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Significance:
Part 5 – Monitoring instruments, laboratory measurements, and test methods

The recording system described in this report was developed at a time when there were no available commercial
probes combining high-frequency response, high-voltage capability, and long connecting cable (to allow removing
the oscilloscope from close proximity to the source of the transients to be measured).  

The need for such a system arose at the time when pre-strikes and restrikes in high-voltage vacuum switches were
emerging as a potential problem for transformer and motor winding insulation, and in some cases arrester failure. 

Thirty years later, the problem seems to have abated and the vanishing need for such a custom-built system (even
if assembled from components that were commercially available at the time, including a “standard modification” of
a Tektronix oscilloscope – no longer available) relegates this system to the museum category and is included in this
Anthology only to provide some historical perspective on measurement methods.
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High Speed Trans i en t  Recording System 

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

It i s  known t h a t  swi tch ing  t r a n s i e n t s  i n  power c i r c u i t s  have been respons i -  

b l e  f o r  equipment f a i l u r e ;  however, a c c u r a t e  measurement of t he se  t r a n s i e n t s  i s  

d i f f i c u l t  w i t h  c u r r e n t l y  a v a i l a b l e  o s c i l l o s c o p e s  and v o l t a g e  a t t e n u a t o r s l '  2 .  Ac- 

c u r a t e  d e t e c t i o n  and measurement a r e  necessary  f o r  an understanding of t h e  prob- 

lem before  a p p r o p r i a t e  c o r r e c t i v e  a c t i o n  i s  taken .  

The major d i f f i c u l t i e s  i n  record ing  s i n g l e  f a s t  t r a n s i e n t s  ( i . e . ,  r i s e  t imes 

of l e s s  t han  0 . 2  p s )  a r e  twofold:  t h e  f i r s t  i s  t h e  l i m i t a t i o n  of  photographic 

r eco rd ing (b r igh tnes s  of t h e  t r a c e  v s .  f i l m  and l e n s  speed) f o r  a  s i n g l e  sweep a t  

h igh  speed;  t h e  second i s  caused by spur ious  responses  of  t h e  system t o  s i g n a l s  

r a d i a t e d  by t h e  t e s t  c i r c u i t .  

Both problems were solved i n  1962 by H.  W .  Lord, through the  use of a  spe- 

c i a l  t r a v e l i n g  wave Edgerton,  Germeshausen & G r i e r  (EGG) o s c i l l o s c o p e  wi th  high 

w r i t i n g  speed,  and a  s p e c i a l  d i f f e r e n t i a t o r - i n t e g r a t i n g  a m p l i f i e r  vo l t age  a t t e n -  
3  

u a t o r  . However, bo th  t h e  o s c i l l o s c o p e  and t h e  d i f f e r e n t i a t o r - i n t e g r a t o r  system 

a r e  h igh ly  s p e c i a l i z e d ,  custom made equipment and the  a c t i v e  a m p l i f i e r  r e q u i r e s  

a  l a r g e  power supply.  Furthermore,  EGG has d i scont inued  t h e  manufacture of the 

t r a v e l i n g  wave o s c i l l o s c o p e s .  

A system based on t h e  same d i f f e r e n t i a t i o n - i n t e g r a t i o n  techniques  used by 

M r .  Lord has  been developed a t  t h e  Research and Development Center .  This  system 

i s  used w i t h  a  modified Tektronix 544 o s c i l l o s c o p e  and a  1 A l  p r eampl i f i e r .  The 

change i n  t h e  o s c i l l o s c o p e  i s  a  "s tandard  modi f ica t ion"  f e a t u r i n g  a  24 kV acce l -  

e r a t i o n  anode. The pas s ive  d i f f e r e n t i a t o r - i n t e g r a t o r  was assembled from commer- 

c i a l l y  a v a i l a b l e  components. I n  a d d i t i o n  t o  t r a n s i e n t  r eco rd ing ,  the  o s c i l l o -  

scope can a l s o  be used a s  a  gene ra l  purpose l a b o r a t o r y  o s c i l l o s c o p e  a t  normal 

a c c e l e r a t i n g  p o t e n t i a l .  Thus, a  new system, which can e a s i l y  be dup l i ca t ed  i n  

ope ra t i ng  components of  t h e  Company, i s  a v a i l a b l e  f o r  making r e l i a b l e  t r a n s i e n t  

measurements and f o r  making comparisons of  r e s u l t s  from d i f f e r e n t  l a b o r a t o r i e s .  

Th i s  system o f f e r s  e x c e l l e n t  record ing  c a p a b i l i t i e s ,  w i t h  a  response t h a t  i s  f l a t  

w i t h i n  f 10% from 0 . 3  t o  30 MHz.  



Thi s  r e p o r t  p r e s e n t s  a  d i s c u s s i o n  of t h e  d i f f e r e n t i a t o r - i n t e g r a t o r  approach 

and of t h e  problems a s s o c i a t e d  w i t h  h igh  speed CRT photography. The develop- 

ment of t h e  i n t e g r a t o r  i s  d iscussed  i n  t h e  r epo r t .  The eva lua t ion  of t h e  

system is  a l s o  descr ibed ,  based on s i n g l e  frequency a n a l y s i s  and on h igh  

vo l t age  s t e p  f u n c t i o n  methods. 

2. The D i f f e r e n t i a t o r - I n t e g r a t o r  At tenuator  

2.1 P r i n c i p l e  

F igure  1 shows t h e  b a s i c  c i r c u i t ,  where the  s i g n a l  occurr ing  ac ros s  t h e  

t e s t  p i ece  Z i s  d i f f e r e n t i a t e d  by t h e  C1-R1 c i r c u i t  and i n t e g r a t e d  by t h e  

R2-C2 c i r c u i t  before  being appl ied  t o  t h e  osc i l l o scope  input .  

FIGURE I 

'I INSERT CABLE FILTERS pcA* 
CRO 

FIGURE 2 

Figure  2  shows t h e  c i r c u i t  a s  appl ied  t o  measurement of h igh  frequency, 

h igh  vo l t age  s i g n a l s  where d i r e c t  r a d i a t i o n  of spur ious  s i g n a l s  i n t o  t h e  

osc i l l o scope  becomes a  problem. 

The d i f f e r e n t i a t o r  c o n s i s t s  of a  high vol tage  capac i to r  C1 and a n  a r b i -  

t r a r y  l eng th  of 50-ohm cab le  terminated i n t o  a  50 ohm load. The f a c t  t h a t  

t h i s  cab le  l eng th  can  be a r b i t r a r y ,  makes poss ib l e  two d e s i r a b l e  f ea tu re s :  

t h e  osc i l l o scope  can be placed a t  t h e  end of t h e  long cable ,  f a r  away from 

t h e  s t rong  r a d i a t i o n  caused by t h e  c i r c u i t  under t e s t ,  and a  cab le  f i l t e r ,  

r equ i r ing  a d d i t i o n a l  cab le  length, can be i n s e r t e d  t o  block c i r c u l a t i o n  of 

ground c u r r e n t s .  I n  c o n t r a s t ,  most commercial high vo l t age  probes a r e  



4 l i m i t e d  t o  10  t o  12 f e e t  and have l imi t ed  b u i l t - i n  cab le  f i l t e r s  . The 

spur ious  e f f e c t s  of t h i s  l i m i t e d  f i l t e r i n g  c a p a b i l i t y  a r e  i l l u s t r a t e d  i n  

t h e  appendix . 
2.2 P r a c t i c a l  L imi t a t ions  

The b a s i c  d e s i g n  of t h e  ~ 1 - ~ 1 / ~ 2 - C 2  c i r c u i t  must be r e f ined  t o  com- 

pensa te  f o r  t h e  capac i t ance  of t h e  cab le  (considered a s  a  pure r e s i s t a n c e  

i n  t h e  b a s i c  c i r c u i t ) ,  f o r  t h e  s t r a y  capac i tances  of t h e  r e s i s t o r s ,  and 

f o r  inductances  of t h e  wir ing  t h a t  t h e  b a s i c  c i r c u i t  theory  neglec ts .  

