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SUMMARY : 

The ET-12 i s  a  s o l i d  s t a t e  eddy c u r r e n t  t e s t e r  designed s p e c i f i c a l l y  

f o r  nondes t ruc t i  v e l y  measuri ng t h e  c l  ad t h i ckness  o f  N-Reactor f u e l s .  The 

t e s t e r  i nco rpo ra tes  a  1  i n e a r i  z i n g  c i  r c u i  t t o  c o r r e c t  f o r  t h e  i n h e r e n t l y  

n o n l i n e a r  eddy c u r r e n t  response t o  t h i ckness  o f  z i r c a l o y - 2  c l a d d i n g  over  

uranium. I t  rep laces  t h e  UE-2B t e s t e r s  which have been used s i n c e  i n i t i a l  

s t a r t u p  o f  t h e  r e a c t o r .  

The ET-12 represen ts  a  v a s t l y  s i m p l i f i e d  model i n  comparison w i t h  t h e  

UE-2B. I t s  de'si gn r e q u i  r e s  no t rans fo rmers ,  no i n d u c t i  ve f i  1  t e r i  ng , and 

employs a  l a r g e  a r r a y  o f  i n t e g r a t e d  c i r c u i t s ,  i n c l  ud ing  audio powers amp- 

l i f i e r s  and i n t e r n a l l y  compensated op amps. 

INTRODUCTION : 

The o r i g i n a l  N-Fuel s  c l a d  t h i ckness  t e s t e r s  (UE-2B) have been used 

s o l e l y  w i t h  i n i t i a l  ba lance i n  a i r  t o  produce t h e  c l a d  t h i ckness  response 

curve  shown i n  F igure  1-a. The i n h e r e n t  n o n l i n e a r i t y  o f  t h i s  cu rve  was 

n o t  h i g h l y  d e t r i m e n t a l  u n t i l  t he  advent o f  t h e  MK I V  t h i n '  c l a d  f u e l s .  I t  

may be seen f rom examinat ion o f  F igure  1-a t h a t  ex tens ion  o f  t h e  UE-2B 

t e s t  range i n t o  lower  t h i ckness  y i e l d s  an o v e r a l l  response curve  o f  

ques t i onab le  1  i n e a r i  t y  . A d d i t i o n a l  l y  , t h e  UE-2B response curve  i s  o f  an 

i n v e r t e d  na tu re  w i t h  i n c r e a s i n g  o u t p u t  f o r  decreas ing th ickness .  

F igure  1  -b shows the  ET-12 t es te ' r  response f o r  i n i t i a l  ba lance on 

uranium. Note t h a t  t h e  response i s  bo th  l i n e a r  and t h a t  ze ro  o u t p u t  

corresponds t o  zero  t h i ckness .  A lso  no te  t h a t  t he  uranium balance p ro -  

duces a  t h r e e  f o l d  i nc rease  i n  s e n s i t i v i t y  ( v o l t s  p e r  m i l )  o v e r  t h e  

o r i g i n a l  t e s t  mode. 



a)  UE-2B (original testers) 

b) ET-12 (new tester) 

Figure 1 .  Response curves o f  UE-26 and ET-12 testers 



For these reasons, NDT Systems Engineer ing,  BNW, was d i r e c t e d  by  

Douglas Un i ted  Nuclear ,  I n c .  t o  i n i t i a t e  t h e  rep1 acement o f  t h e  o r i g i n a l  

t e s t e r s  w i t h  a new des ign  t o  remedy t h e  above ment ioned problems. The 

r e s u l t  o f  t h i s  p r o j e c t  was development o f  t h e  ET-12 1 i n e a r  c l a d  t h i ckness  

t e s t e r  . 
The ET-12 i s  a s o l i d  s t a t e ,  temperature compensated t e s t e r  which 

con ta ins  a complete t e s t  channel on one chass is .  It i s  equipped w i t h  

s e l e c t i o n  of  two o p e r a t i n g  modes, d i r e c t  and l i n e a r .  The d i r e c t  mode 

e s s e n t i  a1 l y  dupl  i c a t e s  t h e  o u t p u t  c h a r a c t e r i s t i c  o f  t h e  UE-2B. Wi th  

i n i t i a l  ba lance on uranium i n  t h e  l i n e a r  mode, t h e  o u t p u t  response o f  

F i gu re  1-b i s  a t t a i n e d .  Outpu t  d r i f t  o f  t h e  ET-12 has been measured i n  

t h e  1 abora to ry  t o  l e s s  than  0 . I 25  mi 1 s o f  c l a d d i n g  p e r  hour.  

TEST TECHNIQUE 

A wide v a r i e t y  o f  s o l u i i o n s  t o  t h e  o r i g i n a l  n o n l i n e a r  response 

problem were eva lua ted  b e f o r e  s e l e c t i n g  a des ign  f o r  t h e  ET-12. . Among 

these were s i n g l e  c o i l  probes and phase d e t e c t i o n  eddy c u r r e n t  schemes, 

none o f  which were success fu l .  No commercial i ns t ruments  were found t o  

have s p e c i f i c a t i o n s  s u i t a b l e  f o r  t h i s  appl  i c a t i o n .  

