
0 1820 
0 1830 
0 1340 
0 1850 
0 I860 
0 1870 
0 1880 
0 1890 

01910 
0 1920 
0 1930 
0 1948 
0 1950 
0 1960 
0 1970 
0 1980 
0 1990 
0 2000 
028110 

02030 
0 20 40 
02050 
0 20 60 
020’10 
02080 
02090 
021 00 
021 10 
02120 
02130 
021 40 
02R50 
021 40 
02170 
02180 
02190 
0 22013 
02210 
02220 
8 2230 
02240 
02256 
0 22 60 
02270 
02280 
8 2290 
02300 
0231 Q 

o 1 9 ~ 0  

021320 
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0 2 3 2 0  N=N$+I 
02330 R E T A I  =BETACN> 
02340 IFCN8oEQ*N7) G@ T0  315 
02350 JWMP=I 
02360 X P Q ~ ? M ( N I T K D K S D U ~ T ?  
03370 CALL MATRIXCJUMPD VDTK 1 
02380 G Q  TB 320 
02390 315 V C ~ J ~ ~ = B E T A ~ - B E T A O  
02400 Vf2+2)=BETAl+BETAO 
02410 320 I F " ( N B . E Q . N 9 - I )  GB TQ 330 
02420 DO 325 J = l  t2 
0 2430 T K C J I  1 ? = V ( J +  It > 
02448  325 TRCJr2)=V97CJ*l) 
02450 JUMP= 1 
02460 C A L L  M A T H I X C J U M P ~ V D T R )  
02470 330 GAMMA(f)=V(lr2)/W12,2> 
02480 KLC I ) = 1  * o  
02490 TEST=X*LB 
0 2 5 0 0  TFITEST*GT*20.0) G0 T0 340 
02510 WZ=EXPI-2.Q*TEST) 
02520 GO TB 350 
0 2 5 3 0  340 W2=0-0 
02540 350 DFJ 370 K=2,5 
0 2 5 5 0  A K = K  
0 2 5 6 0  T E S T  = A  K* X* L 2 
02570 XFCTEST*GTe20*0) GO 1.0 360 
0 3 5 8 0  RLC K) =W2*RLCK-¶  3 
02590 GM TB 370 
02600 360 R L C K ) = O * O  
07680 370 CBNTXNUE 
52625 DB 380 J = l ~ 3  
02630 DO 380 K z l a 5  
02640 
0 2 650 DRIVERiJ,K)=DRPVERCJ,~>~GA~MAC~)*RL(K)*A6 
02660  380 PICKUPCJ,K?=PICKUPCJrK)+GAMMA(J)*RL(K)*A7 
0 2 670 
0 2 680 A I R % = A P R ~ + S 5 * c 4 . 0 * i X * L 4 - w 9 ~ - ~ . o * w 7 * w 9 * ~ 9 ~  
02690 3 9 0  CBMTINUE 
02700 BB =82 
02710 B 2 = B 2 * S 2  
02'720 SI 1-0.05 
02730 IF(X*LT*9*O) G8 T0 110 
02740 s1=0.1 
0 27 50 IF<XeLTr29oO) 60 T@ 110 
02760 SI =012 
027'40 IF<X*LTe39*0) GPI T 0  110 
OP780 s1=0.5 
02790 IF(X*LT*79.0> GB TB 1 1 0  
02HOOC THE IhTEGRATIBN ENDS HERE 
02H1Q IFCJKL.NE.02 G(3 ?El 780 
028206: NEXT,  T H E  I N D U C T A N C E S J V ~ L T A G E S I A N D  PHASE SHIFTS 
02830C AWE C A L C U L A T E D  A N 5  PRINTED 
02840 400 CALL C I R C T ( T N A G D P H A S E I Q O + ~ ~ , T ~ )  
02850 CALL P H A S E T C T M A G ~ P H A S E I S H I F T D V ~ ~ S E T )  

028'70 410 F@KMAT(IH J I O H D K I V E R  RES+~X,IOHINDUCTANCED~X, 
O P H R O  I8HNQ T U R N S ,  6X,  9 H S H U N T  C A P D  5 x 1  9HNBR I M  PT) 

MU1' < 9, K 3 =MUT ( JD K > +GAMMAC J ) *RL ( K 3 *A5 

385 A I R 1 =A P R  I *2 Q*S4* C X*L3-W8 ) 

02860  r v E  410 

02890 Q 1  =UO+P1 *TI  * A I R 1  / W  
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02900 C REAL ( DR I VERC 2 0 3 1 ) +A IH 1 ) /A IR 1 

02920 0 4 = ( R E A L < P P C K U P ( 2 8 3 ) ) + A I K ~ ) / A I ~ 2  
02930 TYPE 4200R6rQi rN3sC60Q2 
02940 42 F@F?MATClH r l P E l 2 . S r 2 X r E l 2 * 5 r 2 X I O P F 8 .  
02950 12XsOPF9 e 6 )  

Q2 
0291~ Q3=QO*T2*T2*A X R2/W 

02960  TYPE 430 

r 6  2. SI 

02370 
0 2 980 
62990 
0 3000 
03010 
0 3 0 2 0  
03030 
03040 
0 3050 
0 3060 
0 3 9 7 9  
03080 
03090 
63100 
Q3110 
03120 
03% 30 
031 40 
03150 
031 60 
03170 
03180 
031 90 
03200 
0321 0 
03220 
03230C 
0 3240 
03250 
03260 
03270 
(3 3280 
03290 
03380 
03340C 
0 3320C 
03338 
03340 
03350 
03369 
03370 
03380 
83396 
0 3406 
03418 
03480 
03.430 
03440 
03450 
03460 
03470 

430 FPIRMATCIH rlOHPICKUP R E S I ~ X I ~ O H I N D U C T A N C E ~ ~ X I  
18WNB TURNSr6Xr9HSHUN'T CAPsSXs9HNBR IM P T )  

*R70Q3rN40C70Q4 
TYPE 448 

440 FQRMATC1H r12HDRIVING VQLTs2XrlOHSERIES R E S I ~ X I  
18HAMP GAINrhXr9HINPUT IMP) 
TYPE 4 S O r V O r  ROrG5rK9 

TYPE 460rV1 

TYPE 470 

XL< 1 )=L6 
D 0  480 1 ~ 2 0 5  

480 RLCI)=L2+RL(I-l) 
TYPE 490rRL 

TYPE 470 
DGI 500 I = B s 3  
TYPE 510r<TMAG(I,J)rJ=lr5) 
TYPE 5100<PHASElI0J)rJ=105) 
TYPE 5 100 (SHIFT ( I r J) 0 J=l r 5 )  
TYPE 470 

500 CBNTINUE 

450 FBRMATClH r F S * l 0 9 X 0 1 P E 1 2 . 5 0 2 X r O P F 8 . 1 , 6 X 1 1 P E 1 2 . 5 )  

460 F'OMMATCIH r22HDISCRIMINATOR VQLYAGE-rlPE12.5) 

470 FBRMAT(1H 3 

490 FBRMATCIH r4CF6.3>8X)rF6.3) 

510 FEiRFrlATllH r4<1PE120502X)rE12.5) 
CALL SENSCSHIFT~RADISEN) 
THE USER NEXT SELECTS ONE OF F0UR PQSSIBILITIES 

520 TYPE 530 
530 FQRMATC' 1 CQZL DESIGN 2 ATTEN-DESIGN 3 DRIFT CHECK 

1 4 CBN CAI, ' )  
TYPE 479 
ACCEPT 5401 N5 

GQ TB<550r680r750~1010)~N~ 
THE FIRST PBSSIBILITY ALL0WS THE USER TP, ALTER THE 
C0IL DESIGN BY INPUTTING THE REQUESTED INTEGER DATA 

550 TYPE 560 
560 FORMATCs DRIVER WIRE GAGE* T U R N S 0  PICKUP WIRE GAGE, 

1 TURNSD P 
TYPE 470 

540 FQRMATC I 1  1 

ACCEPT 570sNIAsN2ArN3ArN4A 
5 7 0  FBRMATC41) 

IF<NlA*N2A.EQ*O) G Q  TPI 580 
GAGE =N1A 
XIN=Rl*R5 
XBUT=R2*R5 
XLEN=L3*R5 
TURNSrN2A 
N3 =N2A 
NlA=-1 
J1 = I  
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0 3450 
0 3 490 
03500 
03510 
03520 
03530 
03s40 
03550 
03560 
03570 
03580 
03590 
0 3 600 
03610 
Q3628 
83630 

0 3 650 
03660 
03670 
03680 
63690 
03700 
03710 
03720 
a 3730 
a3740 
0 37 50 
0 3766) 
0 3'770 
Q 3780 
03790 
0 3800 
03810 
0 3820 
0 3830 
03840 
03850 
03860 
03870 
Q3880 
03890 
03900 
03910 
03820 
0 3 990 
03940 
63950 
43960 
03970 
03988 
03990 
0 4000 
04010 
0 4020 
0 4030 
0 4040c 
0 4050C 

0 3 m a  

CALL GAGER(R6) 
G Q  TO 600 

GAGE-N 1 A 
X I N = R l  *R5 
X @ U T = R 2 * K S  
XLEN=L3*R5 
J9 = I  
CALL GAGERcR6) 
N3=TURNS 
G0 TU 600 

N 3  =N2A 
TU R M S = N2 A 
X TN=Rt *R5 
X@UT=R2*RS 
XLEN=t3*RS 
J1 =o 
CALL GAGEK 6 i<6 1 

580 1FCNlAeEQ.O) G 0  TO 590 

590 IF(N2A*EQ.O) G0 T 0  620 

6610 TYPE ~lOifURNS,GAGErPERLAY,XLAYIH6 
610 FQIRMATCIH ~ ~ H D R I V E R I F ~ . ~ ~ ~ O H  TLlFiNS O F # D F ~ * ~ ~ ~ H W I K E ~  

I F S * ~ ~ ~ H ~ L A Y E R I F S . I D ~ H L A Y E R S , ~ P E ~ ~ . ~ , ~ H B ~ M ~ ~  
620 IFCN3A*N4AeEQ*O) G0 T0 630 

GAGE=N3A 
TURNS=N4A 
td4=N4A 
x 1 N =R3 *R5 
XBZJT=R4*R5 
XLEN=L4*R5 
J1=¶ 
C A L L  GAGERCR7 1 
R ?  =2.0*Rll 
GB a'@ 650 

GPIGE=N3A 
x IN=K3*RS 
x nu T = R 4  *17 5 
XLEN=L4*RS 
JI = I  
CALL GAGER( R7 ) 
$7 =2 *0*R7 
N 4 = T U R N S  
GI@ T 0  650 

N4=N4A 
TURNS=N44 
x I N  =R3*RS 
XBUT -R4*1?5 
x L.EM=L i9*H 5 
J1-0 
CALL GAGER< R 7  3 
R P ~ 2 * 0 * R 7  

630 IF(N3AeEQoO) 60 TQ 640 

640 BFCN4A.EQiCl) Gt3 T 0  670 

658 TYPE. S ~ O , F U R N S I G A G E I P E R L A Y ~ X L A Y J ~ ' ~  
660 FBRMAT<IW D ~ H P I & K U P I F ~ . ~ I I O H  TURNS ! % # J F ~ * ~ I ~ H W ~ K E J  

670 cia TB 400 
I F S . ~ ~ ~ M ~ ~ A Y E K D F S . I + ~ H ~ Y E ~ S D ~ ~ ~ ~ ~ . S D ~ H ~ ~ M S )  

THE S E C 0 N D  PBSSIBILITY ALL0WS THE USER T 0  ALTER THE 
ATTENUATBR DESIGN B Y  INPUTTING THE DATA REQUESTED IN 
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o 40 60c E FIELD FBRMAT 
04070 630 TYPE 690 
04080 690 F O R M A T ( ’  DRIVER SERIES RES8 SHUNT CAP, PICKUP SHUNT RES, 
0 4090 1 SHUNT C A P ’ )  
04100 TYPE 470 

04120 700 FBRMAT(4E) 
041 30 IF(PI.EQ.0.0) G Q  TQ 710 
04140 R O = P I  
0 4 1 5 0  710 IFCPZ.EQ*O*BI GC1 Thl 720 
041 53 c 6 =P2 
04170 720 IF<P3-EQ*O*O) G0 T8 730 
0 4 1  80 R 9 - F 3  
04190 730 IF(P4*EQ*O*O) G01 T0 7410 
0 4200 C 7 = P 4  
04210 740 Q5=1 eO/CW*SQRT<Q1*Q2*66)) 
0 4220 QS=SQHT(QI*Q2/C6) 
0 4230 Q7=RO/(W*QI *e321 

0 4250 09=SQRTC03*Q4bC7) 
0 42 60 QlO=R9/(W*Q3*043 

0 4 1  10 ACCEPT 700~PloP2~P3DP4 

0 4 2 4 0  Q 8 = I  .O/(U*SQRT(Q3*Q4+67>) 

0 4270 TYPE ~ ~ O , Q S + Q ~ D Q ~  
04280 7 5 0  F0RMATCIH r7WDVR CKT81PE12*5rlOH BEL0W RES11PE12n5s 
0 4290 18H 0 P T  i?ESD1PE12*5rllbi RES/REACT*) 
04300 TYPE 7 5 5 t Q f S ~ Q 9 ~ Q l O  
04310 755 FDRMdT((1H s7WP-U C K T I I P E % ~ * ~ D ~ O H  BELBW RESalPE12.5r 
0 4320 18H 0PT ~ ? E S D ~ P E ~ ~ . S D ~ ~ H  RES/HEACT*) 
0 4330 ~ ( i l  ‘rra 400 
0 4340C THE THIRD P B S S I B I L I T Y  ALLBWS THE USER TO EXAMINE THE 
0 4 3 S O C  EFFECT OF DRIFTS ON THE C I R C U I T  
04360 760 TYPE 770 
04370 770 FiaRMATC 1 H  r23HS’dS’fEbI DRIFT UARIATIBNS) 
0 4380 DR 1 =o -0 1 
04390 DR2 =Q 0 1 
0 4400 DR3=0.01 
0443 0 D R 4 = 0  - 0  1 
0 4420 DR5=0.01 
0 4430 D R 6 = 0  -01 
8.4440 DR4 =o . 0 1 
04450 DR8-0  001 
0 4460 D R 9 4  -01 
0 44’90 G 0  TB 790 
0 4 4 8 6  980 CAl-.Id C S R C T I  (SETDVI DSHIFTJHADISEN) 
04490 G B  Tlil (970~106O)~JKL 
04508 790 ‘TYPE so0 
04510 800 FQRMAT41N nllH% YAHIATIBN,3Xa13WPBRAMET&R VAR81X8 
0 45‘20 I ~ H R A ~ I A N S D ~ X ~ ~ H D E G R ~ ~ S ~ ~ X D ~ O ~ ~  OF” R A N G E )  
0 4530 IF(DR1.EQ.O.Q) G0 TO, 830 
04540 R ( I = R 6 * <  1 .O+DR% 1 
0 4550 DR100-lO0.0*DR1 
0 4580 TYPE 820~DR100 
04570 820 FBRMIAT(IH sF4e1~10Xt13HDK9UER RES Sa 
0 4500 C A L L  C % R C T ~ ( S E T D V ~ ~ S H I F T J R A D + S E N )  
0 4590 R6=R6/< 1 *0+8R4 ) 
04600 830 IF<DR2*EQ*O*O) GB T0 856 
0 4 6 1 0  R7=R7*<t.O+DK2) 
0 4620 D K I  OO=lQO O*DR:! 
0 4630 TYPE 840rDR100 
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REFUCTIGN COIL ABOVE MULTIPLE 

We s h a l l  now cons ider  f b r t h e r  

CONDUCTORS, THICKNESS VARIATION 

t h e  case  o f  a r e f l e c t i o n  c o i l  above 

mul t ip l e  conductors, as shown i n  Fig. 4 (p .  7 ) .  
t h e  magnitude and phase of t h e  vol tage  t h a t  i s  f e d  t o  t h e  phase measur- 

i n g  c i r c u i t s  of the phase-sensi t ive eddy-current instrument and i s  

designed t o  he lp  analyze eddy-current measurernents o f  c ladding  th ickness .  

This program c a l c u l a t e s  

The progran c a l c u l a t e s  t h e  magnitude and phase of t h e  induced vo l t -  

age f o r  f i v e  d i f f e r e n t  va lues  of l i f ' t -off  wi th  each of t h r e e  d i f f e r e n t  

th ickness  values o f  a s p e c i f i c  conductor, f o r  a t o t a l  of f i f t e e n  calcu- 

l a t i o n s ,  This allows one t o  examine t h e  s e n s i t i v i t y  t o  l i f t - o f f  va r i -  

a t i o n s  as well as cladding th ickness  v a r i a t i o n s .  I n  a d d i t i o n ,  t h e  

program &so c a l c u l a t e s  t h e  phase s h i f t  with t h e  d iscr imina tor  ad jus ted  

to give t h e  same phase on t h e  nominal c ladding th ickness  sample wi th  

maximum and minimum l i f t - o f f .  

minimum Lift-off i s  taken as zero,  and a l l  o the r  phase s h i f t s  are meas- 
ured r e l a t i v e  t o  it. The equations which are eva lua ted  a r e  Eq. (8) 
for t h e  mutual  coupling, Eq. ( 9 )  f o r  t h e  d r i v e r  c o i l  impedance, and 

Eq. (17) f o r  t h e  pickup c o i l  impedance. The gamma f a c t o r  f o r  t h e  c l ad  

conductor is  c a l c u l a t e d  from Eqs.  (24 )  t o  (26).  The programs a re  

w r i t t e n  i n  both BASIC and FORTRAN f o r  use on a FDP-10. The BASIC 

program follows. 

The phase on t h e  nominal sample wi th  

To use t h i s  program, one m i s t  f i r s t  d iv ide  a l l  c o i l  and l i f t - o f f  

Then the following dimensions by t h e  mean r ad ius  of t h e  d r i v e r  c o i l .  
l i n e s  must be typed i n t o  t h e  program: 

250 

260 

270 

280 

290 

300 

31 0 

32 0 L5 = (Rmer ica l  vlaue of normalized pickup r eces s  from face 

R5  = (numerical value of d r i v e r  c o i l  mean r ad ius  i n  inches )  

Rl = (numerical value of  normalized d r i v e r  c o i l  inner  r a d i u s )  

R2 = (numerical value of  normalized d r i v e r  c o i l  ou te r  r a d i u s )  

L3  = (numerical value of nomal i zed  d r i v e r  c o i l  l eng th )  

R 3  = (numerical value of normalized pickup c o i l  i nne r  r a d i u s )  

R4 = (numerical value of normalized pickup c o i l  ou te r  r a d i u s )  

~4 = (numerical value of normalized pickup c o i l  l e n g t h )  

o f  dr iver )  



128 

330 

340 

350 

360 
39 0 

380 
390 
400 

410 

420 

430 
440 
450 

510 

520 

770 

~6 = (numerical value of normalized d r i v e r  c o i l  minimum 

l i f t - o f f )  

R 6  = (numerTcal value of r e s i s t ance  of d r i v e r  c o i l  i n  ohms) 
R7 = (numerical value of t o t a l  r e s i s t a n c e  of both pickup co i l s  

i n  ohms) 

N 3  = (number of t u r n s  on d r i v e r  c o i l )  

Nh = (number of t u r n s  on each pickup c o i l )  

RO = (output  s e r i e s  r e s i s t a n c e  of dr iv ing  ampl i f ie r  i n  ohms) 

R 9  = ( input  shunt r e s i s t a n c e  of pickup ampl i f ie r  i n  ohms) 
~6 = ( t o t a l  shunt capacitance of dr iv ing  c i r c u i t  I n  f a rads )  

C 7  = ( t o t a l  shunt Capacitance of pickup c i r c u i t  i n  farads) 

vo = (output  vol tage of dr iv ing  mnplif ier  i n  v o l t s )  

G5 = (ga in  of pickup ampl i f i e r )  

F = (opera t ing  frequency i n  H e r t z )  
T,2 = (numerical value of normalized d r i v e r  c o i l  l i f t - o f f  

increment ) 

N 9  = ( t o t a l  number of conductors + 1) 
N 8  = (number of  t h e  spec i f ic  conductor with th ickness  v a r i a t i o n ,  

Yefer t o  Fig.  4 )  
Tg = (numerical value o f  f r a c t i o n a l  th ickness  change of' the 

N8-th l a y e r )  

The input  da t a  o f  conductors a r e  typed i n t o  the  program between 

t h e  statement numbers 800 and 980, according t o  t h e  order  of appearance 

from t h e  lowest conductors [ r e f e r  t o  Fig. 4 (p. 711. 

800 DATA 1E10, K(l), U ( l )  

810 DATA T(2), K ( 2 ) ,  U ( 2 )  

DATA T ( N ) ,  K ( N ) ,  U ( N )  

DATA T ( N y 1 ) ,  K(NFl), U ( N P - 1 )  

( 980 ) DATA l ( a r b i t r a r y  number), IEIO, 1 

where 



T(N) =: numerical value of th ickness  o f  t h e  Nth l a y e r  conductor 

i n  inches ,  

K ( N )  = numerical value of r e s i s t i v i t y  of t h e  Nth l a y e r  con- 
ductor  i n  microhm cent imeters ,  

TJ(N) = numerical value o f  re lat ive permeabi l i ty  of  the Nth 

l a y e r  conductor, and 

t h e  (NB-l)th l a y e r  denotes t h e  t o p  or sur face  l aye r .  

The curren t  vers ion  of MLJLTIT (BASIC) i s  l i m i t e d  t o  a maximum of 

nine conductors. However, t h i s  l i m i t a t i o n  can be removed e a s i l y  by 

adcling one DIMENSION statement.  

60 D I M  T(N91,  R ( N 9 ) ,  U ( N 9 1 ,  S(N9), X ( N 9 ) ,  Y(N9) 
The program may now be run. The pr int-out  by t h e  computer w i l l  

have t h e  following format. 

N THICK(INCH) R(W-OHM C M )  M,SIS;IVLA 
(1) (T( l -1)  ( K ( 1 ) )  ....... 
( 2 )  (T(2 )  1 ( K ( 2 ) )  ....... 

( i*l) (T( lb-1) )  (K( iP1)) ....... 
( N 9 )  (T(N)) (K(N) 1 ....... 
THICKNXSS VARIATION OF (N8)-TH LAYER IS  + --(100*Tg)% 
R.l= ( R l )  R2= (R2) DRIVER LmGTH I S  (El) 
R3= ( R 3 )  R4= ( R 4 )  PICK U p  LENGTH I S  (L4)  
COIL .MEAN RADIUS ( R 5 )  INCHES OPERATING FREQUENCY 
PICK UP RECESSED (L5)  

DRIVER RES INDUCTANCE NO TURNS SHUNT CAP 
( ~ 6 )  ...... ( N 3 )  (64) 

PICKUP RES INDUCTAXCE NO TURNS SHUNT CAP 
( R 7 )  ..*.." (EL, 1 ((27) 

DRIVING VOLT SERIES RXS AMP GAIN INPUT IMP 
(V0) (RO) (G5)  ( R 9 )  

DISCRIMINATOR VOLTAGE IS  ..... 