It must be recognized t h a t  resonances w i l l  a l s o  occur ;  they can be 

e l imina ted  by s u i t a b l e  s e l e c t i o n  of t h e  component va lues  and c a r e f u l  

c o n s t r u c t  ion. 

The des ign  of a n  a c t u a l  i n t e g r a t o r  w i l l  be r e s t r i c t e d  by t h e o r e t i c a l  

l i m i t s  such a s  t h e  frequency r o l l - o f f  p o i n t s  of t h e  R C ' s ,  by p r a c t i c a l  

l i m i t a t i o n s  such a s  resonances and by t h e  s p e c i f i c a t i o n s  on t h e  gain.  

Frequency Limi ts  and System Gain 

P 
J i  

The a t t e n u a t i o n  of t h e  R 1 ~ 1 / R 2 ~ 2  system is :  out  - - R1 C 1  

E i n  R2 C2 

The -3 dB 

The -3 dB 

high frequency po in t  i s  def ined  by: UQ = 
1 

C 1  R1  

low frequency po in t  is  de f ined  by: u - - 1 
2 C2 R2 

Thus, w i t h  a  f i xed  va lue  of R 1  and C1, extending t h e  low frequency 

response of t h e  system can  only be done a t  t h e  expense of t h e  system gain.  

The d e s i r e d  system g a i n  is  determined by t h e  magnitude of t h e  s i g n a l s  t o  

be recorded and by t h e  input  requirements  of t h e  osc i l loscope .  For t h e  

5441181 combination, performance is  s l i g h t l y  degraded f o r  a t t e n u a t o r  

s e t t i n g s  below 0.050 volts/cm, s o  t h a t  optimum performance w i l l  be 

obtained wi th  i n t e g r a t o r  ou tputs  above 0.1 v o l t s .  



Numerical Example 

Let us  choose R 1  = 50  ohms (a  t y p i c a l  surge impedance 
f o r  a  cable  l i k e l y  t o  be used) 

C 1  = 5 pF ( f o r  minimum c i r c u i t  loading) 

then, R l C l  = 250 lo-'* 

= 640 MHz 

For a  des i red  a t t e n u a t i o n  of 5000:l 

R2C2 = R l C l  x  5000 

then 

Thus, i n  t h i s  example, t h e  high upper frequency l i m i t  r e su l t ed  from the  de- 

s i r e  t o  have minimum loading of t h e  t e s t  c i r c u i t ,  while t h e  r e l a t i v e l y  high 

low frequency l i m i t  r e su l t ed  from t h e  d e s i r e  t o  produce t h e  mild a t tenuat ion .  

A lower value f o r  t h e  low frequency l i m i t  could be obtained by more a t t enu-  

a t i o n  o r  by a  l a r g e r  coupling capac i to r  C1, i f  t he  r e s u l t a n t  c i r c u i t  loading 

i s  acceptable.  

Resonances 

Precautions must be taken t o  keep the  input  connection inductance low 

(capaci tor  C 1  and l eads )  s o  t h a t  these  w i l l  not resonate  a t  frequencies 



w i t h i n  t h e  pass-band. For ins tance ,  assuming C 1  = 5 pF, resonance occurs  f o r  a n  in-  

put inductance L1 a t  w such t h a t :  l r  

6 
For a  system w i t h  a n  upper frequency l i m i t  i n  t h e  order  of 100 MHz, o r  628 10 radlsec,  

6 
Wlr should be i n  t h e  o rde r  of 1000 1 0  r a d l s e c  o r  higher.  Thus, 

hence L1 = 
1 

5 10-l2 x 10  
18 

This  p o i n t s  out tkle need f o r  c l o s e  coupling of t h e  probe t o  t h e  c i r c u i t  a s  1 foot  

of wi re  has a n  inductance i n  t h e  order  of 0.1pH. 

3 .  Oscil loscope Photography 

High speed record ing  of s i n g l e  t r a n s i e n t s  i s  l imi t ed  by a  number of parameters: 

a .  Cathode ray tube (CRT) - phosphor emission 

- beam a c c e l e r a t i n g  p o t e n t i a l  

- spot  diameter 

b .  Camera des ign  - l ens  opening 

- reproduct ion r a t i o  

c .  Film - speed a t  phosphor emission 

- c o n t r a s t  

Very small  spot  di.ameter i s  u se fu l  i n  producing a  b r i l l i a n t  t r a c e  i f  the  

f i l m  c o n t r a s t  i s  adequate;  a  poorly focussed beam produces a  smeared t r a c e  which 

would be poorly recorded on a  s o f t  emulsion. 

Polaro id  410 (ASA 10,000) f i l m  has the  h ighes t  a v a i l a b l e  speed a t  t h i s  time. 

The P-11 CRT phosphor has t h e  h ighes t  a v a i l a b l e  w r i t i n g  speed, and i s  matched 

wi th  Polaro id  410 c h a r a c t e r i s t i c s .  

Thus, t h e  only parameters which may be improved a r e  the  a c c e l e r a t i n g  poten- 

t i a l  of the  CRT, t h e  c a p a b i l i t y  of f i n e  focusing of t h e  CRT, and t h e  camera de- 

s ign .  



The EGG o s c i l l o s c o p e  mentioned e a r l i e r  has  an e x t r e m e l y  s h a r p  beam, and p ro-  

duces  a  b r i l l i a n t  t r a c e .  However, t h i s  t r a c e  i s  o n l y  1 . 5  cm long .  Most T e k t r o n i x  

o s c i l l o s c o p e s  have a  sweep 1 0  cm l o n g ,  i n  c o n t r a s t  t o  t h e  1 . 5  cm of t h e  EGG. 

T h e r e f o r e ,  comparison o f  p h o t o g r a p h i c  r e c o r d s  o b t a i n e d  w i t h  t h e  two o s c i l l o s c o p e s  

shou ld  be made f o r  t h e  same sweep l e n g t h ,  i n  t h e  same t i m e .  

F u r t h e r  ambigu i ty  i n  r e c o r d i n g  a b i l i t y  i s  i n t r o d u c e d  by t h e  camera d e s i g n .  

High speed l e n s e s  ( f : 1 . 3  o r  l e s s )  a r e  g e n e r a l l y  a s s o c i a t e d  w i t h  a n  image r a t i o  of 

1 : 0 . 5 ,  producing a  s m a l l e r  image on t h e  f i l m .  T h i s  r e s u l t s  i n  more l i g h t  concen- 

t r a t e d  on t h e  f i l m  and produces  a  s h o r t e r ,  b r i g h t e r  t r a c e  t h a n  a  c o n v e n t i o n a l  

camera w i t h  a  1:O.g r a t i o .  

These d i f f e r e n c e s  a r e  i l l u s t r a t e d  ( w i t h i n  t h e  l i m i t a t i o n  o f  h a l f - t c n e  p ro-  

c e s s )  i n  F i g u r e  3 showing f u l l  s i z e  r e p r o d u c t i o n s  o f  t h e  o r i g i n a l  photographs  of 

t h r e e  o s c i l l o s c o p e - c a m e r a  sys tems and r e p r o d u c t i o n s  of t h e  same t r a c e s  e n l a r g e d  

t o  a  comparable t r a c e  l e n g t h  f o r  a  s i n g l e  t r a n s i e n t  r e c o r d i n g .  The t r a n s i e n t  r e -  

corded f o r  t h i s  example i s  t h e  breakdown a t  abou t  12 kV of a n  o i l  gap w i t h  capa-  

c i t o r  d i s c h a r g e  c u r r e n t  i n  t h e  gap.  The d i f f e r e n c e s  of p i c t u r e  q u a l i t y  i n  t h e  

o r i g i n a l  photographs  and i n  t h e  enlargement  t o  e q u i v a l e n t  t r a c e  s i z e  a r e  q u i t e  

a p p a r e n t .  