Opt imal measurement o f  c l a d  t h i ckness  on ano ther  metal  w i t h  eddy 

c u r r e n t s  d i c t a t e s  a r a t i o  o f  t h e  two meta ls '  conduc t i  v i  t i e ,s  o f  a t  l e a s t  

10. Clad th ickness  measurement f o r  N f u e l  elements i s  compl i ca ted  by 

t h e  f a c t  t h a t  t h e  c o n d u c t i v i t y  r a t i o  f o r  z i r c a l o y - 2  and uranium i s  o n l y  
h 

2.4 

Under these condi ti ons , t h e  o r i  g i  n a l  UE-2B eddy c u r r e n t  c o n f i  gura- 

t i o n ,  dual  c o i  1 probe w i t h  amp1 i tude d e t e c t i o n  a t  ZOKHz, i s  t h e  most 



s e n s i t i v e  t h a t  may be a t t a i n e d .  The ET-12 t e s t e r  employs t h i s  mode o f  

o p e r a t i  on, w i  t h  t h e  i n c o r p o r a t i o n  o f  analog 1  i n e a r i  z i  ng c i  r c u i  t ry  f o r  

s t r a i  gh ten i  ng t he  response curve  .. 

FUNCTIONAL DESCRIPTION 

photographs o f  t h e  ET-12 t e s t e r  a re  i n c l u d e d  as F igures  2 and 3. 

F igure  2 i l l u s t r a t e s  t h e  t e s t e r ' s  f r o n t  panel .  Chassis component l a y o u t  

i s  shown i n  F igu re  3. 

The f r o n t  panel con ta ins  t h e  usual  ga in  and ba lance c o n t r o l s  and 

probe connectors .  An easy-view panel meter d i s p l a y s  t h e  t e s t e r ' s  ou tpu t .  

For 1  i n e a r  mode ope ra t i on ,  t h i s  meter  i s  c a l i b r a t e d  i n  m i l s  o f  z i r c a l o y - 2 .  

On t o p  o f  t h e  chass is  a r e  l o c a t e d  t he  f o u r  PC boards and a  power 

supply .  Note t h a t  t h e  d r i v e r  c o i l  a m p l i f i e r  board suppor ts  a  hea t  s i n k  

t o  d i s s i p a t e  power f rom t h e  I C  audio arsp l i f ie r . .  

A t  t h e  r e a r  o f  t h e  chass is  a re  l o c a t e d  BNC o u t p u t  j acks  f o r  m o n i t o r  

scope, r eco rde r  and o s c i l l a t o r  vo l t ages .  

SET-UP AND CALIBRATION 

Befo re  beg inn ing  any c a l i b r a t i o n ,  connect t h e  probe t o  t h e  i ns t rumen t ,  

t u r n  on t h e  power, drld d l l o w  t h e  probe tempevature t o  s t a b i l i z e  i n  t h e  

t e s t  tank  f o r  approx imate ly  1  minute.  

I D i r e c t  Mode. 

A .  Via obse rva t i on  o f  t h e  ba lance vo l t age  on t h e  mon i t o r  o s c i l l o -  

scope, ba lance t he  t e s t e r  t o  a  nu1 1  us ing  t h e  f r o n t  panel X 

and R ad justments  and chas is  mounted phase s h i f t  swi tches.  

To d u p l i c a t e  t h e  o p e r a t i o n  o f  t h e  o r i g i n a l  t e s t e r s ,  t h i s  ba lance 

i s  performed w i t h  t h e  probe f r e e  o f  any f u e l  p i ece .  
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6 .  Adjust  the f r o n t  panel gain as required t o  produce conformance 

o f  the t es te r ' s  output  w i t h  the master recorder t race  o f  the 

fue l  piece used f o r  standardizat ion.  

I1 LINEARMODE. 

A. , Lower the probe onto a piece o f  bare uranium. Via observation 

o f  balance voltage on the monitor osci l loscope, balance the 

t e s t e r  t o  a n u l l  using the f r o n t  panel X and R adjustments 

and chassis mounted phase s h i f t  switches. 

B. Place the probe on a s ta t ionary  fue l  standard i n  a l oca t i on  

where the c l ad  thickness i s  known t o  be 15 m i  1 s . Now ad just  

the f r o n t  panel gain t o  produce a reading o f  15 on the panel 

meter. Ver i f y  t h i s  reading f o r  both d i r e c t  and l i n e a r  modes. 

Ver i f y  the probe a1 ignment to lerance by tw ice r a i s i n g  and lower- 

i n g  the probe back on t o  the standard. I f  the same thickness 

reading i s  no t  obtained each time, probe wobble adjustment i s  

requi red. 

C. Place the probe on a s ta t lonary  t ue i  standara a t  a p o i n t  where 

the thickness i s  known t o  be 30 m i l s .  Ver i f y  conformance o f  

o f  the t e s t e r ' s  meter output t o  the curves o f  Figure 4. 

(25 on d i r ec t ,  30 on 1 inear ) .  

D. With the output  se lec to r  swi tch i n  the l i n e a r  pos i t ion,  the 

t es te r  i s  ready f o r  production tes t ing.  



SPECIAL CONSIDERATIONS 

1. The o u t p u t  meter on the tester 's  front panel i s  no t  intended for 

faci l i  tating balance adjustments. The slow response time of this 

meter allows one t o  adjust a balance control completely through null 

before i t s  nu1 1 i tself  i s  registered on the meter. The monitor scope 

should be employed for balancing. 

