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ABSTRACT 

The l a r g e numbers of f u n c t i o n s r e q u i r e d i n comput

a t i o n s concerned w i t h systems s i m u l a t i o n have o f t e n r e s u l t e d 

i n f u n c t i o n genera tor s b e i n g v e r y b u l k y , i n f l e x i b l e and ex

pens ive p i e c e s of appara tu s . Thi s i s because a separate 

system i s o f t e n r e q u i r e d f o r each f u n c t i o n to be generated, , 

The method proposed here enables a l a r g e number of 

f u n c t i o n s to be generated by a minimum of equipment. Moreover , 

the arrangement i s v e r y f l e x i b l e and should prove accura te to 

w i t h i n Yfo„ 

T h i s u n i t i s des igned f o r a time s e q u e n t i a l analogue 

computer. Th i s method of computat ion enables the f u n c t i o n s -

F(X) to be s t o r e d and each sampled a t a d i s c r e t e va lue of X by 

a s i n g l e sampl ing system. The f u n c t i o n s are s t o r e d as p h o t o 

graphs mounted around the sur f ace of a r o t a t i n g drum. Each 

f u n c t i o n i s sampled i n t u r n by a beam of l i g h t and a p h o t o c e l l 

system. The p o s i t i o n of the beam, ( c o n t r o l l e d by a g a l v a n o 

meter) , determines the va lue of X a t which the f u n c t i o n i s b e i n g 

sampled. The output from the p h o t o c e l l i s a r ranged to i n d i c a t e 

the va lue of P ( X ) . In t h i s u n i t up to 1000 samples per second 

can be made from 15 d i f f e r e n t f u n c t i o n s - a l l a t d i f f e r e n t 

va lue s of X i f n e c e s s a r y . The f l e x i b i l i t y i s such t h a t the 

number of f u n c t i o n s s t o r e d c o u l d be g r e a t l y exceeded w i t h v e r y 

l i t t l e e x t r a equipment e 
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INTRODUCTION 

In systems s i m u l a t i o n l a rge numbers of f u n c t i o n s 

are r e q u i r e d i n the computat ion p r o c e s s e s . These f u n c t i o n s 

have to be generated by some means. There are a v a r i e t y of 

methods a v a i l a b l e f o r f u n c t i o n g e n e r a t i o n , each hav ing i t s 

own advantages and d i s a d v a n t a g e s . These methods had to be 

c o n s i d e r e d i n the l i g h t of the requirements of the computer 

f o r which t h i s genera tor was d e s i g n e d . In t h i s ca se , a 

v e r s a t i l e system f o r g e n e r a t i n g a l a rge number of f u n c t i o n s 

(15 or more) i s r e q u i r e d . The accuracy must be to w i t h i n 1 

or 2%, 

The u s u a l methods of f u n c t i o n g e n e r a t i o n are d i v i d e d 

i n to two main c a t e g o r i e s , these a r e : -

(a) E l e c t r o n i c methods. 

(b) E l e c t r o - m e c h a n i c a l d e v i c e s . 

The e l e c t r o n i c systems employ such d e v i c e s as the 

cathode r a y tube photoformer (Ref . 1, p . 248) . Another 

e l e c t r o n i c system approximates a waveform by a s e r i e s of 

s t r a i g h t l i n e s or curved segments u s i n g a network of r e s i s t 

ances and diodes (Ref . 2, p . 315) . Both these systems would 

prove v e r y expensive i n t h i s case s ince the equipment would 

have to be d u p l i c a t e d f o r each f u n c t i o n to be g e n e r a t e d . 

Moreover i t i s d o u b t f u l i f the a c c u r a c y c o u l d be ma inta ined 

a t the r e q u i r e d l e v e l . — 

Among the e l e c t r o - m e c h a n i c a l d e v i c e s are n o n - l i n e a r 



2 

po tent iometer s wound to r e p r e s e n t p a r t i c u l a r f u n c t i o n s , - or 

l i n e a r ones operated by cams cut to r e p r e s e n t the r e q u i r e d 

f u n c t i o n s . These f u n c t i o n genera tor s are servo d r i v e n and 

have a poor f requency response when coupled t o g e t h e r . The 

l a rge number of servos and potent iometer s r e q u i r e d make t h i s 

system b u l k y , expensive and v e r y i n f l e x i b l e . 

Another type of e l e c t r o m e c h a n i c a l d e v i c e a v a i l a b l e 

f o r f u n c t i o n g e n e r a t i o n i s the ga lvanometer . F u n c t i o n s can 

be s t o r e d as photographs on 35 mm f i l m and mounted around the 

edge of a drum. Th i s drum r o t a t e s and i n f o r m a t i o n can be 

s e l e c t e d from each f u n c t i o n i n t u r n by a system employing a 

beam of l i g h t , ( p o s i t i o n e d by the galvanometer m i r r o r ) and 

a p h o t o - t u b e . T h i s arrangement has the g rea t advantage t h a t 

equipment does not have to be d u p l i c a t e d f o r each f u n c t i o n . 

The accuracy i s determined main ly by the a c c u r a c y w i t h which 

the photographs can be p o s i t i o n e d on the d i s c and the a c c u r 

acy of d e f i n i n g the l e a d i n g and t r a i l i n g edges of the f u n c t i o n 

frames , 

The f u n c t i o n g e n e r a t o r t h a t was p r e v i o u s l y de s igned 

by H i l d e b r a n d and F i o r e n t i n o (Re f s . 3 and 4) employed a 

s i m i l a r system and scanned the ampl i tude of a l l f u n c t i o n s i n 

time sequence. I t produced from the photo c e l l a v o l t a g e 

p r o p o r t i o n a l to the f u n c t i o n w i t h time as i t s independent 

v a r i a b l e . The sampled f u n c t i o n was s t o r e d i n i t s own storage 



« n i t o The speed w i t h which the f u n c t i o n s cou ld be scanned 

a c c u r a t e l y depended on the shape of the i n d i v i d u a l f u n c t i o n s 

and the band-width of the system. S ince then the s torage 

system i n the computer has been changed, so t h a t i t i s o n l y 

neces sary to o b t a i n one d i s c r e t e va lue of each f u n c t i o n a t 

a t i m e . Th i s e l i m i n a t e s the s i g n a l d i s t o r t i o n due to the 

f i n i t e band-width of the c i r c u i t r y and a l s o the sampling 

e r r o r . 

In the present d e s i g n the r e q u i r e d f u n c t i o n s f - ^ ( X ) , 

f 2 ( X ) 0 . » » . f-^(Y), t2^) » » • • • e t c , are s t o r e d as p h o t o 

graphs mounted around the sur f ace a drum c a l l e d the f u n c t i o n 

drum ( P i g , 4 ) , T h i s drum r o t a t e s and i n f o r m a t i o n can be 

s e l e c t e d from each f u n c t i o n i n t u r n by means of a beam of 

l i g h t and a photo tube . 

The system i s a r ranged so tha t fo r a g i v e n va lue of 

( X Q s a y ) , the f u n c t i o n va lues f j ( X 0 ) , f 2 ( X Q ) , , , , , may be 

p i c k e d o f f i n t u r n from the photographs and t h e n , i f d e s i r e d , 

fo r a p a r t i c u l a r va lue of Y , (YQ s a y ) , - f j ( Y 0 ) , f 2 ( Y Q ) e t c , , 

may be ob ta ined i n sequence from the photographs of the 

f u n c t i o n s of Y , 

To i l l u s t r a t e how such f u n c t i o n s a r i s e and why photo 

g r a p h i c r e p r e s e n t a t i o n i s c o n v e n i e n t , c o n s i d e r a case where 

a f u n c t i o n of 2 v a r i a b l e s i s i n v o l v e d . Such a problem occurs 

when d e t e r m i n i n g the p l a t e c u r r e n t of a t r i o d e t u b e . 
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Here I b i s a f u n c t i o n of E b and E c , Such i n f o r m a t i o n cannot 

be ob ta ined d i r e e t l y from the p l a t e c h a r a c t e r i s t i c curves 

wi thout i n t e r p o l a t i o n - which i s not a convenient p r o c e d u r e . 

A 3 d i m e n s i o n a l model cou ld be b u i l t , but to feed i n f o r m a t i o n 

from t h i s i n t o the computer would be a clumsy and i n a c c u r a t e 

p r o c e s s . The method which i t i s proposed to adopt here i s a 

p u r e l y g r a p h i c a l one. 

G i v e n the p l a t e c h a r a c t e r i s t i c s of the tube , one 

curve i s chosen as b e i n g t y p i c a l of the group - say the one 

f o r E c = 0 . T h i s we s h a l l c a l l F ^ E ^ ) . Then by g r a p h i c a l 

methods i t i s p o s s i b l e to f i n d the d e v i a t i o n from t h i s curve 

of a l l o ther curves of the group expressed as a combinat ion 

of a sma l l number of s i n g l e v a r i a b l e f u n c t i o n s . 

For i n s t a n c e the func t ions , F 2 , G i , G2 cou ld be 

chosen so t h a t I b ( E b , E c ) = F x ( E b ) + F 2 ( E b ) G i ( E c ) + G 2 ( E C ) + 

( l ) . The number of terms i n v o l v e d would depend on the 

magnitude of the d e v i a t i o n from F i and the accuracy r e q u i r e d . 

A c c u r a c i e s of b e t t e r than Vfo are u s u a l l y a t t a i n a b l e w i t h o n l y 

the three terms used above . 

When F2, G i , G 2 have been determined they would be 

p l o t t e d , photographed and mounted toge ther w i t h on the 

f u n c t i o n drum. When the computer r e q u i r e s I b , the f u n c t i o n 

genera tor would determine the v a l u e s of F^ and F 2 a t the r e 

q u i r e d value of E D and then the va lue s of G\ and G 2 a t the 
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r e q u i r e d E , These f u n c t i o n va lue s would be m u l t i p l i e d and 

added by the computer i n the manner i n d i c a t e d by e q u a t i o n 

( 1 ) . 
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A GENERAL DESCRIPTION OF THE FUNCTION GENERATOR 

i ) The Method of R e p r e s e n t i n g F u n c t i o n s i n the Computer 

Reference was made i n the p r e v i o u s s e c t i o n to the 

f a c t t h a t the computer r e q u i r e s o n l y d i s c r e t e va lue s of 

f u n c t i o n s a t a time from the generator, , Th i s i s because the 

computer uses a system of pul se p o s i t i o n modula t ion whereby 

computations are c a r r i e d out i n c r e m e n t a l l y . 

F u n c t i o n s are s t o r e d i n the computer by pu l se s 

p o s i t i o n e d around the sur face of a magnetic drum - the memory 

drum of the computer. The sur face of the drum i s d i v i d e d i n 

to t e n t r acks and each t r a c k i s d i v i d e d e q u a l l y i n t o 15 p a r t s , 

c a l l e d c h a n n e l s . These channels are separa ted by pu l se s -

c a l l e d the c l o c k pu l se s (so named because they are the 

pr imary t i m i n g pu l se s i n the computer ) , A f u n c t i o n i s r e p r e 

sented by a pul se Py p l a c e d between the c l o c k pu l se s CP^ and 

CP2 i n a channel and i t s p o s i t i o n i s determined by the va lue 

of the f u n c t i o n to be r e p r e s e n t e d . 