MINIMUM LIFT-OFF ( ~ 6 )  LIFT-OFF INCREMENT (L2) 

( ~ 6 + ~ 2  ) ( ~ 6 + 2 ~ 2  ) ( ~ 6 + 3 ~ 2  ) 

NOR IlvI PT 

NOR IM F'T 
..... 
..... 

..... ..e.. ..... ..... ..... ..... ..... . e . .  e ..... ..... ..... ..... ..... . ( / . . e  ..... 

..... ..... . . e . .  . . e . .  ..... ..... ..... . . * e .  ..... ..... ..... ..... 
..... ..... 
0 
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..... ..... ..... ..... ..... ..... ..... ..... ..... ..... ..... ..... 
PHASE SHIFT ..... LIFT-OFF ..... %. .... 
DEGREE ..... ..... 
1 C O I L  DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 CON C A I ,  

? 

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

The var ious symbols enclosed i n  parentheses  a r e  used t o  i n d i c a t e  

t h a t  t h e  numerical value of t h e  symbol w i l l  be p r in t ed .  

There a r e  f i v e  columns of da t a ,  one under each value of l i f t - o f f .  

Each column i s  divided i n t o  t h r e e  sec t ions  of t h r e e  l i n e s  each. These 

sec t ions  correspond, from t o p  t o  bottom, t o  -the t h r e e  values  of (-1003FT9, 

0, and +100*T9% v a r i a t i o n s  from nominal) t h e  cladding th ickness  of  t he  
N8-th l aye r .  The t h r e e  l i n e s  i n  each sec t ion  a r e ,  from t o p  t o  bottom, 

t h e  magnitude of t h e  vol tage out  of t h e  pickup ampl i f i e r ,  t h e  phase 

s h i f t  between t h e  vol tage out of t h e  pickup ampl i f ie r  and t h e  dr iv ing  

vol tage ,  and t h e  phase s h i f t  between t h e  vol tage out o f  t h e  pickup 

ampl i f ie r  with t h e  discr iminator  set, t o  give t h e  sane phase s h i f t  with 

minimum l i f t - o f f  and m a x i m u m  l i f t - o f f  on t h e  nominal cladding th ickness  

s m p l e .  The phase s h i f t  i n  t h e  t h i r d  l i n e  i s  always measured from t h e  

nominal cladding th ickness  sample with m i n i m u m  l i f t - o f f .  The vol tage  

out  of t h e  pickup ampl i f ie r  will be i n  v o l t s  and he e i t h e r  peak-to- 

p e d  or RMS, whichever i s  used f o r  VO, t h e  output vo l tage  of t h e  dr iv-  

ing ampl i f ie r .  For each conductor N ,  t h e  value of a dimensionless 

product R 5 2 U p ~ ~ ~  i s  also calculaked and p r i n t e d  out  under t h e  column 

M,SIGMA. The inductance i n  henr ies  of t h e  d r iv ing  c o i l  i n  a i r  and t h e  

normal.ized imaginary p a r t  of t h e  dr iv ing  c o i l  impedance, with nominal 

cladding th ickness  and nominal l i f t - o f f  ( ~ 6 + 2 ~ 2 ) ,  i s  a l s o  p r in t ed .  

Likewise, t h e  inductance i n  hen r i e s  of both pickup c o i l s  i n  a i r  and 

t h e  normalized imaginary p a r t  of t h e  pickup c o i l s '  impedance with 

nominal cladding th ickness  and l i f t - o f f  i s  a l s o  p r in t ed .  The t o t a l  

phase s h i f t  f o r  t h e  200XT9% cladding th ickness  v a r i a t i o n ,  the  m a x i m u m  
phase s h i f t  due t o  l i f t - o f f ,  and t h e  maximum percent of range e r r o r  i n  

cladding thickness  measurements due t o  l i f t - o f f  a r e  given. The phase 

s h i f t s  a r e  given f i r s t  i n  rad ians  and then i n  degrees.  



131  

The program then  e n t e r s  a branching loop t h a t  allows t h e  following 

opt ions ,  depending on which of 1, 2 ,  3, o r  4 i s  typed as input  a f t e r  

t h e  question mark. 

1. Coi l  Design 

If a 1 i s  typed by the  opera tor  af ter  t h e  ques t ion  mark, t h e  program 

w i l l  e n t e r  the Coil Design Loop. 

t u r n s  on t h e  driver and pickup co i l s  t o  be varied. 

t h e  wire  gage t o  be given and then  c a l c u l a t e  t h e  number of  t u r n s  and 

coil r e s i s t a n c e ,  or it w i l l  a l low t h e  number of  t u r n s  t o  be en tered  and 

c a l c u l a t e  t h e  gage and coil r e s i s t a n c e ,  or both  t u r n s  and $age can be 

entered. If zeros  a r e  en tered  f o r  both t h e  gage and t u r n s  of e i t h e r  

t h e  d r i v e r  o r  pickup c o i l s ,  t h e  present  value of t h e s e  w i l l  be r e t a ined .  

The program then  starts wi th  t h e  label 

This loop will allow t h e  nunber of 

The loop  w i l l  al low 

DRIVER RES INDUCTANCE NO TlTRPJS SHUNT CAP NOH IM PT , 
and t h e  remainder of t h e  progran is r e c a l c u l a t e d  and p r i n t e d ,  wi th  t h e  

"xiew" c o i l  i n  t h e  c i r c u i t .  However, t h e  numerical i n t e g r a t i o n s  t o  ea l -  

c u l a t e  M,  2 and ZpU do not have t o  be repeated. DR ? 

'24 Attenuatar  Design 

This loop w i l l  al low the d r i v e r  s e r i e s  r e s i s t a n c e ,  130, t h e  d r i v e r  

shunt capac i tance ,  C6, t h e  ampl i f i e r  input impedance, Xg, and t h e  shunt 

capacitance i n  t h e  pickup c i r c u i t ,  C T ,  t o  be va r i ed .  

a f t e r  t h e  question mark, the computer w i l l  respond w i t h  

If a 2 i s  typed 

DRIVER SERIES RES, SHUNT CAP, PICK-UP SHUXT RES, SHISNT CAP . 
The r e s i s t a n c e  i s  t o  be given i n  ohms, and t h e  capacitance i n  farads. 

If zero i s  typed i n  f o r  any va lue ,  t h e  present  value i n  t h e  computer 

w i l l  be r e t a i n e d .  Af'ter t h e  input  data and a c a r r i a g e  r e t u r n  are typed, 

the computer w i l l  c a l c u l a t e  the r a t i o  of resonant frequency t o  opera t ing  

frequency for  t h e  p a r t i c u l a r  L-C c i r c u i t ,  a very  rough value of resist- 

ance f o r  minimum temperature d r i f t ,  and t h e  r a t i o  between t h e  r e s i s t a n c e  

and reac tance  i n  t h e  c i r c u i t  for both t h e  d r i v e r  and pickug, c i r c u i t s .  

The program then  starts wi th  t h e  l a b e l  

DRIVER RES INDUCTANCE NO TURNS SHUNT CAP NOR I M  PT 

tuld t h e  remainder of t h e  program is  r e c a l c u l a t e d  and p r i n t e d  w i t h  t h e  



"new" a t t enua to r  i n  t h e  c i r c u i t .  

c a l c u l a t e  M ,  Z and 2 do not have t o  be repeated. 

3. D r i f t  Check 

Again, t h e  numerical i n t eg ra t ions  t o  

DEI ' PU 

Thjs loop c a l c u l a t e s  t h e  e f f e c t  of t h e  d r i f t  o f  any of  t h e  c i r c u i t  

o r  sample parameters after t h e  instrument has been ca l ibya ted  and 

adjusted.  

percent  v a r i a t i o n ,  t he  parameter varied., t h e  m a x i m u m  change i n  phase 

(both  rad ians  and degrees)  of any of t h e  1 5  d i f f e r e n t  phases ca l cu la t ed  

( 5  l i f t - o f f  values  f o r  each of 3 d i f f e r e n t  c ladding th ickness  va lues)  

and t h e  percent  of  t h e  range t h e  d r i f t  represents .  The percent vari- 
a t i o n  of each parameter may be va r i ed  independently. The following 

t a b l e  g ives  t h e  parameter, t h e  l i n e  number, and the  constant  -to be 

var ied :  

If a 3 i s  typed as inpu t ,  t h e  program w i l l  respond with t h e  

Parameter 

Driver Resis tance 

Pickup Resis tance 

Driver Shunt Cap. 

Pickup Shunt Cap. 

Se r i e s  Iie s i  s-t anc e 

Amp. Input Resis tance 

Applied Voltage 

Frequency 

Mean Radius 

Line Number 

8610 
8620 
8630 
864 o 
8650 
8660 
8670 

8690 
8680 

Constant 

E l  

E2 

E3 
E4 

E7 
E8 
E9 
Al 

A2 

For example, t o  put i n  a 2% v a r i a t i o n  i n  t h e  d r i v e r  c o i l  r e s i s t a n c e ,  

one would t y p e  : 

8610 E l  = .02 

The amount that  each parameter i s  var ied  must be set  before  the  program 

i s  run. A l l  of  t h e  va r i a t ions  a r e  0.01 or 1% i n  t h e  cur ren t  vers ion 

of t h e  program. Since t h e  phase s h i f t  produced by t h e  parameter vari- 
a t i o n  i s  qu i t e  l i n e a r  over a range of about la%, a l i n e a r  i n t e rpo la t ion  

or ext rapola t ion  may be used from t h e  1% parameter va r i a t ion .  

i s  typed i n  f o r  any parameter v a r i a t i o n ,  t h a t  parameter w i l l .  na t  be 
If zero 
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va r i ed  nor w i l l  it be typed out i n  t h e  l i s t  of parameter v a r i a t i o n s .  

When t h e  c a l c u l a t i o n  i s  completed m d  t h e  d r i f t s  p r i n t e d ,  t h e  program 

r e t u r n s  t o  t h e  branch poin t  and r epea t s  t h e  question 

1 C o i l  Design 2 Atten. Design 3 Drift Check 4 Con Cal . 
The f i r s t  seven d r i f t s  do not r equ i r e  t h a t  t h e  numerical in tegra-  

t i o n s  t o  c a l c u l a t e  M, Z 

t o  c a l c u l a t e  t h e  d r i f t s  aue t o  frequency, mean r a d i u s ,  and r e s i s t i v i t y  

changes of t h e  base and cladding materials. Therefore,  t h e  ca l cu la t ion  

of t h e s e  last  four d r i f t s  r e q u i r e s  a considerable amount of computer 

t h e .  

and Zpu be repea ted ,  but t hey  must be repeated DR ' 

4 .  Con C a l  

This loop i s  t o  continue ca l cu la t ions .  If a series of  c a l c u l a t i o n s  

i s  t o  be made, a loop may be es t ab l i shed  a t  t h i s  po in t  However, i n  

t h e  present  vers ion  of t h e  program, i f  a. 4 i s  typed as i n p u t ,  t h e  program 

will end. 

Sample Calcu la t ion  of MLTLTIT 

Let us suppose we wish t o  design a r e f l ec t ion - type  c o i l  t o  measure 

t h e  th ickness  v a r i a t i o n  of an aluminum cladding wi th  a r e s i s t i v i t y  of 
3.632 yQ-cm and a nominal th ickness  of 0.028 in .  Belov t h e  cladding, 

t h e r e  are two conductors, a 0.194 i n .  l a y e r  of  aluminum wi th  a resis- 

t i v i t y  of 5.393 pR-cm and a 0.028 i n .  layer of aluminum wi th  a resis- 

t i v i t y  of 3.632 pR-cm. 
i nne r  and ou te r  r a d i i  of 0.0625 and. 0.104 i n . ,  and a length  of 0.030 i n .  

The pickup c o i l s  have inner  and ou te r  r a d i i  of  0.030 and 0.058 i n . ,  a 

l eng th  of 0.008 i n .  

c o i l .  The d r i v e r  c o i l  has 360 t u r n s  of  No. 146 w i r e  with a r e s i s t a n c e  

of 79.36 Q ,  and t h e  pickup c o i l s  have 410 t u r n s  each of No. 54 wire,  

with a r e s i s t a n c e  of  530.5 R for both c o i l s .  The d r i v e r  s e r i e s  and t h e  

pickup ampl i f i e r  input  r e s i s t a n c e s  a r e  both  chosen to be 1 MQ. 

shunt capacitances i n  both c i r c u i t s  are chosen t o  be 1 pF. This cor- 

responds t o  p r a c t i c a l l y  i n f i n i t e  source and de tec to r  impedances, so 

t h a t  only t h e  mutual coupling, M ,  a f f e c t s  t h e  phases. 

The driver c o i l  has a mean r ad ius  of  0.08325 i n . ,  

and are mounted f l u s h  wi th  t h e  ends of  t h e  d r i v e r  

The 

The minimum 



lift-off i s  taken t o  be 0.0083 i n .  with a l i f t - o f f  increment of 0.002 i n .  

The v a r i a t i o n  from t h e  nominal th ickness  o f  t h e  sur face  cladding i s  55%. 
The r e l a t i v e  permeabi l i ty  of a l l  l a y e r s  i s  1. The frequency i s  10 KHz, 
t h e  output vo l tage  o f  t h e  dr iv ing  ampl i f i e r  i s  10 V, and t h e  gain of t h e  

pickup ampl i f ie r  i s  u n i t y  ( a  u n i t y  ga in  al lows t h e  a c t u a l  ga in  needed 

i n  t h e  ampl i f i e r  t o  be ca lcu la ted  by d iv id ing  t h e  m a x i m u m  output vo l tage  

with u n i t y  ga in  i n t o  1 0 ) .  

The program MULTIT i s  assumed t o  be i n  t h e  a c t i v e  core ,  and t h e  

foll.owing information i s  typed i n t o  t h e  computer. All l i n e a r  dimensions 

are normalized by d iv id ing  by the  c o i l  mean r ad ius ,  except f o r  t h e  c o i l  

mean 

250 

260 
2'9 0 

280 

290 
300 

31 0 

320 

330 
340 

350 
36 0 

370 
380 
39 0 

400 

410 

420 

430 
440 
450 

510 

rad ius ,  which i s  i n  inches.  

R 5  = .08325 
R1 = .75 
R 2  = 1.25 

~3 = .36 
~3 = .36 
R4 = .696 
~4 = .og6 
L5 = 0 

~6 = .1 

R 6  = 79.36 
R 7  = 530.5 
N 3  = 360 

N 4  = 410 

RO = l E 6  

~g = 1 ~ 6  
~6 = 1E-1.2 

c7 = 1.E-12 

vo = 10 

G 5  = 1 

F = 1E4 

~2 = .025 

N3 = 5 
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520 N 8  = 4 
770 T9 = .05 
800 DATA IE10, 1E10, 1 

810 DATA .028, 3.632, 1- 

820 DATA .194, 5.393, 3. 

830 DATA ,028,  1.632, 1 
840 DATA I, 1E10, I 

The program m a y  now be run w i t h  t h e  following results. The data 

inputed from the terminal by t h e  user are underlined. 
r e tu rn  must be typed by the user at t h e  end of each input  l i n e .  

A carriage 



M U L T  I C  ( B A S  I C  1 

T H I C K C I N C H )  K(MU-0HM CM)  MIS IGMA U N 
1 1 ~ 00000~410 1 . Q O O O Q E ~ ~ ~  o 1 
2 0 028 3 632 9.72034 1 
3 0.194 5.393 6 .i 54632 1 
4 0.028 3 632 9.72034 1 
5 1 1 *00000E+10 0 1 

C Q N D U C T I V X T Y  V A R I A T I 0 N  0F 4 TH LAYEK IS +--5  X 
R 1 =  0.75 K2= 1-25 D R I V E R  LENGTH IS  0.36 
R 3 =  0.36 R 4 =  0.696 P I C K  UP LENGTH IS  0.096 
C 0 I L  MEAN R A D I U S  8.32500E-2 I N C H E S  0 P E K A T  LNG FKEQUENCY 10000 
P I C K  UP K E C E S S E D  0 

D R I V E R  RES I N D I J C T A N C E  N0 T U R N S  S H U N T  C A P  N0K I M  PT 
79.36 6 050 67 E-4 360 1 .00000E-12 00849616 

P I C K U P  R E S  I N D U C T A N C E  N 0  T U K N S  S H U N T  C A P  N8H XM PT 
530 S 4e72124E-4 41 0 1.00QOOE-12 0.992308 

D R I V I N G  V 0 L T  S E R I E S  R E S  AMP G A I N  I N P U T  I M P  
10 1OOOQOO 1 1 OOOQOO 

D I S C R I M I N A T B R  V 0 L T A G E  IS-6-34033E-7 

M I N  LIFT-0,FF= 0.1 L I F T - Q F F  I N C R E M E N T =  0.025 

0.1 0.125 0.15 0.175 0.2 

1.28844E-5 1.18250E-5 1.08553E-5 9-94896s-6 9015943E-4 

1 -30444E-2 1.31668E-2 1.31076bE-2 1029845E-2 1.29005E-2 
-0.794269 -0 7 9856 1 -00803418 -0 8087 44 -0 81 4461 

1.3220tE-5 1021309E-5 1.1134OE-5 1 e02228E-5 
- 0  806063 -0 8 101 8 3  -Oat314884 -0 a 8200 58 -0.825654 

1.35424E-5 1024246E-5 1 1401 5E-5 1 m04664E:-5 9 6 1245E-6 
-0 83 67 03 -0.817709 -0.821659 -0 826204 -0 83 1247 

- 1  m27887E-2 - 1  -25214E-2 - 1  024815E-2 -1 025469E-2 - 1  026104E-2 
P H A S E  SHIFT 2.56305E-2 LIFT-OFF 2.662616-4 IN % 1.03884 
I N  D E G R E E  1.46852 10525576-2 
1 C B I L  D E S I G N  2 A T T E N .  D E S I G N  3 DRIFT CHECK 4 CBM G A L  
'1. 
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D R I V E R  WIRE GAGE# TURNS* P I C K - U P  W I R E  GAGES T U R N S  
?46,0S 5430 

D R I V E R  391 T U R N S  13F 8c 46 W I R E  1 7  /LAYER 23 LAYERS 71.9293 0 H M  
P I C K U P  429 TURNS EA 54 NIRE 1 1  /LAYER 39 L A Y E R S  532.582 BHWS T a T A L  
D R I V E R  RES I N D U C T A N C E  N 0  T U R N S  S H U N 3  C A P  NBK I[M P'T 

PICKUP R E S  I N D U C T A N C E  NO T U R N S  SHUNT C A P  N@k Lm PT 

D R I V I N G  V 0 L T  S E R I E S  R E S  AMP G A I N  I N P U T  I M P  
10 1000000 1 lOQO000 

D i S C P I M I N A T 0 R  VBL'TAGE IS--7 ~20555E-7  

7 I 9293 7 w 137 6 O E - 4  391 1 * Q Q O O O E - 1 2  0-849616 

532 0 582 5 16896E-4 42 9 1 *Q0000E-¶ 2 Q tr 992308 

(3.1 0.125 0.15 0*175 0.2 

1 4 6 4 2 5 E - 5  1.34385E-5 t.23365E-5 11.13292E-5 1.0409%E-:, 

1.30444E-2 f a31668E-2 1 - 3 1 0 7 6 E - 2  1 -29845E-2 I *29QOSE-2 

1 - 1 6 1 7 6 E - 5  1 a 0 6 7  19E-5 1.50239E-5 1 a 3 7 8 6 1 E - 5  1 e26532E-5 

0 1 e91189E-4 1 ~ 7 7 3 6 9 E - 4  7 e85962E-5 -7 *45058E-9 

1 . 5 3 9 0 2 E - 5  1 c 4 l 1 9 9 E - 5  1 a 2 9 5 7 3 E - 5  1 18945E-5 1~09241E-5 
-0 e 8 1  77 17 -0 821 667 -0.8262'13 -0 e E13 1255 -0.8367 1 1  
-1.27886E-2 -1025214E-2 -1.248158-2 - 5 . 2 5 4 6 9 E - 2  -1.26104E-2 
PHASE SHIFT 2.56305E-2 LIFT-OFF 2-66239E-4 IN % 1.03876 
I N  DEGREE 1.46652 I e52544E-2 
I CBYL D E S I G N  2 A T T E N -  D E S I G N  3 DKiFT CHECK 4 CON G A L  

-0.794277 -0.7 9857 -0 e 803426 -0 8087 52 -0.81 447 

-0.806071 -0~810191. -0 * 81 4892. -0 * 82007 6 -0.825662 

?2 - 



D R I V E R  S E R I E S  KESJ SHUNT C A P ,  P I C K - U P  S H U N T  RESD S H U N ?  C A P  
? 5 * 0 E 2 ~  4.7E-9~6.2E2~4.7E-9 

DVk CT 9.42723 REL0W R E S  359.202 OPT RES 13.1225 RESIKEACTANCE 
P - U  C T  1 0 . 2 5 0 5  BEL0'nl R E S  330.351 GPf R E S  19.2381 H E S I K E A C T A N C E  

NBh 1 M  PT D R I V E R  RES INDUCTANCE N0 T U R N S  SHUNT C A P  

P I C K U P  RES I ND UC T A N G  E N 0  TURNS S H U N T  CAP NBH I M  P T  

D R I V I N G  V@l..T S E R I E S  R E S  AMP G A I N  I N P U T  IMP 

7 1 9293 7 e 13760E-4 391 4 . 7 O O O ~ E -  9 0.8496 16 

532 -582 5 16896E-4 42 9 4.7OOOOE-9 0 992308 

10 500 1 620 
D I S C R I M I N A T B E  VBLTAGE IS-7 a 8 1  534E-4 

0.1 0.125 0 . 1 5  0.175 0.2 ' 

1.37094E-2 1 e25929E-2 1 15692E-2 loQ6320E-2 9.77486E-3 
-0.992003 - 0  99707 1 - 1  *Q0265 - 1  000864 - 1  a 0 1  498 

1 -28689E-2 1 e28639E-2 1 27 90 9E-2 1 -27662E-2 1028984E-2 

l.QQ209E-2 1.40649E-2 1 -29174E-2 1 18452E-2 1.0901 9E-2 

0 2.020606-5 -4~97103E-5 -9012398E-5 0 
- 1 e00343 - 1  000835 -1.0138 -1.01 967 - 1  -0259 

1 -32290E-2 1.21494E-2 1 1 161 OE-2 1.0257 1E-2 - 1.01 472 - 1  00195 - 1  002481 -1.03057 - 1  e03669 
-1026074E-2 - 1 . 2 5 5 2 9 E - 2  -1.26095E-2 -1.26568E-2 -1e25888E-2 
P H A S E  S H I F T  2.54395E-2 L I F ' T - 0 F F  1025258E-4 I N  % 0.496305 
IN D E G R E E  1.45758 7 -23403E-3 

1 44O64E-2 

1 C B I L  D E S I G N  2 ATTEN. D E S I G N  3 m I r r  C H E C K  4 C B N  GAL 
?3 - 

SYSTEM DRIFT V A R I A T I Q l N S  
% V A R I A T N  PARA METER R A D I A N  

1 D R I V E R  RES 2.72989E-5 
1 P I C K U P  RES -6 5 1032E-5 
1 OUR SHUNT C A P  -2.10963E-4 
1 P-U SHUNT CAP -8-43406E-4 
1 S E R I E S  HES 1.24957E-3 
1 AMP I N P U T  RES -6.06865s-4 
1 A P P L I E D  V 0 t T  -7.9412HE-4 
1 F R E  QUENC Y -6 -0520EIE-3 
1 MEAN K A D I U S  -7.63857E-3 

1 C B I L  D E S I G N  2 A T T E N .  D E S I G N  3 D K I F T  
?4- 

DEGREE X 0F RANGE 
1.5641 1E-3 0.107309 

-3073014E-3 -Q.255913 
-1.20873E-2 -0.829273 
-4 83236E-2 -3.3 1534 
7 15950E-2 4.91 191 
-3.47908E-2 -2.38552 
-4e55002E-2 -3.12163 
-0 -346759 -23 e 7  90 1 
-0 437 658 -30.0264 

CHECK 4 C0N C A L  

The user has exercised a l l  the  design options available,  and these options 

may be repeated, omitted, o r  taken i n  any order. The RASTC version of t he  

prograin MULTIT fol-lows . 