2.  Uhen performing init ial  balance, i t  i s  he1 pful to decrease tester 

gain so that the o u t p u t  to the monitor scope is n o t  being clipped in 

the tester circuitry. A clipped waveform on the scope heavily masks 

the indications of approaching a nu1 1.  

3. The operation of two chassis in the same console with individual 

osci 1 lators may result in beat frequency interference. Refer t o  

osci 11 ator section, Appendi x I ,  for instructions on synchronous 

operati on. 

4. To init ial  ly cal i brate a 1 inearizer board for proper curvefi tting, 

refer t o  instructions in Appendix I .  (Page 1-11) 

LINEAR OUTPUT MODE 

Introduction 

Analog circuitry on the ET-12 1 lnearizer board subjects the input 

DC signal t o  an antilog operator t o  straighten the overall response curve. 

The curves of Figure 4 display the circuitry's computational proper- 

t ies.  I t  may be shown that for a gain setting which produces 1 volt for 

10 mils thickness after init ial  balance on bare uranium, the nonlinear out- 

p u t  curve (direct mode) may be expressed by the following function: 



Figure 4 .  ET-12 responses f o r  both d i r e c t  and l i n e a r  modes 



1) V = O . l t  f o r }  0 5 t 5 15 m i l s  

and 2) 

which arranges t o  I 
f o r  t> 15 m i l s  - 

where t = thickness & V = d i r e c t  mode output  voltage 

Der ivat ion o f  Equation 2 

The funct ion o f  Equation 2 was o r i g i n a l l y  derived from p l o t t i n g  the 

response curve on semi l o g  graph paper, as i n  Figure 5. For t - >15 m i l s  , 

where actual  non l inear i t y  ex is ts ,  the curve p l o t s  as a s t r a i g h t  1 i n e  on 

semilog paper. This d ic ta tes  a funct ion o f  the form: 

3 I n t  = 1nA + VlnB o r  V = 

Where B i s  the slope and A i s  the thickness i n te r cep t  

f o r  V = 0. 

Rearrangement and a n t i  1 oggS ng y i e l d s  the form o f  Equation 2, wh'ich 

v i s  t = AB . 
From d i r e c t  examination o f  Figure 5, the zero i n te r cep t  f o r  the 

s t r a i g h t l i n e  po r t i on  o f  the curve ( t  - > 15 m i l s )  i s  A=5.2. 

The value for  B may be ca lcu la ted by p ick ing  any two po in ts  on the 

curve ( f o r  t 2 15 m i l s )  and subs t i t u t i ng  t h e i r  values i n t o  Equation 3. 

P ick ing P I  = 2.5 vo l t s ,  30 mi ls ,  and P, = 1.5 vo l ts ,  15 mi ls ,  

we have: 

I n  30 = I n  A + 2.5 I n  B 

and  1 n 1 5 = l n A + 1 . 5 l n R  

-1 0- 



Figure 5. ET-12 direct (response plotted on semi-log 
paper for de ivation of curve constants. t 



Sub t rac t ion  y i e l d s  

S u b s t i t u t i n g  t h e  value f o r  A and B i n t o  Equation 3 y i e l d s  

l n t  = In  (5 .2)  + V I n  ' (2 .0)  

Rearranging and t ak ing  t h e  a n t i l o g  y i e l d s  Equation 2 ,  i . e . :  

Li n e a r i z e r  Operation 

, The ET-12 l i n e a r i z e r  c i r c u i t r y  ope ra t e s  upon t h e  d i r e c t  mode vol tage  

t o  produce 

4 )  V o u t = O . l t  

f o r  a1 1 th i cknesses  i n  t h e  t e s t e r s  range .' This  ope ra t ion  pre-supposes 

t h a t .  t h e  t e s t e r s  gain i s  s e t  t o  produce Vout = 0.1 vol t /mil  i n  t h e  

n a t u r a l l y  1 i  near  th ickness  range ( 0  2 t 5 1 5  mi 1 s ) .  

The l i n e a r i z e r  con ta ins  an analog switch which t r a n s f e r s  t h e  boa rd ' s  

ou tput  t o  t he  inpu t  vo l tage  f o r  Vin 5 1 .5  v o l t s ,  and t o  t h e  l i n e a r i z e d  

s igna l  f o r  Vin 3 . 5  v o l t s .  

For Vin - > 1 . 5  v o l t s ,  t h e  t r a n s f e r  func t ion  o f  t h e  l i n e a r i z e r  

c i r c u i t  i s :  

5)  "out ( l i n e a r )  = -52  [alog(2)Vin ( d i r e c t )  I 



f rom Equation 2  we have 

Vin ( d i r e c t )  = 1  
I n  2.0 

Changing the  'base o f  the l oga r i t hm from naper ian 

(e )  t o  base 2  y i e l d s  

Vin ( d i r e c t ) =  l o g  
( 2 )  [&I 

s ince l o g  
(2 )  

(2 )  = 1  

S u b s t i t u t i n g  t h i s  i n t o  Equation 5 y i e l d s  

which i s  the  system response f u n c t i o n  i n  the 1  i nea r  mode f o r  a1 1  

values o f  t 'in the t e s t i n g  range. 

The ET-12 l i n e a r i z e r  board may be c a l i b r a t e d  t o  s t r a i g h t e n  curves 

v of t he  type t = AB over a  wide range o f  values f o r  t he  constants 

A and B. 