CP1 YI I 
2a 

Channel 1 
Y = F ( X i ) = 0 

CP2 

(a + Y 

CP3 

Channel 2 
Yo = F (X ) ( a P o s ; ' - t i v e quan

t i t y i n t h i s case) 

F i g . 1, P o s i t i o n s of Pu l se s i n the  
Computer Channels 
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A f u n c t i o n i s a l l owed to have negat ive as w e l l as 

p o s i t i v e v a l u e s . Thi s i s a ch ieved by c o n s i d e r i n g the zero 

va lue of the f u n c t i o n to be a t a d i s t a n c e ' a ' from the p r e 

ced ing c l o c k pul se as shown i n F i g * 1. The va lue of the 

f u n c t i o n i s measured from t h i s p o i n t - p o s i t i v e to the r i g h t 

and nega t ive to the l e f t . For conven ience , the l e n g t h of 

channel i s chosen as '2a'„ The drum r o t a t e s and by means of 

r e a d - w r i t e heads i n f o r m a t i o n can be fed i n t o and out of the 

drum. The speed of the drum i s f i x e d ve ry a c c u r a t e l y and i s 

ad ju s ted to make the l e n g t h of a channel equa l to 1000 m i c r o 

seconds,, 

I t can now be seen t h a t when o b t a i n i n g F(X) f o r 

any va lue of X from the photograph of a f u n c t i o n , the gener

a t o r must p re sent F(X) as a f u n c t i o n p u l s e . Th i s pu l se must 

be p o s i t i o n e d a c c u r a t e l y w i t h r e s p e c t to the a p p r o p r i a t e 

c l o c k pu l se s i n the computer, 

i i ) The O p e r a t i o n of the F u n c t i o n Genera tor 

As p r e v i o u s l y s t a t e d , the photographs of f u n c t i o n s 

are mounted around the sur face of a drum as i n F i g . 4, The 

f u n c t i o n drum i s r o t a t e d on the same sha f t as the memory drum 

of the computer. Th i s r o t a t i o n causes each p i c t u r e to i n t e r 

cept a beam of l i g h t once every r e v o l u t i o n . A t y p i c a l 

f u n c t i o n photograph i s shown i n F i g , 2. I t i s c o m p l e t e l y 

opaque except f o r 2 t r a n s p a r e n t l i n e s - the s y n c h r o n i z i n g l i n e 
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and the f u n c t i o n l i n e . As each p i c t u r e passes the beam of 

l i g h t 2 pu l se s are o b t a i n e d from the phototube . The f i r s t 

i s a s y n c h r o n i z i n g pu l se the l e a d i n g edge of which must be 

l i n e d up w i t h i t s a p p r o p r i a t e c l o c k p u l s e . The second i s 

the f u n c t i o n pul se whose p o s i t i o n i n the channel i s 

determined by the va lue of P(X) a t the va lue of X a t which 

the photograph was b e i n g sampled,, 

Two c o n c l u s i o n s f o l l o w from t h i s processs -

a) The l e n g t h of time taken f o r one complete 

p i c t u r e to pass the beam of l i g h t must be t h a t 

of one channel - 1000 microseconds . T h i s i s 

the reason why there are the same number of 

p i c t u r e s on the f u n c t i o n drum as there are 

channels on the memory drum and a l s o why both 

drums must be r o t a t e d a t the same speed,, 

(Mounting them on the same sha f t e l i m i n a t e s a 

s y n c h r o n i z i n g mechanism)* 

b) The beam of l i g h t must be p o s i t i o n e d a c c u r a t e l y 

a t the r e q u i r e d value of X before the p i c t u r e 

begins to move ac ros s the beam 0 

The beam i s moved by a m i r r o r a t t a c h e d to the c o i l 

o f a galvanometer;, see F i g , 5 , A c u r r e n t p r o p o r t i o n a l to the 

va lue of X d e f l e c t s the c o i l through the r e q u i r e d angle and 

ho ld s i t there u n t i l a new X i s needed. One complete channel 
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^X+ 

F(X)-
^ 

S y n c h r o n i z i n g 
Edge 

F u n c t i o n 
Edge 

F(X) + 
X = 0 

F i g . 2. A T y p i c a l F u n c t i o n Photograph 

I 1 = 0 

1 
X 

1 

± 

Phototube 
Output " | 

Computer 
Pu l se s 

CP1 

1-*-
. 1 Channel 
=1000 usees 

J] 
P y i CP2 CP3 T2 CP4 

F i g . 3. Showing G e n e r a t i o n and S y n c h r o n i z i n g of F u n c t i o n 

Pu l se s Py^ and P y 2 
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F i g . 4. Method of Mounting F u n c t i o n s on the Drum 

Photo e l e c t r i c 
c e l l 

D i r e c t i o n 
of movement 
o f / p i c t u r e 

L i g h t 
source 

A x i s of 
r o t a t i o n 

^ - o f m i r r o r 
(and c o i l ) 

F u n c t i o n 
M i r r o r 

(and c o i l ) 

Angle of r o t a t i o n of 
m i r r o r from zero 
p o s i t i o n 

F i g . 5 . Method o f Sampling the F u n c t i o n s 
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- 1 0 0 0 usees , - i s n o r m a l l y a l lowed f o r the r e p o s i t i o n i n g 

time of the ga lvanometer . However, under e x c e p t i o n a l c i r 

cumstances i t might be necessary to p o s i t i o n the g a l v a n o 

meter more q u i c k l y than t h i s . Under these c o n d i t i o n s i f 

o n l y a p o r t i o n of each channel were used to accommodate the 

f u n c t i o n s , the remain ing time c o u l d be u t i l i z e d f o r p o s i t i o n 

i n g the ga lvanometer . I t i s f o r t h i s reason tha t i t was 

d e c i d e d to i n v e s t i g a t e j u s t how q u i c k l y i t i s p o s s i b l e to 

p o s i t i o n the ga lvanometer . I t i s towards t h i s end t h a t most 

of the work of the p r o j e c t has been d e v o t e d . 

I t can now be seen t h a t the f u n c t i o n genera tor must 

comprise three separate p a r t s : -

a) The o p t i c a l system, i n c l u d i n g the f u n c t i o n 

drum, 

b) The c i r c u i t r y connected w i t h the p h o t o m u l t i 

p l i e r tube to feed f u n c t i o n pu l se s i n t o the 

computer, 

c) The galvanometer p o s i t i o n i n g c i r c u i t , which 

must supp ly a d r i v i n g s i g n a l which w i l l 

p o s i t i o n the galvanometer as q u i c k l y as 

p o s s i b l e and h o l d i t there u n t i l a new de

f l e c t i o n i s needed. 
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i i i ) The Theory of the Galvanometer Response 

The response to a s tep i n p u t of a damped o s c i l l a t i n g 

system, where the damping fo rce i s p r o p o r t i o n a l to the v e l o 

c i t y , i s of the form: -

e(t) = e s s ( i - e - ^ C o s B t ) 

Where © (t) i s the angular d e f l e c t i o n a f t e r time t . 

6 S S i s the s teady s t a te d e f l e c t i o n due to the s t e p , 

a i s the a t t e n u a t i o n f a c t o r of the system. 

P i s the damped resonant angular v e l o c i t y . 

F i g , 6 shows a p l o t of © a g a i n s t t i m e . 

In order to p o s i t i o n such a system more r a p i d l y a t 0 
s s 

than i s p o s s i b l e w i t h a s tep i n p u t a l o n e , h i g h e r va lue s of 

a c c e l e r a t i o n and d e c e l e r a t i o n are n e c e s s a r y . These are ob

t a i n e d by a p p l y i n g a v e r y much l a r g e r s tep i n p u t than i s r e 

q u i r e d f o r the f i n a l s teady s t a t e p o s i t i o n . In order to s top 

and h o l d the system a t the r e q u i r e d d e f l e c t i o n , a l a rge de

c e l e r a t i n g s tep must be a p p l i e d a t the a p p r o p r i a t e moment which 

j u s t b r i n g s the v e l o c i t y to zero a t the r e q u i r e d f i n a l p o s i t i o n . 

A h o l d i n g torque i s then a p p l i e d to keep the d e f l e c t i o n a t t h i s 

va lue u n t i l a new movement i s r e q u i r e d . 

The complete i n p u t i s shown i n F i g . 7a . I t c o n s i s t s 

of 3 s tep i n p u t s , each of which e x c i t e s a separate t r a n s i e n t 
— a t / response i n the system of the form 0 e Cos p t . Smith (Ref . s s 

5) i n h i s work on r a p i d p o s i t i o n i n g servo systems has p o i n t e d out 
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0, 

e(t) / 

time r 
F i g . 6 . The Response of a Damped System  

to a U n i t Step Input 

Step 1 
+5 u n i t s 

6 ss 

Step 2 
-8 U n i t s 

H o l d i n g S i g n a l 
+1 u n i t 

time t 
•7-

Step 3 

F i g . 7a . 

F i g . 7 b . 

0 t x t 2 

F i g . 7 a . Shows a D r i v i n g S i g n a l f o r K=4 
b . Shows the R e s u l t i n g System Response 



1 4 

t h a t the r e s p o n s e s t o these 3 s teps can be r e p r e s e n t e d by 3 

r o t a t i n g s h r i n k i n g v e c t o r s . The i n i t i a l ampl i tudes of the 

v e c t o r s are p r o p o r t i o n a l to the s tep input s p r o d u c i n g them. 

They are r o t a t i n g w i t h the same angu la r v e l o c i t y and a l l 

—ô t 

s h r i n k i n g at the same r a t e ( e ) . They can thus be drawn 

o i i a d iagram, separated from each other by angles p r o p o r t i o n a l 

to t h e i r mutual time d i s p l a c e m e n t s . 

The requirements f o r c o r r e c t p o s i t i o n i n g a r e : -

(a) That the a r i t h m e t i c sum of the three i n p u t 

s teps must be the s teady s t a t e d e f l e c t i o n d e 

s i r e d , 

(b) That a t the i n s t a n t when the t h i r d s tep i s 

a p p l i e d the v e c t o r sum of the three t r a n s i e n t s 

must be z e r o . 
The f i r s t c o n d i t i o n ensures t h a t the c o r r e c t s teady 

F i g « 8. The V e c t o r s R e p r e s e n t i n g the T r a n s i e n t 
Response of a Damped System to a D r i v i n g  
S i g n a l .. . _ ....... . 



state de f lec t ion i s obtained. The second means that when step 

3 i s app l ied , the v e l o c i t y of the system i s zero and i t s po s i t i on 

i s the steady state de f l ec t ion required . F i g . 8 represents 

the vectors drawn at this instant Notice that the i n i t i a l 

values of the transients represented by the vectors VI and V2 

w i l l be larger by factors of e*"^ and e 0 ^ ^ " " ^ ^ r e s p e c t i v e l y . 