'The f i r s t  " t r a c e "  ( a )  was produced by a  T e k t r o n i x  545 o s c i l l o s c o p e  w i t h  a c -  

c e l e r a t i n g  p o t e n t i a l  boosted t o  12 kV ( a  r e a d i l y  a v a i l a b l e  m o d i f i c a t i o n  k i t ) ,  and 

a  s t a n d a r d  T e k t r o n i x  C12 camera ( f : 1 . 9  l e n s ,  1:O.g r a t i o ) .  A t  t h i s  0 .02 ps/cm 

speed even t h e  o r i g i n a l  P o l a r o i d  p i c t u r e  does  no t  show t h e  f a i n t  change i n  g l o s s  

which can sometimes be s e e n ,  b u t  no t  reproduced i n  p r i n t .  

The second t r a c e  ( b )  was recorded  by t h e  same sys tem,  b u t  a t  a  speed 5  t imes  

s l o w e r ,  0 . 1  ps/cm. T h i s  i s  t h e  f a s t e s t  s i n g l e  sweep t h a t  can  be recorded .  The 

o r i g i n a l  P o l a r o i d  p i c t u r e  does  show t h e  f r o n t  a s  t h e  f a i n t  g l o s s  change mentioned 

above.  

The t h i r d  t r a c e s  ( c )  were recorded  w i t h  t h e  EGG o s c i l l o s c o p e  and Mark I a t -  

t e n u a t o r .  A z e r o  l i n e  h a s  been added s i n c e  t h e  EGG o s c i l l o s c o p e  has  no g r a t i c u l e .  

The f o u r t h  t r a c e s  (d) were recorded  w i t h  t h e  new T e k t r o n i x  544 o s c i l l o s c o p e  

and h i g h  speed camera ( f : 1 . 3 ,  1 : 0 . 5  r a t i o ) .  An enlargement  h a s  been made t o  t h e  

same s c a l e  a s  t r a c e s  c  and a ,  w i t h  complete  r e s o l u t i o n  of t h e  t r a c e .  

The d i f f e r e n c e  on t r a c e s  c  and d ,  a s  f a r  a s  t h e  h i g h  f requency  o s c i l l a t i o n  

seen  o n  t r a c e  c  i s  concerned ,  w i l l  be d i s c u s s e d  i n  S e c t i o n  4 . 2 .  



b. Tekt ronix  545, 12 kV a c c e l e r a t i o n  
0.1 p s / d i v i s i o n  - P6015 probe 
recorded 1:O.g r a t i o ,  f : l . 9  l ens  
( o r i g i n a l  Polaro id  al lows reading 
of t h e  f r o n t )  

T o t a l  sweep time: 1 ys 

EGG osc i l loscope ,  Mark I 
0.1 p / c m  on CRT 
below: recorded 1: 1 r a t i o ,  f :  1.4 l ens  
r i g h t :  enlargement from o r i g i n a l  below 
T o t a l  sweep time: 0.15 ps 

Tekt ronix  544, 24 kV a c c e l e r a t i o n  
0.02 ps /d i v i s  i o n  - Mark I V  
below: recorded 1 : 0.5 r a t i o ,  f : 1 . 3  l e n s  
r i g h t :  enlargement from o r i g i n a l  below 
T o t a l  sweep time: 0.2 ps 



4 .  An improved Recording System 

4 .1  Approach 

Oscilloscope-Camera 

With t h e  o b j e c t i v e  of u s ing  r e a d i l y  a v a i l a b l e  components, t h e  choice of 

o sc i l l o scopes  was narrowed t o  Tek t ron ix ,Fa i r ch i ld ,  and Hewlett-Packard. Ad- 

m i t t e d l y ,  t h e r e  may have been a  s l i g h t  b i a s  i n  favor  of Tektronix s ince  most 

o sc i l l o scopes  i n  use  a t  t h e  Research and Development Center  and i n  the  Depart-  

ments tend t o  be Tekt ronix .  The Tektronix 519 osc i l l o scope  ( t r a v e l i n g  wave 

tube)  has e x c e l l e n t  s i n g l e  t r a n s i e n t  w r i t i n g  speed,  and i s  a  ca t a log  i t e m ,  but  

i t  has a  f i x e d  s i n g l e  i n p u t  (10 V/cm, 125 ohm), making i t  a  h igh ly  spec i a l i zed  

ins t rument .  On t h e  o t h e r  hand, t he  Tektronix 544 osc i l l o scope  i s  a v a i l a b l e  on 

s p e c i a l  o rde r  i n  a  "s tandard modif icat ion" f o r  h igh  w r i t i n g  r a t e  a t  24 kV 

a c c e l e r a t i n g  p o t e n t i a l .  

The meaning of "s tandard modif icat ion" on a  s p e c i a l  o rder  i s  t h a t  Tektronix 
- 

w i l l  r e a d i l y  accept  o rde r s  f o r  t h i s  model, s i n c e  the  demand has been su f -  

f i c i e n t  t o  prepare i n s t r u c t i o n  books, e t c .  While s p e c i a l  o rde r  means a  de- 

l a y  i n  d e l i v e r y ,  it  seems a t  p resent  t h a t  most c a t a l o g - l i s t e d  osc i l l o scopes ,  

i n  p a r t i c u l a r  t he  519, a r e  i n  back-order s t a t e ;  consequently,  the  s p e c i a l  

o rde r  de l ay  does not r e s u l t  i n  much longer  d e l i v e r y  time than  t h a t  requi red  

f o r  c a t a l o g  i tems.  

The r e a l  advantages of t he  544 osc i l l o scope  a r e  t h a t  it accep t s  the  normal 

l e t t e r - s e r i e s  p reampl i f i e r s ,  and t h a t  s e t t i n g  of a  switch converts  i t  back t o  

t he  normal ope ra t ion  of a  544 osc i l l o scope  ( i . e . ,  a  genera l  purpose osc i l loscope  

s u i t a b l e  f o r  a  l a r g e  number of l abo ra to ry  a p p l i c a t i o n s ) .  This  i s  i n  c o n t r a s t  t o  

t he  spec i a l i zed  use of t he  519 osc i l l o scope .  Cost of t he  osc i l l o scope  wi th  modi 

f i c a t i o n  (without  p reampl i f i e r )  i s  a l s o  lower than t h a t  of the  519. Therefore,  

a  Tektronix 544 Mod. 108G wi th  C12 camera was s e l e c t e d  and purchased f o r  t h i s  

system. 

The frequency response of t h e  osc i l l o scope  wi th  1 A l  p r eampl i f i e r  i s  f l a t  

w i t h i n  -3dB t o  50 MHz f o r  p reampl i f i e r  s e t t i n g s  of 0.05 t o  20 v/cm, where the  

system i s  expected t o  ope ra t e .  For c a l i b r a t i o n  purposes,  d i f f e r e n t  a t t e n u a t o r  

s e t t i n g s  must be used. Appropriate  co r r ec t ions  a r e  discussed i n  Sec t ion  4.2.  



The 6  x  10 cm viewing a r e a  under t he  normal 12 kV a c c e l e r a t i o n  i s  reduced 

t o  4  cm v e r t i c a l  x  5  cm h o r i z o n t a l  a t  24 kV. With t h e  sweep magnif ier  on, t he  

sweep i s  a g a i n  10 cm long on t h e  f ace  of t h e  CRT and i s  l i n e a r ,  except  f o r  t h e  

f i r s t  and l a s t  cm of the e n t i r e  t r a c e .  Thus, the  u s e f u l  viewing a rea  i s  e f -  

f e c t i v e l y  4 x 10 cm, which i s  equ iva l en t  t o  t h a t  of a  convent ional  Tektronix 

545 osc i l l o scope .  

Mark I V  D i f f e r e n t  i a t o r  - I n t e g r a t o r  

E a r l i e r  approaches t o  t he  measurement of h igh  speed t r a n s i e n t s  used the  

d i f f e r e n t i a t o r  i n t e g r a t o r  w i t h  an  a c t i v e  c i r c u i t .  These approaches have been 

descr ibed  i n  Reference 5 a s  Mark I and Mark 11. A Mark I11 des igna t ion  i s  r e -  

served f o r  a  system b u i l t  f o r  t he  S p e c i a l t y  Transformer Department. The new 

system descr ibed  here  has been designated a s  Mark I V  i n  o rde r  t o  acknowledge 

t h e  con t inu i ty  of t h e  development. 