1 FEM MUL?IT<WASIC) 
10 REM HEFLECTIQN COIL FBR I H I C K M E S S  \ IAKLf l7  LGh 6F MLL? I L & Y c ~  G t i t W ~ J L C i b f i ~  
40 D I M  A ( ~ I S ) I ~ ( ~ ~ S ) , C < ~ I S ) , ~ ( ~ I S ) ~ E ( ~ = ~ ) = ~ < ~ ~ ~ )  
50 D I M  M<315)jPC3rS),013rS) 
199 HEM CBNSTANT 
200 P9-3 1 4 1  59 
3 10 P8=1 HOfP9 
2 4 9  R E M  C O I L  D A T A  
250RS=.OH325 
26OR1 = e 7 5  
270RZ=1.25 
2 F(OL3 = e 3 6 
7 9 0 R 3 =  e 3 6  
3 00H4= 696 
310L4=*096 
3 POL5 =e, 
330Ltr=. 1 
3 40Rh=7 9 36 
3 5QR7=530 05 
3 hON3 =3 60 
370Na=410 
3 7 9  REM C I R C U I T  DATA 
3 80HO = 1 E 6 
3 9 0 R 9 = 1 E b  
400C6=1E-12 
4 1 OC7 = I  E - 12 
4 2 0 V O  =IO 0 
4 30c5= 1 
4POF=l 0E3 
4 50Lp = 025 
470L7 = L 3 - 3 * (  L4+L5 1 
4 SOL 8 = t 7 + L4 
4 90Ls=LS +2*L6 
4 99 
5 00 
SI0 
5 20 
529 
5 3 0  
5 3 5  
5 37 
5 39  
5 40 
5 50 
5 60 
5 7 0  
5 80 
5 99 
6 00 
6 1 0  
6 30 
6 4 0  
6 SO 
ti 60 
670 
7 50 
7 60 
770 

REM CBNOUCTOJK D A T A  
D I M  K < 3 )  tNC3) s L C 5 )  
N9=S 
NH =4 
REM READ T a K t U  
PJ-' I NT 
FBF! N=1 T Q  N 9  
H E A D  T<N),H<N)IU<N) 
N E X I  N 
G C  SUB 600 
FER N=1 TC N 9  

N E X l  N 
G O  TB 750 
REM SURRQUTINE FGlF M 
W = 2 * P 9 * F  
FQR N = i  T Q  N9 
S < N ) = O  
I F  HCN)>IE9 THEN 660 
SIN)=.5094*U<N)*F*H5*~~/k(~) 
NEXT N 
RETURN 
T I N 9  1 =O 
T = 1  ( N R )  
T 9 = . 0 5  

"N" P "TH I C  K ( I NC H )'* t "H ( MU-OHM C M  1'' t "MI S IG MA" **U" 

PRINT NtT(N)tR(N)rS(N)rU<N) 
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7 KO PRIN'I "THICKNESS VARIATIBN GF";N8i" 'TH LAYEH IS +-I*; 1 0 0 * ' 1 9 i ' a Z ' @  
7 9 9  REM DATA 
800 RATA lFlOrlE10~1 
$10 RATA .028*3.632~1 
820  DATA *194~5*393r1 
830 DATA .028~3.632~1 
840 DATA l ~ l E l O 1 1  
999 REM PRINT CBIL DATA 
1 000 PRINT " R I  =" fR1 t*'R2=*' i K 2 r " D K  IVEH LENG'I H IS" i L3 
1 0 10 PR I NT"R3 =*' 3R3 a * ' R 4 = "  3 H4r"P I C K  UP LENGTH IS'* i L4 
1020 PRINT "CBIL MEAN RADIUS"3RSf"INGHES 0 P E t i A I  ING FhECIUENG'r"iF 
1030 PRINT "PICK UP RECESSED"3LS 
1040 P R I N T  "MIN L X F T - 0 F F = " 3 L 6 f d 1 L 1 F T - O F F  INCKEMEN1="3L2 
1100 REM PRGGRAN BEGINS 
1110 REM F 0 R  INTEGKATIBNS 
1120 GQ SUB 1500 
1130 REM F0R INDUCTANCES AND CIRCUIT3 M A G N I I U D E  AND PHASE 
1 1 4 0  60 SUR 6000 
1156) R E M  F0R DISCRIMINATBR V 0 L T A G E  AND PHASE SHlFl 
1160 G0 SUR 6500 
1170 REM FBR PRINTING OF RESULTS 
11FKl G0 SUB 6700 
1190 REM F Q R  AV. PHASE SHIFT AND L I F T - 0 F F  EKH0H 
1200 G @  SUR 7000  
1400 HEM F 0 R  C O I L  AND ATTENUATW D E S I G N S I  AND DkIF1 
1410 GQ T0 7200 
1 4 9 9  REM SUBROUTINE F 0 R  INTEGRATIBN 
1 500 A 3 = 0  
1510 A 4 = O  
1520 FBR 1=1 TB 3 
1530 F0R J=1 TB 5 
1 5 4 0  A<IrJ)=O 
1550 R<IrJ)=O 
1560 C(IrJ)=O 
1 5 7 0  D<IrJ)=O 
1580 ECIJJ)=O 
1590 FC 11 J ) = O  
1600 NEXT J 
1610 NEXT I 
1620 LET S2=5 
1630 51=0 
1640 8231-5 
1650  S 1 = 1 E - 2  
1660 F 0 R  X=Rl+SI 12 T 0  B 2  STEP S1 
1 6 7 0  GB SUB 2000 
1680 NEXT X 
1690 31=B2 
1700 32=32+$2 
1 7 1 0  S 1 = * 0 5  
1720  IF X<9 THEN 1660 
1 7 4 0  S 1 = * 1  
1740 IF X<29 THEN 1660 
1 7 5 0  s1=.2 
1 7 6 0  IF X<39  THEN 1660 
1 7 7 0  S l = * S  
1 7 8 0  I F  Xc79 THEN 1660 
1 9 9 0  RETURN 
1 9 9 8  REM SWBRBUTINE F0H L-FAGTBR AND INTEGKAN'IS 



1999 REM F O R  J-FACTBH 
2000  GO SUB 2700 
2 0 1 0  ws=0 
?OP@ wF??=o 
2030 Wb=0 
3040 W7=0 
PO50 '*14=1 
P O W  WH-1  
3070 w 3 = 1  
7080 IF X*L5>20 THEN 2100 
PO90 WS=EXP(  -X*L5) 
3100 IF X+L2>20 THEN 2120 
? 110 W 2 = E X P (  -X*LZ)  
2 1 2 0  I F  X*L6>20 T H E N  2140 
2131) W 6 = E X P ( - X * L h )  
2140 Y F '  X*L7>2!0 T H E N  2160 
2 t 50  W7=E%PC -X*L7 > 
? I 6 0  I F  X*L4>15 T H E N  2220 
2 170 W4=1 -EXPC - X * L 4 >  
2180 IF X * L B > l S  THEN 2220 
2190 W 8 = ¶ - E X P C - X * L B >  
2300 IF X*L3>15 THEN 2220 
? ? I 0  W3=l-EXPC-X*L3) 
2220 IF X>3Q THEN 2460 
2230 IF X*L9720 THEN 2460 
3740 AS=Wh*W6*W3*W9*WS*W8*S3 
2 2 50 A 6 = W  6 *W h *W 3 *W 3 * S 4 
37 60 A 7  =bf h*W 6*W 4*W4*W5*WS*WS*W8*SS 
3270 L C l ) = l  
2380 F O R  J=2 T Q  5 
2 2 9 0  L < J ) = O  
T 3 0 0  I F  J*X*L2>20 T H E N  2320 
2310 tC J)=W2*L.< J-1  ) 
2 3 7 0  NEXT J 
3339 K E N  FOR GAMMA FACTBR 
2330 GB SUR 3200 
23 4 0  FOR f = l  TO 3 
2351) FBI? J=1 TB 5 
2360 Ol=KCI>*L(J)*L(J> 
2 3 7 0  R2=-N(I)*L<J)*LCJ) 
2388 A <  I I J)=A< I s J)+02*A5 
2390 B(IrJ)=BCIrJ)+QI*AS 
2400 CCIsJ)=C<IrJ)+02*A6 
2410 D(frJ>=D< IsJ)+QI*A6 
3420 E(IrJ)=E<SsJ)+Q2*A7 
243Q FIIsJ)=FCIrJ)+OI*A7 
2440 NEXT J 

3 4 7 #  a4=A4*~4*tX*L4-W4)-2*w7*w4*~4)*S5 

2450 N E X T  I 
7.460 A 3 = A 3 + 2 * I X * L 3 - W 3 ) * S 4  

24HO R E T U R N  

2700 H = R 1  
1 7 1 0  G B  S U B  2900 
2 7 3 0  J1=02 
27.313 R = R 2  
2 7 4 0  G 0  SlJB 2900 
2 7 5 0  .J5=03- , l t  

2699 R E M  S U H H B U I  I N E  F0R JS=J<H1 r K 2 1 / X ? 3 , J b ~ J C K 3 , K 4 ) / X t 3  
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3760 [<=IC3 
2770 G8 S\JR 2 9 0 0  
2780 5 3 ~ 0 2  
2790 R = R 4  
2800 G 0  SlJB 2900 
2 8 1 0  J6=Q2-J3 
2820 S3=Sl+JS*J6 
2830 S4=Sl*J5*J5 
284C SS=Sl*J6*J6 
2850 R E T U R N  
2899 R E M  SUBRBUTINE F O R  Q ~ = J < R I ~ ) * X T ~  
3900 Z=X*R 
2910 I F  2,s THEN 3000 
3 920 0 1 =H*P*R/2 
2930 02=01/3 
2940 0 3 = I N T < 2 * 2 ) + 3  
2950 F0R 0=1 T0 03 

2970 Q2=@2*Q1/(2*0+3) 
2980 NEXT (3 
2990 G 0  T0 3050 

2960 Q 1 = - . 2 5 * Z * Z / Q / ( 0 + 1 ) * Q 1  

3800 Q 1 = < ( < ~ 1 8 8 . 1 3 5 7 / Z + ~ O ~ . 1 1 4 ~ ) / ~ - 2 3 . 7 9 3 3 3 ) / ~ + ~ ~ 0 ~ ~ 9 3 ~  ) / Z  
3010 01=<~Q1~0.1730503)/2*0.7034845)/2-Q.0641Q9~~~ 
3020 Q 2 = < ( < - 5 . 8 1 7 5 1 7 / 2 + 2 . 1 0 5 8 7 9 ) / 2 - 0 . 6 8 9 6 1 9 6 1 9 6 ) / ~ + Q . 4 9 ~ 2 Q 2 4 ) ~ Z  
3 830 Q2=C 02-0- 187344E-2 /Z+Q 0 7  999095 
3 040 Q2= < 1 -SQR C Z 1 *< 02*C@S ( Z - P 9 / 4 )  -Q 9 *S IN<  Z-P9/4 ) 1 1 / <  X * X * X )  
3050 RETURN 
3198 R E M  SUBRBUTINE FOR GAMMA FACTBH(K<l)aN(I)) 
3 1 9 9  REM FBK B E T A ( X l r Y 1 ) N  
3800 O I - X * X  
3 2 1 0  QS=QI*QI 
3220 Q-0 
3230 N=N9 
3240 M I = S ( N )  
3250 U I = U < N )  
3 2 6 0  G 8  SUB 5000 
3270 X ( N ) = X l  
3 2 8 0  Y < N ) = Y l  
3 290 Q=Q*X 1 *T < N 1 /R5 
3 3 0 0  I F  O r 2 0  THEN 3340 
3 3 1 0  I F  N = l  THEN 3 3 4 0  
3 3 2 0  N=N-I  
3 3 3 0  G 0  T0 3 2 4 0  
3 3 4 0  N7=N 
3350  REM F0R GAMMA FACrBR 
3360 N=N7+1 
3390  G B  SUB 5100 
3 3 8 0  Ge) SUB 5150 
3390 IF N8=N7+1 THEN 3560 
3 4 0 0  XO=X<N7+1) 
3 4 1 0  YO=Y<N7+1) 
3420 R E M  FPlH V<M*N7)J,2 
3 4 3 0  N 4 = N 8  
3 4 4 0  I F  N8>N7+1 THEN 3470 
3 4 5 0  R E M  FOR VCK*N7)Jr2 
3 4 6 0  N6=N9 
3 4 7 0  F0R N=N7+2 T 0  N6 
3 4 8 0  X I = X < N )  
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3 4 9 0  Y l = Y C N )  
3 5 0 0  G0 SUB 5300 

3520 X O = X 1  
3 5 3 0  Y O = Y I  
3 5 4 0  N E X T  N 
3 5 5 0  I F  N8<N7+1 T H E N  3970  
3560 I1=V3 
3 5 7 0  I2=V4 
3580 I3=V7 
3 5 9 0  I S = V 8  
3600 I F  NE(=N9-1 THEN 3920 
3610 REM F0R V ( K $ M + l ) L . I  
3 6 2 Q  X O = X I N 8 + 1 )  
3030 Y O = Y < N H + l  > 
3 6 4 0  N = N S + 2  
36§0  ) r l = X ( N )  
3660 Y l = Y < N )  
3 6 7 0  GO S U B  5380 
3 6 8 0  V 1 = T l  
3 6 9 0  V 2 = T 2  
3700 V3=T3 
3 7 1 0  V Y = T 4  
3720 V5=T5 
3 7 3 0  V 6 = T 6  
3 7 4 0  V 7 = T 7  

3 7 6 0  I F  Ng=N9-2 THEN 3870 
3 7 7 0  X O = X < N 8 + 2 )  
3 7 8 0  Y O = Y ( N 8 + 2 )  
3790 FGJR N = N B + 3  T 0  N9 
3800 X 1 = X < N )  
3810 Y I = Y ( N )  
3 8 2 0  G O  SlJB 5300  
3 8 3 0  GG1 S U B  5500  
3840 X O = X I  
3 R 5 0  Y O = Y 1  
3860 NEXT N 
3R7Q I S = V 3  
3 8 8 0  Ib=V4 
3890 1 7 = W  
3 9 0 0  I F I = V R  

3510 GP: sue 5580 

3750 v n = i H  

3990 REM F0K T<M+lrM)IrJ 
3 9 2 0  X Q = X C N ~ )  
3930 YO=Y(NEI )  
3940 N = N 8 + 1  
3 9 5 0  X l = X C N )  
3 9 6 0  Y I = Y ( N >  
3970 F0R I = l  T 0  3 
3980 IF N8<N7+1 THEN 4 1 9 0  
3 9 9 0  T(N-? ) = T * < l + ( I - 2 ) * T 9 )  
4000 G O  S U B  5300 

4021) V3=Il  
4030 V4=12 
404Cr V7=13 
4050 V8=14 
4 0 6 0  G 8  S U B  5580 

4 0 1 0  REM F O K  1 < M + l r M ) l r J  V ( M r I ) J . 2  



4 0 7 0  I F  NH=N9-1 THEN 4 1 9 0  

4030  T l = V l  
4 0 R 0  RFM FCF V < K I M + l ) L I I  * * - * o  

L i n n  T ? = V Z  
r i i t n  T ~ = I S  

r r i 3 n  ss=vs 
4 1 2 0  1 4 = 1 6  

b l 4 . 0  T 6 = L h  
4 1 5 0  T 7 = I 7  
4 1 6 0  TF(=IF( 
4 1 7 0  G G  C l l R  5580 
1 ~ 1 8 0  PEM F O R  GAMMA FACTBI; 

/JPOO K (  I ) = ( V 3 / \ 8 + V 4 / V 7  ) / V 9  
4 2 1 0  N (  I )=<V4/VH-V3/U7 ) / V 9  
4??0 N F X T  I 
4230 H E 7 1  ikj\ 
4 9 9 9  REM SIJBKBLJTINE Fat< R E T A ( X l r Y 1 )  
50nP I F ’  M l c 0 1 * 1 E - 5  THEN 5050 
S O 1 0  n3=SSR(C2+Ml*MI  ) 
5030  x l = . 7 0 7 1 0 h 7 H 1 * S r h ( B 3 + 0 1  ) /U1 
sn3o YI = . 7 0 7 1 0 ~ 7 ~ 1 * S Q ~ ~ o 3 - 0 1  ) / U 1  
S O 4 0  G Q  741 5 0 7 0  
5 0 5 0  X 1  = X / L ) l  
5 0 6 0  Y l = O  
5 0 7 0  RETUt<N 
5 0 9 9  REM SCIBFGUl  INE F0X I N I l I A L  S l E P b  
5 1 0 0  X O = X < N - I )  
5 1  1 0  YO=Y<N- l  1 
5 1 7 0  X l = X ( N )  
5 1 3 0  Y I = Y < N )  
5 1 SO KETIJRN 
5 1 5 0  v 3 = x 1  - Y O  
5 1 6 0  V 4 = Y I - Y 0  
5 1 7 0  V7=X1 +XO 
5 1 8 0  V 8 = Y l  + Y O  
5 1 9 0  FrETUAN 
S T 9 9  F E M  SUBKOIITINE F@k X F G K M A T I B M  M A S K I X  1 
5300  112=Yl +xo  
5 3 1 C  0 1 = X 1  - X O  
5 3 2 0  O 4 = Y 1  + Y O  
5330 0 3 = Y 1  - Y O  
5340 05=l1(N-1 ) * T ( N - 1  )/K5 
5 3 5 0  @ h = E X P < O S * X O )  
5 3 6 0  07=CCS(O5*YO) 
5 3 7 0  DH=SIN(O5*YO) 
5380 T I = (  O2*O7 +04*aH 1 / Q 6  
5 3 9 0  T2=<04*87-OP*OH) /@6 
5 400 i 3 = < 0  1 *Q7 -03*08) *(16 

5 4‘20 T 5  = ( 0 1 *Q7 +03*08 ) 1 0 6  
5 4 3 0  T6=CQ3*07-Q1*08) /06  
5440 T 7 = < ~ 2 * o 7 - 0 4 * 0 8 ) * C 6  
5 4 5 0  TR=<04*Q9+02*08)*06 
5 46.0 RETURN 
549? PEM S l I R R O I J 1 I N E  F0H XFBKMATIBN M A T k I X  V 
5 5 0 0 0  1 =V 1 
5SlOO?=V? 

h i  9n v ~ = v ~ / v ~ + u / v ~  

5 4 1 0  ~ 4 = ( 0 3 * 0 7 + 0 1  * o H ) * Q ~  
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7430 W2=R4 
7440 W3=L4 
7 4 5 0  GE SUR 7510  
7 4 6 0  N4=02 
74-70 H 7 = 2 * 0 9  
7484 PRINT "P ICKUP";N4;"TUfiNS EA # " ~ G ~ " W I R L " ;  
7 490 PR f NT 07 $ "JLAYEF;'~ i 08 ; "LA YERS" ; it7 ;"PIHMS Tf31 AL" 
7 5 0 0  G@ T 0  1 1  4 0  
7509 R E M  SUWRBUTINE FBF. GAGE AND T U R N  NUMBLh 
7 5 1 0  WI=WI*RS 
7530 W 2 = W 2 * K §  
7 530 W3=W3*R5 
7539 HEM F Q R  G A G E  
7540 G = O 1  
7550 I F  GS.5 THEN 7640 
7 5 60 05 = 
7570 06=1*0371E-5/C5/@5 
7580 GO=SO 
7590 G=40cXO*(LBG(~6)-LBG(.9989+.017*C~O/l~-l)))/2*30~~9 
7 6 0 0  I F  ABSCG-GO)<lE-4 T H E N  7 6 3 0  
7610 GO=G 
7h?0 G O  TGI 7590 
7630 G = I N T ( G )  
7639 REM F B H  TURN NUMBER AND h6 

95 * S O N  ( ( W 2-W 1 1 * W 3 102 ) 

7 6 4 0  06=( . 9 9 8 9 + * 0 1 7 * ( G / 1 0 - 1 ) ) * 1 0 t C G / 1 0 - 4 )  
7650 nS=soR( 1 .037i~-s/o6) 
7 6 6 0  I F  G >  40 THEN 7690 

7680 G O  T 0  7700 

7700 07=INTIW3/05) 
7710 Q R = I N T ( ( W 2 - W 1 ) / ( 3 5 )  