When the above theory i s applied to the galvanometer, 

i t should be noted that the c o i l i s immersed i n f l u i d and thus 

the turbulence re su l t ing from the high v e l o c i t i e s involved here 

i s l i k e l y to introduce n o n - l i n e a r i t i e s to the system. As a 

re su l t of this i t was not possible to compute a value for o( 

under the pulsed conditions used here. I t i s thought, however, 

that the value i t assumes i s probably smaller than that for 

the l inear case. I f th i s assumption i s correct , then the 

-o(t 

ef fect of the e terms may be neglected when attempting to 

predict an approximate value of pos i t ioning time for the g a l 

vanometer. 

Values were computed for a d r i v i n g s ignal represented 

by the vectors VI = +5, V2 = -8 , V3 = +4 - i . e . one with a 

pulse amplitude to holding voltage r a t io K of 4:1 and a steady 

state value of u n i t y . The damped resonant frequency of the 

galvanometer was taken as 325 c/s and the effects of the e * ^ 

terms on VI and V2 at time t2 were neglected. The resul t s were 

as fo l lows: -
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The t o t a l p o s i t i o n i n g time ( t j + t 2 ) - 450 U s e e s , 

The d u r a t i o n of the f i r s t pu l se t^ - 205 U s e e s , 

The d u r a t i o n of the second pu l se ( t 2 - t^) - 245 U s e e s . 

For a s i m i l a r s i g n a l where K = 6, the theory gave: -

( t i + t 2 ) - 380 u s e e s , 

- 180 n s ee s , 

( t 2 - t x ) - 200 H s ee s . 

I t was d e c i d e d t h a t the c i r c u i t to d r i v e the g a l 

vanometer shou ld be capable o f p roduc ing s i g n a l s of the form 

c o n s i d e r e d above. The va lue of K was to be a d j u s t a b l e up 

to a maximum of 10:1, T h i s , i t was c o n s i d e r e d , would i n v o l v e 

the l a r g e s t pu l se c u r r e n t t h a t the galvanometer would accep t 

wi thout damage, - 160 m i l l i a m p s f o r a beam d e f l e c t i o n of 16 

mm, a t the f u n c t i o n drum. The pu l se d u r a t i o n s were to be 

a d j u s t a b l e up to 250 |i s ee s . 
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THE OPTICAL SYSTEM 

The f i n a l v e r s i o n of the o p t i c a l system has not 

y e t been d e s i g n e d , but t e s t s have been c a r r i e d out w i t h the 

system d e s c r i b e d here to determine how sma l l a beam of l i g h t 

can be ob ta ined and a l s o to examine the t r a n s i e n t response 

of the ga lvanometer . 

The system was o r i g i n a l l y arranged as shown i n F i g . 

9, A 30 watt p r o j e c t i o n bu lb and the s m a l l aper ture A 

produced a narrow l i g h t beam. T h i s was r e f l e c t e d by the 

galvanometer m i r r o r M, shown i n a d e f l e c t e d p o s i t i o n , on to 

the screen which r e p r e s e n t e d the f u n c t i o n drum. The beam was 

a l l o w e d to pass through the s c reen and thence onto the cathode 

of the photo tube . The system was arranged so t h a t f o r 16 

m i l l i a m p s through the galvanometer c o i l , a d e f l e c t i o n of 16 

mm. was ob ta ined a t the s c r e e n . 

The image a t the screen was about 0.5 mm. i n d i a 

meter , A beam of s m a l l w id th i s neces sary for good r e s o l u t i o n 

of the f u n c t i o n s a l o n g the X a x i s of the photographs , but the 

d imens ion i n the Y d i r e c t i o n i s l e s s c r i t i c a l , 

A p a r a l l e l beam was ob ta ined by p l a c i n g the g a l v a n o 

meter lens LI a t i t s e f f e c t i v e f o c a l l e n g t h from the a p e r 

ture A , Lens L2 was p o s i t i o n e d so that f o r any d e f l e c t i o n 

of the ga lvanometer , i t produced a beam p a r a l l e l to the a x i s 

of the system. T h i s was neces sary i n order t h a t l ens L3 
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F i g . 9 The O p t i c a l System 

F ig .10 The Tes t Screen w i t h Tapered S l o t 
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c o u l d reduce the movement of the l i g h t on the photocathode 

from the 32 mm, maximum obta ined a t the s c r e e n . L a t e r i n the 

t e s t s , when the galvanometer response was b e i n g examined, 

i t was found neces sa ry to e l i m i n a t e a l l movement of the 

beam on the ca thode . Hence L3 was a h i g h q u a l i t y l ens system 

p l a c e d at i t s f o c a l l e n g t h from the ca thode . S ince the i n 

c i d e n t beam to L3 i s always p a r a l l e l to the a x i s , the r e 

f r a c t e d one must pass through the f o c a l p o i n t of the l ens -

i , e , on to the same p o i n t of the photoca thode . 

In order to t e s t the t r a n s i e n t response of the 

galvanometer the v o l t a g e output from the phototube was r e -

q u i r e d t o be p r o p o r t i o n a l to the d e f l e c t i o n of the g a l v a n o 

meter . The aper ture was r e p l a c e d by a r e c t a n g u l a r s l o t 

which produced a beam 15 mm, h i g h and 0.5 mm. w i d e . T h i s 

beam scanned a t apered s l o t shown i n P i g , 1 0 » As i t moved 

ac ros s the s c r e e n , the change i n the q u a n t i t y of l i g h t pa s s 

i n g through the s l o t was p r o p o r t i o n a l to the d e f l e c t i o n of 

ga lvanometer . However, i n order to o b t a i n rea sonab le l i n e 

a r i t y from the phototube , the image on the cathode had to 

remain p e r f e c t l y s t a t i o n a r y f o r a l l d e f l e c t i o n s of the beam. 

T h i s was ach ieved by the method r e f e r r e d to e a r l i e r . Only 

f a i r l i n e a r i t y between d e f l e c t i o n and v o l t a g e output from 

the phototube was ob ta ined but i t proved s u f f i c i e n t l y good 

to t e s t the t r a n s i e n t response of the ga lvanometer . 
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F o r fu ture t e s t s on the galvanometer re sponse , the 

system should be m o d i f i e d . In order to o b t a i n a v o l t a g e o u t 

put from the p h o t o m u l t i p l i e r t h a t i s p r o p o r t i o n a l to the de

f l e c t i o n of the ga lvanometer , wi thout a l t e r i n g the normal 

arrangement of the o p t i c a l system f o r f u n c t i o n g e n e r a t i o n , 

i t i s suggested t h a t : -

a) The t apered s l o t be r e p l a c e d by a l i n e a r l y 

graded photographic f i l m . The normal beam of 

l i g h t cou ld then be used and the l i g h t f a l l i n g 

on the cathode would s t i l l be p r o p o r t i o n a l to 

the d e f l e c t i o n of the ga lvanometer . 

b) The 931-A phototube be r e p l a c e d by a type t h a t 

has no g r i d wi re s to i n t e r r u p t the l i g h t beam 

and a l s o has a more un i fo rm cathode s u r f a c e . 
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THE PHOTOMULTIPLIER SYSTEM 

The requirements f o r t h i s p a r t of the genera tor 

are t h a t the pu l se s produced from the p h o t o m u l t i p l i e r must 

themselves generate pu l se s which are a c c u r a t e l y p o s i t i o n e d 

w i t h r e s p e c t to the c l o c k pu l se s i n the computer. The 

problem here i s to a s c e r t a i n t h a t the r e s u l t i n g pu l se s are 

always i n i t i a t e d by the same q u a n t i t y of l i g h t f a l l i n g on the 

photoca thode . 

The method by which i t i s proposed to accompl i sh 

t h i s i s as f o l l o w s . Each output pu l se from the phototube i s 

f ed to a tuned a m p l i f i e r s t age . The step i n p u t causes the 

p l a t e tuned c i r c u i t to produce a s e r i e s of damped o s c i l l a t i o n s . 

The time a t which t h i s output v o l t a g e f i r s t r e t u r n s to zero 

depends on the n a t u r a l f requency of the tuned c i r c u i t and the 

shape of the l e a d i n g edge of the phototube p u l s e . I t does 

not depend on the ampl i tude of t h i s p u l s e . Hence t h i s p o i n t 

i n the waveform always occurs a t the same time a f t e r the be

g i n n i n g of the phototube output and i t i s t h i s zero c r o s s 

over p o i n t which w i l l be d e t e c t e d by a s w i t c h i n g c i r c u i t . 

(Rapid r e s t o r a t i o n of the tuned c i r c u i t i s d e s i r a b l e . T h i s 

can be ach ieved by means of a damping d i o d e ) . The c ro s sover 

p o i n t can be d e t e c t e d to w i t h i n 0,1 v o l t s by a c i r c u i t u s i n g 

low v o l t a g e s w i t c h i n g t r a n s i s t o r s . T h i s s w i t c h w i l l then 

operate a c i r c u i t to produce the s y n c h r o n i z i n g and f u n c t i o n 
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pul se s from the f u n c t i o n g e n e r a t o r . 

The pu l se s produced by t h i s c i r c u i t are a c c u r 

a t e l y p o s i t i o n e d w i t h r e s p e c t to the s y n c h r o n i z i n g and 

f u n c t i o n edges on the photographs . When the s y n c h r o n i z i n g 

pu l se s a re a l i g n e d w i t h the c l o c k p u l s e s , the f u n c t i o n pu l se s 

w i l l then be a c c u r a t e l y p o s i t i o n e d i n t h e i r r e s p e c t i v e 

c h a n n e l s , 

The main l i m i t a t i o n s to the accuracy of t h i s system 

a r e : -

a) The a c c u r a c y w i t h which the s y n c h r o n i z i n g and 

f u n c t i o n edges of the f u n c t i o n s can be de

t e r m i n e d , 

b) The accuracy w i t h which the c e n t r e s , (the 

X = 0 a x i e s ) , of a l l the f u n c t i o n s can be 

a l i g n e d on the drum, 

c) The r e s o l u t i o n of the l i g h t beam i n the X • 

d i r e c t i o n . P r o v i d e d t h a t the f u n c t i o n s have 

no d i s c o n t i n u i t i e s , the e r r o r from t h i s cause 

i s expected to be very s m a l l - l e s s than lfo -

w i t h a beam 0 . 5 mm. w i d e . 
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THE GALVANOMETER POSITIONING CIRCUIT 

J 

P I 
T r i g g e r 

C c t . 

t 

The Phantas t rons 

The F u n c t i o n s of the B l o c k Diagram Components 

The B l o c k Diagram of the galvanometer p o s i t i o n i n g c i 

r c u i t i s shown i n F i g . 1 1 . The f u n c t i o n s of the components 

of t h i s diagram are d e s c r i b e d below. 

The P l T r i g g e r C i r c u i t . . . . 

M A p o s i t i v e go ing pu l se 

a p p l i e d to the i n p u t t e r m i n a l p r o 

duces a p o s i t i v e t r i g g e r pu l se a t 

the output t e r m i n a l marked 'T+'jwhile 

a nega t ive go ing edge a t the i n p u t 

produces a p o s i t i v e t r i g g e r pu l se 

a t the ' T - ' output t e r m i n a l . 

There are four of these i n 

the complete c i r c u i t P1+, P2+, P l -

and P 2 - . A p o s i t i v e go ing t r i g g e r 

pu l se a t the IN t e r m i n a l w i l l p r o 

duce a +140 v o l t s pul se a t the o u t 

p u t . The d u r a t i o n of t h i s pu l se 

can be a d j u s t e d b&tween the l i m i t s 

0 to 250 H sees . 