- I n  o rde r  t o  minimize loading of t he  t e s t  p iece  and t o  move away the reso-  

nant  frequency of t h e  probe inpu t  c i r c u i t ,  we s e l e c t e d  a  5pF vacuum capac i to r  

(Jennings Cat.  JCD-5) r a t e d  60 kV f o r  the  coupling c a p a c i t o r ,  and 50-ohm RG8 

o r  RG 58 a s  the cab le .  

The c a p a c i t o r  i s  a c t u a l l y  sh ie lded  by a  guard a t  the  p o t e n t i a l  of the  low 

s i d e ,  which i s  gene ra l ly  t he  s i n g l e  ground poin t  of the system. 

The complete c i r c u i t  i s  enclosed i n  a  copper box, s t a r t i n g  wi th  the  f i l t e r  

c o n s i s t i n g  of 20 t u r n s  of coax ia l  cab le  around a  f e r r i t e  core .  The bas i c  R 2 / C 2  

i n t e g r a t o r  has been r e f ined  a s  shown i n  Figure 4 i n  order  t o  provide f l a t  re -  

sponse over the  widest  poss ib l e  band. The major i n t e g r a t i o n  i s  performed by the 

r e s i s t o r  R2 and capac i to r  C2 .  Addi- FILTER 

t i o n a l  compensation i s  obtained by the  

~ 3 / ~ 3  i n t e g r a t o r ,  and the  output  i s  

fed through the  R4/50 ohm d i v i d e r ,  where 

the  50 ohm r e s i s t a n c e  a l s o  a c t s  a s  t e r -  FIGURE 4-  WIDE BAND ATTENUATOR 

minating impedance f o r  t he  output  cable  a t  t h e  osc i l l o scope  panel  input .  

This  te rmina t ing  r e s i s t a n c e  was added so  t h a t  t he  box could be connected 

t o  any osc i l l o scope  through a  s h o r t  cab le .  As t h i s  produced an  a d d i t i o n a l  a t -  



t enua t ion  ( t h e  R3 + R4/50 d i v i d e r )  it became necessary  t o  i nc rease  t h e  ga in  

of t he  i n t e g r a t o r  s o  t h a t  R2 C2 was made sma l l e r .  The corresponding inc rease  

of t h e  low frequency l i m i t  was then compensated by in t roduc ing  the  R1/C4 i n -  

s t e a d  of a  s i n g l e  r e s i s t a n c e  R 1 .  Proper  matching of t h e s e  elements was achieved 

by a c t u a l  response curve p l o t t i n g  of c i r c u i t s  u n t i l  t h e  f l a t  response descr ibed  

i n  Sec t ion  4.2 was obtained. 

Camera 

The Tekt ronix  C27 camera i s  a v a i l a b l e  wi th  a  f :  1 .3  l e n s ;  i t  has no mir rors  

t o  decrease  t h e  amount of l i g h t  reaching t h e  f i l m  and produces a  sharp t r a c e  wi th  

a  1:0.5 reproduct ion  r a t i o .  Although adver t ized  a s  recording two g r a t i c u l e s  per  

frame of f i l m ,  t h i s  i s  r e a l l y  not  t he  po in t  of the  1:0.5 r a t i o ;  few opera tors  

w i l l  a c t u a l l y  take  two exposures of a  t e s t  without  wanting t o  s ee  t h e  r e s u l t s  of 

t he  f i r s t  t e s t .  

Sh ie ld ing  Requirements 

The pe renn ia l  p i t f a l l s  of t r a n s i e n t  measurements a r e  ground loops and ra -  

d i a t e d  noise  e n t e r i n g  t h e  osc i l l o scope  c i r c u i t s .  

The most common type of ground loop i s  Ir 
t h a t  shown i n  Figure 5 ,  involv ing  the shea th  

of the  coax ia l  cab le  which b r ings  t h e  s i g n a l  

t o  t he  osc i l l o scope .  

This  e f f e c t  i s  s u b s t a n t i a l l y  reduced by 

i n s e r t i n g  i n  t h e  cab le  a  f i l t e r ,  c o n s i s t i n g  FIGURE 5 

of a  number of t u rns  of coax ia l  cab le  on a  f e r r i t e  core.  The s i g n a l ,  

t r a v e l i n g  i n  t he  coax i s  not  a f f e c t e d  by t h e  f i l t e r ,  while ground c u r r e n t s  

c i r c u l a t i n g  along t h e  coax shea th  a r e  impeded by t h e  inductance of t he  c o i l  

of cab le .  

Noise r ad i a t ed  t o  t h e  osc i l l o scope  can be abated by b a r r i e r s  ( sh i e ld ing )  

o r  merely by d i s t a n c e .  Shie ld ing  means an enc losure  e i t h e r  f o r  the t e s t  c i r -  

c u i t  o r  the osc i l l o scope ;  depending upon the  s i z e  of the  t e s t  c i r c u i t ,  i t  may 

be necessary t o  enc lose  t h e  osc i l l o scope  r a t h e r  than t h e  c i r c u i t .  For t he  two 

t o  he phys i ca l ly  c lo se  ( i . g . ,  i n  t he  same a rea  of a  labora tory  bay) ,  i t  w i l l  

be necessary t o  provide very  good a t t e n u a t i o n  by t h e  enc losure ,  such a s  90 dB 

a t  100 MHz, t h a t  i s ,  an  "RFI" type des ign ,  not j u s t  a  s a f e t y  type enc losure .  



Since  an enc losu re  may not  always be a v a i l a b l e ,  cons ide rab l e  a t t e n u a t i o n  

can be ob ta ined  merely by removing t h e  o s c i l l o s c o p e  from t h e  t e s t  c i r c u i t ,  

around a  meta l  b u i l d i n g  c o r n e r ,  e t c .  Here, t he  a v a i l a b i l i t y  of a  long cab l e  be- 

tween t h e  d i f f e r e n t i a t o r  and i n t e g r a t o r  becomes a  ve ry  s i g n i f i c a n t  a s s e t .  

4 .2  System Performance 

The performance of  t h e  system was eva lua ted  i n  two ways: by s i n g l e  f r e -  

quency response and by s t e p  f u n c t i o n  response.  The s i n g l e  frequency method 

al lows a  s e p a r a t e  e v a l u a t i o n  of t h e  components and, provided t h a t  s u i t a b l e  

g e n e r a t o r s ,  c a l i b r a t e d  a t t e n u a t o r s ,  and r e c e i v e r s  a r e  a v a i l a b l e ,  it  y i e l d s  a n  

answer i n  a b s o l u t e  terms.  S t ep  func t ion  response involves  t h e  t o t a l  system a t  

once,  i nc lud ing  s h i e l d i n g ,  and can  be performed a t  h igh  vo l t age  s o  t h a t  i t  g ives  

a  p i c t o r i a l  e v a l u a t i o n  of t h e  response ;  however, s i n c e  it r e q u i r e s  a  t r u e  s t e p  

func t ion ,  which i s  r a t h e r  d i f f i c u l t  t o  produce, i t  r e a l l y  y i e l d s  an answer i n  

r e l a t i v e  terms. 

S ing le  Frequency Evalua t ion  

The method c o n s i s t s  merely i n  apply ing  a  v a r i a b l e  frequency s inuso ida l  vo l -  

t age  of known amplitude a t  t h e  i n p u t  and measuring t h e  ou tpu t ,  i n  t h i s  case  t he  

d e f l e c t i o n  on the  face  of t he  CRT, a s  a  func t ion  of f requency.  