See Appendix I f o r  i n s t r u c t i o n s .  



APPENDIX I 

ET-12 CIRCUIT OPERATION 

T h i s  appendix i s  d i v i d e d  i n t o  f o u r  sec t i ons .  Each s e c t i o n  covers 

t h e  c i r c u i t  o p e r a t i o n  f o r  one o f  t h e  f o u r  types o f  ET-12 c i r c u i t  boards. 

A s i g n a l  p rocess ing  b l o c k  diagram appears i n  F igure  1-1. F igure  

1-2 i s  a  complete c i r c u i t  d iagram o f  t he  t e s t e r ,  and i s  a v a i l a b l e  f rom 

c e n t r a l  f i l e s  as #M-3-29499. 

Pr imary des ign  f ea tu res  o f  t h e  ET-12 i n c l u d e :  

A) 100% s o l i d  s t a t e  c i r c u i t r y .  

B) No t rans fo rmers .  A1 1  balance and phase s h i f t  f u n c t i o n s  a re  

performed w i t h  a c t i v e  RC networks.  Th i s  e l i m i n a t e s  t h e  hand- 

wound t rans fo rmers  con ta ined  i n  o r i g i n a l  t e s t e r s  . 

C) A t o t a l  o f  o n l y  two chokes p e r  chass is ,  w i t h  o n l y  one o f  these 

p o s s i b l y  r e q u i r i n g  on-s i  t e  f a b r i c a t i o n .  (L2 on t h e  probe 

d r i v e r  board r e q u i r e s  100 ph a t  l e s s  t han  1 ohm dc res i s tance .  

' Th i s  does n o t  appear t o  be commerc ia l ly  a v a i l a b l e . )  The o t h e r  

choke i s  i n  t h e  o s c i l l a t o r  t ank  c i r c u i t .  

Low pass a c t i v e  RC f i l t e r s  on t h e  ba lance a m p l i f i e r  board 

supply  30 DB o f  second harmonic suppression. 



Power 
- 

Amp1 i f i e r  

I Direct  

Linearizer 

~ 
Driver 
Coil Coil  

. / )  .. Figure 1-1. ET-12 s.i gnal processing 

6 
Output t o  
meter and 
recorder 
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D) Automatic Ampl i tude c o n t r o l  o f  the  o s c i l l  a t o r  ou tpu t .  

E) An i n t e g r a t e d  c i r c u i t  d r i v e r  c o i l  a m p l i f i e r  capable o f  15 

wa t t s  ou tpu t .  

ET-12 OSCILLATOR BOARD 

The o s c i l l a t o r  i s  cen te red  about  one dual  op amp i n t e g r a t e d  c i r c u i t .  

One o f  t h e  op amps, A-1, i s  opera ted  as an LC-tuned feedback o s c i l l a t o r  

w i t h  AGC. The o t h e r  a m p l i f i e r ,  A-2, i s  used as an o u t p u t  f i l t e r  and 

d r i  ver .  

O s c i l l a t o r  o u t p u t  i s  r e c t i f i e d  i n  Dl  and compared t o  t h e  re fe rence  

vo l t age  o f  zener D2. The d i f f e r e n c e  o f  these two vo l tages  i s  f e d  t o  t h e  

< ga te  o f  f i e l d  e f f e c t  t r a n s i s t o r  Q1. Th i s  t r a n s i s t o r  operates as a  vo l t age  

c o n t r o l l e d  r e s i s t o r  t o  c o n t r o l  t he  op amp's g a i n  and consequent ly  t h e  

ampl i tude o f  o s c i l l a t i o n .  

As D2 i s  a  temperature compensated,,sharp t u rn -on  I C  zener,  ve ry  

t i g h t  c o n t r o l  o f  t h e  l o o p  g a i n  i s  achieved. Th i s  r e s u l t s  i n  u l t r a  s t a b l e  

o s c i l l a t i o n  amp1 i tude.  Ampl i tude  adjustment  i s  made w i t h  PI , and should 

be s e t  t o  3 v o l t s  pk-pk a t  t h e  board ou tpu t .  

O s c i l l a t i o n  frequency i s  c o n t r o l l e d  w i t h  L1, and shou ld  be s e t  t o  

20 KHz. 

The o s c i l l a t o r  o u t p u t  i s  doubly  f i l t e r e d  i n  t h e  i n p u t  and feedback 

loops o f  t h e  second op amp, which serves as an o u t p u t  d r i v e r .  Clean 

waveform i s  e s s e n t i a l  a t  t h e  board ou tpu t ,  s i n c e  harmonic con ten t  does 

n o t  n e c e s s a r i l y  g e t  n u l l e d  a long  w i t h  t h e  fundamental i n  t h e  ba lance 

ampl i f i e r s  . 



One ET-12 o s c i l l a t o r  i s  capable o f  d r i v i n g  two chass is .  Th i s  may 

be a t t a i n e d  by p u l l i n g  t he  o s c i l l a t o r  board f rom one chass is  and comple t ing  

a connec t ion  between o s c i l l a t o r  BNC j acks  a t  t h e  r e a r  o f  each chass is .  