In the P l phantas t rons an 

e x t r a output t e r m i n a l * T ' i s p r o 

v i d e d . The two output s i g n a l s are 

i d e n t i c a l but one i s i s o l a t e d from 

the o t h e r . 

© 
_n_ 
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The P2 T r i g g e r C i r c u i t 

(Ti 

The C l i p and PPI C i r c u i t 

_TLJ C l i p 
and 

PPI 

The Diode Gates DGA and DGB 

T h i s c i r c u i t produces a 

p o s i t i v e t r i g g e r pul se from the 

t r a i l i n g edge of the P l pu l se s 

which are fed i n t o i t . 

The f u n c t i o n of t h i s c i r c u i t 

i s to produce pu l se s which operate 

the diode gate w i t h which i t i s a s 

s o c i a t e d . The +140 v o l t p h a n t a s t r o n 

pu l s e s are a p p l i e d a t the i n p u t 

t e r m i n a l and the c i r c u i t produces 2 

oppos i t e go ing pu l se s of 90 v o l t s 

ampl i tude and o f - t h e same d u r a t i o n 

at the output t e r m i n a l s P+, P - . 

These gates have i d e n t i 

c a l c i r c u i t s . Each i s operated by 

the output pu l s e s from i t s own PPI 

c d r c u i t . The v o l t a g e to be gated 

i s a p p l i e d to the IN t e r m i n a l . The 

output i s a pu l se whose ampl i tude 

i s equa l to the i n p u t v o l t a g e and 

whose d u r a t i o n i s t h a t of the g a t i n g 

p u l s e s . 
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The" |AX| I n v e r t e r 

T h i s i s a DC o p e r a t i o n a l a m p l i f i e r whose g a i n i s pre

c i s e l y -1 . ^ 

The Pul se Adding A m p l i f i e r 

A l s o a DC o p e r a t i o n a l a m p l i f i e r , which combines both 

i t s i n p u t s i g n a l s and a m p l i f i e s them w i t h a g a i n of - 4 . 

J l_ 

The X and P Adder 

Another DC o p e r a t i o n a l a m p l i f i e r which adds i t s two 

i n p u t s i g n a l s toge ther w i t h a g a i n of - I . 

X + P 
Adder 

- 1 ) * X + P 
Adder 

- 1 ) * X + P 
Adder 
X + P 
Adder 

w 
The Galvanometer D r i v e C i r c u i t and the AC D r i v e - i n v e r t e r 

These c i r c u i t s are d r i v e n by the X + P Adder and are 

c o n t a i n e d w i t h i n i t s feedback l o o p . They are arranged to produce 
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-X 
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I n v e r t 

AC 
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C i r c u i t 

G a l v a 
nometer 

F i g . 1 1 , B l o c k Diagram f o r the Galvanometer  

P o s i t i o n i n g C i r c u i t . 

ro 
ON 
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the p u l s e d and h o l d i n g c u r r e n t s r e q u i r e d to d e f l e c t the g a l v a n o 

meter . T h e i r arrangement i s as d e p i c t e d i n the b l o c k d iagram, 

i i ) The O p e r a t i o n of the Galvanometer P o s i t i o n C i r c u i t 

The o p e r a t i o n of t h i s c i r c u i t i s d e s c r i b e d w i t h r e 

ference to the B l o c k Diagram F i g . 11 and the Waveform, C o i n c i d e n c e 

Diagram F i g . 12, I t w i l l be seen from the B l o c k Diagram t h a t a 

s tep v o l t a g e of the same- s i g n as A X i s f e d to the P l T r i g g e r C i r -

c u i t . I f A X i s p o s i t i v e then phanta s t ron P1+ i s t r i g g e r e d . The 

output pul se from P l , F i g , 12B, i s fed i n t o the c l i p p i n g c i r c u i t 

and thence to the Paraphase I n v e r t e r which produces the pu l se s to 

operate Gate DGA, V o l t a g e i s a p p l i e d to the i n p u t of DGA 

and t h i s gate produces a pu l se of the same d u r a t i o n as the o r i 

g i n a l P l p u l s e , but i t s ampl i tude i s equa l to +JAx| (see F i g . l 2 D ) . 

The output from DGA i s f e d to one i n p u t t e r m i n a l of the Pu l se 

Adding A m p l i f i e r , Meanwhile , the t r a i l i n g edge of the pul se 

from P1+ t r i g g e r s the P2+ p h a n t a s t r o n v i a the P2+ T r i g g e r C i r 

c u i t . The r e s u l t i n g P2+ p u l s e , ( F i g . 12C) , i s a l s o c l i p p e d and 

fed to i t s paraphase i n v e r t e r . The output from the i n v e r t e r i s 

made to operate gate DGB, The i n p u t to t h i s gate i s a v o l t a g e 

— | A X | and hence the output i s a pu l se whose d u r a t i o n i s t h a t 

of the P2+ pul se and whose ampl i tude i s - } A X | , ( F i g , 12E) , T h i s 

pul se f o l l o w s immediate ly a f t e r the one from DGA and i s a p p l i e d 

to the other t e r m i n a l of the Pul se A d d i n g A m p l i f i e r , 

The Pul se Adding A m p l i f i e r combines i t s two i n p u t pu l se s 

and a m p l i f i e s them by a f a c t o r of f o u r , ( F i g , 12F) , T h i s waveform 

i s then f e d to the Galvanometer D r i v e C i r c u i t which p r o v i d e s the 
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Waveforms are drawn f o r maximum d e f l e c t i o n of galvan

ometer from 0 to X and back a g a i n from X to 0 . For these c o n 

d i t i o n s X =J4X| = 15 v o l t s . 

A . H o l d i n g S i g n a l X 

B . Input Pu l se s to 
DGA PPI 

C . Input Pu l se s to 
DGB PPI 

D. Output Pul ses from 
DGA 
Ampl i tude = +JAX 

E . Output Pu l se s from 
DGB 
Ampl i tude = - | A X I 

F . Output from Pul se 
Adding A m p l i f i e r 
Ampl i tude = +4JAXJ 

G , Complete Waveform 
from X ' + P Adder 
which i s f ed to 
the Galvanometer 

^ X = +15V 4X_= -15V 

P1+ 

+15V 

i +140V 

'2-

P2+ P l -

..+15V 

L_JTT1 . -15V 

.+60V 

OV 

+140V 

OV 

OV 

-60V 

OV 

F i g . 12. Waveform C o i n c i d e n c e i n Galvanometer P o s i t i o n i n g 
C i r c u i t  
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c u r r e n t to move the galvanometer to i t s new p o s i t i o n and to h o l d 

i t t h e r e . 

However, we have o n l y d e a l t w i t h the case when AX i s 

p o s i t i v e . When AX i s n e g a t i v e , a nega t ive edge t r i g g e r s phant -

a s t r o n P l - v i a the P l T r i g g e r C i r c u i t . (See F i g . l 2 C ) . I t 

operates gate DGB v i a i t s paraphase i n v e r t e r c i r c u i t . The o u t 

put of DGB i s a P l pu l se of ampl i tude -|&x| , ( f i g , 1 2 E ) . The 

t r a i l i n g edge of the P l - pul se t r i g g e r s p h a n t a s t r o n P2- which 

operates gate DGA. DGA produces a P2 pu l se of ampl i tude of 

+ JAXJj ( £ i g . l 2 D ) . These pu l s e s from the two gates are combined 

and a m p l i f i e d i n the Pu l se Add ing A m p l i f i e r , They are then 

added to the h o l d i n g v o l t a g e -X as before and a p p l i e d to the 

Galvanometer D r i v e C i r c u i t . 

The complete sequence of o p e r a t i o n s -necessary to move 

the galvanometer from one p o s i t i o n to another- and back a g a i n 

has now been d e s c r i b e d , 

i i i ) C i r c u i t D e t a i l s 

The P l T r i g g e r C i r c u i t ( F i g . 1 3 ) . 

T h i s c i r c u i t i s a t pre sent des igned to operate i n c o n 

j u n c t i o n w i t h the t e s t c i r c u i t . I t r e q u i r e s a< s tep v o l t a g e i n p u t 

of 60 v o l t s ampl i tude to t r i g g e r the p h a n t a s t r o n s . T h i s s tep 

v o l t a g e must be a p p l i e d whenever a new d e f l e c t i o n of the g a l v a n o 

meter i s r e q u i r e d and must have the same s i g n as AX. i . e . i f 

(X£ - X^) i s p o s i t i v e then the s tep v o l t a g e must be p o s i t i v e and 

v i c e v e r s a . 
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The t r i g g e r c i r c u i t comprises a d i f f e r e n t i a t i n g i n p u t 

c i r c u i t R l , C l (of time cons tant 1 m i c r o s e c o n d ) , f o l l o w e d by a 

paraphase i n v e r t e r - tube V I , When the s t ep i n p u t to C l i s 

p o s i t i v e , i . e . when AX i s p o s i t i v e , a p o s i t i v e pu l se occurs a t 

the cathode of V I , t h i s i s f e d to the i n p u t of p h a n t a s t r o n P1+. 

When AX i s nega t ive a p o s i t i v e go ing p u l s e - i s f ed to P l - from • 

the p l a t e of V I , Negat ive pu l se s from the t r i g g e r c i r c u i t s do 

not a f f e c t the p h a n t a s t r o n s . 

+ 300 v o l t s 

I © 

F i g . 13• The P l T r i g g e r C i r c u i t 

S ince C l i s o n l y l O O p f , , p a r a s i t i c c a p a c i t a n c e a t the 

g r i d of VI reduces the ampl i tude O f the d i f f e r e n t i a t e d s i g n a l and 

an i n p u t of 60 v o l t s i s r e q u i r e d to produce the 50 v o l t t r i g g e r 

pu l se s from the cathode and p l a t e of VI which are neces sa ry to 
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t r i g g e r the p h a n t a s t r o n s . 

S ince p o s i t i v e pu l s e s are r e q u i r e d a t both p l a t e and 

ca thode , VI must be n o r m a l l y c o n d u c t i n g . About 4.5 mAs from 

the 300 v o l t s supply ma in ta in s 150 v o l t s a t the p l a t e and 70 

v o l t s a t the ca thode , w i t h a b i a s of 2 v o l t s s u p p l i e d by R4. 

The P h a n t a s t r o n C i r c u i t ( F i g , 1 4 ) 

The four phanta s t ron c i r c u i t s are s u b s t a n t i a l l y 

i d e n t i c a l . A t r i g g e r pu l se from the a p p r o p r i a t e t r i g g e r 

c i r c u i t operates the tube V5 which produces a p o s i t i v e pu l se 

of about 140 v o l t s ampl i tude from i t s s c reen g r i d . T h i s pu l se 

i s parsed to a cathode f o l l o w e r V6 and thence v i a a b l o c k i n g 

diode V4 to the g a t i n g c i r c u i t s . In the case of the P l phanta

s t rons the t r a i l i n g edge of the output pu l se has to t r i g g e r the 

P2 p h a n t a s t r o n s . Hence an e x t r a output i s p r o v i d e d from the 

cathode of V 6 » T h i s goes to the P2 t r i g g e r c i r c u i t s . 