7670 0~=~.460655*tBG<05*1E3)-.434444)*lE-3+~~5 

7 (590 OS=< 98*02228*O5+2 - 5 6 7 9 1  E-2>*1E-3+QS 

7720 I F  02r.5 T H E N  7740 
7 7 3 c  ~ 2 = ~ 7 * 0 n  
7 7 4 0  0 9 = R ? * Q h * ( W 2 + W l  )*P9/12 
7750 RETURN 
8199 R E M  F 0 R  ATTENUATOR DESIGN 
8200 PRINT "DRIVER S E R I E S  RES, SHUNT CAP> PICK-LIP SHUN1 H E S J  bHUN? GAP'" 
8 2 1 0  INPUT 0 1  .(321O3rO4 
8220 I F  Q1=0 T H E N  8240 
8230 f ? O = Q l  
8240 I F  02=0 THEN 8260 
8250 C6=02 
836c1 IF 03=0 THEN 8280 
8270 R9=Q3 
82HO IF O4=O THEN 8300 
8290  C 7 = 0 4  
8300 0 1 = 0 0 * N ~ * N 1 * ( D ( 2 n 3 ) + A 3 ) / W  
83 i 0 02=00*N2*N2*( F C 2 r  3 1 + A 4 )  / W  
8320 PRINT ""DVK CT'' ; 1 1  ( W  *SOh'C Q 1  *C6 3 )3"5EL@M Kk.>"j 
8330 PRINT SGRCQt /C6) ;"OPT HES";KO/<W*Ol );"RES/hLAC1AN13E1' 
8340 PRINT "P-IJ CT"; 1 /<W*SUH(02*C7 ) >  ;'*BEL@d KES"; 
8350 PRINT SORCOZ/C? > r"EP? KES";H9 / {W*02)  ~ ' * ~ E b / h L A C l A N C E ' "  
8360 G B  TQ 1'140 
8599 R E M  F0K D R I F T S  
8600 PKINT"SYSTEM D R I F T  V A K I A T I B N S "  
R S l O  E t = . O I  
8630 E2=*01 
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8630 E3z.01 
8 6 4 @  E4=*01 
8650 E?=e01 
8660 ER=*Ol 
8670 E9=*01 
8680 A1=*01 
8690 A 2 = * 0 1  
87 10 PRINT * * %  VA~RIATN"D"IPAWAMETEH"~"'R D I A ~ " J * ' ~ E ~ ~ ~ ~ ~ ' ~ ' * X  
8720 IF FX =0 THEN 8770 
8730  K6=R6*< 71 + E t  1 

8750 GB SUB 9320 
8760 R 6 = R 6 / <  1 +El 3 
8770 IF E2=0 THEN 8820 
8780 R7=R7*<1+E2) 
8790 PRINT ~OO*E~D"PICKUP RES". 
8800 G 0  SUB 9320 
8 8 1 I? R7 = R 7 / <  1 +E2 1 
83820 IF E3=0 THEN 8870 
8830 C 6 = C 6 * <  I + E 3 )  
8840 PRINT 100*E3r"DVR SHUNT CAP". 
R R 5 0  G 0  SUB 9320 
8860 C 6 = C S / <  1 +E39 
8870 I F  E4=0 THEN 8920 
8880 C 7 - C 7 * <  1 +E41 

8900 60 SUB 9320 
8910 C ? = C 7 / < 1 + E 4 )  
8920 IF E7=0 THEN 8970 
8930 WQ-RI)+< 1 + E T )  
8940 PRINT ~ ~ ~ * E ~ D " S E H I E S  RES". 
8950 GB SUB 9320 
8 9 6 0  RO=ROI'< 1 +E4 j 
8970 IF ER=O THEN 9020 
8980 R 9 - R 9 * (  1 +E81 
8990 PRINT 100*EBr"AMP INPUT RES"D 
9000 G Q  StJB 9320 
9010 R9=R9/<l+E81 
9920 IF E9=8 THEN 9070 
9630 VO=VO*< 1 +E91 
9040 PRINT 1 O O * E ~ D " A P P & I E D  V 0 L T " r  
9050 G B  SIJB 9320 
9060 V O = V O / <  1 + E 9 )  
9070 IF A I - 0  THEN 9120 
9080 F=F*< 1 + A I )  
9090 PRINT 1 O O * A l  .*'FREQUENCYPPt 
9100  GB SUM 9300 
9 1 1 8  F - . F / < I + A I  1 
9120 IF A 2 = 0  THEN 9170 
9130 R5=R5*<1+A2) 
9 1 4 0  P R I N T  ~OO*A~D"MEAN RADIUSeo, 
9150 G(a SUB 9300 
9 160 R 5 = R 5 / <  1 + A 2  3 
9870 GG: TB 7200 
9299 REM SUBRBUTINE F 0 R  DRIFT 
9300 GFi SUA 600 
9310 G 0  SlJB 1500 
9320 G@ SUB 6000 

8940 PRINT 100*E1 r"DR1VER RES", 

8890 PRINT 100*E4."P-U S H U N T  CAP". 





MULTTT, FORTRAN Version 

The FORTRAN vers ion  of MULTIT i s  very similar t o  t h e  BASIC version. 

The l i n e  numbers given a r e  only f o r  i d e n t i f i c a t i o n  and e d i t i n g  purposes 

and have no e f f e c t  on t h e  a c t u a l  execution of t h e  FORTRAN program, The 

da ta  must be typed i n  t h e  seventh column, or s i x  spaces m u s t  f i r s t  be 

typed. 

00250 

00260 

00270 

00280 

00290 

00300 

00310 

00320 

00330 
00340 

00350 

00360 

00380 

00370 

00390 

00400 

00410 

00420 

00430 

00440 

00450 

00510 

00520 

The da ta  are inputed as follows: 

R 5  = (coil mean r ad ius  i n  inches)  

R1 = (normalized inner  r ad ius  of d r i v e r  c o i l )  

R2 = (normalized outer  r ad ius  o f  d r i v e r  c o i l )  

~3 = (normalized length  of d r i v e r  c o i l )  

R3 = (normalized inner  rad ius  of pickup c o i l )  

R4 = (normalized ou te r  r ad ius  of pickup c o i l )  

E4 = (normalized l eng th  of pickup c o i l )  

L5 = (normalized l eng th  o f  r eces s  of each pickup c o i l  from 
t h e  face of t h e  d r i v e r  c o i l )  

~6 = (normalized minimum l i f t - o f f  of t h e  d r i v e r  c o i l )  

R6 = ( r e s i s t a n c e  of d r i v e r  c o i l  i n  ohms) 

R 7  = ( r e s i s t a n c e  of both pickup c o i l s  i n  ohms) 

N 3  = (number of t u r n s  on t h e  d r i v e r  c o i l )  

N4 = (number of t u r n s  on each pickup c o i l )  

RO = ( d r i v e r  ampl i f t e r  s e r i e s  r e s i s t a n c e  i n  ohms) 

Rg = (pickup ampl i f ie r  shunt r e s i s t a n c e  i n  ohms) 

~6 = (shunt capacitance of d r i v e r  c i r c u i t  i n  farads) 

C 7  = (shunt capacitance of pickup c i r c u i t  i n  farads) 
vo = (output vo l tage  i n  v o l t s )  
G5 = ( ampl i f i e r  ga in )  

F = (opera t ing  frequency i n  H e r t z )  

L2 = (normalized l i f t - o f f  increment of  t h e  d r i v e r  c o i l )  

N 9  = ( t o t a l  number of conductors + 1) 

N 8  = (number of t h e  s p e c i f i c  conductor with conduct iv i ty  

v a r i a t i o n )  



00540 DATA RHO/( re s i s t i v i t i e s  i n  mieroh-cm)/ 
00570 DATA U/(pe rmeab i l i t i e s ) /  

00560 DATA T/ ( th icknesses  i n  inches)  / 
00740 T9 = ( f r a c t i o n a l  v a r i a t i o n  of th ickness  of the N8-th l a y e r )  

The cur ren t  vers ion  of MvLTIT.F4 i s  l imi t ed  t o  a maximum of n ine  elm- 

ductors .  However, t h i s  l i m i t a t i o n  can be removed e a s i l y  by changing 

one DIMENSION statement. 
O Q l l Q  DIMENSION T(N9) U(N9), RHO(Mf3) M(mg), EETA(N9) . 

The pr int-out  of t h e  F O R T W  version of MILTIT i s  p r a c t i c a l l y  

i d e n t i c a l  t o  the B A S I C  vers ion  and will not be repeated. 

ference i s  t h a t  t h e  quest ion mark i s  not p r i n t e d  out  when -the program 

i s  ready- t o  accept  data. The C o i l  Design, AtAenuator Design, Drift 

Cheek, and Continue Calcula t ions  opt ions  are t h e  same. The l i n e  numbers 

constant  names, and parameter va r i ed  i n  t h e  drift; calcul.ations ere as 

follows : 

%%e nisin d i f -  

Line Number Con s t  an t  Parameter Varied 

04230 DRL Driver XesisLance 

04240 1x32 Pickup Resis tance 

04250 DR3 Driver Shunt Capacl tmce 

04260 DR4 Pickup Shunt Capacitance 

04270 DR5 Se r i e s  Resis tance 

04280 D R ~  Amplifier Input Resistance 

DR7 
DR8 

DRS 

Applied Voltage 

frequency 

Mean Radius 

For example, t o  vary t h e  d r i v e r  r e s i s t a n c e  by 2% one would type: 

04230 D R l  = 0.02 

As i n  the  BASIC vers ion ,  the  last two d r i f t s  r equ i r e  t h a t  t he  e n t i r e  

numerical i n t e g r a t i o n  be repeated and a r e  r e l a t i v e l y  long running. T f  

any of  t h e  dr iP ts  is set equal t o  zero ,  it will be omitted from t h e  

d r i f i  ca l cu la t ions  e 



Sample Calculation of M ~ L T ~ T . F ~  

Let us suppose that we wish to design a reflection type coil, iden- 

tical to the one designed by the BASIC version. We will put the follow- 

ing data in the program (generally by using the EDIT MULTIC.F4 command 

on the PDP-10 and inserting the statements). 

normalized by dividing by the coil mean radius, except the coil mean 
radius, which is in inches. 

A l l  l i n e a r  dimensions m e  

00250 

00260 

00270 

00280 

00290 

00300 

00310 

00320 

00330 

00340 

00350 

00360 

00370 

00380 

00390 

00400 

00410 

00420 

00430 

00440 

00450 

00510 

00520 

R5 = .08325 

~i = 0.75 
R2 = 1.25 

~3 = .36 
R3 = .36 
~4 = .696 
~4 = .096 
L5 = 0.0 

~6 0.1 

~6 = 79.36 
R 7  = 530.5 
N3 = 360. 
N4 = ]+lo. 

RO = 1.136 
Rg = 1.~6 

~6 = 1.~-12 

C7 = 1.E-12 
vo = 10.0 

G5 = 1.0 
F = l.OE4 

L2 = 0.025 

N9 = 5 
N8 = 4 
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00540 m T A  M O / l . E 1 0 ,  3.632, 5.393, 3.632, 1.~10, ? * o m /  
00550 DATA U/5%1., 580./ 

00560 DATA T/Z.ElO, 2.8E-2, 1.94E-1, 2.83-2, l., 5JCO.J 

0071+0 Tg = 0.05 

The FORTRAN program may now be executed. The print-out  w i l l  be 
e s s e n t i a l l y  identical to the BASIC print-out and w i l l  not be repeated. 

The FORTRAN version of MELTIT fol-lows. 
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0001 oc 
00020c 
00030C 
0 0040 
00050 
0 00 60 
00070 
00080 
00090 
00100 
001 10 
00120 
001 30 
001 40 
001 50 
001 60 
001 70 
001 80C 
001 9oc 
0 0200c 
0021  oc 
00220 
00230C 
0 0240C 
00250 
00260 
00270 
00280 
00290 
00300 
0031 0 
0 0320 

00340 

00360 
0 037 0 
0 0380 
00390 

00410 
0 0420 
00430 
00440 
00450 
00450C 
00470C 
0048OC 
004906 
0 05ooc 
0051 0 
00520 
0 0530 
00540  
00550 
00560 
00570 
00580 

00330 

00350 

0 a4oo 

JKL=O 
THE FBLLOWING ARE INPUT DATA F O R  THE P A M M E T E R S  BF 
THE CQILSrMATERIALrAND CIRCUIT 
R5=0008325 
R1=0075 
R2=1 025 
L3~0.36 
R3z.36  
R4= e 696 
L4= e096 
L 5 = 0  00 
L 6 = 0  1 
R6=79 e36 
R7 =530 5 
N3=36000 
N 4 ~ 4 1 0 . 0  
RO=1 mOE6 
R 9 = 1  o O E 6  
C 6 = 1  o O E - 1 2  
C7=1 0OE-12 
v0=1000 
G 5 ~ 1  e 0  
F = l  -0E4 
L2=0 -025 
N9 IS THE TBTAL NUMBER OF LAYERSrINCLUDING THE C0IL 
ZQNErAND NX IS THE LAYER "HQSE 'IHICKNESS V A R I E S  





0 1 1 6 0  G 0  TO 130 
0 1 1 7 0  120 W3-0ef.l 
0 1 1  80 130 W 8 = 1  .O-'r13 

0 R200 IFCTEST.GT.20.0) G@ TO 140 
01 190 TEST=X*L4 

01210 
0 1220 G 0  T0 150 

W 4=EXP C - T E S T  3 

01230 140 W4=0.0 
01'240 150 W9=1.O-W4 

0 1260 IFCTESToGT.20.0) G0 T B  160 
0 1270 W'I=EXPC -TEST) 
01230 G 0  TC7 1 7 0  
01290 160 !J7=0*0 
0 1 3 0 0  170 WS=EXPC -X*L5) 
0 1 3 1 0  wo=1 .0-w7*w4 
01320 T E S T = X * L 6  
n 2330 IFCTEST*GT-20*0) GO TQ 385 
0 I340 W6=EXP(-Z*O*TEST) 

0 1250 TEST=X*L7 

0 1 3 5 0  Z = X * R 2  
0 1360 Q f :  = R 2  
0 137OC SUBR@UTINE BESSEL EVALUATES THE INTEGRAL. 8F XJlIX) 
01380 CALL BESSEL I VAL2 ) 
01390 Z=X*RI 
0 1400 Q 1  =R1 
01410 CALL BESSELIVAL.1) 
0 1420 L = X * R 4  
0 1430 GI1 = R 4  
0 1 4 4 0  C A L L  B E S S E L ( V A L - 4 )  
0 1450 Z = X * R 3  
0 1460 Q 1  = R 3  
0 1470  CALL B E S S E L C V A L 3 )  
0 1480 S 3 = S l * C V A L 2 - V A L 1  ) * < V A L 4 - V A L 3 )  
0 1490 S4zSI *CVAL2-VALl ) * ( V A L B - V A L l )  
0 1500 SS=SI*(VAL4-VAL3)*(VAL4-VAL3) 
01510 
0 1 5 2 0  A6=W 6*W8*W8*S4 
0 1 5 3 0  A7 =Wb*W5*W5*W9*W9*WO*WO*S5 

A 5 =W 6 * GJ 5 * W 8 *W 9 * W 0 * S 3 

0 1 5 4 0  JFCX*GT*30*0) G 0  TQI 385 
0 1 S 5 0 C  THE LBWEST SIGNIFICANT L A Y E R I N ~ s I S  DETERMINED 
0 1 5 6 0  QSUM=O 0 
0 1570 N = N 9  
0 1580 TEST=X*X* 1 .OE-5  
01590 1 8 0  IFCMCN).LT*TESTS G 0  TB 190 
0 1600 BETACN)=CSQRTCCMPLX~X*XIM<N)))/U(N) 
01610 G0 T 0  200 
01 620 190 B E T A C N ) = C M P L X I X I O * Q >  
01630 200 Q S U M = O S U M + R E A L C B E T A C N ) ) * T C N ) ~ R 5  
Q I640 I F ( Q S U M . G f ~ 2 0 . 0 . 0 K o N . E Q . I )  G 0  TP, 210 
0 1650  NzN-1 
0 1680 GO T0 180 
01670 210 N7=N 
0 1680C THE MATRIX ELEMENTS V ( N ~ + ~ J N ~ ) L # ~  C L E 1 D 2 )  ARE 
0 1690C CALCULATED 
0 1700 V(lr2)=8ETACN+l)-BETA(N) 
0 1 7 1 0  V < 2 . 2 ) = B E T A ( N * l ) * B E T A < N )  
01720c THE TBTAL MATRIX V(N9rN7) IS CALCULATED BETWEEN WERE 
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02310 330 GAMMA(I)=V<lr2)/V<2,2) 
02320 TCN8) =TO 
02330 RLCl )=l.O 
02340 TEST=X*L& 
02350 IFCTEST.GT.20.0) GO TO 340 
02360 W2=EXP( -2  .O*TEST ) 
02370 G0 T0 350 
02380 340 kJ2=0*0 
02390 350 D 0  370 K=2r5 
0 2400 AK=K 
02410 TEST=AK*X*LZ 
02420 IFCTEST.GT.20.0) G 0  T0 360 
0 2430 
02440 GQ T0 370 
02450 360 RE(K)=O.O 
02460 370 C0NTINUE 
02470 D@ 380 J=lr3 
02480 DBI 380 K z l r 5  
02498 
02500 B R I V E R ( J D K ) = D R I V E R ( J D K ~ ~ G ~ ~ M A ( J ) * L * A ~  
02510 380 PICKUP(JDK)=PICKUP(J.K)*GAMMA(J)*RL(K)*A~ 
02520 385 AIf?l~AIRl+2.O*S4*(X*L3~W8~ 
02530 A I R 2 = A I R 2 + S S * < 4 . O * ( X * L 4 - W 9 ) - 2 . 0 * W 7 * W B * W 9 )  
02540 390 C0NTINUE 
02550 B1=82 
82560 82=B2+S2 
02570 S1=0.05 
02580 IFCX.LT.3.0) GGI T0 110 
a2590 SI =o. 1 
02600 IF(X.LT.29.0) GB T 0  110 
0261 0 SI =0.2 
02620 IFCXoLT.39.0) GQ T0 110 
02630 s1=0.5 
0 2 6 4 0  IF(X.LT.79.0) G0 T 0  110 
02650C THE INTEGRATIBN ENDS HERE 
02660 IF(JKL.NE*O) G 0  TQ 780 
02670C NEXT8 THE INDUCTANGESIVQLTAGESJAN~ PHASE SHIFTS 
0 2 680C ARE CALCULATED AND PRINTED 
02890 400 CALL C I R C T C T M A G I P H A S E D Q O D T ~ ~ Y ~ )  
02700 CALL P H A S E T ( T M A G D P H A S E D S H I ~ ~ I V ~ I ~ ~ T ~  
027f0 TYPE 410 
02720 410 FQRMATC 1H D 1OHDRIVER R E ~ J ~ X I  IOHINDUCTANCED~X~ 
02730 18WN0 TIJRNSD 6x9 9HSHUNT C A P 8  5x1 9HNP)H I M  PT 1 

02750 Q ~ = ( R E A L I D R I V E R ( ~ D ~ ) ) + A I R ~ ) / A I R I  

02770 0 4 = ( R E A L ( P I C K U Q ( 2 . 3 ) ) + A I R 2 ) / A I R 2  
02780 TYPE 420aR6rQI. rN3rC6rQ2 
02790 420 F@RMAT(lH D ~ P E ~ ~ . ~ D ~ X J E ~ ~ . ~ J ~ X D ~ ~ F ~ . ~ J ~ X D ~ ~ ~ ~ ~ * ~ D  
02800 12X~0PF9.6) 
02810 TYPE 430 
021320 430 FBRMAT(1H DIOHPICKUP R E S D ~ X I ~ O H I N D U C T A N C E D ~ X ~  
02830 lSWNB T U R N S D ~ X D ~ H S H U N T  CAPa5Xa9HNBR I M  PT) 
02840 TYPE ~ ~ Q D R ~ , Q ~ D N ~ D C ~ I Q ~  

82860 440 FBRMATClH D~~HDRPVING VQLT~~XD~OHSERIES RESD~XD 
02870 18HAMP GA IND 6 x 1  9H INPUT IMP 3 
028RQ TYPE 450,VOaROaG5rR9 

RL( K) =W2*RL( K-l ) 

MUTC J D  K) =MUT( JD K) +GAMMA( J>*HL( K)*A5 

02740  Q1=00*T1 *T 1 * A I R  1 / W  

62760 03 =QO*T2*T2*A I R2/W 

02850 TYPE 440 



02890 458 
82900 
02910 460 
02920 
02930 470 
02940 
02950 
02968 480 
02970 
02980 490 
a2998 
03000 
03018 
1143020 
03030 
03040 
03058 500 
03060 510 
03070 
0 3080C 
03090 520 
031180 530 It DESIGN 2 ATTENODESIGN 3 DRIFT CHECK 
031 80 
03120 TYPE 470 
83130 ACCEPT 540, NS 
03140 54Q F(BRMAT< If ) 
03150 G @  TB~S50rQ80r?60alQ10)rN5 
03 1 60C THE FIRST PBSSiBiLITY ALLBWS THE USER T0 ALTER THE 
03176C C@lL DESIGN BY INPUTTING THE REQUESTED INTEGER DATA 
03160 5 5 0  TYPE 560 
03190 560 FORMAT(' DRIVER WIRE GAGE* TURNS* PICKUP WIRE GAGED 
8 320cF 1 TURNS' 3 
03210 TYPE 470 
03228 ACCEPT !570*NlAsN2ArN3ArN4A 
03230 570 FQRMAfC4I) 
0324 lFCM1A*NZA*EQ*O) GO TB 580 
0325 GAGE =A1 I A 
Q 326 
03270 X B t l T = R W R $  
03280 XLEN=L3*R5 
0 3290 TURNS=N2A 
0 3300 N3=N2A 
033lll M I A = - !  
0332 J ¶  = I  
0 3338 GALL GAGER(R6) 
0 3340 Ger 3-63 600 
03356 580 IFfM1A+EB.Q) 60 f B  590 
03360 GAGE=MIA 
83376 XSN=RI *RS 

x f N=R 1 *RS 

3388 X@Uf=R2*R5  
3390 XLEN=L3+RS 

03460 J1 = I  
03410 CALL GAGER< RS 3 
03420 A13 =TURNS 
034630 
03440 590 IFCM2AeEQ-0) G0 TO 620 
03450 N3 =N2A 



160 

03460 T U R N S  - N 2 A  
03470 X I N = . ' i l  * R 5  
03480 X O I J T = 2 2 * R 5  
03490 % L E N  = L 3  * R 5  
03500 J1 =O 
03510 C A L L  G A G E R C R 6 )  
03520 600 TYPE 61 O D  T U R N S  G A G E D  PERLAYa XLAY D H 6  
03530 610 F O R M A T ( 1 H  D ~ H L ) R I V E R J F ~ . ~ ~ ~ O H  T U R N S  @F#IFb.l84HWIREI 
03540 
03550 620 I F ( N 3 A * N 4 A . E Q . O )  F 0  T Q  630 

1 F 5 . 1  D ~ H / L A Y E R J F S *  1 8  6HLAYER53 1 PEl2 e 5 r 4 M 0 H M S )  

0 3 5 6 0  G A G E  =N3A 
03540  T U R N S = N 4 A  
03580 N 4 z N 4 . 4  
03590 X I N = R 3 * R 5  
03600 x OUT = 34 * R 5 
03610 X L E N - L 4 * R S  
0 3 620 J1=1 
03630 C A L L  G A G E R C R 7 )  
03640 R 7  =2  .O*R7 
03650 GQ T 0  650 