Two o s c i l l a t o r s  connected i n  t h i s  manner w i l l  n o t  synchronize.  Some 

beat- f requency i n t e r f e r e n c y  may appear i f  two chass is  i n  t h e  same console 

a re  operated independent l y  w i t h  i n d i v i d u a l  o s c i l l a t o r s .  

ET-12 POWER AMPLIFIER BOARD 

The power a m p l i f i e r  employs a 15 w a t t  I C  aud io  a m p l i f i e r  t o  e x c i t e  

t h e  d r i v e r  c o i l .  The des ign  achieves a minimum o f  components f o r  d r i v e  

a t  t h i s  power l e v e l .  

R95 i s  a  c r i t i c a l  component f o r  t h e  I C .  Wi th  p i n s  4-5 open, t h e  

a m p l i f i e r  w i l l  draw qu iescen t  c u r r e n t  f rom t h e  DC supp ly  a t  a  f l o w  

s u f f i c i e n t  f o r  s e l f  d e s t r u c t i o n  w i t h i n  severa l  minutes.  

O s c i l l a t o r  i n p u t  i s  a t t enua ted  by R96-R97 t o  produce approx imate ly  

600 ma pk-pk i n  t h e  d r i v e r  c o i l  f o r  a  3V pk-pk i n p u t  a t  p i n  A. A hea t  

s i n k  i s  r e q u i r e d  t o  d i s s i p a t e  power l o s t  i n  t h e  I C  so t h a t  s t a b l e  

a m p l i f i e r  ga in  i s  mainta ined.  

o u t p u t  c i  r c u i  t r y  (L2 ,C45) p rov ides  a novel  y e t  obvious f u n c t i o n .  

C o i l  L2 i s  needed i n  s e r i e s  w i t h  t h e  d r i v e r  c o i l  t o  boos t  t h e  equiva-  

l e n t  l o a d  impedance presented t o  t h e  a m p l i f i e r .  The d r i v e r  c o i l  i m -  

pedance i s  approx imate ly  12 ohms i n d u c t i v e ,  through which t h e  600 ma ex- 

c i t a t i o n  c u r r e n t  can e a s i l y  be f o r ced  w i t h o u t  l o a d i n g  t h e  a m p l i f i e r  

excess i  v c l y  . 
The a d d i t i o n  o f  C45 pu t s  t h e  t o t a l  l oad  presented t o  t h e  a m p l i f i e r  

i n  o r  ve ry  near  t o  p a r a l l e l  resonance. T o t a l  c u r r e n t  t h e  a m p l i f i e r  must 



supp ly  i s  thereby  g r e a t l y  reduced and b rought  near  t o  u n i t y  power f a c t o r .  

ET-12 BALANCE & AMPLIFIER BOARD 
( a )  

The balance and a m p l i f i e r  board con ta ins  a c t i v e  RC phase s h i f t i n g  

c i r c u i t r y ,  summing ampl i f i c a t i o n ,  30 DB o f  second harmonic suppress ion 

w i t h  a c t i v e  RC f i l t e r s  , and a  p r e c i s i o n  r e c t i f i e r - D C  ampl i f i e r .  

Reference i n p u t  f rom t h e  o s c i l l a t o r  undergoes phase s p l i t t i n g  i n  

42, and s w i t c h  S1 p rov ides  180" o f  phase s h i f t .  Sw i tch  S2 p rov ides  90" 

phase s h i f t .  T r a n s i s t o r  43 and p o t  P4 form a  t r ans fo rmer l ess ,  cons tan t  

amp l i tude  phase s h i f t  b r i d g e  f o r  a  con t i nuous l y  v a r i a b l e  90" phase 

s h i f t .  Thus t h e  i n p u t  t o  Q4 can be s h i f t e d  a  complete 360" around t h e  

re fe rence  o s c i  1  l a t o r  i n p u t .  ~ r a n s i s t o r  Q4 p rov ides  e m i t t e r  f o l l o w e r  

d r i v e  t o  p o t  P5, which es tab l i s 'hes  ampl i tude  c o n t r o l  o f  t h e  ba lance 

vo l t age .  

P ickup c o i l  vo l t age  i s  g i ven  a  g a i n  o f  4.7 i n  Q5. From t h e r e  i t .  

i s  f e d  t o  summing a m p l i f i e r  A3. The o u t p u t  o f  A3 i s  t h e  sum o f  p ickup  

c o i l  and ba lance vo l tages .  A3 performs t he  nu1 1  ba lance f u n c t i o n  w i t h  

a  vo l t age  g a i n  o f  approx imate ly  200. 

The o u t p u t  o f  A3 i s  f e d  through two cascaded a c t i v e  RC low pass 

f i  1  t e r s  composed o f  Da r l  i ngton  p a i  r s  Q6-Q7 and Q8-Q9. These ampl i f i e r s  

w i t h  t h e i r  tw in -T  feedback networks produce approx imate ly  30 DB o f  

second harmonic r e j e c t i o n .  The composite bandpass c h a r a c t e r i s t i c  f o r  

t o t a l  system g a i n  i s  shown i n  F igure  1-3. See re fe rence  #2 f o r  a  f u r t h e r  

i n f o r m a t i o n  on des ign o f  these a c t i v e  f i l t e r s .  