The o p e r a t i o n of the c i r c u i t i n d e t a i l i s as f o l l o w s . 

The phanta s t ron tube V5 (6AS6) has i t s suppres sor h e l d a t about 

-30 v o l t s by the r e s i s t o r c h a i n R3 - R6 connected between the 

+300 v o l t s and the -300 v o l t s s u p p l i e s . The g r i d r e s i s t o r R8 

(470K) i s taken to the +300 v o l t s s u p p l y . Hence the p l a t e i s 

cu t o f f by the suppres sor v o l t a g e w h i l e the s c reen i s c o n d u c t i n g 

and h e l d a t about +50 v o l t s , A ^ p o s i t i v e t r i g g e r pu l se of 35 

v o l t s a t the suppressor v i a C l and diode V2 ,cause s the p l a t e 

to conduct , (Note t h a t t h i s means a 50 v o l t pu l se a t the i n p u t 
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t e r m i n a l due to drop through diode and s t r a y c a p a c i t a n c e ) . 

A f t e r a smal l i n i t i a l f a l l of about 5 v o l t s , the p l a t e v o l t a g e 

then runs down l i n e a r l y a t a r a te of 1.2 v o l t s per microsecond 

(see footnote to t h i s s e c t i o n ) . Th i s f a l l ends when the p l a t e 

v o l t a g e i s caught by diode V3, the p l a t e of which i s kept a t a 

p o s i t i v e v o l t a g e determined by P o t . I. When t h i s happens the 

p l a t e r e t u r n s towards E ^ e x p o n e n t i a l l y a t a r a t e determined 

by the time cons tant formed by R-9, C3 ( l 6 5 n s e c ) . The p l a t e 

i | 
v o l t a g e of V3 can be v a r i e d from 0 to 300 v o l t s and thus the 

d u r a t i o n of the V5 p l a t e run down i s determined by adjustment 

of P o t . 1. 

When V5 p l a t e conduct s , the tube c u r r e n t i s swi tched 

from the screen which thus r i s e s about 140 v o l t s and remains 

there u n t i l the p l a t e rundown ends . When t h i s occurs the plate-

c u r r e n t i s swi tched off , s i n c e the suppressor has r e t u r n e d to 

-30 v o l t s and the s c reen a g a i n tikes over the p l a i e c u r r e n t . 

The s c reen v o l t a g e o f course drops back to +50 v o l t s . Hence 

the shor t p o s i t i v e t r i g g e r pul se on the suppres sor produces a 

pulse of 140 v o l t s ampl i tude from the s c reen of V5, the d u r a t i o n 

of which i s determined by the adjustment of P o t . 1. For i n 

s t a n c e , s ince the rundown speed of the p l a t e i s 1.2 v o l t s per 

microsecond , to produce a pu l se of 200 microsecond , the p l a t e 

must run down through 1.2 x 200 = 240 v o l t s . Hence the v o l t a g e 

s e t t i n g of the P o t . 1 tap must be 300 - 240 -5 = 55 v o l t s . 
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(*5 v o l t s i s the i n i t i a l f a l l i n p l a t e v o l t s when i t s t a r t s 

c o n d u c t i n g ) . 

R e f e r r i n g to the o ther d e t a i l s of the p h a n t a s t r o n 

c i r c u i t , the r e s i s t o r s R l and R2 toge ther w i t h one h a l f of 

tube V2 p r o v i d e a clamp c i r c u i t to s top the suppressor b e i n g 

d r i v e n too f a r p o s i t i v e by the t r i g g e r p u l s e . R5 p r o v i d e s 

a b i a s f o r the t r i g g e r d i o d e . 

Footnote -

The r a t e of 1.2 v o l t s per microsecond f o r the p l a t e 

run-down i s determined from the M i l l e r c i r c u i t as below: -
i ( t ) 

<t) 

V i ( t ) 

• /VW\Ar R 
I V * > 

F o r A „ l a r g e i ( t ) = 
-o — - T 

Since the i n p u t g r i d i s kept approx imate ly a t zero v o l t s 

v 0 ( t ) = gJi . d t 
• dvo _ i _ V j ( t ) 

d T ~ C ~ ~W~ 

i . e . the r a t e of change of the p l a t e v o l t a g e i s v ^g^-

In the case of the p h a n t a s t r o n v ^ ( t ) i s cons t an t a t E^^+, 5 

v o l t s . F o r t h i s case t h i s i s 305 v o l t s , 

R i s the 470K g r i d r e s i s t o r R8 

and C i s the 500 pf g r i d - p l a t e c a p a c i t o r C3 . 
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Hence the r a t e of change o f p l a t e v o l t s i s cons tant a t : -

E bb + 5 

v o l t s per second. 
B8.C3 

When the above va lue s are i n s e r t e d t h i s g ive s 1.2 v o l t s per 

m i c r o s e c o n d . 

The F2 T r i g g e r C i r c u i t ( F i g . 1 5 ) 

In the case of the P l phantas t rons the P l pu l se i s 

taken from the cathode of V6 to the P2 t r i g g e r c i r c u i t . Thi s 

c i r c u i t i s e s s e n t i a l l y a pu l se i n v e r s i o n c i r c u i t compr i s ing 

tube V7 - a 12AT7 t r i o d e . The 140 v o l t s P l pu l se i s f ed on 

to the g r i d v i a l i m i t i n g r e s i s t a n c e R2 and c o u p l i n g condenser 

C I . The output from the p l a t e i s a 200 v o l t nega t ive p u l s e , 

-0 + 300 v o l t s 

_ R2 CI 
@ v/WV 1 

CI - . 01 |af 

R l - 33K 

R2 - 47K 

R3 -100K 

VI - 12AT7 

F i g . 15. T h e P2 T r i g g e r C i r c u i t 
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the t r a i l i n g edge of which i s r e q u i r e d to t r i g g e r P2 phanta

s t r o n . I t w i l l be noted from the phanta s t ron c i r c u i t ( F i g , 14) 

t h a t the input condenser i n the P2 phantas t rons i s 100 p f . 

T h i s d i f f e r e n t i a t e s the output from V7 and p r o v i d e s the nece s 

sary p o s i t i v e t r i g g e r pul se to operate the P2 p h a n t a s t r o n . 

S ince the d r i v e to V7 i s +140 v o l t s , g r i d c u r r e n t i s l i m i t e d 

by r e s i s t o r R4, Th i s ensures t h a t the cathode f o l l o w e r d r i v 

i n g i t i s not o v e r l o a d e d . 

D e t a i l s of the G a t i n g C i r c u i t s ( F i g , 1 6 ) 

With r e f e r e n c e to the B l o c k Diagram i t w i l l be seen 

t h a t the outputs of the 4 phantas t rons are combined i n the 

f o l l o w i n g manner, P1+ and P2- toge ther operate gate DGA, whi le 

P l - and P2+ together operate gate DGB, 

The a p p r o p r i a t e p h a n t a s t r o n pu l se s are f ed to the i n 

put of the c i r c u i t ( F i g . 1 6 ) , They are c l i p p e d to an ampl i tude 

of 100 v o l t s by the germanium diodes DI and D2, the cathodes 

o f which are h e l d a t 100 v o l t s by r e s i s t o r s R2 (390K) and R3 

(220K) acros s the 300 v o l t s s u p p l y , (Two d iodes i n s e r i e s are 

used s i n c e the maximum back v o l t a g e which t h i s type of d iode 

w i l l s tand i s 80 v o l t s ) . Condenser C l (0,25| i f) keeps the v o l t 

age a t the j u n c t i o n of R2 and R3 cons tant d u r i n g the c l i p p i n g 

p r o c e s s , which does not l a s t more than 250 microseconds - the 

maximum l e n g t h of a p h a n t a s t r o n p u l s e . A f t e r the pu l se s have 

been c l i p p e d they are a p p l i e d to the g r i d of V8 - a 12AT7 
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t r i o d e t u b e . Th i s i s a paraphase i n v e r t e r c i r c u i t whose matched 

p l a t e and cathode r e s i s t o r s R5 and R6 are 22K, The outputs 

from the p l a t e and cathode are 90 v o l t pu l se s - nega t ive go ing 

from the p l a t e and p o s i t i v e from the ca thode , These pu l se s 

operate the d iode gate v i a condensers C3 and C4, 

The Diode Gate C i r c u i t ( F i g „ 1 6 ) 

I t c o n s i s t s e s s e n t i a l l y of the s i x d iodes D2-D8 c o n 

nected as shown i n the diagram,, For no s i g n a l c o n d i t i o n s , the 

germanuim diodes D3 and D4 are conductingo The 2 p a i r s of r e 

s i s t o r s R9, R8 and RIO, R7 are thus c a r r y i n g c u r r e n t and h o l d 

p o i n t s E and F a t +45 v o l t s and -45 v o l t s r e s p e c t i v e l y . T h i s 

means t h a t the tube d iodes D5-D8 ( i . e . V9 and V10) are a l l 

b l o c k e d . The output t e r m i n a l , p o i n t H ? i s thus a t zero v o l t s . 

When the -90 v o l t s pu l se appears at the p l a t e of V8 

i t b l o c k s diode D4 v i a condenser C3 , S i m u l t a n e o u s l y the +90 

v o l t pu l se appear ing a t the cathode of V8 b l o c k s d iode D3, 

The four d iodes D5-D8 are now f ree to conduct . S ince R9 and 

RIO are e q u a l , the output t e r m i n a l of the ga te , p o i n t H, r e 

mains a t zero p r o v i d e d t h a t the v o l t a g e a t G, the i n p u t t e r m i n a l , 

i s a l s o z e r o . In f a c t , when the d iodes are c o n d u c t i n g , the o u t 

put v o l t a g e w i l l be equa l to the i n p u t v o l t a g e to a v e r y h i g h 

degree of a c c u r a c y . Th i s f o l l o w s for p o s i t i v e or nega t ive 

v o l t a g e s and i s due to the br idge c o n f i g u r a t i o n of the 4 d iodes 

D5-D8, 
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When the g a t i n g pu l se s from V8 end, the gate then 

c l o s e s and the output v o l t a g e a t H r e t u r n s to zero a t a r a te 

the a m p l i f i e r i n p u t r e s i s t o r E l l . 

S ince the v o l t a g e + | A X | i s f ed i n t o gate DGA, the ou t 

put a t p o i n t H w i l l be a pu l se of ampl i tude equa l to + |AxJ and 

of d u r a t i o n equa l to that of the phanta s t ron pul se which 

operated the gate v i a V 8 . When A X i s zero the output pu l se 

from the gate must a l s o be z e r o . Thus i t i s neces sary to e n 

sure t h a t the br idge c i r c u i t formed by the d iodes D5-D8 i s 

ba lanced when i n the conduc t ing c o n d i t i o n . The 1000 ohm 

potent iometer P o t . 1 i s p r o v i d e d f o r t h i s purpose . Adjustment 

of t h i s r e s i s t o r f o r zero ampl i tude pu l se out when the i n p u t 

i s zero ensures t h a t t h i s c o n d i t i o n i s met. 

determined by the p a r a s i t i c capac i t ances of the d iodes and 

TheJAXl I n v e r t e r C i r c u i t ( F i g . 1 7 ) 

Th i s c i r c u i t i s a P h i l b r i c k K2 - X O p e r a t i o n a l 

ci 
C2 - 7-50 p f . trimmer 

R l - 2 - 100K matched to 1% 

R3 

P o t . 1 

F i g . 17. TheJAXl I n v e r t e r 
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A m p l i f i e r connected as shown. R e s i s t o r s R l and R2 are 100K 

matched to w i t h i n 1$. These f i x the g a i n a t u n i t y . The i n p u t 

s i g n a l J A x j w i l l thus p rov ide an output of -JAXJ , Th i s v o l t a g e 

i s the input f o r gate DGB. 