03670 GAGE=N3A 
03680 X I N = R 3 * R 5  
03690 X B U T = R 4 * R S  
03700 X L E N = L 4 * R 5  
03710 J 1 - 1  
03720 C A L L  G A G E R C R 7 )  

0 3 7 4 0  N 4 = T l J R N S  
03750 G0 T O  650 

0 3 7 7 0  N 4 = N Y A  
03780 T U R N S  =N 4 A  
03790 X I N = R 3  *R 5 
03800 X B U T - R 4 * R S  
03810 X L E N = L 4 * R 5  
03820  .JX =n 
0 3830 C A L L  G A G E K C R 7  3 
03340 R 7  =2 * 0 * R 7  
0 3 855 
03860 660 F 0 R M A T C  1 W D 6HF I C K U P a F 6 -  I J 1 OH T U R N S  EA# F S e  1 D 4HW IRE,  
03870 I F ~ . I ~ ~ H / L A Y E R ~ F S . I J ~ H L A Y E ~ ~ ~ ~ P E ~ ~ * ~ ~ ~ ~ ~ H M ~ )  

03660 630 I F ( N 3 A o E 6 o 0 )  G 0  TB 640 

03730 R 7  =2 O*R7 

03760 640 I F C N 4 A . E Q . O )  G 0  T O  630 

6 5 0  T Y PE 6 60 * T U R N S  D GAGE D PERLA Y 3 XLAY a R7 

03880 670 GB T O  400 
0 3 8 9 0 C  THE S E C 0 N D  P 0 S S I B I L I T Y  ALLQlWS T H E  USER TO A L T E R  THE 
0 3 9OOC A T T E N U A T B R  D E S I G N  BY I N P U T T I N G  T H E  DATA REQUESTED I N  
0 3 9 1 0 C  E F I E L D  FQRMAT 
03920 680 TYPE 690 
03930 690 F O R M A T < '  DRIVER SERIES K E S D  S H U N T  CAP8 PICKUP SHUNT K E S D  
03940 1 S H U N T  C A P ' )  
03950 TYPE 470 
03960 A C C E P T  ~ Q O D P ~ D P Z ? . D P ~ D P ~  
03970 700 F Q R M A T ( 4 E )  
03980 I F ( P l . E Q . O * O )  G O  T 0  710 
03990 R0=PS 
04000 710 IF(P2*EQ*O*Q) GPI T 0  720 
04010 C 6=P2 
04020 720 I F ( P 3 m E Q . O . O )  G 0  T B  730 
0 4030 R 9 = P 3  
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0 4620 TYPE 8RO~DR100 
04630 880 FPIRMATCIH rF4*1~10X113HP-U SHUNT CABS) 
0 4640 CALL C I R C T l < S E T r V l I S H I F T r R A D , S E N )  
0 4 6 5 0  C 7 z G 7 / <  1 * 0 * D R 4 )  
04660 890 IF<DRS*EQ*O*O) G 0  TB 910 
0 4670 RO=RO*<1*O+DRS) 
04680 981 00=100*0*DR5 

04700 900 FPIRMAT(lJ-4 ~ F ~ ~ ~ D ~ O X I ~ ~ H S E R I E S  RES 0 )  
04710 CALL C I R C T I < S E T I V ~ I S H I F T S R A D I S E N )  
04720 RO=RO/<l*O+DRSP 
04730 910 IFCDR6*EQ*O*O9 GB TO 930 
04740  RS=R9*C1.Q+BR6% 
04750 BR100=100*0*DR6 
6 47 60 TYPE 9201DR100 
04730 92Q FBRMAFClH rF4*lrl0X113HAHF INPUT RESSI 
8 47 80 CALL C I R C T I < S E T J V ~ J S H I F ~ . R A D , S E N )  
0 47 90 R9=R9/<1*0+DRb) 
84800 930 IFCDR7*EQ*O*O) G 0  T 0  950 
04818 VO=VO*Cl*O*DR7) 
04826 DR100=100*0*DR7 

04QFBO TYPE 9 a o I m i o o  

1 I 1 0 x 1  13HAPPLIED V0LT 096 3 
84850 CALL C I R C T l < S E T s V l . S H I F T I R A D I S E N I  
0 4860 VO=VO/<l.Q+DR7) 

IF<DRB*EB.O*O% G 0  T0 988 
F=F*< 1 * 0 + D R 8 )  

0 4896) DRl00=100*0*DR8 
04980 TYPE 9 6 Q r D R  100 
04910 968 FQRMATClH S F ~ ~ ~ D ~ O X J ~ ~ H F R E Q U E N C Y  SI 
8 4920 JKL- 1 
0 4930 GB TO 5 
04940 970 F=F/C 1 .O+DR8) 
04950 JKL=O 
04960 988 IF<BR9*EQ*0*09 G 0  T 0  520 
6 4970 RS=RS*<I.O+DR9P 
6 4980 DR100=100*0*DR9 
04998 TYPE 9901DR100 
05008 990 FBRMATClJ-4 I F ~ . ~ I ~ O X S ~ ~ H M E A N  RADIUS S)  
05050 JKL=2 
Q 5080 G 0  T@ 5 
65030 1000 RS=R51<1*O+DR9) 
6 5040 JUL=O 
85050 GB TB 520 
(3 50606 THE FBURTW PBSSIBILITY ENDS CALCUL 
05070 1016 CALL EXIT 
0 5086) END 
0 5890 SWBRPlUTPNE BESSELCVAL) 
05100 CBMM@N X I  ZaQ1 .PI 
851 10 IFCZ*GT*5*03 G0 T 0  1510 
05120 L=i?.O*Z+3*0 
05130 
05140 
05150 DB 1500 I-12L 
051 66) 61-1 
05170 F1 =-C;lI*O .25*Z*Z/CAI*AI+AI) 
65180 1500 VAk=VAL+F1/<2~0*AI+3.0) 

P1 =0 *5*811 *Q1 *Q 
VAL=F 1 13 0 

051 90 GB “IT@ 1520 
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05200 1510 XO=(~~-188*1357~Z+lO9.1142)/2-23.793333~~2~2*05~93~~/Z 
05810 X0=<CX0-0~1730503~/Z+0.7o34815)/2-o.o64109E-3 
0 5220 X1=<(<-5.817517/2+2.105874)12-.6896196)/~~~6%96196)/Z+~49S2~2~)/Z 
0 5230 XI =CXl-O* 187344E-2)/2+0.7979095 
0 5240 VAL=( 1 *O-SQRT<Z)*(XI*C0SCZ-PI~4.0)-XO~S~N(Z-P1/4*~~)3/ 
0 5250 
05260 1520 RETURN 
0 5270 END 
0 5280 SUBRBUTINE XFQRMCNrTRrRSrUrT) 
0 S290 CQMMBN /B1/5ETAOrBETAl 
0 5300 CaMPLEX BETAOrBETAlrEXrTR 
05310 DIMENSIBN EX(2)rU(1O)rT€lO)rTR(~r2) 
0 5320 EXCI)=CEXPC-BETAO*U<N-l)*T(N-l)/~S) 
0 5330 E X < 2 > = 1  . O / E X ( I )  
0 5340 D0 1610 1 = 1 r 2  
05350 D0 1610 5 x 1 ~ 2  

0 5370 IFCK.EQ.3) G0 I0 11600 
0 5380 T R < I r J ) = < B E T A l * B E T A O ) * E X < J )  
0 5390 G0 70 1610 
05400 1600 TI?(: 1 s  J)=(BETA1 -BETAO)*EX(J) 
OS410 1610 C0NTINUE 
OS420 RETURN 
0 5430 END 
0 5440 SUERBUTINE MATRIXCJUMPrVrfR) 
0 5450 CQMPLEX V r  Q r  TR 
05460 DIMENSIBN Q(212)rV~2.2)rTR<2,2) 
OS470 IFCJUMP*EQ.l) G0 TO 1720 
05480 00 1700 I = l r 2  
05490 1700 Q<III)=V(Z~I> 
05500 a0 1710 I=1r2 
05510 V( I r  1 ~ = ( 0 * 0 ~ 0 * 0 )  
0 5520 OB 1710 J z l r 2  
05530 1710 V(Irl)=V(Itl)+TR~I~J)*Q(Jrl) 
05540 1720 D 0  I730 I = l r 2  
05550 1730 Q(I12)=V<fr2) 
0 5560 D0 1740 1z1.2 

0 5580 D0 1740 J=lr2 
05590 1740 V( I ~ ~ ) = V C I I ~ ) + T R ( I I J ) * Q ( J * ~ )  
05600 RETURN 
05610 END 
05620 SUBR0UTINE C I R C T < f M A G r P H A S E s Q O * T l , r 2 )  
05630 CBMPLEX MUTrDRIVERrPICKUP* Z1 J 22r 23.241 2 5 s  Z 6 r Z 7  
05640 C0MPLEX DENBMrTNUMr V0LT 
0 5650 /B2/Rl R2r R3rR4rL3~ L4, H0r R 6 r  H7 r R9rC6*C7 
05660 C0MM0N /B2/VOrGSrWrFrRSrN3rN4/53~MUT=D~lVER 
O S 6 7 0  CBMMBN /B3/BICKUPrAIRlrAIR2 
05680 DIMENSIBN MUTC3rS)rDRIVER(3rS)rPI~KUPC3,5) 
05690 DIMENSI0N TMAG<3rS)rPHASEC3rS) 
05700 REAL t3r L 4 r N 3  rN4 
05710 T1 =N3/< <R2-R1 )*L3) 
0 5720 T2=NP/CCR4-t?3)*L4) 

1 C x*x*x 1 

0 53 60 K=I+J 

05570 v~1~2)=~0.0~0.0~ 

CBMMBN 

0 5730 QO=6m300475204E-7*F*R5 
05740 2 1 =CMPLX€ W*C6*ROr - 1  -0 > 
05750 Z2=CMPLX C W*C7*R9r .. 1 0 ) 
0 57 60 Z3=C MPLX ( 0 0 r -RO 3 
05770 Z~=CMPLXCO.OI-R~) 
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0 6350 6) =G 
0 6360 G B  TB 2100 
06370 2110 I G = G  
0 6380 G = I G  
06390 2120 X 2 ~ ~ * 9 9 8 9 + ~ 0 1 7 * ~ G ~ 1 0 * 0 ~ 1 * ~ ~ ~ * 1 0 * 0 * * C G ~ 1 0 ~ 0 ~ 4 ~ 0 ~  
0 6400 D3=SG)RT< 1 -0371E-51X2) 
06410 IF(G=GT*40*6) G 0  T0 2130 
0 6420 X3=(-460655*AL0G(D3*l*OE3~~*43444~*1*0E~3 
0 6430 G0 T0 2140 
0 6440 21 30 
06450 2140 fD=(RLN/(D3+%3>) 
0 6460 D- ID 
0 6470 
0 6480 E = I E  
0 6490 IFCNlA*EQ*-I) G 0  T0 2150 
0 6500 T5=D*E 
06510 2150 RES=TS*X2*CD2+DI)*PI/l~~O 
0 6520 RETURN 
0 6530 END 
0 6540 SLJBRBUTINE C I K C T ~ ~ O ~ J V ~ J ~ J R A D I S E N )  
0 6550 D I M E N S E 0 N  ~ ( ~ J S ) J T M A G C ~ I S ) D P H A S E < ~ + ~ )  
0 6560 CALL CIRCTCTMAGJPHASEJQOJT~JT~) 
06570 Q1=0*0 
0 6580 D0 2200 I s 1 ~ 3  
0 6590 00 2200 Js115 
0 6600 Q ~ ~ ~ ~ ~ A T A N ~ ~ V ~ J S ~ R T ~ T ~ A G ~ I J ~ ~ * T ~ G C I ~ ~ ~ ~ V ~ * V ~ ~ ~  
06610 
0 6620 IFCABSCQlP*GT.ABSCQ2)) G0 TPI 2200 
0 6630 Q1 =Q2 
06640 2200 CQNTINUE 
0 6650 Q2NEW =RAD*Q 1 

X3=C 98*02228*D3+2 56791 E-2) *1 *OE-3 

I E = (  D2-D 1 ) 1( D3+X3 > 

1 +PHASE( I J J)-P)( f DJ) 

0 6660 Q3=100*0*Ql/SEN 
0 6670 TYPE 2210~01rQ2NEU~Q3 
06680 2210 F ~ R M A T < ~ W + ~ ~ X ~ ~ ~ ~ P E ~ ~ * S ~ ~ X ) J ~ P E ~ ~ ~ ~ )  
0 6690 RETURN 
0 6700 END 



RFFEECTION COIL ADOW MJLTIPLE CONDUCTORS, DEFECT 

We s h a l l  now continue t o  consider t h e  case of a r e f l e c t i o n  c o i l  

above mul t ip le  conductors, as shown i n  Fig.  (p .  7 ) .  'lxis program 

calcul.ates t h e  magnitude and phase of  t h e  vol tage t h a t  i s  fed  t o  t h e  

phase measuring c i i*cui t s  of t h e  phase s e n s i t i v e  eddy-current instruments 

and i s  designed t o  he lp  analyze eddy-current measurements o f  defec ts .  

'Pie program c a l c u l a t e s  the magnitude and phase of t he  induced volt- 

a&:: at f i v e  differen-1; values  of l i f t - o f f  f o r  two condi t ions ,  a nominal 

condi t ion without de fec t s  i n  any conductor and a va r i ed  condition with 

a defect; i n  a spec i f i c  conductor, making a t o t a l  of t e n  ca lcu la t ions .  

This a.ll.ovs one t o  exmine  t h e  s e n s i t i v i t y  -to l i f t - o f f  v a r i a t i o n s  8.5 

wel .1  as defect  v a r i a t i o n s  i n  a s p e c i f i c  conductor. I n  addi t ion ,  t h e  

program also c a l c u l a t e s  t h e  phase s h i f t  with t h e  discr iminator  adjusted 

t o  give t h e  s m e  phase i n  t h e  nominal condi t ion with maximum and minimurn 

l i f t - o f f .  The phase i n  the  nominal condi t ion w i t h  minimiun l i f t - o f f  i s  

taken as zero,  and all. o ther  phase s h i r t s  a r e  measured r e l a t i v e  to it. 

The equations t h a t  a r e  evaluated are Eq. (8)  f o r  t h e  mutual cou- 

p l ing ,  E¶. ( 9 )  f o r  t h e  drivel- c o i l  impedance, and Eq. (17) f o r  t he  

pickup c o i l  impedo.nce. The gamma f a c t o r  f o r  mul t ip le  conductors i s  

ca lcu la ted  from Eqs .  ( 2 4 )  t o  (28) e Due t o  t h e  presence of  t h e  de fec t ,  

t h e  se l f  and t h e  mutual imped.ances are changed and car* be caPculated 

from ~ q .  (21). 

The programs a r e  wr i t t en  i n  both BASIC and F O R T M  Tor use on t h e  

PDP-1.0. The 5-4SIC program follows. 

To use t h i s  program, one must f i r s t  d iv ide  all dimensions by t h e  

m e a n  r ad ius  of t h e  d r i v e r  coil.. Then the  fo.l.lowing l i n e s  lri~ast be typed 

i n t o  t h e  program, 

250 

260 

270 

280 

290 

300 

1x5 = (numerical. value of d r ive r  c o i l  mean rad ius  i n  inches)  

RI = (numerical value o f  nornlaiizea d r i v e r  coi.1. inner  r ad ius )  

~2 = (numerical value of no rma i imi  d r ive r  c o i l  outezr rad.ius) 

~3 = (numerical value of normalized d r ive r  coil .  I.engtb) 

~3 = (nimerical  value of normalized pickup c o i l  inner  r ad ius )  

~4 = (numerical value of n o r m l i z e a  pickup c o i l  outer  radius)  



310 
320 

330 

340 

350 

360 

370 

380 

390 

400 

410 

420 

430 
44 0 

450 

510 

520 

760 

77 0 

780 
790 

L4 = (numerical value of  normalized pickup c o i l  l eng th )  

~5 = (numerical value of normalized pickup c o i l  r eces s  from 

f ace  of d r i v e r )  

~6 = (numerical value of normalized d r i v e r  c o i l  minimum L i f t -  

o f f )  

R6  = (numerical value of  r e s i s t a n c e  of d r ive r  c o i l  i n  ohms) 

RT = (numer icd  value of  t o t a l  r e s i s t a n c e  of both pickup c o i l s  
in ohms) 

N 3  = (number of t u r n s  on d r i v e r  c o i l )  

N4 = (number of t u r n s  on each pickup c o i l )  

RO = (output  s e r i e s  r e s i s t a n c e  of d r iv ing  ampl i f ie r  i n  ohms) 

R g  = ( input  shunt r e s i s t a n c e  of pickup ampl i f ie r  i n  ohms) 

~6 = ( t o t a l  shunt capacitance i n  d r iv ing  c i r c u i t  i n  f a rads )  

C 7  = ( t o t a l  shunt capaci tance i n  pickup c i r c u i t  i n  farads) 

vo = (output  vol tage of  dr iv ing  ampl i f ie r  i n  v o l t s )  

G5 = (ga in  of pickup ampl i f i e r )  

F = (operat ing frequency i n  H e r t z )  
~2 = (numerical  value of normalized d r ive r  c o i l  l i f t - o f f  

increment ) 

N9 = ( t o t a l  number of conductors +. 1) 

N 8  = (number of  t h e  s p e c i f i c  conductor with a defect  

t o  Fig. 4 )  
r e f e r  

R 8  = (numerical value of normalized defec t  d i s tance  from c o i l  

a x i s  1 
Z7 = (numerical value of defec t  d i s tance  below t h e  sur face  of 

the  N8-th layer i n  inches)  

~5 = (numeri.cd value of normalized defec t  volume) 

A0 = (numerical value of shape and o r i e n t a t i o n  f a c t o r  of 

defec t  ) 

The input  data of conductors a r e  typed i n t o  t h e  program between 

t h e  statement numbers 800 and 980, according t o  t h e  order  of appearance 

from the lowest conductors [ r e f e r  t o  Fig. 4 (p .  711. 
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800 

81 0 

@80) 

where 

DATA IELO, K ( 1 ) ,  U(1) 

DATA T(2), K(2), U(2) 

DATA T(N), K(N), U(N) 

DATA T(NP-1.) , K(NPl), U(NP-1) 
DATA l ( a r b i t r a r y  number), l E l O ,  1 

T(N) = nimer ica l  value of th ickness  of t h e  N'ch l a y e r  conductor 

i n  inches,  

K(N) = numerical value of r e s i s t i v i t y  of t h e  Nth l a y e r  conductor 

i n  microhm centimeter,  

U ( N )  = numerical value of r e l a t i v e  permeabi l i ty  of t h e  Nth 

l a y e r  conductor , and 

the  (Ng--l)th l a y e r  denotes t h e  t o p  o r  sur face  l a y e r .  

The cur ren t  vers ion  of MULTID (BASIC) is l imi t ed  to a maxir i ium of n ine  

conductors. However, t h i s  l i m i t a t i o n  can be removed e a s i l y  by adding 

one DIMENSION statement : 

60 DIM T(N9), H ( N 9 ) ,  U(N9), S(N9), X(N9), Y(N9) 
The program m y  now be run. The pr in t -out  by t h e  computer w i l l .  

have the  following format. 

(i9-1) (T(N9-1) 1 (K(i9--1) 1 ....... (U(i9-1) 1 
(N9 1 1 (K(N) 1 ....... (U(N)) 
R1= (1x1) R2= (R2) DRIVER LENGTH I S  (23) 
R3= (R3) R 4 =  ( R b )  PICK UP LENGTH IS ( L 4 )  
COIL MEAN RADIUS (RS) INCHES OPERATING FREQUENCY (F) 
PICK UP RECESSED ( L 5 )  
MINIMUM LIFT-OFF (Th) LIFT-OFF INCREMENT ( L 2 )  
DEFECT LOCATED AT R= (R8*R5) INCHES AND 
Z= ( Z 7 )  INCHES BELOW SURFACE OF (N8)TH LAYER 
DRIVER FES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT 

( R 6 )  ...... (N3) ( C 6 )  ..... 



P I C K U P  R E S  INDUCTANCE NO TURNS SHUNT CAP NOR I M  PT 

DRLVIMG VOLT SERIES RES AMP GAIN INPUT IMP 

D I S C R I M I N A T O R  VOLTAGE IS  ..... 
( R 7 )  ...... ( N 4 )  (c7) ..... 
(VO 1 (RO) (G5) ( R 9  1 

( ~ 6 )  ( ~ 6 + ~ 2  1 ( ~6+21;2 ) ( ~ 6 + 3 ~ 2  ) ( ~ 6 + 4 ~ 2 )  

..... ..... ..... ..... ..... ..... ..... ..... ..... ..... 
0 ..... ..... ..... ..... 

L I F T - O F F =  ...... R A D I A N S  OR ...... DEGREES 
D E F E C T  VOL IS  ( V 5 )  

1 C O I L  D E S I G N  2 ATTEN. D E S I G N  3 D R I F T  CHECK 4 CON CAL 

SHAPE & O R I E N T A T I O N  FACTOR I S  ( A O )  ...... ...... ...... ...... ...... 
? 

The var ious  symbols enclosed i n  parentheses are used t o  i n d i c a t e  

t h a t  t h e  numerical value o f  t h e  symbol w i l l  be p r in t ed .  

There are five columns of da t a ,  one under each value of l i f t - o f f .  

There are three l i n e s  i n  each column. From t o p  t o  bottom they  a r e :  

t h e  magnitude of t h e  vol tage  out of  t h e  pickup ampl i f i e r ,  t h e  phase 

s h i f t  between t h e  vo l t age  out  of t h e  pickup ampl i f i e r  and t h e  d r i v i n g  

vol tage ,  and t h e  phase shirt  between t h e  vol tage  out  of t h e  pickup 

ampl i f i e r  wi th  t h e  d i sc r imina to r  set t o  g ive  t h e  same phase s h i f t  with 

minimum l i f t - o f f  and maximum l i f t - o f f .  This set of pr in t -outs  i s  for 

t h e  nominal condi t ion  of no de fec t s .  

ampl i f i e r  w i l l  be i n  v o l t s  and be e i t h e r  peak-to-peak o r  FMS, whichever 

i s  used for VQ, t h e  output vo l t age  of t h e  d r iv ing  ampl i f i e r .  For each 

conductor N, t h e  value of a dimensionless product Rg2@pNLSN i s  also 

ca lcu la t ed  and p r i n t e d  out under t h e  column M,SIGMA. The inductance 

i n  hen r i e s  of t h e  d r i v i n g  c o i l  i n  air and t h e  normalized imaginary p a r t  

of t h e  d r iv ing  c o i l  impedance, wi th  no de fec t  and nominal l i f t - o f f  

( ~ 6 + 2 ~ 2 ) ,  i s  a l s o  p r in t ed .  

pickup c o i l s  i n  a i r  and t h e  normalized imaginary part of t h e  pickup 

c o i l s '  impedance with no de fec t  and nominal l i f t - o f f  i s  a l s o  p r in t ed .  