T r a n s i s t o r  Q10 p rov ides  e m i t t e r  f o l l o w e r  o u t p u t  d r i v e  f o r  t h e  . 

rrror~i t o r  scope. Q11 i s  an e m i t t e r  f o l l o w e r  which d r i v e s  ha1 f wave 

. . 

a) A component l a y o u t  o f  t h i s  board i s  i nc l uded  as F igure  1-3. A l l  o t h e r  
boards have component l o c a t i o n s  l abe led ,  



r e c t i f i e r  D4. R e c t i f i e r  o u t p u t  t o  DC a m p l i f i e r  A4 con ta ins  o n l y  nega t i ve  

h a l f  cyc les .  The p o s i t i v e  h a l f  c yc l es  a r e  conducted t o  ground th rough 

D5, R64 and C32. Th i s  i s  necessary t o  m a i n t a i n  t h e  n e t  charge on c o u p l i n g  

c a p a c i t o r  C31 a t  zero.  The r e c t i f i e d  vo l tage ,  p r o p o r t i o n a l  t o  p ickup  

c o i l  i n p y t ,  ' i s  g i v e n  a  g a i n  o f  two i n  A4, w i t h  feedback network .R12-C35 

p r o v i d i n g  low pass no i se  f i  1  t e r i n g .  

The maximum n e t  system ..gain, i .e. t he  change i n  DC o u t p u t  f o r  a  

g i ven  change i n  p ickup  c o i l  i n p u t ,  i s  3200, o r  70 DB. Maximum AC ga in  

i s  112 t h i s  va lue,  1600 = 64 DB. 

A m p l i f i e r  A4 p rov ides  DC d r i v e  t o  t h e  reco rde r  o u t p u t  and f r o n t  

panel meter  i n  t he  d i r e c t  o u t p u t  mode. I t  d r i v e s  t h e  l i n e a r i z e r  board 

i n  b o t h  d i r e c t  and 1  i near  modes. 

ET-12 LINEARIZER BOARD 

I n t r o d u c t i o n  

The ET-12 l i n e a r i z e r  board con ta ins  a  temperature compensated a n t i -  

l o g  c i r c u i t  and a  p r e c i s i o n  analog s w i t c h  f o r  t r a n s f e r r i n g  t h e  boa rd ' s  

o u t p u t  between l i n e a r i z e d  and i n p u t  s i g n a l s .  

A n t i - l o g  c i r c u i t r y  i s  composed o f  a m p l i f i e r s  A5, A6 and A f ,  and 

t r a n s i s t o r s  413 and 414. A m p l i f i e r  A8 and t r a n s i s t o r s  Q15 and 416 

make up ' t h e  s w i t c h i n g  c i r c u i t r y .  

Analog Swi t c h i r ~ y  C.i iicu-i t r y  

Assuming t e s t e r  c a l i b r a t i o n  as descr ibed  i n  t h e  main s e c t i o n  o f  t h i s  

manual, t h e  t e s t e r ' s  d i r e c t  o u t p u t  vo l t age  i s  1  i n e a r  up t o  1.5 v o l t s  = 

15 m i l s .  No a n t i - l o g g i n g  i s  needed i n  t h i s  range, and t h e  i n p u t  a t  p i n  H 

I 



i s  t r a n s f e r r e d  th rough s w i t c h  Q15 d i r e c t l y  t o  t h e  o u t p u t  a t  p i n  A. 

A m p l i f i e r  A8 i s  connected i n  a  vo l t age  comparator mode, and w i l l  s w i t c h  

when t h e  i n p u t  vo l t age  becomes g r e a t e r  than  t h e  1.5 v o l t  b i a s  on re fe rence  

i n p u t  p i n  3. Vol tage d i v i d e r s  R90, R91 and R84 e s t a b l i s h  t h e  re fe rence  

vo l tage .  , ' 

When'the i n p u t  vo l t age  becomes g r e a t e r  t han  1.5 v o l t s ,  t h e  o u t p u t  

o f  A8 drops firom + Vcc t o  - Vcc. T h i s  s imu l taneous ly  t u r n s  415 OFF and 

416 ON, t r a n s f e r r i n g  t h e  boa rd ' s  o u t p u t  t o  t h e  a n t i  - l o g g i n g  c i r c u i t r y .  

A ve ry  smooth t r a n s i t i o n  i s  ob ta i ned  a t  t h e  o u t p u t  s i n c e  b o t h  d i r e c t  and 

a n t i - l o g  vo l tages  a re  equal (1..5 v o l t s )  a t  t h i s  p o i n t  assuming p roper  

1  i n e a r i  ze r  c a l  i b r a t i  on. 

A n t i  -Log C i r c u i t r y  

The a c t u a l  a n t i - l o g  f u n c t i o n  i s  performed by 414. A m p l i f i e r  A7 

per forms as a  c u r r e n t - t o - v o l  tage conve r te r  f o r  o u t p u t  d r i v e .  Q14 i s  

d r i v e n  by .  vo l t age  f o l  l owe r  A6. Summing amp1 i f i e r  A5 d r i v e s  A6 w i t h  t h e  

sum o f  t h e  temperature compensated i n p u t  vo l t age  and t h e  zero -b ias  temp- 

comping vo l t age  f rom 413. 