R3 and P o t , 1 p rov ide the b i a s fo r the a m p l i f i e r , 

whi le condenser CI decouples t h i s b i a s s u p p l y . The trimmer C2 

i s a d j u s t e d to e l i m i n a t e any tendency f o r the output s i g n a l to 

o v e r s h o o t . 

The Pul se Combining A m p l i f i e r , 

I t can be seen from the c i r c u i t diagram F i g » 1 6 » t h a t 

the outputs from the two diode gates DGA and DGB are f ed to 

the two 82K matched r e s i s t o r s R l l , R12, These form the i n p u t 

t e r m i n a l s of the K2-X DC o p e r a t i o n a l a m p l i f i e r . S ince the 

feedback r e s i s t o r R14 i s 330K the g a i n i s f i x e d a t - 4 , 

B i a s i s s u p p l i e d by R13 and P o t , 2, The trimmer C6 

e l i m i n a t e s any tendency to overshoot i n the output waveforms. 

T h i s a m p l i f i e r has to d e a l w i t h i n p u t pu l s e s from 0 to 

+15 v o l t s a m p l i t u d e . I t thus produces output pu l se s up to 

+60 v o l t s ampl i tude which d r i v e the X and P A d d e r . The pu l se 

r i s e time i s l i m i t e d by the a m p l i f i e r to about 8 mic ro seconds . 

The X and P Adder and the Galvanometer D r i v i n g C i r c u i t 

The d e s c r i p t i o n of the o p e r a t i o n of the f i n a l stages 

of the c i r c u i t i s i n i t i a l l y made w i t h r e f e r e n c e to the s i m p l i 

f i e d c i r c u i t diagram P i g . 1 8 , In t h i s c i r c u i t there are two 
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tubes VA and VB connected i n s e r i e s toge ther w i t h the V8 

cathode r e s i s t o r R15,between the +300 and -300 v o l t s s u p p l i e s . 

The q u i e s c e n t c u r r e n t f o r these tubes i s 25 mAs. I t i s c o n 

t r o l l e d by the cathode f o l l o w e r a c t i o n of R15, the g r i d of 

VB be ing h e l d a t -300 v o l t s by R13 0 The g r i d of VA i s h e l d 

a t a s u f f i c i e n t l y negat ive v o l t a g e to keep i t s ca thode , p o i n t 

A , a t 0 v o l t s . Thi s i s a ch ieved by the feedback a c t i o n of the 

DC a m p l i f i e r , the output of which d r i v e s the g r i d of V A . R3 

i s the feedback r e s i s t o r which i s r e s p o n s i b l e f o r t h i s c o n t r o l . 

The galvanometer G i s connected between ground and p o i n t A v i a 

an a d j u s t a b l e r e s i s t o r RG 0 

F o r p o s i t i v e d r i v e from the DC a m p l i f i e r , p o i n t A r i s e s 

and c u r r e n t i s f e d through the galvanometer to ground. F o r 

Q - 300 v o l t s 

F i g . 18. The Galvanometer D r i v e C i r c u i t 
- S i m p l i f i e d 
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s m a l l nega t ive s i g n a l s not s u f f i c i e n t to cut o f f the q u i e s 

cent c u r r e n t i n the tubes c o m p l e t e l y , the p o i n t A f a l l s below 

ground and the galvanometer c u r r e n t i s reversed, . N o t i c e t h a t 

about 20 mAs or 80% of the q u i e s c e n t c u r r e n t can be swi tched 

l i n e a r l y i n t h i s manner. T h i s w i l l take care of the h o l d i n g 

s i g n a l s , s ince o n l y 16 mAs i s r e q u i r e d f o r f u l l d e f l e c t i o n of 

the ga lvanometer . N o t i c e a l s o t h a t t h i s i s s u p p l i e d by a DC 

d r i v i n g c i r c u i t so t h a t the galvanometer can be h e l d a t any 

d e f l e c t i o n i n d e f i n i t e l y i n t h i s manner. 

The c u r r e n t r e q u i r e d by the l a r g e r ampl i tude p o s i t i v e 

go ing pu l se s can be s u p p l i e d to the galvanometer i n the same 

way. However, l a r g e r c u r r e n t s r e q u i r e d by the nega t ive go ing 

pu l se s cannot be s u p p l i e d by t h i s cathode f o l l o w e r a c t i o n 

wi thout more q u i e s c e n t c u r r e n t through the t u b e s . T h i s i s u n 

d e s i r a b l e and i s the reason why the tube VB and the AC a m p l i f i e r 

d r i v i n g i t are i n c l u d e d i n the c i r c u i t . They operate as 

fo l lowss -

When p o i n t A i s d r i v e n nega t ive by the DC a m p l i f i e r , 

the g r i d of VB i s d r i v e n p o s i t i v e by the AC a m p l i f i e r (whose 

i n p u t g r i d i s connected to A v i a C2 & R 6 ) . T h i s reduces the 

e f f e c t i v e p l a t e r e s i s t a n c e of V B , more c u r r e n t f lows from the 

supp ly and the v o l t a g e a t p o i n t A i s a l lowed to f o l l o w the 

f a l l i n p o t e n t i a l on the g r i d of V A . T h i s f a l l i s c o n t r o l l e d 

by the feedback of the DC a m p l i f i e r . S ince the l a r g e p u l s e d 



+300 v o l t s 

CI - . O l u f 
C2-6 - .1 [it 
C7 - 25 (if 

25 V . D . C . 
C8 - 7-50 p f . 

R l - 3 - 33K Vfo 
R4 1 Meg 
R5 - 100K 2W 
R6-8 - 100K 
R9 - 270 ohms 
RIO - 22K 1 ¥ 
R l l - 330K 
R12 - 47K 2W 
R13 - 330K 
R14-15 -- 470 ohms 

1 W 

P o t , 1 -- 10K 
P o t . 2 -- IK 

V11A-B -- 6AN8 : 
V12-15 -- 12AU7 

•300 v o l t s F i g . 19. X + P Adder and Galvanometer D r i v e 
C i r c u i t 
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c u r r e n t s are r e q u i r e d f o r o n l y 250 microseconds or l e s s , AC 

c o u p l i n g can be s a t i s f a c t o r i l y employed i n the VB d r i v e p a r t 

of the c i r c u i t o 

The waveform a t p o i n t A i s determined by the DC 

a m p l i f i e r which i s i n f a c t the X and P A d d e r . I t s two i n p u t s , 

the h o l d i n g v o l t a g e - X and the pu l se output from the Pu l se 

A m p l i f i e r , are added toge ther w i t h a g a i n of -1 and appear 

a t p o i n t A . The waveforms are shown i n F i g . 12G. Adjustment 

of the v a r i a b l e r e s i s t o r RG w i l l change the galvanometer c u r r e n t 

f o r a p a r t i c u l a r d r i v e v o l t a g e . 

The a c t u a l d e t a i l s of the c i r c u i t are shown i n F i g . 

19. Here i t i s seen t h a t tubes VA and VB are i n f a c t each 2 

double t r i o d e s connected i n p a r a l l e d . These are V12, V13 and 

V14, V 1 5 . 12AU7's are used f o r t h i s purpose . 

The X and P Adder i s a P h i l b r i c k O p e r a t i o n a l 

A m p l i f i e r type K2-X . B ia s i s s u p p l i e d by R4 and P o t . 1. The 

r e s i s t o r R5, connected from the output of the K2-X to the +300 

v o l t s s u p p l y , ensures t h a t t h i s a m p l i f i e r w i l l g ive the + 75 

v o l t s d r i v e as w e l l as supply the 15 v o l t s b i a s r e q u i r e d by the 

tubes V12 and V13 . (See K2-X s p e c i f i c a t i o n s t page 65.) 

The AC a m p l i f i e r i s tube V l l - a 6AN8. The pentode 

s e c t i o n i s a c o n v e n t i o n a l RC coupled stage w i t h a nominal g a i n 

of 100. The t r i o d e s e c t i o n i s a cathode f o l l o w e r connected to 

the output of the a m p l i f i e r . I t i s w i t h i n the feedback loop 
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of the a m p l i f i e r which has a c l o s e d loop g a i n of - 1 . The 

cathode f o l l o w e r output of t h i s stage was found to be nece s s 

a r y to dea l w i t h the g r i d c u r r e n t drawn by tubes V13, V14 on 

l a rge d r i v e a m p l i t u d e s . 
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THE TEST CIRCUIT 

i ) Requirements 

The s i g n a l s r e q u i r e d to operate the galvanometer 

p o s i t i o n i n g c i r c u i t are as fo l lows? = 

a) The h o l d i n g v o l t a g e - X , 

b) The change i n h o l d i n g v o l t a g e |AX|. 

c) A pul se of the same s i g n as £ X to operate 

the P l t r i g g e r c i r c u i t . 

I t was dec ided to t e s t the response of the g a l v a n o 

meter f o r d e f l e c t i o n s from 0 to X and back aga in from X to 0 . 

T h i s s i m p l i f i e d the c i r c u i t r y r e q u i r e d i n tha t for a n y , 

p a r t i c u l a r va lue of X , | A X | i s now the same f o r both outward 

and inward movements of the ga lvanometer . 

In order t h a t the response of the galvanometer 

c o u l d be examined f o r a c o m p a r i t i v e l y long time a f t e r i t s 

i n i t i a l p o s i t i o n i n g movement, i t was r e q u i r e d t h a t the time 

between movements should be v a r i a b l e between 1,000 and 10,000 

microseconds . These times correspond to 100 and 1,000 

separate movements per second r e s p e c t i v e l y . 

i i ) Method of O p e r a t i o n 

The b l o c k diagram of the t e s t c i r c u i t i s shown i n 

P i g . 2 0 . Prom t h i s i t can be seen that a square wave s i g n a l 

genera tor i s used to d r i v e the c i r c u i t . I t t r i g g e r s a mono-

s t a b l e m u l t i v i b r a t o r which has a r e s t o r a t i o n time of about 
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3300 microseconds . For an i n p u t f requency of about 150 c / s , 

a square wave output of 120 v o l t s ampl i tude i s ob ta ined from 

the m u l t i v i b r a t o r . Th i s output performs two f u n c t i o n s . 

F i r s t l y i t s u p p l i e s the i n p u t for the P l t r i g g e r c i r c u i t and 

second ly i t operates a gate c i r c u i t . T h i s gate has another 

i n p u t v o l t a g e which i s + Ax| . ( i n the t e s t c i r c u i t + |z\X 

i s a p o s i t i v e DC v o l t a g e ) . The output pu l se s from the gate 

are arranged to be -J4x| i n ampl i tude and of the same d u r a t i o n 

as the m u l t i v i b r a t o r p u l s e s . 