The maximum phase s h i f t  due t o  Lift-off f o r  t h e  nominal condi t ion  i s  
given. The l o c a t i o n ,  volume, and shape and o r i e n t a t i o n  f a c t o r  of t h e  

de fec t  are p r in t ed .  Then, t h e  phase s h i f t s  due t o  the defec t  are given 

f o r  f i v e  l i f t - o f f  va lues .  The phase s h i f t s  are measured from the 

nominal condi t ion  with no de fec t s  and are given i n  degrees. 

The vol tage  out of t h e  pickup 

Likewise t h e  inductance i n  hen r i e s  of ba th  



The program then e n t e r s  a branching loop t h a t  allows t h e  fo l lowing  

opt ions,  depending on which of 1, 2 ,  3, o r  4 i s  typed as input  a f t e r  t h e  

que s t ion  mark . 
1. Coil. Design 

If a l i s  type13 by t h e  operator  after t h e  quest ion mark, the program 

will en te r  t h e  Co i l  Design Loop. Tinis loop w i l l  a l low t h e  number of 

t u r n s  on t h e  d r ive r  and pickup c o i l s  t o  be var ied.  The loop will allow 

the  wire gage t o  be given and then  ca l cu la t e  t h e  number of t u r n s  and 

c o i l  r e s i s t a n c e ,  o r  it w i l l  allow t h e  number of t w n s  t o  be entered 

and ca l cu la t e  t he  gage and coil. r e s i s t a n c e ,  o r  both t u r n s  and. gage can 

be entered. I f  zeros a r e  entered f o r  both t h e  gage and t u r n s  of e i t h e r  

t h e  d r i v e r  o r  pickup c o i l s ,  t h e  present  value of t h e s e  w i l l  be r e t a ined .  

The progrm then  starts with t h e  labe l  

D R I V E R  RES INDUCTANCE NO TW?NS SHUNT CAP NOR 114 PT , 
and t h e  remainder of t h e  program i s  r eca l cu la t ed  and p r in t ed ,  with t h e  

"new" coil.  in t h e  c i r c u i t .  

c u l a t e  M y  %: DR ' 
2. Attenuator Design 

However, t h e  numerical i n t eg ra t ions  .to cal- 

and Zpl, do not  have t o  be repeated. 

Th5.s loop w i l l  al low t h e  d r i v e r  s e r i e s  r e s i s t a n c e ,  RO, Lhe dri-vcr 

shunt capaci tance,  ~ 6 ,  Lhe ampl i f ie r  input  impedance, Rg, and t h e  shunt; 

capacitance i n  t h e  pickup c i r c u i t ,  C7,  t o  be var ied.  If a 2 is typed 

a f t e r  t h e  question mark t h e  computer will respond with 

DRIVER SERIES RES, SHUNT CAP, PICK-UP SIiTJTUiT R E S ,  SHUNT CAI '  . 
The r e s i s t ance  i s  t o  be given i n  ohms, and t h e  capacitance it1 farads. 

If zero  i s  typed i.n f o r  any va lue ,  t h e  present  value i n  tine computer 

w i l l  be re ta ined .  A f t e r  t h e  input  da t a  and a ca r r i age  r e t u r n  a r e  typed,  

t he  computer w i l l  cal .culate t h e  r a t i o  of resonant frequency t o  operat ing 

frequency f o r  t h e  p a r t i c u l a r  1,-C c i r c u i t  

ance f o r  minimum temperature d r i f t ,  and t h e  r a t i o  between the r e s i s t a n c e  

and reactttnce i n  t h e  c i r c u i t  f o r  both t h e  dri.ver and pickup c i r c u i t s .  

The progrwn then  starts w i t h  t h e  l a b e l  

a very rough value of r e s i s t -  

DRIVER RES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT 

and t h e  remainder o f  t h e  prog~wn i s  reca lcu la ted  and. p r in t ed  with t h e  

new" a t tenuator  i n  t h e  c i r c u i t .  Again, the nwxaerical i n t e g r a t i o n s  t o  11 

ca lcu la t e  M, ZDR, and Z do not have t o  be repeated. PU 



3. D r i r t ;  Check 

This loop c a l c u l a t e s  t h e  e f f e c t  of t h e  d r i f t  of any of t he  c i r c u i t  

o r  sample parameters a f t e r  t h e  instrument has  been c a l i b r a t e d  and 

ad jus ted .  

preccnt  v a r i a t i o n ,  t h e  parameter va r i ed ,  t h e  m a x i m u m  change i n  phase 

(both rad ians  and degrees)  of  any of t h e  f i v e  d i f f e r e n t  phases calcu- 

l a t e d  ( f i v e  l i f t - o f f  values  with t h e  presence of t h e  d e f e c t )  and the  

percent of t h e  range t h e  d r i f t  represents .  The percent  v a r i a t i o n  of 
each parameter may be var ied  independently. 

t he  parameter, t h e  l i n e  number, and t h e  constant  t o  be var ied :  

If a 3 i s  typed as inpu t ,  t h e  program w i l l  respond with the 

The following table gives  

Parameter 

Driver Resis tance 

Pickup Resis tance 

Driver Shunt Cap. 

Pickup Shunt Cap. 

Ser  i e  s Re s i s t  anc e 
Amplifier Input Resistance 

Applied Voltage 

Frequency 

Mean Radius 

Line Number 

86x0 

8620 

8630 

8650 

8660 

8670 

a680 
a690 

8640 

Con s t  ant  

E l  

E2 

E3 
E4 

E7 
E8 
E9 
Al 

A2 

For e x m p l e ,  t o  put i n  a 2% v a r i a t i o n  i n  t h e  d r i v e r  c o i l  r e s i s t a n c e ,  

one would type :  

8610 m = .02 

The amount t h a t  each parameter i s  va r i ed  must be s e t  before  the program 

i s  run. A l l  of t h e  v a r i a t i o n s  ase 0.01 o r  1% -kn t h e  cur ren t  vers ion of" 

t h e  program. 

i s  q u i t e  l i n e a r  over a range of about IO%, a l i n e a r  i n t e rpo la t ion  o r  

ex t r apo la t ion  may be used from t h e  15 parameter v a r i a t i o n .  

typed i n  f o r  any parameter v a r i a t i o n ,  t h a t  parameter w i l l  not be varied 
nor w i l l  it be typed out i n  t h e  list of parameter v a r i a t i o n s .  When the 

c a l c u l a t i o n  i s  completed and t h e  drifts p r in t ed ,  t h e  program re tu rns  to 

t h e  branch po in t  and r epea t s  t h e  quest ion 

Since the  phase shift; produced by t h e  parameter v a r i a t i o n  

If zero i s  

1 Coil  Design E! Atten. Design 3 D r i f t  Cheek 4 Con Ca1. e 



The f i rs t  seven d r i f t s  do not r equ i r e  t h a t  bhe numen-ical integra- 

t i o n s  t o  c a l c u l a t e  M,  Z 

t o  c a l c u l a t e  t h e  d r i f t s  due t o  frequency and mean rad ius  changes. 

fore , t h e  ca l cu la t ion  o f  t h e s e  l a s t  two d r i f t s  r equ i r e s  a considerable  

amount of computer t ime. 

and Zpu be repeated,  but  they  must be repeated 

There- 
DR ' 

4. Con Cnl 

This loop i s  t o  continue ca l cu la t ions .  If a s e r i e s  of calcul.at%ons 

i s  t o  be made, a loop may be e s t ab l i shed  a t  t h i s  pa in t .  However, i n  

t h e  present  vers ion of t h e  program, i f  a 4 i s  typed as i npu t ,  t h e  program 

w i l l  end. 

Sample Calculat ion of MULTID 

Let us suppose we wish t o  design a reflection-%Type c o i l  t o  measure 

a defec t  i n  a sodium l aye r  t h a t  has a th ickness  of 10 m i l s  and a r e s i s -  

t i v i t y  of 4.99 ufi-cm. 

1-5 m i l s  t h i c k  with a r e s i s t i v i t y  of 75 pS2-cm. 

t h e r e  i s  a very t h i c k  ma te r i a l  with a r e s i s t i v i t y  of 130 ufi-cmn. 
d r i v e r  c o i l  has  a mean rad ius  of 0.06 i n . ,  inner  and outer  radii of 
0.045 and 0.075 i n . ,  an& a Length of 0.018 i n .  
inner  and outer  radii of 0.021 and 0.042 i n . ,  a l ength  of 0.006 i n . ,  
and are mounted f l u s h  with t h e  ends of t h e  d r ive r  c o i l .  The d r i v e r  c o i l  
has 252 t u r n s  of No. 48 wire with a r e s i s t ance  of 59.06 $1, m d  t h e  

pickup c o i l s  have 450 t u r n s  each of No. 58 wire with. & r e s i s t ance  of 
1067.4 ,Q f o r  both c o i l s .  The d r i v e r  s e r i e s  and the pickup ampl i f ie r  

input r e s i s t ances  are both chosen t o  be b MQ. The shunt capacitances 

i n  both c i r c u i t s  a r e  chosen t o  be 1 pF. This corresponds t o  p r a c t i c a l l y  

i n f i n i t e  source and de tec tor  impedances, SO t h a t  only t h e  mutual cou- 

p l ing ,  M ,  a f f e c t s  the phases. The minimum l i f i -oSf  i s  taken t o  be 

0.003 i n .  with lif'k-off increments of O.SOO75 i n .  The defec t  i s  Located 

'j m i l s  below t h e  sur face  of t h e  sodium l a y e r  and 60 m i l s  from Lhe axis 
o f  t h e  c o i l .  The defec t  i s  a spher ica l  defec t  with a rad ius  of 2.5 m i l s .  

Above t h e  sodium l a y e r ,  t h e r e  i s  a conductor 

Below the  sodium l a y e r ,  

The 

The pickup coils have 
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Thus, t h e  shape and o r i e n t a t i o n  f a c t o r  i s  equal t o  one. Other shape 

and o r i e n t a t i o n  f a c t o r s  are given elsewhere. 11 

The frequency i s  100 KHz, t h e  output vol tage of t h e  dr iv ing  ampli- 

f ier  i s  1 0  V,  and t h e  gain of t h e  pickup ampl i f ie r  i s  u n i t y  ( a  u n i t y  

gain allows t h e  a c t u a l  gain needed i n  t h e  ampl i f ie r  t o  be ca lcu la ted  

by d iv id ing  t h e  maximum output vol tage with un i ty  gain i n t o  lo). 

The program MULTID i s  assumed t o  be i n  t h e  a c t i v e  core, and t h e  

following information i s  typed i n t o  t h e  computer. 

are normalized by d iv id ing  by t h e  c o i l  mean rad ius ,  except f o r  t h e  c o i l  
mean r ad ius ,  which i s  i n  inches. 

A.lZ l i n e a r  dimensions 

250 

260 

270 

280 

290 

300 

31  0 

320 

330 

340 

350 

36 0 

37 0 

380 
390 

400 

410 
420 

430 

440 
450 

R5 = .06 
R1 = .75 
~2 = 1.25 

L3 = . 3  
R 3  = *35 
R 4  = .7 
L4 = .1 
L5 = 0 

L6 = .05 

R 6  = 59.06 

~7 = 1067.4 
N 3  = 252 
N 4  = 450 

RO = 1 ~ 6  
R9 = 1 ~ 6  

~6 = 1E-12 
C7 = 1E-12 
VQ = 10 

G5 = 1 
F = 100E3 
L2 = .0125 

11 C. '1. Dodd, W. E. Deeds, J. W, Luquire, and W. G. Spoeri, Some 
Eddy-Cmrent Problems and T h e i r  Integral So Zutions, OKVL-4384 
(Apr i l  1969). 



7-60 

780 
790 
800 

810 

820 

770 

830 

R 8  = 1 

z7 = .005 

V 5  = 3.0308113-4 

A 0  = 1 

DATA I_ELO, 130, 1 

DATA .01, 4.99, 1 

DATA .015, 75, I 
DATA 1, 1E10, 1 

The pi-ogrcm may now be run with the following results. The data 

inputed from the t e rmina l  by the user are underlined. 

must be typed by the user a t  the end of each input line. 
A ca r r i age  r e t u r n  
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MULT I D  C BAS IC > 

N THICK< I N C H )  RCMU-OHM C M )  M+SIGMA U 
1 1 .OQOOOE+lO 130 1 e 4 1 0 6 5  I 
2 0.01 4.99 36.7503 I 
3 0.015 75 2.44512 1 
4 1 I .00000E+10 0 1 

R 1 =  0 .75  R2= 1-25  D R I V E R  L E N G T H  IS  0.3 
R3= 0.35 R4= 0.7 PICK UP L E N G T H  IS 0.1 
C 0 f L  MEAN R A D I U S  0.06 INCHES P I P E R A T I N G  F R E Q U E N C Y  lOOBC90 
P I C K  U P  R E C E S S E D  0 
M I N  LIFT-0FFz 0.05 LIFT-(BFF I N C R E M E N T =  0.0125 
DEFECT L B C A T E D  A T  R= 0.06 INCHES AND 
Z =  0.005 I N C H E S  BELBW S U R F A C E  OF 2 T H  L A Y E R  
D R I V E R  RES I N D U C T A N C E  N O  T U R N S  SHUNT C A P  NElR S i 4  PT 

5 9 - 0 6  2 022053E-4 252 1.00080E-12 0*$2?304 

1067.4 3 .20001 E-4 450 1 *OQOOOE- 12 0 e 99 1584 
P I C K U P  RES I N D U C T A N C E  N 0  T U R N S  S H U N T  C A P  N 0 f i  lM PI 

D R I V I N G  VBLF SERIES RES AMP G A I N  I N P U T  IMP 
10 10000QO 1 1000000 

DISCRlMINATBR V Q L T A G E  IS-1086118E-6 

0.05 0 m0625 0.075 0 . 0 8 7 5  0.1 

5.66040E-5 5.4199SE-5 5 1901 OE-5 4.97043E-'9 4m76056E-5 

0 1 e 3 6 0 4 O E - 4  1 070328E-4 1 19887E-4 1e495112E-8 
-0 9 994593 -0 .995917 -0 -997404 -0 99904 1 - 1  *OQ081 

LIFT-0FF = 1 - 7 0 3 2 8 E - 4  R A D I A N S  OR 9*75907E-3 D E G R E E S  
D E F E C T  U 0 L  IS  3*03081E-4 SHAPE & O R I E N T A T I B N  F A C T Q R  IS 1 
-9042610E-3 -9.4436QE-3 -9.45769E-3 -9 046964E-3 -9.47 690s-3 
1 CBXL D E S I G N  2 ATTEN. D E S I G N  3 D R I F T  CHECK 4 CON GAL 

? 1  - 
D R I V E R  W I R E  G A G E 8  T U R N S 8  P I C K - U P  W I R E  GAGE8 T U R N S  

DRIVER 252 T U R N S  OF U 48 WIRE 12 / L A Y E R  21 L A Y E R S  53ef236 QHW 
P I C K U P  SP8 T U R N S  EA # 58 W I R E  13 /LAYER 46 L A Y E R S  1344.82 BHMS TGITAL 
D R I V E R  R E S  I N D U C T A N C E  N0 TURNS SHUNT CAP NBh I M  FT 
53- 1236 2922053E-4 252 1.00000E-12 o . f f273os  

P I C K U P  RES I NDUC T A W  E NQ T U R N S  S H U N T  C A P  N013 PM PT 
1344 * 82 5 06510SE-4 5 911 1-00000E-12 08991584 

D R I V I N G  V B L T  S E R I E S  RES AMP G A I N  INPUT IMP 
10 1 OOOOQO 1 1000000 

D I S C R I M I N A T B R  V B L T A G E  1s-2 .47288s-6  

?48#0858B0 

0.05 0 00625 0 . 0 7 s  a-oEns 0.1 

7.52070E-5 7.20124E-5 6e89584E-5 6 0 60399E-5  6 e32 5 14E-5 

0 1 e36048E-4 I070335S-4 1 19887s-4 t . 49812E-8  
- 0 -  994917 -0 * 996241 -Q a 997728 -0 999364 - 1  *a01 I 4  

LIFT-0FF = 10703356-4 R A D I A N S  OR 9.759496-3  D E G R E E S  
DEFECT V Q L  IS 300308lE-4 S H A P E  8t B R I E M T A T I B N  F A G T 0 k  )is 1 

1 C0IL DESIGN 2 ATTEN. D E S I G N  3 D R I F T  CHECK 4 CBN CAE 
- 9  -425248-3 -9044360s-3 -90 45854E-3 -9 046836E-3 -9  97 O O 4 E - 3  

22 



?S.OE2~1.3E-10,3.3E3~7.9E-ll 
D V R  C T  10.2988 BELQW RES 1188.75 @ P T  KES 6.93088 K E S / f < E A C l A N C L  
P - U  CT 7.56445 AELGW RES 2663.27 @PT R E S  9037293 I<ES/I<EACTANGE 

N O K  I M  1'7 D R I V E R  R E S  I N D U C T A N C E  N 0  T U K N S  S H U N T  C A P  
53.1236 2.22053E-4 252 1.30000~- 1 a 0.827 304 

PICKIJP RES I N D U C T A N C E  N O  'TURNS SHUN'T C A P  N Q h  I M  Pi 
1344 s 82 Sm651OSE-4 5 98 7.90000E-11 0 * 3 9 3 5 8 4  

D R I V I N G  VBLT S E R I E S  RES AMP G A I N  INPUT I M P  

D I S C K I M I N A T B R  V B L T A G E  IS-3037434E-3 
10 800 1 3300 

0.05 0.0625 0.075 0 -08'9 5 0.1 

5 .  I 9 h 7 7 E - 2  5093711E-2 5-68856E-2 5 4507 4E--=? 5.22324E-'c: 

0 1.41263E-5 8*21054E-6 -1.4305lE-6 0 
- 1 e25436 -1.25634 -1.25923 - 1  026183 - 1  e26453 

L I F T - O F F  1*43263E*5 R A D I A N S  0 R  8.09378E-4 DEGREES 
D E F E C T  VDL IS 3003081E-4 S H A P E  & D R I E N T A T I Q N  FACXGaH 1s 1 
-9~25662E-3 -9.28992E-3 -9031980E-3 -9.34541E-3 -3036676E-3 
1 COIL DESIGN 2 ATTEN. D E S I G N  3 D R I F T  CHECK 4 GQN G A L  
?Z 

SYSTEM D R I F T  V A R I A T I Q N S  
% V A R I A T N  P A R A M E I  EH R A D  I A N  DEGREE X @F I-iANGE 

1 D R I V E R  R E S  -8e42959E-5 -4.82980E-3 51 8458 
1 PICKUP RES -1013413E-4 -6-49808E-3 6 Y  e7 54 
1 D V R  SHUNT C A P  -2.28956S-4 - 1  0311 182E-2 140.819 
1 P-U S H U N T  C A P  -6.56769E-4 -3076301E-2 403 9-43 
1 S E R I E S  RES 1064838E-3 9.44454E-2 -1013.83 
1 AMP INPUT RES 6.78599E-5 3 e88809E-3 -41  -7 363 
1 APPL-IED VBLT -8.04409E-4 -40 60893E-2 494.7 49 
1 F R E Q U E N C Y  -6.6Q783E-3 -00378401 4064 12 
1 MEAN R A D I U S  -8000069E-3 -0.458406 4920.79 

1 C Q I L  D E S I G N  2 A T T E N .  D E S I G N  3 D R I F T  CHECK 4 C8N GAL 
?" 

The user has exercised a l l  the  design options available,  and these options 

may be repeated, omitted, o r  taken i n  any order. The 8ASIC version of the  

p rogrm MJLTID follows 
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1 REM MULTIDCBASIC) 
10  R E M  HEFLECTIBN C B l L  F O R  D E F E C T  O F  MULTILAYER COINDUCT0KS 
40 DIM A < ~ ) D B ( ~ ) ~ C ( S ) I D < S ) ~ E < S ) ~ F C S ) J F < S )  
5 0  DIM M < 5 ) r P ( 5 > ~ 8 < 5 )  
199 REM CBNSTANT 
200 P 9 = 3 *  141 5 9  
2 10 PB=].8O/P9 
249 REM COIL DATA 
2 50R5= 0 6 
26CoRI  e.75 
27CsR2=1 - 2 5  
2 8 0 L 3 =  * 3 
290R3=.3S 
300R4z.7 
3 1 0 L 4 = .  1 
3 2 O L S = O  
330L6=.05 
340R6=59*06 
3SORT = I  067 4 
3 6ON3=252 
3 701\)4=450 
3 7 9  REM CIRCUIT DATA 
3 8 O R O = 1  E 6  
3 90R9=1 E 6  
400c h= 1 E- 12 
4 1 OC7 = I  E - 1  2 
420V0= 10 00 
43OGS=l  
4 40F=lOOE3 

470L7=L3-2*CL4+L§) 
4 8 0 L $ = L 7 + L 4  
4 9 O L 9 = t S + W t 6  
4 9 9  REM CBNDUCTOR DATA 

510 N9=4 
520 N8=2 
529 REM R E A D  T B K B U  
5 3 0  PR I NT ''N" D "'TH IC K C INCH 1'' J "R C MU-OHM GM )"'I "MI 5 IG W'' B 

5 3 7  READ T ( N ) r R ( N ) r U < N )  
539 NEXT N 
540 G 0  SUB 600 
S S O  F0R N = l  TB N9 
560 PRINT NDT(N~JR(N)~S(N)JU<N) 
570  NEXT N 
580 GW T0 750 
599 REM SUBR0UTINE F 0 R  M 
6 0 0  W=2*P9*F 
6 1 0  FOR N = l  T 0  N 9  
630 S < N ) = O  
640 IF H < N ) ~ I E 9  THEN 660 

660 NEXT N 

680 RETURN 
750 T<N9)=0 
759 REM DATA OF DEFECT PBSITIBNr VILUMER AND SHAPE: & OHiEN'i'ATI131V 

4 5 0 ~ 2 = . a  125 

SQO D I M  L ( ~ ) , G ( ~ ) J H ( ~ ) B I ( S ) J J < S )  

535 F@R N=1 TfB N 9  

650 S < N ) = . 5 0 9 4 * U < N ) * F * R S * K 5 / R < N )  

670 D O = 6 . 0 8 0 S E - 2 * F * R S * R S / R ~ ~ ~ ~  
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1660 FBR X=E31+S1/2 T 0  82 STEP S 1  
1670 G B  SUB 2000 
1 6 8 0  NEXT X 
1590  81=E32 