It i s  w e l l  known t h a t  f o r  a lmost  any s i l i c o n  t r a n s i s t o r ,  t h e  c o l l e c t o r  

c u r r e n t  i s  p r o p o r t i o n a l  t o  t he  a n t i  - l o g  o f  t h e  base e m i t t e r  vo l tage .  (See 

re fe rences  1  , 3, and 4 ) .  S ta ted  d i f f e r e n t l y ,  t h e  base e m i t t e r  vo l t age  

i s  p r o p o r t i o n a l  t o  t he  l o g  o f  t h e  c o l l e c t o r  c u r r e n t .  

The c o l l e c t o r  c u r r e n t  I c  o f  Q14, a1 1  o f  which f l ows  i n  R82, produces 

an o u t p u t  vo l t age  f rom A7 which i s  t h e  p roduc t  o f  I c  and t h e  va lue o f  

R82. There fo re  t h e  o u t p u t  vo l t age  o f  A7 i s  p r o p o r t i o n a l  t o  t h e  a n t i - l o g  

o f  Q14 's  base e m i t t e r  d r i v e  vo l t age .  As t he  base e m i t t e r .  d r i v e  i s  a  
I 



f u n c t i o n  o f  the  t e s t e r ' s  th ickness  vo l tage,  the  board 's  o u t p u t  i s  an 
' 

a n t i  - l o g  . f u n c t i o n  o f  t he  th ickness vo l tage.  

The c i r c u i t r y  between 414 and t h e  board 's  i n p u t  prov ides temperature 

compensation f o r  Q14 and cond i t i ons  t h e  i n p u t  s i g n a l  so t h a t  l i n e a r  ou t -  

p u t  i s  ob ta ined f o r  a  g iven p a i r  o f  constants A, B '  i n  t he  system t h i c k -  

ness response f u n c t i o n  (Equat ion 3 ) .  

A mathematical ana l ys i s  o f  t he  a n t i  - logg ing  f u n c t i o n  f o l  lows : 

It has been shown ( a )  t h a t  l o g  r e l a t i o n s h i p s  e x i s t  i n  a  s i l i c o n  

t r a n s i s t o r  over  as many as n i n e  decades accord ing t o  t he  f o l l o w i n g  

equat ion:  

Where I c  - dynamic c o l l e c t o r  c u r r e n t  

10 = qu iescent  p o i n t  col1,ector c u r r e n t  

e  = n a t u r a l  l o g  base, i .e. 2.718 

Veb = base e m i t t e r  vo l tage 

T  = absolute temperature 

q = se l~ i iconductor  cons tan t  

k = Boltzmann's cons tan t  

Expressed l o g  form, t h i s  becomes: 

I n  t he  ET-12 1  i n e a r i z e r  c i r c u i t ,  t he  ou tpu t  vo l tage i s  Rs2 x  I 
c , 

where ' I c  = 414 c u r r e n t .  Therefore t h e  l i n e a r i z e r  ou tpu t  i s :  



8)  Vout = RB2 x I 0 .  a n t i l o g e  i..) . ' .  

I t  i s  des i red  t o  d r i v e  Q14 w i t h  a base e m i t t e r  vo l tage Veb which 

i s  a f u n c t i o n  o f  th ickness t so t h a t :  

Vout = .It 

where t i s  c l a d  th ickness i n  m i l s .  

Equation 3, t = can be w r i t t e n  as t = A x a n t i l o g B  ( V i n ) .  

Convert ing t o  base e and mu1 t i p l y i n g  by 0.1 y i e l d s :  

9 )  .It = . lA  x a n t i l o g e  Vin x logeB [ I 
Rewri ti ng Equation 8, we have : 

8)  Vout = Rs2 x 10 ant i log, + ( k t )  

Comparing s i m i l a r  terms i n  equat ions 8 and 9, we see t h a t  i f  

and 

the  c o n d i t i o n  Vout = .It w i l l  be sustained. The ET-12 

c i r c u i t r y  performs both o f  these func t i ons  w i t h  temperature 

compensation. 

Temperature Compensation 

This type o f  l o g a r i t h m i c  c i r c u i t  r equ i res  two types o f  temperature 

compensation i n  t h a t  both the  zero quiescent  p o i n t  and the  dynamic 

response are temperature s e n s i t i v e .  



From Equation 10, we can def ine the  quiescent  ou tpu t  vo l tage 

Voq = R82 x Io. Voq i s  t he  ou tput  vo l tage from A7 a t  zero i n p u t  vo l tage 

t o  the  board. Voq i s  ad jus ted  w i t h  potent iometer  P2 which c o n t r o l s  t he  

forward b ias  drop i n  413. 

As 413 and 414 are  a d i f f e r e n t i a l  p a i r  i n  one case, they  w i l l  be a t  

equal temperatures. The vo l tage from 413 i s  f e d  through t o  Q14 a t  a 

1:1 r a t i o  so t h a t  the  quiescent  c o l l e c t o r  c u r r e n t  o f  414, and hence. Voq, 

i s  regu la ted  aga ins t  temperature. The constant  A i s  determined t o  be 

5.2 from the  c l a d  th ickness response. For t h i s  response then, Voq sho'uld 

be s e t  t o  0.520 v o l t s .  

From Equation 11, we see t h a t  t he  dynamic response w i l l  be tempera- 

t u r e  compensated i f  the  base e m i t t e r  i n p u t  t o  Q14 i s  

Veb = kT loge B Vin 

( q  ) 
k i s  approximately ~ 0 2 5 5  - 
9 298 

and loge (B=Z) i s  .693 

so t h a t  

Veb = (01765) '(2;80K)~in. 