For the t e s t c o n d i t i o n s , s i n c e ZIX = X then -]Ax| = -X 

and thus the output from the gate i s used f o r the h o l d i n g 

v o l t a g e -X i n the d e f l e c t i o n c i r c u i t . 

S i g n a l 
Gen. 

_ n j ~ L 
M.V< 

~UIT to P l T r i g g e r 

<3> 

• | « | 

The h o l d i n g v o l t a g e 
- X , 0 

Gate 

+|Z\x| to Diode Gate 

F i g , 20. The B l o c k Diagram of the T e s t C i r c u i t 
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C i r c u i t D e t a i l s 

The m u l t i v i b r a t o r P i g . 21, 

The tube V2 - a 12AT7 double t r i o d e - i s connected 

as a monostable m u l t i v i b r a t o r . I t i s t r i g g e r e d from p o s i t i v e 

pu l se s d e r i v e d from a square wave of 50 v o l t s ampl i tude 

a p p l i e d to the IN t e r m i n a l of the c i r c u i t . The output from 

tube V2 i s a s e r i e s of 200 v o l t p o s i t i v e go ing p u l s e s , each of 

3300 microseconds d u r a t i o n . The time i n t e r v a l between these 

pu l se s can be v a r i e d by changing the r e p e t i t i o n r a t e of the i n 

put square wave. T h i s i n t e r v a l can be reduced to 1000 m i c r o 

seconds or lower i f d e s i r e d . However, nega t ive go ing pu l se s 

are r e q u i r e d to operate the gate c i r c u i t , so the m u l t i v i b r a t o r 

s i g n a l i s fed to an i n v e r t e r c i r c u i t V3B v i a a cathode f o l l o w e r 

V3A. The cathode f o l l o w e r i s neces sary to a v o i d l o a d i n g the 

p l a t e c i r c u i t of tube V2B. The negat ive output pu l se s from the 

p l a t e of V3B are 120 v o l t s i n ampl i tude and , of c o u r s e , have the 

same d u r a t i o n as those from the m u l t i v i b r a t o r . Prom the output 

t e r m i n a l they are a p p l i e d to the IN t e r m i n a l of the gate c i r c u i t 

F i g . 23 and a l s o to the i n p u t of the P l t r i g g e r c i r c u i t F i g . 

13. 

The d u r a t i o n of the m u l t i v i b r a t o r pu l se s i s determined 

as f o l l o w s : -

S ince R8 i s connected to the +300 v o l t s s u p p l y , the 

r e s t o r a t i o n time f o r the monostable m u l t i v i b r a t o r i s g i v e n 



+300 v o l t s 
Output to P l T r i g g e r 

Output to 
the gate 
c i r c u i t 

R3 

-300 v o l t s 

R l 100K P o t . l - 200K 
R2 47K 
R3 270K CI 100 p f 
R4 680K C2 0.01 (if 
R5-6 68K C3 50 pf 
R7 220K C4 0.2 |xf 
R8-9 390K 

0.2 |xf 

RIO 82K VI 6AL5 
R l l 10K V2-3 - 12AT7 
R12-13 - 22K 

vO 

F i g . 21. The Tes t C i r c u i t - M u l t i v i b r a t o r C i r c u i t Diagram 
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approx imate ly by 

T = R8.C3 L n . 
E b b + ( E b b - E b » 

( E b b - V + E c o 

sees . 

Where E ^ i s the p l a t e supp ly v o l t a g e 

E k i s the q u i e s c e n t p l a t e v o l t a g e 

E i s the c u t o f f v o l t a g e of the tube 
co 6 

Note t h a t the q u a n t i t y (^ b b~^D) i s the v o l t a g e swing on the 

p l a t e of V2A. 

In t h i s case E, , = 300 v o l t s bb 

E^ = 50 v o l t s 
b 

E = -10 v o l t s , 
co 

S u b s t i t u t i n g these and the v a l u e s f o r R8 and 03 i n 

the equa t ion g i v e n shows t h a t approx imate ly T = 3250 m i c r o 

seconds . T h i s checks out w i t h the va lue found i n p r a c t i c e 

which was 3300 microseconds . 

The Gate C i r c u i t ( F i g . 23.) 

The gate c i r c u i t used here comprises two K2-X 

P h i l b r i c k a m p l i f i e r s r e f e r r e d to as K2-XA and K2-XB. These 

are d e p i c t e d i n the s i m p l i f i e d diagram shown below, F i g . 22. 

K2-XB i s arranged as a DC feedback a m p l i f i e r whose 

g a i n i s a d j u s t e d to be -1 by means of P o t . 5 . R7 and R8 t o 

gether make up the i n p u t r e s i s t a n c e to K2-XB. The i n p u t 

s i g n a l i s a p p l i e d to R7 and i s the DC v o l t a g e + | ^ ^ | • However, 

t h i s v o l t a g e i s not a l l owed to operate K2-XB because of the 
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feedback a c t i o n of K2-XA. Under no s i g n a l c o n d i t i o n s , tube 

V1B i s conduct ing and ac t s as the feedback r e s i s t o r to K2-XA. 

K2-XA thus keeps the j u n c t i o n between R7 and R8 a t zero v o l t s . 

I t i s o n l y when the tube V1B i s c u t o f f by the nega t ive go ing 

m u l t i v i b r a t o r pu l se s t h a t the i n p u t g r i d of K2-XB i s a l l owed 

to r i s e . Thi s means t h a t the m u l t i v i b r a t o r pu l se s operate the 

gate formed by these two P h i l b r i c k a m p l i f i e r s so t h a t the 

output from K2-XB i s a t r a i n o f nega t ive p u l s e s , the a m p l i 

tude of which i s -JAxj and the d u r a t i o n i s 3300 microseconds , 

t h a t of the m u l t i v i b r a t o r p u l s e s . 

P o t . 5 

F i g . 22. The Gate C i r c u i t - S i m p l i f i e d Diagram 

Adjustment of P o t . 5 changes the g a i n of K2-XB 

which i s n o r m a l l y kept a t - 1 . T h i s adjustment i s made a v a i l 

ab le i n the t e s t c i r c u i t i n case i t becomes neces sary to 

change the v o l t a g e c o r r e s p o n d i n g to X wi thout a f f e c t i n g the 

ampl i tude of the p h a n t a s t r o n p u l s e s . The ampl i tude of the* 



+ 300 v o l t s — ; w 
+ jAX[ to Gate DC 

H o l d i n g 
Vplta;ge - X 

P o t . i - 20K 
P o t . 2 - 30K 
P o t . 3 - 4 - 10K 
P o t . 5 -200K 

V1A,B -12AT7 

F i g . 23. The Gate C i r c u i t Diagram (Test C i r c u i t ) 

R l - 2 - 270K 
R3 - 47K 2 watt 
R4 - 47K 
R5 - 270K 
R6 - 33K 
R7-8 - 47K 
R9-10 - 1 Meg. 

CI - 1 rlf 
C2-4 - 0 .01 | i f 
C5-6 - 7rr30 pf (trimmer) 
D l - 3 - Germanium diodes 

type - 1N-191 

U l 

ro 

-300 v o l t s 
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p h a n t a s t r o n pu l se s depends on the DC v o l t a g e from VIA i n 

t h i s c i r c u i t (+|Ax| ). 

The d e t a i l e d c i r c u i t diagram i s shown i n P i g . 23 . 

Tube VIA i s a cathode f o l l o w e r the output of which i s a 

DC v o l t a g e equa l to + JAx| . T h i s v o l t a g e i s taken to the 

diode gate DGA i n the galvanometer p o s i t i o n i n g c i r c u i t v i a 

the t e r m i n a l marked DG i n F i g . 2 3 • I t a l s o forms the i n p u t 

v o l t a g e to the P h i l b r i c k a m p l i f i e r gate under d i s c u s s i o n . 

+JAx| can be v a r i e d between 0 and 20 v o l t s by adjustment of 

P o t . 1, P o t . 2 i s a d j u s t e d so tha t a t the lowest s e t t i n g of 

P o t . 1 the v o l t a g e on VIA cathode i s 0 v o l t s . 

The g r i d of tube V1B i s h e l d a t about -45 v o l t s by 

r e s i s t o r s R4 and R5 . A nega t ive v o l t a g e i s used to reduce 

the s i z e of the pu l se neces sary to cut o f f t h i s t u b e . 

Diodes DI and D2 are connected ac ros s R6 to prevent 

any p o s i t i v e overshoot of the v o l t a g e on the g r i d of V1B. 

Diode D3 and c a p a c i t o r s C5 and C6 are a l s o connected i n the 

c i r c u i t to e l i m i n a t e overshoot of the output waveform from 

K2-XB. 

B ia s f o r the P h i l b r i c k a m p l i f i e r s i s p r o v i d e d i n 

the u s u a l manner by r e s i s t o r R9 and P o t . 3 f o r K2-XA and by 

RIO and P o t . 4 f o r K2-XB. 
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THE RESULTS OF THE GALVANOMETER RESPONSE TESTS 

The response of the galvanometer was examined f o r 

i n p u t s i g n a l s of d i f f e r e n t pu l se ampl i tude to h o l d i n g v o l t a g e 

r a t i o s ( i . e . d i f f e r e n t va lue s of K ) . The upper v a l u e f o r K 

i s l i m i t e d by c o n s i d e r a t i o n s of a ccuracy and by the maximum 

pul se c u r r e n t which the galvanometer can a c c e p t . I t was 

found t h a t f o r va lue s of K l e s s than 4 , the pulse l engths r e 

q u i r e d were longer than the apparatus c o u l d supp ly - i . e . 

l onger than 250 ^xsecs. For Va lue s of K g r e a t e r than 4 , w h i l e 

the p o s i t i o n i n g time was r educed , the adjustment of the pul se 

l engths became c r i t i c a l and was s u b j e c t to d r i f t . 

The bes t performance of the system was o b t a i n e d f o r 

K = 4 . The d r i v i n g waveforms and the response curves of the 

ga lvanometer , f o r 4 d i f f e r e n t ampl i tudes are shown on pages 

56 to 59. I t was found t h a t over a l l ampl i tudes of s i g n a l , f o r 

d e f l e c t i o n s from 0 to X , t h a t the i n i t i a l p o s i t i o n i n g time 

c o u l d be kept a t 350 ^ sec s . T h i s compares w i t h 1800 usees f o r 

the response to a s tep i n p u t . In n e i t h e r case can the beam be 

c o n s i d e r e d p e r f e c t l y s t a t i o n a r y u n t i l some time a f t e r the i n i t i a l 

movement. In the case of the p u l s e d i n p u t t h i s p o i n t i s reached 

i n a f u r t h e r 250 u see s . The pul se lengths r e q u i r e d to ach ieve 

these r e s u l t s a r e : P l = 210 (isecs and P2 = 90 usees. In the 

photographs there i s a s l i g h t d i f f e r e n c e between the pu l se 

l engths fo r the outward and inward movements of the ga lvanometer . 
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However, i t was found l a t e r t h a t these t imes cou ld be made 

equa l w i t h o u t a f f e c t i n g the response waveforms. 