1 7 1 0  S1=*05 
172P IF Xs9 THEN 1660  
1 7 3 0  S I = . l  
1740  I F  Xc29 THEN 1660 
1750 SIz.2 
1760 IF Xe39 THEN 1660 
1 7 7 0  S I = - 5  
1780 IC Xd79  THEN 1660  
‘1790 RETURN 
1998 REM SUBRBUTINE FlilR L-FACTBR AND LNTEGRANTS 
1 9 9 9  REM FBR J-FACTBR 
2000 G 0  SUB 2700 
2 0 1 0  ws=0 
2020 w2=0 
2030 W6=0 
2 0 4 0  W7=0 
2050 W4=1 
2068 W 8 = 1  
2 0 7 0  W3=1 
2080 YF X*L5>20 THEN 2100 
2090 WS=EXP< -X*L5) 
2158 IF X*L2*20 THEN 2120  
2 1 1 C  WZ=EXPf-X*L2) 
2 1 2 0  I F  X*L6>20 THEN 2 1 4 0  
2 1 3 0  W6=EXP<-X*L6) 
2140 I F  X*L7>20 THEN 2 1 6 0  
2 150 W7=EXPC -X*L7 ) 

2 1 6 0  I F  x*L4>1S THEN 2220 
2 170 W 4 = 1  - E X P I  -X*L4) 
2180 IF X*L8>15 THEN 2220 
2 1 90 W8= 1 -EXPC - X * L 8 >  
2200 IF X*L3>15 THEN 2820 
2 2 1 0  w3=1 -EXP4 -X*L3> 
2220 IC X > 3 0  THEN 2 4 6 0  
2230 I F  X*L9>20 THEN 2460 
2 240 A 5 =W 6*W 6*W 3 *W 4*W 5 *W 8*S3 
2258 A6=W6*WS*W3*W3*S4 
2260 A 7  =W6*W 6*W 4*W4*W 5*WS*W 8 * W  8*SS 
2261 REM I N  SUBRQUTINE F@H L-FACTBH AND I N l E G k A N T  
2 2 6 2  A8=W6*W3*S6 
2264 A9=W6*Wd*WS*W8*ST 
2270 L61)=1 
22g5 F ~ R  ~ = 2  T @  5 
2290 L<J)=O 
2300 I F  J *X* t2>20  THEN 2320 
2310 LIJ)=W2*LCJ-l) 
2320 NEXT J 
2329 REM FOR GAMMA FACTBR 
2 3 3 0  GGI SU8 3200  
2 3 4 0  FQR J=1 T0 5 
2342 Q I = K I * L C J > * L ( J >  
2 3 4 4  QX=-NS*L<J)*LCJ) 

I 700 ~ 2 = ~ 2 + ~ 2  
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3640  V 2 = 2 * ( Y ( N + l  )*Ql - X < N + l  )*Q2)/06 
3 6 5 C  GO T@ 3 6 8 0  
3 66.0 V1 =V2=0 
3 6 7 0  REM V ( N 8 + l r N 9 )  
3 6 8 0  FQR N=N7+2  TB N9 
3 6 9 0  X l = X ( N )  
3 7 0 0  Y l = Y < N )  
3 7 1 0  G O  StiB 5 3 0 0  
3 9 2 0  GG SClB 5500 
3 7 3 0  XO=XI 
3 7 4 0  YO=Yl 
3 7 5 0  NEXT N 
3 7 6 0  V9=V7/V8+V8/V7 
3 7 7 0  K l = ( V 3 / V 8 + V 4 / V 7  ) / V 9  

3 7 9 0  KP=CVl /V8+V2/V7 ) / V 9  
3 8 0 0  N6=CV2/V8-V1 /V7 )/V9 
3 8 1 0  RETURN 
4 9 9 9  R E M  SC;BHQLlTINE FGR RETACXl r Y 1 )  
5 0 0 0  I F  M1<01*1E-5 THEN 5050 
5 0 1 0  83=50R(02+Ml*M1 1 
5020  X 1 ~ * 7 0 7  1 0 6 7 8 1  *SOk(Q3+Q1 ) /U1 
5 0 3 0  Y 1 = * ? 0 7  1067 81 *SQii< Q3-Ql ) /U1 
5 0 4 0  G O  TQ S O 7 0  
5 0 5 0  x 1  =.X/Ul 
5 0 6 0  Y1-0 
5 0 7 0  RETURN 
5 2 9 9  R E M  SUBkOUTINE F‘@H XFEkMATIBM MATRIX 1- 
5 3 0 0  P 2 = X 1  + X O  
5310 Q l = X I  - X O  
5320 P4=Y1 + Y O  
5330  C 3 = Y 1  - Y O  
5 3 4 0  Q S = l J ( N - l  ) * T C N - I  ) / K 5  
5 3 5 0  B6=EXPCQ5+XO) 
5350  0 7 = C @ S (  0 5 * Y O )  
5 3 7 0  88=SINCQ5*YO) 
5380 T I  =<O2*O7+O4*m) /86  
5390 T 2 = ( 0 4 * 0 7 - 0 2 * 0 8 ) / Q 6  
5400  T 3 = ( Q 1 * 0 7 - 0 3 * 8 8 ) * 0 6  
S 41 0 T4= C Q3*Q7 +Q1 *Q8 )*06 
5420 T5=(81*87+Q3*Q8)/Q6 
5 4 3 0  T6=((23*Q?’-Qt *C8)/@6 
5 440 T 7 =  (Q2*Q7-04*08 )*GI6 
5 4 5 C  T B = ( 0 4 * C 7 + 6 2 * 6 8 ) * 8 6  
5 4 6 0  R E T I J R N  
5493 R E M  SIJRROIJTINE F0R XFBKMATlQN MATFEPX V 
5 5 0 0  Q l = V l  
5 5 1 0  02=v2 
5 5 2 0  V l = ( Q l * X l - Q 2 * Y I  )*2 
5530 v2=c01*Y1+02*x1)*2 
558QQ3=V3 
5 590(34=V4 
5 600Q7=V7 
S610QE(=V8 
5 6 2 0  V3=T1*03-T2*Q4+T3*07-T4*08 
5 630 V4=T2*C3+T1 * O Y + T 4 * 0 7 + T 3 * Q 8  
5 hA0 V7=:T5*03-T6~04+T7*Q7 -T8*Q8 
5 6 50 V8 2: T 6 * 8 3  + T 5 *(I 4 +T 8 *Q 7 *T 7 *Q 8 

3 7 n 0  N ~ = c v ~ / v ~ - v ~ / v ~ ) / v ~  
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67 r i o p ~ :  INT "DR I V I  NG VQILTO* D v * ~ ~ ~  IES ~ ~ E S " D " A W P  F A   IN"*^*^ INPUT  IMP'^ 
~ ~ ~ ~ P R I N T V O D R O D G ! ~ J R ~  
6 7 60 PK I N T  "0 I SC R I M I NAT OK V 0LT A G E  
6770 PRINT 

6 9 8 9  REM IN SUBH0UTINE FQIi PRINTING RESULTS 
6800 PRINT 
B E 1 0  PRINT MPl ) D M C ~ ) ~ M < ~ ) ~ M < ~ ) E M < ~ )  
6820 PRINT PPI ) r P < 2 ) r P ( 3 > r P < 4 ) r P ( 5 )  
6830 PRINT Q < l ) ~ 0 < 2 ) ~ 0 ( 3 ) r Q ( 4 ) 1 ~ C 5 )  
6850 RETIJRN 
6999 REM SUBROUTINE FER LIFT'-BFF 
7 0 0 0  Q 1 = 0 ( 1 )  
7010 FUR J = 2  TG1 5 
'9020 IF ABS<Ql)>ARS(OPJ)) THEN 7040 
7030 Ql=Q<J) 
7040 NEXT J 
7050 PRINT "LIFT-OFF =" ;Ol  ;"HAUIANS Cai<'';Ql *PS;"DEGKEES" 
7 0 6 0  RETIJRN 
7'067 REM SUDR0UTINE F O R  PHASE SHIFT 
7070 PR1NT"DEFECT V0L 1S";VS;"SHAPE & BRIENTATIbN b-ACIBii I S " I A 0  
7080 Q2=0 
7090 FUR J = l  T 0  5 
7 In0 Q l = O 1  - A T N P V I / S Q H < M ( J ) * M < J ) - V l ~ V l  ))+P(J)-Q<J) 
7 110 02=(3)2+01 
7 1 2 0  PRINT Ol*PEIs 
'7130 NEXT J 
7 1 4 0  0-02/5 
7 1 5 0  RETURN 
7 1 9 9  HEM F 0 R  C01L DESIGN8 ATTENUATQHs DRIFT8 AND EXIT 
7200PRINT" l  C0II.. DESIGN 2 ATTEN. DESIGN 3 OKIFT CHECK 4 CBN GAL" 
7210INPUT NS 
7 220PK SN1' 
72300N N 5  GB T0 7300882001860019900 
7'299 REM F'BR C0IL DESIGN 
7300 PRINT "DRIVEF: WIRE GAGED TUKNSD PICK-UP WIRE GAGE, TUHNS" 
7310 INPLJT 01 9 Q 2 ~ 0 3 r Q 4  
7 3 1 9  R E M  F0R DRIVEK 
7 320 w 1 =R1 
7330 W 2 = R 2  
7 340 W3=L3 
7 3 5 0  G O  SUB 7510 
7 3 6 0  N3=Q2 
7 3 7 0  R6=89 
7 380 PRINT "DI.(IVEr?"IN3I"1'UiiNS ErC H" ;G I"d IkE"; 
7 390 P R I N T  07 ~ " / L A Y E ~ ? " i 6 ) 8 ~ " L A Y E ~ S ' ' ; 1 ~ 6 ; " 0 H M "  
7 3 9 9  R E M  F B R  PICKUP 
7400 Q1-Q3 
7410 02=Q4 
7 420 w 1  =R3 
7430 W2=R4 
7440 W3=L4 
7 4 5 0  G B  SUB 75iQ 
7 4 6 0  N4=Q2 
7470 R3=2*(39 
7' 480 PK I NT "P ICKUP" ; N 4  ;"TURNS EA #I" i G 3 ''N I RE" 3 
7490  PRINT C7 ;"/LAYEFC";;08;"LAYEKSa'IK7 I"BHMS TOTAL" 
7500 Gf2 TO 1135 

15" 3 V 1 

6780 PRINT 





8730 R6=R6*C 1 +El > 
87h0 PRINT 100*E1 r " D R 1 V E R  RES". 
8750 G 0  SUB 9320 
8 7 6 0  H6=R6/< 1 +El ) 
8770 IF E2=0 THEN 8820 
8780 R7=R7* (  1+E2) 

8800  GB SUB 9320 
8810 R 7 = R 7 / <  1 +E2) 
8820 IF E3=0 THEN 8870 
8830 C6=Ch*(l+E3) 
8840 PRINT 100*E3 8 "DVR SHUNT C A P @ ' r  
8850  G O  SUB 9320 
8860 Cb=C6/(1+E3) 
8870 IF E4=0 THEN 8920 
8880 C T = C ' I * (  1 +E4) 
8890 PRINT 100*E4ae@P-U SHUNT CAP"r  
8900 G B  SUB 9320 
8910  C 7 = C 7 / <  1 +E41 
8920 IF E7=0 THEN 8970 
8930 RO=RO*( 1 +E7 1 
8940 PRINT ~OO*E~D"SSERIES RES". 
8 9 5 0  GO SlJB 9320 
8960 R Q = R O / <  1 +E7 1 
8970 IF E 8 = 0  THEN 9020 
8980 R9=H9*( 1 + E 8 1  
8990  PRINT lOO*E8r"AMP INPUT RES@@* 
9000 G0 SUB 9320 
9010 R9=R9/<1+E8) 
9020 IF E9=0 THEN 9070 
9030 VO=VO*Cl+E9) 
9040 PRINT 100*E9rD'AAPPLIED V@LT"'r 
9050 G 0  SUB 9320 
3060 VO=VO/( 1 +E91 
9070 IF Al=O THEN 9120 
9080 F=F*Cl+Al) 
9090  PRINT 100*A1 r " F f ? E Q b ~ N c Y " r  
9100 G 0  SUB 9300 
9110 F=F/(l+Al) 
9120 IY A 2 = 0  THEN 9170 
9130 R5=R5*(1+A2) 
9140 PRINT 10O+A2*''MMEAN RADIUS". 
915C G 0  S U B  9300 
9160 RS=RS/<l+A2) 
9170 G B  TB 7200 
9299 HEM SUBR0UTINE FOR DRIFT 
9300 G 0  SUR 600 
9310  G 0  SUB 1500 
9315 Q = V S * A O + D O  
9320 G O  SUB 6000 
9330 Q1=0 
9350 FOR J = l  TCJ 5 
9360 02=01-ATN(02/SQR<M(J)*M<J)-02*82))+P<J)-~<J) 
3370 IF ARS(OI>>ABS<QB) THEN 9390 
9380  01-02 
9390 NEXT J 
7410 PRINT Ol~180*gl/P9r100*Q1/0 
9420 RETURN 
9900 END 

8790 PRINT 100*E2re'PICKUP RES". 
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MULTID, FORTRAN Version 

The FORTRAN version of MULTID i s  very s imi l a r  t o  the  BASIC vers ion.  

The l i n e  numbers given a r e  only f o r  i d e n t i f i c a t i o n  and e d i t i n g  purposes 

and have no e f f e c t  on t h e  a c t u a l  execution of t h e  FORTRAN program. The 

data must be typed i n  t he  seventh column, o r  s i x  spaces must first be 

typed w 

00250 

00260 

00270 

00280 

00290 

00300 

00310 

00320 

00330 

00340 

00350 

00360 

00380 

00400 

00370 

00390 

00410 

00420 

00430 

00440 
00450 

00510 

00520 

00540 

00550 

00560 

The data are input  as follows: 

R 5  = ( c o i l  mean rad ius  i n  inches)  

R1 = (normalized inner  rad ius  of  d r i v e r  c o i l )  

R 2  = (normalized outer rad ius  of  d r ive r  c o i l )  

L3 = (normalized length  of d r i v e r  c o i l )  
€33 = (normalized inner  r ad ius  of pickup c o i l )  

R 4  = (normalized outer  radius of pickup c o i l )  

L4 = (normalized length  of pickup c o i l )  

L5 = (normalized length of recess  of each pickup c o i l  from 

t h e  f ace  of t h e  d r i v e r  c o i l )  

~6 = (normalized minimum l i f t - o f f  of t h e  d r ive r  c o i l )  
R6 = ( r e s i s t a n c e  of dr ive r  c o i l  i n  ohms) 
R 7  = ( r e s i s t a n c e  of both pickup c o i l s  i n  ohms) 

N 3  = (number of t u r n s  on t h e  drives c o i l )  

N4 = (number of t u r n s  on each pickup c o i l )  

RO = ( i i r iver  ampl i f ie r  series r e s i s t ance  i n  ohms) 
Rg = (pickup ampl i f ie r  shunt r e s i s t ance  i n  ohms) 

~6 = (shunt capacitance of d r i v e r  c i r c u i t  i n  farads) 

C 7  = (shunt capacitance of pickup c i r c u i t  i n  f a rads )  

vo = (output vol tage i n  v o l t s )  

G5 = (amplifLer ga in)  

F = (opera t ing  frequency i n  H e r t z )  

L2 = (normalized l i f t - o f f  increment of t h e  d r ive r  c o i l )  

a9 = ( t o t a l  number of conductors * 1) 

N 8  = (number of t h e  s p e c i f i c  conductor with R defec t )  

DATA RHO/(res i s t iv i t ies  i n  microhm-em)/ 

DATA U/ ( pemeab ilit ies } / 
DATA T/( thieknesses  i n  inches ) /  
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00580 

00590 

R 8  = (normalized defec t  d i s t ance  from c o i l  a x i s )  

Z7  = (de fec t  d i s t ance  below t h e  sur face  of t h e  N8-th l a y e r  
i n  inches)  

00600 ~5 = (normalized de fec t  vo~ume) 

00610 Al = (shape and o r i e n t a t i o n  f a c t o r  of d e f e c t )  

The current; vers ion  o f  WLTID.Fb i s  l i m i t e d  t o  a maximum of n ine  con- 

ductors.  However, t h i s  l i m i t a t i o n  can be removed e a s i l y  by changing 

one DIMENSION statement:  

0 011 0 DIMENSION T ( N 9 ) ,  U(N9), RHO(Ng), M ( N 9 ) ,  BETA(N9) . 
The print-out of t h e  F O R T M  vers ion  of M'ULTID i s  p r a c t i c a l l y  iden- 

t i c a l  t o  t h e  BASIC version and w i l l  not be repeated. The m a i n  d i f fer-  

ence i s  t h a t  t h e  question mark i s  not p r i n t e d  out when t h e  program i s  

ready t o  accept data .  The Coi l  Design, Attenuator Design, D r i f t  Check, 

and Continue Calculations opt ions  are the same. The l i n e  numbers, 

constant names, and parameter va r i ed  i n  t h e  d r i f t  c a l c u l a t i o n s  a r e  as 

follows : 

Line Number 

04380 
- 

04 3530 
04400 

04410 

04420 

04430 

04440 

04450 

04460 

Con st a n t  

DR1 

DR2 

D R 3  
DR4 

DR5 
DR6 
DR7 
DR8 

DR9 

Parameter Varied 

Driver Resistance 

Pickup Resistance 

Driver Shunt Capacitance 

Pickup Shunt Capacitance 

S e r i e s  Resistance 

Amplifier Input Resistance 

Applied Voltage 

Frequency 

Mean Radius 

For example, t o  vary  t h e  d r i v e r  r e s i s t a n c e  by 2% one would type :  

04380 D R l  = 0.02 

As i n  t h e  BASIC vers ion ,  t h e  las t  two d r i f t s  r equ i r e  t h a t  t h e  e n t i r e  

numerical i n t e g r a t i o n  be repea ted  and are r e l a t i v e l y  long running, I f  

any of t h e  dr i f ' t s  i s  set equal t o  zero,  it w i l l  be omitted from t h e  

d r i f t  calci.ilations. 
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Sample Calcu la t ion  of MULTID.F4 

L e t  us suppose t h a t  we wish t o  design a r e f l ec t ion - type  c o i l ,  iden- 

t i c a l  t o  t h e  one designed by the  BASIC version. We put t h e  following 

data i n  t h e  program (gene ra l ly  by using t h e  EDIT MULTID.F4 command on 
the PDP-10 and i n s e r t i n g  t h e  s t a t emen t s ) .  A l l  l i n e a r  dimensions are 

normalized by d iv id ing  'by t h e  coil mean radius, except the  c o i l  mean 

r ad ius ,  which i s  i n  inches.  

00250 

00260 

00270 

00280 

00290 

00300 

00310 

00320 

00330 

00340 

00350 

00360 

00370 

00380 

00390 

004 00 

00410 

00420 

00430 

00440 

00450 

00510 

00520 

R 5  = .06 
R1 = .75 
R2 = 1.25 

L 3  = .3 

R 3  = e 3 5  

L4 = .1 
L5 = 0.0 

~6 = .05 

R 6  = 59.06 

R 7  = 1067.4 
N3 = 252.0 

N4 = 450.0 

RO = 1.0~6 
R 9  = 1.0~6 

Rh = .7 

C6 = 1,OE-12 

C7 = 1.OE-12 
vo = 10.0 
G5 = 1.0 
F = 1,OE5 

L2 = .0125 
Ng = 4 
N8 = 2 



00540 

00550 

00560 

00570 

00580 

00590 

00600 

00610 

DATA 

DATA U/h*1.0, 6*0. o/ 
DATA T/l.E10, .01, .015, 1.0, 6*0.0/  

RH0/130.0, 4.99, '75.0, l .El.0, 6*0.0/ 

L7 = L3-2.0*(Lb+L5) 

138 = 1.0  

z7 = .005 

V5 = 3.0308113-4 

A l  = 1.0 

The FORTRAN program may now be executed. The print-out w i l l  be 

e s s e n t i a l l y  i d e n t i c a l  t o  the BASIC pr in t -out  and will not be repeated. 

The PORTRAi'i' vers ion of M'ULTTD follows. 