Th is  f u n c t i o n  i s  prov ided by Tc l  , R76, R77, R73, R78 and P3. 

Thus the cond i t ions  o f  Equations 10 and 11 are met, and the  a n t i - l o g  

ou tpu t  w i l l  be Vo = O . l t  f o r  t 2 15 m i l s .  



Cal i b r a t i  on 

C a l i b r a t i o n  o f  t he  ET-12 l i n e a r i z e r  board i s  a  very s imple mat te r  

and should on l y  be requ i red  when b r i n g i n g  a  newly f a b r i c a t e d  board i n t o  

use. 

1. . Connect . a  d i g i t a l  vo l tmeter  t o  t he  ou tput  o f  a m p l i f i e r  A7 

( p i n  6 ) .  With zero v o l t s  i n p u t  t o  t h e  board, ad jus t  t he  out-  

p u t  quescent l e v e l  v i a  P2 t o  0.520 vo l  t s  . (0.1 X curve 

constant  A) . 

2. Ad jus t  t e s t e r  balance and gain c o n t r o l s  t o  produce 25 microamps 

d e f l e c t i o n  on the f r o n t  panel meter w i t h  ou tpu t  s e l e c t o r  sw i tch  

on D i r e c t .  

Set t he  ou tpu t  s e l e c t o r  sw i t ch  t o  L inea r  and a d j u s t  P3 on the 

l i n e a r i z e r  board t o  produce a  panel meter reading o f  30 

m i  croamps . 
Th is  completes the  c a l i b r a t i o n  procedure. Note t h a t  t he  two meter 

readings o f  s tep  2 correspond t o  the  th ickness response curves o f  F igure 
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Figure 1-3. Component 1 ayout f o r  balance amp1 i f i e r  
board. (FRONT VIEW) A l l  other boards 
have component 1 ocations I abel ed. 



APPENDIX I 1  

ET-12 CIRCUIT SPEC1 FICATIONS 

INTEGRATED CIRCUITS 
. 

....................... A l ,  A2, A3, A4 Amelco t ype  810 CJ dual  op amp. 

Ex te rna l  compensation requ i red .  

Slew r a t e  can be inc reased  10X 

by 1M between p i n  1 ( o r  13) 

....................... A5, A6, A7, A8 Amelco t ype  741CE i n t e r n a l l y  

compensated op amp. 

A9 ...................................Bend t ype  BHA-0002 audio power 
/ 

a m p l i f i e r .  15 w a t t s  t o t a l  o u t p u t  

a t  rooni temperature.  

.............................. D2, Dl1 Sharp tu rn -on  m o n o l i t h i c  zener.  

5.1 vo l  t s  . Na t i ona l  Semi conductor  

t ype  LM103-5.1. 

TRANS ISTORS 

Q1 ...................................N-Chattel j unc t ion  FET. 2N3819. 

HSS-16-3043-819. 

............. 42, 43, 44, 45, Q10, 411 NPN S i l i c o n  genera l  purpose. 

LA 2N3904 - HSS 16-3043-904. 

46-47, 48-49, 413-414 ................ NPN S i l i c o n  dual  tratisislor. 
2N2480 - HSS-3042-400. 

Q12 ..................................PNP S i l i c o n ,  Moto ro la  2N4126. 



..................... 415, Q16.. ... ;. .Junc t ion  VCR FETS ( low on- res i  s tance) .  

S i l  i c o n i x  VCR2N and VCR3P. 

METER 

.......... Fron t  panel th ickness meter S i m  pson Wide-Vue, type  1329. 0-50 

Mic ro  amps, w i t h  type  1123 behind- 

panel bezel mount. 

INDUCTORS 

L1 ................................... Ny t ron i cs  Shie lded v a r i a b l e  i nduc to r ,  

680 m i  crohenry . ~l 1 i e d  s tock  no. 

54 F 0233. (V-L Weeductor) 

L2 ................................... Handwound on 1/3" f e r r i t e  core.  

175 t u r n s  o f  AWG #28 c o i l  w i r e .  

Must be g r e a t e r  than 100 micro-  

henry a t  l e s s  than IQDC. 

POTS 

........................... P I ,  P2, P3 C i r c u i t  board po ts .  Non-wire wound. 

Can be P1 & P2-50K HSS 16-1872; P3, 

100K, HSS16-1872-200. 

........................... P4, P5, P6 Minature 10 t u r n  chassis  po ts .  

20K, 10K and 2K. High r e s o l u t i o n .  

Bourns 3507s-1. 
\ 



CAPACITORS 

A1 1 capacitors under 10,000 pf t o  be s i l  vermica. A1 1 capaci tors  

from 10,000 pf t o  .5pf t o  be metall ized polycarbonate such as TRW Ser ies  x 

463UW. Available from Washington Elect ronics ,  Sea t t l e .  

A1 1 .capaci tors  equal o r  l a rger  than lp f  t o  be sol  id  tantalum 

DO NOT USE CERAMIC CAPACITORS as they lack temperature s t a b i l i t y .  

Use of capacitors o ther  than speci f ied  above wi l l  se r ious ly  degrade 

the t e s t e r ' s  s t a b i l i t y .  

RES I STORS' 

All r e s i s t o r s  t o  be 114 wat t  except where speci f ied  on drawing 