However, s i n c e  t he  s i n u s o i d a l  s i g n a l  gene ra to r  has a  l im i t ed  output  vo l t age ,  

such a s  10v p-to-p compared t o  t he  vo l t ages  i n  the  range of 1 t o  50 kV which may 

be involved i n  the  a c t u a l  measurement, the  o sc i l l o scope  p reampl i f i e r  must be 

operated a t  h igh  g a i n .  This  i n t roduces  the response of t he  osc i l loscope /preampl i -  

f i e r  a t  t h i s  high ga in  s e t t i n g ,  which a t  high frequency i s  poorer  than the  

response a t  medium ga in  where t he  p reampl i f i e r  w i l l  be ope ra t i ng  f o r  a c t u a l  

use .  

lo1 0.05 lo 20  v/cm 
1. P lo t  response of t h e  o sc i l l o scope  

and p reampl i f i e r  a t  h igh  g a i n  + -- -- --- . - - - 

(0.005 v/cm - s e e  F igure  6. 
-4 01 0 0 0 5  v/cm 

2 .  P l o t  response of t h e  o sc i l l o scope  -6 
and p reampl i f i e r  a t  g a i n  f o r  I 5 10 20 5 0  
a c t u a l  use  (0.05 v/cm and above) 

FREQUENCY MHz 

- s e e  Figure 6. 
RESPONSE OF TEKTRONIX 544 OSCILLOSCOPE 
WITH IAl PREAMPLIFIER SETTING AS SHOWN 

Thus, fou r  s t e p s  a r e  requi red  t o  o b t a i n  a  q u a n t i t a t i v e  d e s c r i p t i o n  of  

t he  system performance: 
I 

FIGURE 6 

11 

- 
-- 

I 1 



3. Plot response of the complete differentiator-integrator oscilloscope 
with low level input signal and high gain setting of the preamplifier - 
see Figure 7. 

4 .  From 1 and 2, correct 3 to compensate for the difference in response 
between the high gain and normal gain settings, and then plot the cor- 
rected response point-by-point at high frequency - see Figure 7. 

From 1 and 3, calculate the response of the differentiator-integrator 

alone and make a point-by-point plot at high frequency - see Figure 8. 
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The system attenuation is shown 
ZE 

in Figure 8. This attenuation is 10~0a l  + 20% 5 
equal to 5,000:l - 0% from 300 kHz ~ 5 0 0 0 ; l  

to 30 MHz, and produces usable ' 0.02 0.05 0.1 0 2 0.5 1 2 5 10 20  50 
FREOUENCY MHz 

in£ ormation below and above this ATTENUATION OF COMPLETE SYSTEM 
flat range. DIFFERENTIATOR-INTEGRATOR-IAI PREAMP AT 0.05 V/cm-544 OSCILLOSCOPE 

FIGURE 8 

For reference, a similar evaluation was made of the earlier Mark I system (5) 

using the 544 oscilloscope and 1Al preamplifier. The corresponding curve is 

shown in Figure 9a. The Mark I has been previously used with the EGG oscilloscope 

which does not show any drop in response at 50 MHz, so that the response of the 

complete system, Mark I + EGG oscilloscope would exhibit the rise shown in dotted 

line in Figure 9a. The attenuation of the Mark I and EGG oscilloscope is shown 

in Figure 9b. 

0.01 0.02 0.05 0 1 0.2 0.5 I 2 5 10 2 0  5 0  
FREOUENCY, MHz 

RESPONSE OF COMPLETE SYSTEM- DIFFERENTIATOR, INTEGRATOR, 
IAl PREAMPLIFIER WITH SETTINGS AS SHOWN, 544  OSCILLOSCOPE 

FIGURE 7 

I 

1 
I 

at 0.005 - v/cm+\ 
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FREOUENCY MHz 

A MARK I WlTH TEKTRONIX IAl AT 0.005 vkm AND 544 OSCILLOSCOPE FREOUENCY MHz 
B ATTENUATION WlTH EGG. OSCILLOSCOPE DERIVED FROM A 

FIGURE 9 
PERFORMANCE OF MARK I ATTENUATOR 

UNMR SAME TEST CONDITIONS AS MARK CII EVALUATION 

A t  t h i s  p o i n t ,  we can d i scuss  t he  d i f -  

fe rence  i n  F igures  3c and 3d which were men- :\ *.- --I 

t ioned  e a r l i e r ,  and a r e  reproduced on t h i s  f ., . / 
-.?A 

1 F' 
page a s  nega t ives .  " ."$'.I 

3 c  MK I 
I t  i s  poss ib l e  t h a t  the  h igh  frequency 

(about  200 MHz) shown i n  t h e  Mark I t r a c e  

i s  present  i n  t h e  c i r c u i t .  However, t he  

i nc reas ing  ga in  of Mark I beyond 50 MHz 

which t u r n s  i n t o  a  resonance towards 250 

M H Z ( ~ )  w i l l  show t h i s  200 MHz o s c i l l a t i o n  

wi th  a  magni f ica t ion  i n  t he  o rde r  of 3  t o  1 

On the  o t h e r  hand, t h e  Mark I V  t r a c e  

does not show any of t hese ,  s ince  i t s  response begins t o  drop a t  30 MHz. Were 

any of t hese  f requencies  a c t u a l l y  p re sen t  i n  t he  c i r c u i t ,  Mark I V  has "edi ted 

out" t h e  ambiguity e x i s t i n g  i n  t h e  Mark I recording.  Thus, Figure 3d r ep re sen t s  

more use fu l  and l e s s  confusing information wi th ,  of course ,  t h e  understanding 

t h a t  one should not expect  f requencies  beyond 50 MHz t o  be recorded.  



Step  Funct ion Evalua t ion  

Breakdown o f  an  o i l  gap a t  10-12 kV was used a s  t h e  h igh  vo l t age  s t e p  func t ion  

gene ra to r .  A .001 pF c a p a c i t o r  was s lowly charged from a  DC supply u n t i l  t h e  gap 

would break  down. The complete c i r c u i t  (DC supply ,  c a p a c i t o r ,  gap) was contained 

i n  t h e  sh i e lded  enc losu re ,  and only  t h e  c o a x i a l  

c ab l e  a f t e r  t h e  d i f f e r e n t i a t o r  was brought o u t .  

An a d d i t i o n a l  f i l t e r  on t h e  s i g n a l  c a b l e ,  iden-  

t i c a l  t o  t h a t  conta ined  i n  t h e  i n t e g r a t o r  box, 

was i n s t a l l e d  a t  t h e  p o i n t  of  e x i t  from t h e  

sh i e lded  enc losu re  - see  F igure  10. Th i s  may 

o r  may not be necessary  i n  a c t u a l  use  of t h e  

system. F igure  11 shows t h e  r eco rd ing  ob- 

t a i n e d  w i t h  t h i s  system, where a  r i s e  t ime of 

25 ns  i s  completely r e so lved ,  even i n  a nega- 

t i v e  l i n e  type  p r i n t .  The photograph i n  

F igure  13 shows t h e  i n s t a l l a t i o n  a t  t h e  Re- 

s e a r c h  and Development Center .  

SHIELDED 
ENCLOSURE 

OIL GAP 

FILTER 

FIGURE 10 
CIRCUIT FOR FAST RISE TRANSIENT RECORDING 

Sweep: 10 ns /d iv .  

F igure  11 

5 .  P recau t ions  

The c l e a n  and c r e d i b l e  record ing  shown i n  Figure 11 w i l l  be obtained only  

i f  t h e  necessary  s h i e l d i n g  p recau t ions  a r e  taken.  I n  o r d e r  t o  i l l u s t r a t e  what 

happens when t h e s e  p recau t ions  a r e  no t  observed,  t h e  s e r i e s  o f  osc i l lograms i n  

F igures  12a,  12b, 12c were recorded under v a r i o u s  cond i t i ons  of  inadequate  s h i e l d -  

i ng ,  u s ing  t h e  s t e p  func t ion  e v a l u a t i o n  se tup  descr ibed  i n  F igure  10. Half tone  

process  was used t o  show t h e  e f f e c t  of  o s c i l l a t i o n s  on t r a c e  b r igh tnes s .  