QOOlOC T H I S  PRBGRAM E V A L U A T E S  THE S E N S I T I U P T Y  10 A UEFEC’I 
00020C LQCATED IN A N Y  GIVEN LAYER OF A MULTL-LAYERED MATEhIAL 
0 0030 GElMPLEX B E T A O B B E T A I ~ B E T A ~ V ~ T R ~ G A M M A ~ , G A M M A ~ B G A ~ ~ ~ Z , ~ U ~  
00040 C0MPLEX DRIVER,PICKUPBGMBIJBEX 
00050 CBMMPIN X r Z * Q I r P I / B I / B E T A Q s B E T A l  
0 00 60 CBMMQN / B 2 / R 1 , K 2 ~ R 3 , R 4 r L 3 r L 4 ~ ~ ~ r H 6 , ~ 7 , ~ 9 r ~ 6 ~ C 7  
0 0 0 7 0  CBMMBN / B ~ / V O I G S ~ W J F I K ~ ~ N ~ ~ N ~ ~ B ~ / ~ U ~ ~ D ~ I ~ ~ ~  
00080 CBMMBN / B ~ / P I C K U P D A  I K l  aAIR2/B4/GAGE,XIN. XQU1 
00090 CBMMON / B ~ / X L E N J T U R N S I N ~ A D J ~ ~ ~ E R L A Y ~ X L A Y  
00100 CEfMM0N / 8 3 / G H * I J / B S / V S r A l r D O  
001 10 DIMENSIBN T ( 1 0 ) r U ( 1 0 ) + K W a C l O ) , ~ ~ l O ) , ~ ~ ~ r A ~ ~ Q ~  
00120 DIMENSIBN V < 2 r 2 >  tTR C2~2 )rDhIVEH( 5 1 

001 40 DlMPNSIVlN S H I F f C S ) r M U T ( S ) r G H ( S ) , X J f 5 )  
001 50 REAL L 2 ~ t 3 * L 4 r L 5 r L 6 r L 7 t M ~ N 3 , N 4  
001 60 PI=3.1415926536 
001 7 0  
00180C 
001 90C 
00200c 
00210C 
00220 J K L = Q  
00230C THE FBLLQWING A R E  INPUT D A T A  F0R THE PARAMETERS OF THE 

00130 UIMENSI0N P I C K U P ( S ) r R L < S ) , T M A G ( ~ ~ ~ ~ ~ A ~ E ( ~ ~  

R A D r l  ET0 .O/P H 

00240C C ~ I L ~ M A T E R I A L S B  AND C I R C U I T  
00250 R5=*06 
00260 R1=.75 
00270 R 2 = 1 * 2 5  
00280 t3=.3 
00290 H3=.35 
0 0300 R 4 = - 7  
0031 0 L4=. 1 
00320 L5=0 * 0 
a0330 L6=.05 
00340 R6=59*0h 
00350 
00360 N3=252*0 
00375 N4=45O .o 
00380 R O z l  .OE6 
00390 R9=1 * O r 6  
00400 C b = l  oOE-12 
00410 C 7 = 1  *OE-12 
00420 V O = 1 Q  * O  
00430 G 5 = 1 * 0  
a0440 F=l m0ES 
0 0 4 5 0  L2= -0 I25 
OQ46OC N9 IS THE TQTAL NUMBER VIF LAYERS,INCLbDING THE C G I L  
0047QC 20NEaAND N8 IS THE LAYER I N  WHPCH THE DEFEC‘1‘ IS LECALED 
0045QC 
8 O W O C  

00510 N9=4 
00520 N8=2 
00530 IF<N~oLT.~*OK.N&.GE.N~) G O  T 0  1010 
00540 D A T A  R H 0 / 1 3 0 . 0 D 4 0 9 9 , ? 5 0 Q s 1 . E 1 0 1 6 * 0 1 0 /  
0 0 5 5 0  DATA U/4*1.0*6*Q.0/ 
00560 DATA ~/l.E10,.01r*O15r100~6*0~~/ 
00570 
00580 R 8 = I  -0 

R7 = I  067 9 4 

a o w o c  

L7 = L3 -2 0 * ( 1 4 +LS > 
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00590 
Q06Q0 
O O h l O  
0 0 620 
O Q  630 
0064OC 
0 0 650 
00660 
00470 
0 0 680 
00490 
00700 
00710 
00720 
00730 
00740 
00750 
007 60 
00770 
0 07 80 
007 90 
00800 
00810 
00820 
00830 
00840 
00850 
00860 
00870 
00880 
00890 
00908 
00910  
00920 
0 0 930 
00940 
00950 
00960 
00970  
6 0980 
QOSSBC 
0 1 080C 
O I l O l O  
0 1020 
0 1830 
0 IQ4 
0 1050 
OlQQO 
8 107Q 
0 f 080 
0 1090 
OllOQ 
OlillQ 
0%12Q 
01 130 
Oll40C 
01 l50C 
01140  X=BS-S1/2.0 
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011706 
0 1 1 8 0  
01190 
a 1200 

0 1220 
0 1230 
0 1240 
0 1250 
0 1260 
0 1270 
01280 
0 1200 
0 1300 
01310 
0 1320 
0 1330 
0 1340 
0 I350 
01360 
0 1370 
0 1380 
Q1390 
0 1400 
01410 
0 1420 
0 1430 
0 1440 
0 1450 
0 1 4 6 0  
Q 1470 
0 1.480 
Q 1 4 9 0  
0 1500 
OISIQ 
0 1520 
0 1530 
0 3 540C 
0 1550 
0156Q 
0 1570 
0 1580 
0 1590 
0 160Q 
01 til0 
0 1620 
0 1630 
0 1640 
0 1650 
0 1660 
0 1670 
0 1 4 8 0  
0 1690 
0 9 700 
0 1 7 1 0  
0 1720 
01730  
0 1740 

01210 



0 1 7 5 0  
0 1 7 6 0  
0 1 7 7 0  
0 1 7 8 0  
0 1 7 9 0  
0 1 8 0 0 C  
012110 
0 1820 
0 1830 
0 1848 
0 1 8 5 0  
01860 
0 1 8 7 0  
0 1 8 3 0  
0 1 8 9 0  
0 1 9 0 0  
0 1 9 1 0  
0 1 9 2 0  
0 1 9 3 0  
0 1 9 4 0  
0 1 9 5 0  
01960 
0 1 9 7 Q  
0 1 9 8 0  
0 1 9 9 0  
02000 
0201 0 
0 2020 
0 2030 
0 2040 
02QS0 
0 20 60 
02070 
02080 
02090 
0 2 1 0 0  
021 10 
02 I20 
02130 
0 2 1 4 8  
0 2 1  50 
0 2 1  60 
02170 
02180 
0211 90 
02200 
0 2 2 1 0  
02220 
02230 
0 2 2 4 0  
02250 
02260 
0 2 2 7 0  
0 2280 
0 2290 
0 2300 
8 2 3 1 0  
0 2320 

A S = W 6 * It16 * ld 5 * W 8 * W 9 * W 0 * S 3 
A6=W6*W 6*WE(*WH*S4 
A? =W 6*W 6*W5*WS*W9*W9*W0*WO*SS 
A 8  =w 6*W 8*S6 
A 9 = W  6*b19*WO*S7 

FGR X LARGE THE MATRIX CALCULATIBNS ARE BYPASSED 
IF(X.GT.30.0) GB TP) 385 
Q S U M = O  0 0  
N=N9 

180 IF(M<N).EO.O*O) GQ T0 190 
BETA(N)=CSQRT<CMPLX<X*XIM<N)))/U<N)))~U<N) 
G0 T Q  200 
BETA< N 1 = C M P L X <  X D  0 00 1 t 90 

2 0 0  Q S U M = Q S U M + R E A L C B E 1 A ( N ) ) * T C N ) / ~ ~  
IF(QSUM.GT.20.O.BR.N.EQ.I) GB T 0  210 
N=N-1 
G 0  TQ 180 

V < l , 2 ) = R E T A ( N * l ) - B E T A ( N )  
V<2,2)=BETA<N+1)*8ETA<N) 

I F ( N 8 * L T . < N 7 + 2 ) )  G B  TO 250 

2 1 0  N4=W 

BETA0 =BETA( Nd- 1 1 

N7 2=N7 +2 
IF(N72.GT.Nf3) GL3 TQ 250 
DPI 240 N - N 7 2 s N 8  
BETA1 =RETA<N) 
C A L L  X F B R M C N S T R J R ~ J U D T )  
JUMP=I 
C A L. L MAT R I X ( JUMP s V > Tii  J BETA 1 ) 

240 BETAO=BE:TAl 
250 I F < N 8 . l d T o < N 7 + 1 ) )  GO T0 270 

N =N8 
EX=CEXP<RETA<N)*<U<N)*<T<N)-Z7)/R5))  
V(lrl)=V(lr2)/EX*V<2~2)*EX 
I F < N 8 * L T * < N 7 + 2 ) )  G0 TB 260 
N7=N8-1 

260 60 TE) 290 
270 IFCN8.L.T.N?) GQ T 0  280 

EX=CEXPC BETA< N 1 *U<N 3 * 2 7 / 8 5  > 
G@ TB 290 
V<lr1)=2=0*BETA<N+l)/EX 

280 ~ ~ 1 ~ 1 ~ = ~ 0 . 0 ~ 0 . 0 ~  
290 N72=N7+2 

IF(N72-GT.N9)  GB TQ 302 
D8 300 N = N 7 2 r N 9  

CALL, 

CALL MATXIX<JUMPDVJTRJBETA~) 

BETAl=BETACN) 

JUMP-Q 

300 BETAO=BETA 1 
302 G A M M A ~ = V ( I ~ ~ ) / V < ~ D ~ )  

GAMMA2zVC 1 J 1 ) / V < 2 ~ 2 )  
R L < l > ~ l * Q  
TEST =X*L2 
I F < T E S f * G T * 2 0 * 0 )  G B  TQ 348 
W2=EXPI( -TEST) 
Gi3 TB 350 

XFPl RM < N J  TR r R 5 r  UDT 

340 W2=0.Q 





029%0 
02920 
0 2930 
02940 
02950 
02960 
02970 
02980 
029906 

03010 
0 3020 
0 3030 

03050 
Q306QC 
03070 
0 3088 
0 3890 
03100 
031 10 
03120 
03136 
03140 
03158 
031 $0 
03 170 
03180 
031 90 
03200 
0321 0 
0 3220 
03230C 
Q3240C 
03258 
03280 

03280 
03290 
03300 
0331 0 
0 3320G 
03330C 
0 3340 
03350 
03360 
03370 
03380 
03390 

034110 
03420 

03440 
03458 
03460 
03470 
0 3480 

o 3 ~ 0 0  

o m 4 o  

o 3 w a  

0 3 m o  

03430  

470 
470 F B R M A T C I H  ) 

RE( 1 )=L6 
D0 480 I=2+5 

480 RL(I)=LB+RLCI-I) 
TYPE 49QrRL 

TYPE 470 

TYPE 518, CTMAGC J ) r  J = l  s 5) 
TYPE SlOrCPHASECJ)sJ=1,5) 
TYPE 5 1 Or C SH I F'T C J > r J=1 r 5 1 
TYPE 470 
F O R M A T (  1 H 
CALL SENS<SMIFTJRAD) 

QDFIND=VS*AI*DB 
C A L L  CIRCT<TMAGrPHASErQQ.TlrT2+Q~~INB) 
TYPE 5 1 3 + V 5 * A 1  

498 F0RMATClH r4(F6.3r8X)rF6.3) 

THE VOLTAGE MAGNITUDES PHASE+ AND SWIFT ARE PRINTED 

5 1 Q + 4(  1 PEI 2- 5r2X > S E I  2 0 5 )  

THE EFFECT OF THE DEFECT IS DETERMINED 

513 F0RMATClH +*DEFECT V 0 L  IS'rlPE13-6, 
9 a SHAPE AND ORIENTATIBN FACT0KorE13*6) 
TYPE 470 
SEN-Q e4 0 
D0 5 1 6  J - 1 ~ 5  
RM=TMAG C J ) 
QPRINT=RAD+< SET-AI'AN2C V1+ SQHT<RM*RM-VI *V1> 1 
6 +PHASE(J>-SHIFT(J)) 
SEN=SEN+QPRlNT/RAD 

516 TYPE 518rQPRINT 
518 FBRMAT<lW+olPE12.Sr2Xb) 

SEN=SEN/SoO 
TYPE 478 

THE USER IS OFFEKEQ THE 0PTlGlN @F MAKlNG VAHIiElUS 

520 TYPE 530 
530 F0XMATCIM r * l  C 0 J L  DESIGN 2 ATTEN.  DESIGN 3 DRIFT CHECK 

DESIGN CHANGES 

1 4 CON GAL') 

ACCEPT 540rN5 

GB TO<S50+6HQr760r1010).N5 

TYPE: 470 

540  FPIRMATC I1 ) 

IN THE FIRST PBSSIBILITYo USER ENTERS INTEGER DATA F0K 

550 TYPE 568 
560 F(BRMAFC* DRIVER WIRE GAGE, TURNS+ PICKUP W I R E  G A G E r  

1 TURNS' > 
TYPE 470  
ACCEPT ~ ~ ~ J N ~ A ~ N ~ A ~ N ~ A I N ~ A  

IFCNlA*N2A-EQ.O) G0 T0 580 

Fi3UR FACTBRS3 ZERO MEANS NOT CHANGED FR0M INITIAL VALUE 

570 FBRMATC41) 

GAGEZNl.4 
XIN=RI *R5 
X0UT=R2*WS 
XLEN=L3*RS 
TURNS=N2A 
N3=N2A 
NlA=-I 
. J I  - 1  



03490 
03SFO 
0 3 5 3 0  
0 3 5 2 0  
0 3 5 3 0  
03540 
03550 
0 3 5 6 0  
0 3 5 7 0  

0 3 5 9 0  
0 3 6 C O  
03610 
0 3 620 
0 3 6 3 0  
0 3 640 
0 3 6 5 0  
0 3 6 6 0  
03670 
0 3 6%0 
0 3 6 9 0  
03700 
03710 
03720 
03430 
03740 
03750 
0 37 60 
0 377 0 
03786 
0 3 7 9 0  
03800  
03810 
03820 
03830 
03840 
03850 
03860 
03870 
03880 
03890 
0 3 900 
03990 
0 3 920 
0 J 930 
0 3 9 4 0  
03950 
0 3 9 6 0  
63970 
03980 
03990 
0 4000 
04010 
0 4520 
0 4030 
0 4040 
0 4 0 5 O C  

0 3 5 ~ 0  

0 4060C @THE&! PARAMETERS 



04070 686 TYPE 696 
04080 690 F O R M A T < '  DRIVER SERIES RES# SHUNT CAP* PICKUP SHUNT XESD 
0 4090 1 SHUNT CAP'> 
04100 TYPE 470 
041 10 ACCEPT 7QO1PlaP2rP3rP4 
04120 700 FQRMATC4E) 
04130 IF<PI*EQ.O*O) G 0  T 0  710 
041 40 R O - P I  
04150 710 IF(P2.EQ*0.0) GG1 TB 720 
041 60 c 6=P2 
04170 720 IFCP3eEQ.Q.O) GB T@ 730 
04180 R9=P3 
64190 730 IF(P4eEQ.O.O) GQ TB 740 
0 4200 C"IP4 
04210 740 Q5=1 .O/(W*SQRTCQl*Q2*C6)) 
8 4220 
8 4230 

04.250 Q9=SQRT<Q3*Q4/C79 
0 42 60 
0 427 0 TYPE ~ S O D Q ~ S Q ~ S Q ~  
04286 750 FBRMATCIH . 7 H D V R  CXT11PE12*5sl0H 3EL0W R E S D I P E ~ ~ . ~ ~  
04230 18H OPT ~ ? E S # I P E ~ ~ * S J ~ ~ H  RE%/KEACT.)  

04310 755 FBRMATCIH r7HP-U C K T D I P E ~ ~ * S S ~ O H  BELDW RES~lPE1205r 
0 4320 I 8N BPT f?ESDlPE12*5#llH R E S I R E A C T . )  

Q6zSQRTC Q 1  *Q2/Cb 3 
Q7=RO/( W *Q1 *I321 

04240 Q8=1 *Q/<W*SQRTCQ3*Q4*C7 ) 1 

Q10=R9/ CW*Q3*Q4 1 

0 4300 T Y P E  7558Q8#Q9#Q10 

04330 GB Ttl  400 
04340C THE THIRD PQSSXBILITY EXAMINES THE EFFECTS 8F DRIFTS 
043SBC QN THE SYSTEM 
04360  760  TYPE 770 
04370 790 FBRMATClH s23WSYSTEM DRIFT VAHIATIBNS3 
0 4380 D R 1 - 0  * 0 1  
0 43911 DR2zQ 0 1 
0 4400 BH3=0-01 
04410 BR4=O 01 
0 4420 D R 5 4  - 0  I 
04430 DR6zQ a 0 1 1  

0 4440 D R 7 = 0  a 0 1  
0 4450 B R 8 = 6  .o 1 
0 4460 D R 9 z O  a 0 1  
0 4 4 7 ~  G0 TB 790 
04480 7813 CALL C I R C F ~ C S E T S V I D S H I F T S R A ~ ~ S E N )  
a 4490 GQ T Q  < 9708 1 000) JKL 
94500 790 TYPE 800 
04510 890 FBRMA'T<IW s f  1HX V A R I A T P B N I ~ X D ~ ~ H P A R A M E T E R  VARDIX, 
0 4520 I ~ H R A D I A N S D ~ X D ~ H D E G R ~ ~ S D ~ X D ~ O ~ ~  OF RANGE) 
0 4530 IF<DRl*EQ*O*O) G 0  TB 830 
0 45n0 RS=R6*CB*O+DRE) 
0 4550 DR1 O O = l  QO * O * D R l  
0 4s so TYPE 82QrDRlOO 
0 4 5 ? 0  820 FBRMATCIH ~ P ~ ~ ~ D ~ O X D ~ ~ X D R I W E R  RES $ 3  
0 4580 C A L L  C X B C T ~ C S E T D V ~ S S H I F T D R A D ~ S E N )  
0 45?0 R b = R 6 / <  1 *O+DRI ) 
04680 830 IFCDR2.EQ*O*O) GB T0 850 
0 4 6 1 0  $7-W7*h 1 * O + D R 2 >  
0 4620 DR 1 00 BOO 0*DR2 
0 4630 TYPE 3401DRlO0 
04640 840 FBRMATClH P F ~ ~ ~ S ~ O X D ~ ~ X P I C K U P  RES $ 3  



h
 

113 

>
 

0
 

7
,
 

w 3
 

0
 

W
 

X
 
t
 
I
 

n
 

x
 
0
 

v-i ri 

0
 

cu 
m
 

m
 

i- m
 

I
I
 

z 
x 
€3 

0
 

!I -l 
Y

 
"4 

? i Y
 
3
 

0
 

6
 

a
 

:n 
w 

0. 

t 



n
n

 
n

 
W

 

a
 + U
 

4 U
 

a
 

W
 

\
 

N
 

* N * u? ? 0 -E 

if I II 

k
 

- c
.
 

m 0 t- 0
 

+ N
 

\
 

h7 
0
 

In
 

Q
 

m
 

6- 0
 

I 0 
x o 

ra
 

- 0
 

W
 

w
 It 
0
 

X
 

o
 

e
 

n
 
0
 

3
 

cu x
 

kt 
2
 

Q
 

m
 

z
 

w z 
Q

 

e
 

U
 

e
 

Y
 

4
 

h
 

Y
 

U
 

U
 

-3 

x
 

w
 * n 0 I- Lrl 

m + Q
 
e
 

w v
 

a
 

(P
( 

m Y
 

I1 
n

 
7
 

4
 

U
 

W
 
Q

i 
I-. 

3
 

X
 

w
 Y
 

n
 
0
 

d
 
c
 

W
 

v
 

m 1 
A

 

a
 
e
 

'd 
m

 It 
n

 
3
 

4
 

U
 

Y
 

U
 

CZ E- 

BL 
k- n

 
N
 

cu >
 4
 

4
 

U
 

4
 

n
 

cu 
N
 

ca 
2
 

Q
 

m
 

z
 

Lel 
E
 

D
 4
 

Y
 

H
 

H
 

4
 

Y
 

3
 

8
 

* n 7 4
 

H
 

W
 

a
 

c- f 

CI] 
A

 

'5 
W

 
Y

 

>
 II 

n
 

N
 

1
 

U
 

U
 

>
 

0
 

cu l- e 
a
 

I- rg
 
0
 

n
 

c
.
 

b
 

Q
 
w
 

a, 
E
 
3
 

3
 

Ir 0
 

Y
 

H
 

0
 

0
 

cu 
n

 
m

 
'5 
c
.
 

Y
 
0
 

* d a Ld m
 

* 0 cu II 
n

 

0
 

e
 

4
 

Y
 

L
.
 

>
 

ra
 
0
 

0
 

Q
 

0
 

II 
n

 
N

 

0
 

4
 

. W
 

4
 

w
 

W
 

>
 

eu $1 
3
 

0
 

\D
 

4
 
c
 

.-. 
e
 

m a 

n
 

e
 

4
 
e
 

W
 

2- 
I! 
n

 
e
 

4
 
c
 

W
 

65 

h
 

cu .L 
U

 
W

 
z=+ 
ti 
n

 
cu 4

 
U

 
Y

 

0
 

P
. 

x
 Y
 

x
 .w X
 

U
 

e
 

z
 

a
 
3
 

f- 
i+l 
DT 

z
 a: 
a
 

t- w Q
 

3
 

+ It 
Y

 

U
 

U
 

11 

Q
 

U
 

P
 

2
 

&J 

a
 

z
 

W
 

a
 
z 
Ld 





202 

O h 3 7 0  21iO I G = G  
0 6.380 G = I G  
06390 2120 X 2 ~ ~ ~ 9 9 8 9 + ~ 0 1 7 * ~ G ~ 1 0 ~ 0 ~ 1 ~ 0 ~ ~ * ~ 0 o 0 * ~ ~ ~ ~ 1 0 ~ 0 ~ 4 ~ 0 ~  
0 6400 D3=SBRT<I.Q371E-S/X2) 
0 641  0 IF(G.GT.40.0)  G Q  TO 2 1 3 0  
0 6420 X3=(*460655*AL0G(D3*l.OE3)-.43444)*~~~E-~ 
0 6430 G0 T 0  2140 
0 5 4 4 0  2130 X3=(98.02228*D3~2.56791E-2)*1.OE-2*1003 
06450  2140 ID=CRLN/<D3+X3)) 
0 h e h Q  D = I D  
0 6470 IE=(D2-D1)/CD3+X3) 
0 64HO E = I E  
0 6 4 9 0  I F ( N l A e E O . - l )  G O  T0 2150 
0 6500 T5=D*E 
06510 215F KES=T5*X2*<D2+Dl)*P1/12.0 
0 6 5 2 0  RETUKN 
0 6530 END 
0 6540 S U U R 0 l J T I N E  @Ir?C*I-1<01 J V ~  r @ ? R A D r S E N )  
0 6 5 5 0  CEPIM@N /B5/V5rA1 JDO 
O h 5 6 0  D I M E N S  I Q N  0 ( 5 )  ~ T M A G < S > D P H A S E ( S )  
0 6570 QDFIND=VS*AI*DO 
0 6 5 8 0  C A L L  C I R C T ( T M A G ~ P H A S E , B O I T ~ J T ~ J ~ ~ ~ I N ~ )  
0 6 5 9 0  01 -0eO 
0 6600 DC3 2200 J z 1 r S  
06610 ~ ~ = ~ ~ - A T A N ~ ( V ~ J S O ~ T < ~ M A G < J ) * T M A G < J ) * T M A G ( ~ ) ~ V ~ * ~ ~ ) )  
0 6620 1+PWASE(.J)-O(J) 
0 6630 I F < A B 9 < 8 1 ) . G T . A B S ( Q 2 ) )  GB T0 2200 
0 6640 0 1 =I32 
O h 6 5 0  2200 CENTINUE 
0 6660 0 2 NEW = Rk D * F 1 
0 6670 03=100.0*61/SEN 
0 6680 TYPE 2210rQt rQ2NEW103  
0 6690  22  10 FQRMATC 1 H+> 1 X J ~ <  1PE12 - 5  J 2 X )  J 1 f ’ E 1 2  5 )  
0 6 7 0 0  
O h 7 1 0  END 

RE T U li N 



S W Y  AND CONCLUSIONS 

The t h e o r e t i c a l  ana lys i s  and computer programs t o  st-ady eddy- 

cu r ren t  problems using r e f l e c t i o n  type  c o i l s  are given i n  t h i s  r e p o r t ,  

The r e s u l t s  of t h e s e  analyses will agree quite w e l l  w i t h  experimental 

results, wi th  errors on t h e  order of' 1% when t h e  c o i l s  a r e  l a r g e  enough 

t o  be accura t e ly  f ab r i ca t ed .  I n  gene ra l ,  the  conduct iv i ty  and th ickness  

c a l c u l a t i o n s  are more accu ra t e  than  t h e  defec t  ca l cu la t ions .  These 

p r o g r m s  allow h ighly  accu ra t e ,  complete, and rap.i.d design of optimum 
so lu t ion  t o  eddy-current problems without t h e  necess i ty  of f a b r i c a t i n g  

s tandards  o r  making experimental measurements and avoid expensive 

t r ia l -and-er ror  approaches t h a t  have less than  optimum results. 
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