Sweep: 20 ns /d iv .  Sweep: 20 ns /d iv .  

a  - t e s t  p i e c e  i n  enc losu re ,  b  - door a j a r  
door t i g h t  

F igure  12 

Sweep: 20 ns /d iv .  

c  - door open 





Furthermore,  c a r e  i s  r e q u i r e d  i n  t h e  c o n s t r u c t i o n  o f  t h e  i n t e g r a t o r  c i r -  

c u i t ,  by s e l e c t i n g  components w i t h  low induc tance  a s  w e l l  a s  by c o r r e c t  l a y o u t  

of t h e  components and bonding of t h e  i n t e g r a t o r  hous ing .  F i g u r e  14a shows t h e  

i n s i d e  of t h e  i n t e g r a t o r  c i r c u i t  t h a t  was b u i l t  w i t h  t h e  utmost c a r e ,  w h i l e  

F i g u r e  14b shows t h e  same c i r c u i t  b u i l t  w i t h  l e s s  c a r e .  The response o f  t h e  

two i n t e g r a t o r s  t o  t h e  same s i g n a l  i s  i l l u s t r a t e d  i n  F i g u r e s  14a and 14b. 

Sweep: 20  n s / d i v .  

F i g u r e  14a 

Sweep: 20 n s / d i v .  

F i g u r e  14b 



6. De ta i l ed  S ~ e c i f i c a t i o n s  

6 . 1  Osc i l loscope  (Reprinted from Tektronix 544 Mod. 108G i n s t r u c t i o n  book) 

In t roduc t ion  

The Type 544 Osci l loscope  is  a  v e r s a t i l e  l abo ra to ry  instrument designed f o r  

use w i t h  a l l  Tektronix l e t t e r e d  o r  1 S e r i e s  p lug- in  u n i t s .  

V e r t i c a l  Def l ec t ion  System 

The p lug- in  u n i t  and probe used wi th  the  Type 544 determine the  o v e r a l l  

c h a r a c t e r i s t i c s  of t h e  v e r t i c a l  d e f l e c t i o n  system. Refer t o  Table 1-1 f o r  the 

c h a r a c t e r i s t i c s .  

Sweep Generat ion 

Sweep Rates 
( a t  1 X  magnif icat ion)  

Sweep Magnif icat ion 

Tr igge r  Source Se lec t ion  

Tr igge r  Couplicg S e l e c t i o n  

Tr igger  S igna l  Requirements 

O . l ~ s e c / c m  t o  5sec/cm i n  24 c a l i b r a t e d  s t e p s .  
Sweep-rate accuracy i s  22% of the  ind ica ted  r a t e .  

Any sweep r a t e  can be increased by expanding the 
c e n t e r  po r t ion  of the  d i s p l a y  h o r i z o n t a l l y  i n  
f ixed  s t e p s  of 2X,  5X, lox,  20X, 50X, and 100X. 
Sweep-rate accuracy i s  w i th in  5% i n  t h e  magni- 
f i e d  p o s i t i o n s  a t  e f f e c t i v e  sweep r a t e s  up t o  
10 nseclcm. 

I n t e r n a l  normal, i n t e r n a l  p lug- in ,  e x t e r n a l ,  
and l i n e .  

Dc, a c ,  and a c  low-frequency r e j e c t i o n .  

I n t e r n a l  ( a c ) :  Minimum d e f l e c t i o n  i s  2mm 
wi th  s i g n a l s  a t  about 150 cps ,  r i s i n g  t o  1 
cm a t  about 50 n ~ c .  
I n t e r n a l  ( d c ) :  Minimum d e f l e c t i o n  i s  5mm 
a t  dc .  
I n t e r n a l  (ac  low-frequency r e j e c t i o n )  : Mini- 
mum d e f l e c t i o n  i s  2mm wi th  s i g n a l s  a t  about 
2 kc,  r i s i n g  t o  1 cm a t  about 50 mc. 
Externa l :  Frequency ranges a r e  the  same a s  
i n t e r n a l .  Minimum amplitude i s  200 mvolts 
peak-to-peak ( a c ) ,  200 mvolts change i n  dc 
l e v e l  (dc) , and 200 mvolts peak-to-peak (ac  
low-frequency r e j e c t i o n ) .  A MAXIMUM INPUT 
OF 2 30 VOLTS must not be exceeded i n  the 
EXTERNAL t r i g g e r  p o s i t i o n .  Minimum t r i g g e r  
l e v e l  range i s  g r e a t e r  than f 2 v o l t s  wi th  the 
TRIGGER LEVEL c o n t r o l  pushed i n  and f 20 v o l t s  
w i th  the  c o n t r o l  pu l led  o u t .  



Hor izon ta l  D e f l e c t i o n  Svstem 

The fo l lowing  c h a r a c t e r i s t i c s  apply  when t h e  HORIZONTAL DISPLAY swi tch  i s  

set t o  t h e  EXT p o s i t i o n .  

De f l ec t i on  Fac to r  Va r i ab l e  i n  f i x e d  s t e p s  of . l ,  1, and 10 vol ts /cm.  Accuracy 
+ 

i s  - 5% when VARIABLE c o n t r o l  i s  s e t  t o  CALIBRATED. 

Frequency Response 

Input  C h a r a c t e r i s t i c s  

Amplitude C a l i b r a t o r  

Output Voltages  

Frequency 

Output Curren t  

Output Impedance 

Amplitude Accuracy 

Dc t o  400 kc (3-dB down a t  maximum s e n s i t i v i t y ) .  

(approximately) 1 megohm p a r a l l e l e d  by 55 p f .  

0 .2  mvolts t o  100 v o l t s  peak-to-peak i n  18  s t e p s .  
I n  a d d i t i o n ,  a 100-vol t  dc output  i s  a v a i l a b l e .  

Approximately 1 kc square wave. 

5 ma squarewave a v a i l a b l e  a t  t h e  f r o n t  panel  
c u r r e n t  loop. 

50 i n  . 2  t o  200 mVOLTS p o s i t i o n s .  Progres-  
s i v e l y  h igher  output  impedances i n  t h e  .5  t o  
100 VOLTS p o s i t i o n s .  

Peak-to-peak amplitude accuracy i s  2 3% of i n -  
d i c a t e d  va lue  when working i n t o  an  impedance of 
1 megohm o r  h ighe r  i n  t h e  .5  t o  100 VOLTS pos i -  
t i o n .  When working i n t o  a 50 ohm load ,  i n  t h e  
. 2  t o  200 mVOLTS p o s i t i o n s ,  ou tput  amplitude i s  

one-half of t he  i nd i ca t ed  vo l t age .  (Nominal 
accuracy i n  t h i s  c a s e ,  i s  f 3% assuming the  - 
e x t e r n a l  load impedance i s  an accu ra t e  50 ohms). 
The 5 ma c u r r e n t  accuracy i s  + 3%. 

Front-Panel  Output S i g n a l s  

+ GATE OUT 

SWEEP OUT 

VERT SIG OUT 

A t  l e a s t  a 20 v o l t  peak-to-peak squarewave 
pu l se  having t h e  same d u r a t i o n  a s  t h e  sweep. 
Minimum dc load r e s i s t a n c e  i s  5 k. 

Approximately a 100 v o l t  peak-to-peak sawtooth 
vo l t age  having t h e  same d u r a t i o n  a s  t he  sweep. 
Minimum load impedance i s  100 k. 

V e r t i c a l  s i g n a l  output  connector .  Output ampli-  
tude i s  approximately 0.4 v o l t  per  cen t imeter  of 
d e f l e c t i o n  on the  c r t .  Rise  time i s  20 nsec o r  
f a s t e r .  Output i s  a c  coupled. 

Ex te rna l  Single-Sweep Input  Requires a pos i t ive-going  s t e p  o r  pu lse  of a t  
S igna l  Requirements l e a s t  + 20 v o l t s  w i t h  a r i s e t i m e  of 0 .5  ysec  

o r  f a s t e r .  



Hor izon ta l  D e f l e c t i o n  Svstem 

The fo l lowing  c h a r a c t e r i s t i c s  apply  when t h e  HORIZONTAL DISPLAY swi tch  is  

s e t  t o  t h e  EXT p o s i t i o n .  

D e f l e c t i o n  Fac to r  Va r i ab l e  i n  f i x e d  s t e p s  of  .l, 1, and 10 vol ts /cm.  Accuracy 
+ 

i s  - 5% when VARIABLE c o n t r o l  i s  s e t  t o  CALIBRATED. 

Frequency Response 

Input  C h a r a c t e r i s t i c s  

Amplitude C a l i b r a t o r  

Output Voltages  

Frequency 

Output Cur ren t  

Output Impedance 

Amplitude Accuracy 

Front  -Panel Output S igna l s  

+ GATE OUT 

SWEEP OUT 

VERT SIG OUT 

Ex te rna l  Single-Sweep Input  
S igna l  Requirements 

Dc t o  400 kc (3-dB down a t  maximum s e n s i t i v i t y ) .  

(approximately) 1 megohm p a r a l l e l e d  by 55 p f .  

0 .2  m o l t s  t o  100 v o l t s  peak-to-peak i n  18  s t e p s .  
I n  a d d i t i o n ,  a  100-vol t  dc ou tput  i s  a v a i l a b l e .  

Approximately 1 kc square wave. 

5  ma squarewave a v a i l a b l e  a t  t h e  f r o n t  panel  
c u r r e n t  loop. 

50 R i n  .2 t o  200 mVOLTS p o s i t i o n s .  Progres-  
s i v e l y  h igher  output  impedances i n  t h e  .5  t o  
100 VOLTS p o s i t i o n s .  

Peak-to-peak amplitude accuracy i s  f 3% of i n -  
d i c a t e d  va lue  when working i n t o  an  impedance of 
1 megohm o r  h igher  i n  t h e  .5  t o  100 VOLTS pos i -  
t i o n .  When working i n t o  a  50 ohm load ,  i n  t he  
. 2  t o  200 mVOLTS p o s i t i o n s ,  ou tput  amplitude i s  

one-half of t he  i nd i ca t ed  vo l t age .  (Nominal 
accuracy i n  t h i s  c a s e ,  i s  f 3% assuming the  - 
e x t e r n a l  load impedance i s  an accu ra t e  50 ohms). 
The 5 ma c u r r e n t  accuracy i s  f 3%. 

A t  l e a s t  a  20 v o l t  peak-to-peak squarewave 
pu l se  having t h e  same d u r a t i o n  a s  t h e  sweep. 
Minimum dc load r e s i s t a n c e  i s  5  k. 

Approximately a  100 v o l t  peak-to-peak sawtooth 
vo l t age  having t h e  same d u r a t i o n  a s  t h e  sweep. 
Minimum load impedance i s  100 k. 

V e r t i c a l  s i g n a l  output  connector .  Output ampli-  
tude i s  approximately 0.4 v o l t  per  cen t imeter  of 
d e f l e c t i o n  on t h e  c r t .  Rise  time i s  20 nsec o r  
f a s t e r .  Output i s  a c  coupled. 

Requires a  pos i t ive-going  s t e p  o r  pu lse  of a t  
l e a s t  + 20 v o l t s  w i th  a  r i s e t i m e  of 0 .5  psec  
o r  f a s t e r .  



Power Supp l i e s  

Line Voltage 

Line Frequency 

Power Consumption 

P r o t e c t  i on  

Cathode -Ray Tube 

Type 

Unblanking 

Acce l e r a t i ng  P o t e n t i a l  

Useable Viewing Area 

Focus 

Construct  ion  

Gra t i c u l e  

Mechanical - 

C ~ n s t r u c t i o n  

+ - 10% of nominal l i n e  vo l t age .  (See Operating 
I n s t r u c t i o n s )  . 
50-60 and 400 cps.  

400 w a t t s  t y p i c a l .  

Primary of power t ransformer  i s  fused and a 
thermal r e l a y  i s  i n s t a l l e d  t h a t  i n t e r r u p t s  
power i n  t h e  event  of overhea t ing .  

Dc coupled. 

6 cm h igh  by 10 cm wide 

V e r t i c a l :  2 h o r i z o n t a l  lineslmm d i s t i n g u i s h -  
a b l e  over  t he  c e n t e r  4  cm. 1 . 5  ho r i zon ta l  
lines/mm d i s t i n g u i s h a b l e  i n  t h e  top  and bot- 
tom 1 cm. 

Hor izonta l :  2 time markers/mrn d i s t i n g u i s h a b l e  
over  t he  middle 8 cm. 1 .5  time markers/mm d i s -  
t i ngu i shab le  i n  the  f i r s t  and t e n t h  cm. 

A l l  g l a s s  5  i nch ,  f l a t - f a c e d  c r t .  

I n t e r n a l ,  a d j u s t a b l e  edge l i g h t i n g ,  6 x 10 
cm w i t h  v e r t i c a l  and ho r i zon ta l  1 cm d i v i -  
s i o n s  w i th  2 mm markings on the  cen t e r  
l i n e s .  

Three p i ece ,  b lue-v inyl  covered tex tured  
aluminum. Front panel  i s  photo-etched and 
anodized. Chassis  i s  aluminum a l l o y .  

Net Weight 80 pounds 7 ounces 



Mod 108G Fea tu re s  

A s p e c i a l  h igh-vol tage  power supply ,  which can be switched f o r  e i t h e r  12 kV o r  

24 kV o p e r a t i o n ,  has  been i n s t a l l e d .  

A h igh-vol tage  slow-up c i r c u i t  has been i n s t a l l e d .  When t h e  i n s t r u m e n t ' i s  turned 

on,  i n  t he  24 kV p o s i t i o n ,  i t  w i l l  t ake  1-112 t o  2  minutes t o  reach  proper  vo l t age .  

Also ,  t h i s  c i r c u i t  t u r n s  t h e  h igh-vol tage  o f f  i n  t h e  event  of any power l i n e  i n -  

t e r r u p t i o n s  of 15 mi l l i s econds  o r  longer .  

The a u t o  s t a b i l i t y  c i r c u i t  i s  d i s a b l e d  du r ing  24 kV ope ra t i on .  

For CRT phosphor p r o t e c t i o n ,  a  c i r c u i t  has  been added t o  prevent  t r i g g e r i n g  on 

a  r e p e t i t i v e  s i g n a l  du r ing  24 kV o p e r a t i o n .  

The unblanking c i r c u i t  p rovides  normal 60 v o l t s  unblanking a t  12 kV i n  a l l  sweep 

speeds.  A t  24 kV, unblanking has  been increased  t o  110 v o l t s  i n  the  . 2  pSEC 

through 20 pSEC p o s i t i o n s  of t h e  TIME/CM swi tch .  A t  40 pSEC through 10 SEC, un- 

of burning t h e  CRT blanking i s  reduced t o  

phosphor. 

The, l i n e a r  scan a r e a  w 

40 v o l t s  t o  remove t h e  

then i n  24 kV ope ra t i on  

p r o b a b i l i t y  

i s  4 cm v e r t  

t a l l y .  With t h e  MAG on,  t h e  l i n e a r  d i s p l a y  a r e a  i s  4  x 8 

i c a l l y  by 5  cm horizon-  

em. 

6.2 Camera 

Tekt ronix  C12, f : 1 . 3  l e n s ,  r o l l - f i l m  back, e l e c t r i c  s h u t t e r  a c t u a t o r  

o rde r  #C-27-662-RS. 



6.3 Differentiator-Integrator 

Differentiator 

The differentiating capa- 

citor Jennings Cat. JCD-5. 

A brass tube serves as elec- 

trical shield and mechanical 

protection. 

RG 213/U is a 50-ohm cable 

with non-contaminating 

jacket (RG 8/U is 52 ohms). 

Filter 

20 turns of RG 58 on Ferroxcube 
1F10-3C5 "U" core (Elmira Ferrite 
Laboratories, Inc.) or equivalent. 

Construction of the integrator 

as seen earlier, requires care. 

The components are identified in 

Figure 4 and in the photograph. 

Exact specifications are: 

R1: 4 series parallel 50 R IRC-HFR 

R2: 4 series parallel 300 R IRC-HFR 

R3: 1 150 IRC-HFR 

R4: 1 150 Q IRC-HFR 

C2: 2 parallel Erie 654-017 251 K 
250 pF each 

Complete Mark IV Attenuator 

Integrator and Filter 

FILTER 

C3: 1 single TCZ-33 Centralab 3 3 p ~  

C4: 2 parallel one Erie 654-017 251 K 

one Cornell-Dubilier 5RST-J 
500 pF 



S u b s t i t u t e  Component L i s t  f o r  t h e  I n t e g r a t o r  

R1: 2  s e r i e s  24.9 Q 1RC-DCC 
R2: 2  s e r i e s  150 0 1RC-DCC 
R3: 1 s i n g l e  150 R 1RC-DCC 
R4: 1 s i n g l e  150 R 1RC-DCC 
C2: 1 s i n g l e  E r i e  662-003 501 K 500 pF 
C4: 2  p a r a l l e l  one E r i e  662-003 501 K 500 pF 

one E r i e  662-003 251 K 250 pF 

7. Conclusions 

1. The new Mark I V  system provides  a  5 ,000 : l  a t t e n u a t i o n ,  f l a t  wi th in  

10% from 300 kHz t o  30 MHz. 

2. Photographic  record ing  of s i n g l e  t r a n s i e n t s  i s  p o s s i b l e  a t  sweep 

speeds up t o  10 nanoseconds p e r  cen t ime te r .  

3. Fu r the r  development work i s  requi red  t o  extend t h e  response of Mark I V  

towards lower f r equenc i e s .  
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Appendix 

L imi t a t ions  of t he  Tektronix P6015 Probe 

Comparisons wi th  Mark I and Mark I V  

A vo l t age  t r a n s i e n t  has two c h a r a c t e r i s t i c s  which a r e  s i g n i f i c a n t :  the  i n -  

i t i a l  r a t e  of r i s e  and the  t o t a l  t r a n s i e n t .  The ins t rumenta t ion  d iscussed  i n  

t he  p re sen t  r epo r t  i s  mostly concerned wi th  the  recording of t h e  i n i t i a l  r i s e ,  

a s  being the  most d i f f i c u l t ,  and does not  provide f o r  t o t a l  t r a n s i e n t  recording 

s i n c e  the  a t t e n u a t i o n  of t h e  probe inc reases  r a p i d l y  f o r  f requencies  below 300 kHz. 

However, it i s  s t i l l  d e s i r a b l e  t o  record both c h a r a c t e r i s t i c s  so  t h a t  one 

method of ob ta in ing  such record ing  might be a  combination u t i l i z i n g  the  Mark I V  

a t t e n u a t o r  and t h e  modified 544 osc i l l o scope  a t  0.02 ps/cm f o r  t he  i n i t i a l  r a t e  

of r i s e ,  and a  "slower" o sc i l l o scope  such a s  t h e  545 wi th  the  ~ 6 0 1 5 "  high vol tage  

probe f o r  t h e  t o t a l  t r a n s i e n t ,  a t  a  sweep speed such a s  0 .2  ps/cm o r  s lower.  

However, i n  t h e  presence of f a s t  r i s e  time t r a n s i e n t s ,  unexpected problems 

a r i s e  i n  t he  use of t he  P6015 probe and 545 osc i l l o scope ,  a s  demonstrated below. 

The osc i l l o scope  response appears  t o  s u f f e r  from s a t u r a t i o n  of t h e  preampli- 

f i e r  and/or  a m p l i f i e r ,  which l a s t s  long enough t o  i n t e r f e r e  w i th  the  des i r ed  

r e l i a b l e  measurements. 

The s a t u r a t i o n  of t he  p reampl i f i e r  i s  a t t r i b u t e d  t o  i n s u f f i c i e n t  f i l t e r i n g  

of the  probe ground shea th ,  a l lowing l a r g e  c u r r e n t s  a s soc i a t ed  wi th  the  f a s t  r i s e  

t ime t o  flow i n  the  probe cab le  shea th .  These c u r r e n t s  cause a  vol tage  drop i n  

t he  ground shea th  of t h e  probe and p reampl i f i e r  ground connect ions ;  t h i s  spurious 

vo l t age  i s  added t o  the  t r u e  s i g n a l  and has such a  l a r g e  magnitude t h a t  t he  pre-  

a m p l i f i e r  i s  s a t u r a t e d  and does not recover  i n  t ime.  The fol lowing t h r e e  o s c i l -  

lograms i l l u s t r a t e  t h i s  measurement problem, which has not  ye t  been solved, and 

adds t o  t h e  i n c e n t i v e  of extending the  response of Mark I V  towards lower f r e -  

quencies  t o  produce complete reading wi th  a  s i n g l e  a t t e n u a t o r .  

-- 

The h igh  vo l t age  probe Tektronix P6015 i s  r a t e d  1:1000 a t t e n u a t i o n ,  40 kV peak, 
bandpass Dc t o  50 MHz ( f l a t  w i t h i n  2%) and has a  l imi t ed  b u i l t - i n  f i l t e r  i n  the  
12 f t .  cab le  t o  reduce the  e f f e c t  of ground c u r r e n t s .  



which shows a  peak of on ly  13  kV, when t h e  same gap breakdown i s  recorded wi th  

Mark I V  and t h e  544 o s c i l l o s c o p e ,  a t  t he  same sweep speed and 1 ~ / c m  (5,000 ~ / d i v ) .  

i n t e n s i t y  was s e t  lower,  producing a  

t r a c e  t h a t  would not  cause any "bloom". However, t he  f a s t  o s c i l l a t i o n s  a t  t he  

f r o n t  almost caused t h e  t r a c e  t o  d isappear .  

we obtained the  t r a c e  shown a t  r i g h t  only 

a f t e r  having reduced t h e  osc i l l o scope  s e n s i t i v i t y  t o  10 V/cm (10,000 V/div) 

and s t i l l  t h e  t r a c e  goes o f f  s c reen ,  i n d i c a t i n g  severe  d i s tu rbance  of t h e  preampl i f ie r .  



The improvement i n  lower frequency response,  a s  we l l  a s  the  "ed i t ing"  

of ques t ionable  h igh  f requencies  which was d iscussed  e a r l i e r  a r e  i l l u s t r a t e d  

i n  t he  fou r  osc i l lograms below, recorded wi th  Mark I and wi th  Mark I V .  

This  t r a c e ,  recorded wi th  the  
Mark I V ,  shows 2 p s  of sweep 
wi th  app rec i ab le  droop, but a t  
1 k s ,  t h e r e  i s  s t i l l  a  useable  
s i g n a l  recorded,  compared t o  t h e  
i d e a l  f l a t  s t e p  func t ion  which 
t h e  P6015 would d e l i v e r ,  i f  it 
were not  s u b j e c t  t o  t h e  d i f f i -  
c u l t i e s  mentioned above. 

I n  c o n t r a s t ,  t h e  Mark I record ing ,  
showing almost 2 ps  i n  t h i s  t r a c e ,  
a l r eady  s u f f e r s  from cons iderable  
droop a t  1 b s .  

1% 4 

I 

While t h e  c a p a b i l i t y  of Mark I and - 1 
t h e  EGG osc i l l o scope  f o r  record ing  
f a s t  r i s i n g  f r o n t s  a r e  outs tanding:  

t 
! 

a s  shown i n  t h i s  s i n g l e  sweep t race  
of only 45 ns ,  t h e r e  i s  some doubt 
on the  e x i s t e n c e  of t he  f a s t  f r o n t  
shown he re ,  a s  t he  frequency in -  
volved approaches t h e  resonance of 
Mark I .  

This  t r a c e ,  a l s o  s i n g l e  sweep, made 
wi th  Mark I V  and t h e  544 osc i l l o scope  
leaves l i t t l e  t o  be des i r ed  i n  reso-  
l u t i o n .  While admi t ted ly  f requencies  
above 50 MHz w i l l  be recorded w i t h  
app rec i ab le  a t t e n u a t i o n ,  i t  i s  a  sub- 
s t a n t i a l  improvement over p r e s e n t l y  
a v a i l a b l e  systems. 
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