With K = 6 the waveforms f o r maximum ampl i tude are 

shown on page 60,, The i n i t i a l p o s i t i o n i n g time here i s 280 

l i s e c s , but because the adjustment was v e r y s e n s i t i v e , t h i s r e 

s u l t c o u l d not be mainta ined over a l ong p e r i o d of t i m e . 

A l s o i t was found impos s ib l e to e l i m i n a t e a s m a l l over shoot 

which o c c u r r e d a t a l l ampl i tudes and meant t h a t the t o t a l r e 

sponse was no b e t t e r than f o r the case when K = 4 , The d u r a t i o n 

of the pu l se s f o r K = 6 are P l = 180 ^isecs P2 = 80 ^isecs, f o r 

both inward and outward d i r e c t i o n s of movement. 

F o r a l l v a l u e s of K the temperature of the g a l v a n o 

meter c o n s i d e r a b l y a f f e c t e d the per formance . W i t h the a r r a n g e 

ment used f o r the t e s t s the lamp and the galvanometer were i n 

the same compartment. Under these c o n d i t i o n s the performance 

d i d not s t a b i l i z e u n t i l some 2 hours a f t e r the apparatus was 

switched on and the temperature of the apparatus had been 

r a i s e d to a cons tant l e v e l by the heat from the lamp. 
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D r i v i n g Waveforms and Galvanometer Response Photographs 

SHEET 1. Taken f o r 16 mm. d e f l e c t i o n of the galvanometer 

and K=4:l. Input v o l t a g e X = 15 v o l t s p r o d u c i n g a h o l d i n g c u r r e n t 

of 16 mAs. P u l s e a mplitude 60 v o l t s , p r o d u c i n g a p u l s e c u r r e n t 

of 64 mAs. 

Step Input (x o n l y ) P u l s e d I n p u t . 

D r i v i n g 
Waveforms, 

Galvanometer 
Response. 
(P-M Output) 

S c a l e s -
per square. 

V e r t i c a l 
30 v o l t s . 

H o r i z o n t a l 
lOOOnsecs o 

V e r t i c a l 
1 v o l t . 

H o r i z o n t a l 
1000 Usees. 

The photographs below are of the same P u l s e d Input 

s i g n a l and the galvanometer response curves as above but w i t h the 

time s c a l e expanded 10 times - i . e . t o 1 square = 100 usees. 

The 0 to X S i g n a l The X t o 0 S i g n a l 

D r i v i n g 
Waveforms 

Galvanometer 
Response. 
(P-M Output) 

V e r t i c a l 
30 v o l t s . 
H o r i z o n t a l 
100 usees. 

V e r t i c a l 
1 v o l t . 

H o r i z o n t a l 
100 M-secs, 

P o s i t i o n i n g Times: W i t h Step Input . . . . . . . 1100 Usees. 
With P u l s e d I n p u t 

(a) f o r the 0 to X S i g n a l . 350 Usees. 
(b) f o r the X to 0 S i g n a l . 350 Usees. 



57 

D r i v i n g Waveforms and Galvanometer Response Photographs 

SHEET 2. Taken f o r 12 mm. d e f l e c t i o n of the galvanometer 

and K = 4 : l . Input v o l t a g e X = 11.25 v o l t s p roduc ing a h o l d i n g 

c u r r e n t of 12 mAs. Pul se ampl i tude 45 v o l t s , p roduc ing a pul se 

c u r r e n t of 48 mAs. 

Step Input (x only) P u l s e d I n p u t . 

D r i v i n g 
Waveforms 

Galvanometer 
Response. 

(P-M Output) 

Sca le s -
per square . 

V e r t i c a l 
30 v o l t s . 

H o r i z o n t a l 
1000 |jsecs. 

V e r t i c a l 
1 v o l t . 

H o r i z o n t a l 
1000 | i secs . 

The photographs below are of the same Pu l sed Input 

s i g n a l and the galvanometer response curves as above but w i t h the 

time s ca l e expanded 10 times - i . e . to 1 square = 100 usees. 

The 0 to X S i g n a l The X to 0 S i g n a l 

D r i v i n g 
Waveforms 

Galvanometer 
Response. 

(P-M Output) 

V e r t i c a l 
30 v o l t s . 

H o r i z o n t a l 
100 u s e e s . 

V e r t i c a l 
1 v o l t . 

H o r i z o n t a l 
100 u s e e s . 

P o s i t i o n i n g Times; With Step Input 1800 U s e e s . 

With Pu l sed Input 
(a) f o r the 0 to X S i g n a l 
(b) f o r the X to 0 S i g n a l 

360 U s e e s . 
350 Usee s . 
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Driv ing Waveforms and Galvanometer Response Photographs 

SHEET 3. Taken for 8 mm. de f lec t ion of the galvanometer 

and K=4:l . Input voltage X = 7.5 vo l t s producing a holding 

current of 8 mAs. Pulse amplitude 30 v o l t s , producing a pulse 

current of 32 mAs. 

Step Input (X only) Pulsed Input. 

Dr iv ing 
Waveforms 

Galvanometer 
Response. 

(P-M Output) 

Scales -
per square, 

V e r t i c a l 
30 v o l t s . 

Horizontal 
1000usees. 

V e r t i c a l 
1 v o l t . 

Horizontal 
1000 usees. 

The photographs below are of the same Pulsed Input 

s ignal and the galvanometer response curves as above but with 

the time scale expanded 10 times - i . e . to 1 square = 100 Usees. 

The 0 to X Signal The X to 0 Signal 

Driving 
Waveforms 

Galvanometer 
Response 
(P-M Output) m i n 

mm 

Vertical 
30 volts. 

Horizontal 
100 usees. 

Vertical 
1 volt. 

Horizontal 
100 ^isecs. 

Positioning Times; With Step Input • 1800 usees. 

With Pulsed Input 
(a) for the 0 to X Signal . 400 usees. 
(b) for the X to 0 Signal . 300 usees. 
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Dr iv ing Waveforms and Galvanometer Response Photographs 

SHEET 4. Taken for 4 mm. de f lec t ion of the galvanometer 

and K=4:l . Input voltage X = 3.75 vo l t s producing a holding 

current of 4 mAs. Pulse amplitude 15 v o l t s , producing a pulse 

current of 16 mAs, 

Step Input (x only) Pulsed Input. 

Dr iv ing 
Waveforms 

Galvanometer 
Response, 

(P-M Output) 

Scales -
per square, 

V e r t i c a l 
30 v o l t s . 

Horizontal 
lOOOusecs. 

V e r t i c a l 
1 v o l t . 

Horizontal 
lOOOpsecs. 

The photographs below are of the same Pulsed Input 

s ignal and the galvanometer response curves as above but with the 

time scale expanded 10 times - i . e . to 1 square = 100 usees. 

The 0 to X Signal The X to 0 Signal 

Dr iv ing 
Waveforms 

Galvanometer 
Response 

(P-M Output) 

V e r t i c a l 
30 v o l t s . 

Horizontal 
100 u sees. 

V e r t i c a l 
1 v o l t . 

Horizontal 
100 usees. 

Pos i t ioning Times; With Step Input 1500 usees. 

With Pulsed Input 
(a) for the 0 to X Signal . 350 usees. 
(b) for the X to 0 Signal . 300 usees. 
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D r i v i n g Waveforms and Galvanometer Response Photographs 

SHEET 5. Taken f o r 16 mm. d e f l e c t i o n of the galvanometer 

and K = 6 : l . Input v o l t a g e X = 10 v o l t s , p roduc ing a h o l d i n g c u r 

r e n t of 16 mAs. Pulse ampli tude 60 v o l t s , p r o d u c i n g a pul se 

c u r r e n t of 96 J5AS. 

The Complete The 0 to X The X to 0 
S i g n a l S i g n a l S i g n a l 

D r i v i n g 
Waveforms 

Galvanometer 
Response 

(P-M Output) 

H o r i z o n t a l Sca le s 
per square : - 1000 ^ sec s . 100 u see s . 100 u see s . 

V e r t i c a l Sca le s 
per square : - f o r the D r i v i n g Waveforms . . . . . . 30 v o l t s 

f o r the Galvanometer R e s p o n s e . . . 1 v o l t . 

D u r a t i o n of P u l s e s : Both P l Pul se s 160 j i secs . 

Both P2 Pul se s 90 usees . 

P o s i t i o n i n g Times: With Pu l sed Output 
(a) f o r the 0 to X S i g n a l . . 300 ( i secs . 
(b) f o r the X to 0 S i g n a l . . 280 usees . 
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CONCLUSIONS 

i ) An A n a l y s i s of the R e s u l t s 

When c o n s i d e r i n g the galvanometer re sponse , the 

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

the time f o r one frame of the f u n c t i o n drum. With the p r e s e n t 

system, i f the galvanometer were r e q u i r e d to be p o s i t i o n e d b e 

tween frames, a t l e a s t 500 (isecs would have to be a l l o w e d f o r 

the p o s i t i o n i n g t i m e . Th i s would leave 500 p,secs f o r g e n e r a t i n g 

the f u n c t i o n . 

Prom the galvanometer response t imes o b t a i n e d i n 

p r a c t i s e , i t would appear t h a t the e f f e c t i v e va lue of the damp

i n g f a c t o r i s c o n s i d e r a b l y l e s s than i n d i c a t e d by l i n e a r 

t h e o r y . The t h e o r e t i c a l Va lue of was computed from the n a t u r a l 

f requency of o s c i l l a t i o n f n = 1000 c/s and the damped resonant 

f requency f^= 325 c / s . They are r e l a t e d by the e q u a t i o n s : -

6 = 2f i f d = j l - 6 2 ton (1) 

and a = 6io (2) 
n 

Prom ( l ) ° = 0 - 8 5 

Prom (2) a = 0.85con 

From the r e s u l t s o b t a i n e d i n p r a c t i s e good c o r r e 

l a t i o n i s ob ta ined between t h e o r y and p r a c t i s e i f a i s taken as 

i6con • Th i s i s an e m p i r i c a l r e s u l t . No t h e o r e t i c a l j u s t i f i 

c a t i o n i s p o s s i b l e because of the extreme speed of response 

and the c o m p l i c a t e d t r a n s i e n t c o n d i t i o n s i n the damping f l u i d 
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and the suspens ion of the c o i l . U s i n g t h i s va lue of eC for a 

s i g n a l where K = 4 and where the time u n t i l the t h i r d s tep i s 

a p p l i e d , t 2 i s 300 u s e e s , the second s tep must t h e o r e t i c a l l y 

be a p p l i e d a t t-]_ = 220 p. s ee s . Th i s compares w i t h 210 usees 

obta ined i n p r a c t i s e . 

For a s i g n a l where K = 6 and t 2 = 250 | i s ec s , t h e o r y 

i n d i c a t e s ( foro(= ^6(jon) t h a t t j = 140 u s e e s . In p r a c t i s e t^ = 

150 u s e e s , 

i i ) Recommendations f o r Future Work 

I f a s h o r t e r p o s i t i o n i n g time i s r e q u i r e d , p r o b a b l y 

the most s a t i s f a c t o r y means of a c c o m p l i s h i n g t h i s would be by 

r e d u c i n g the galvanometer damping. I f t h i s were done, however, 

t r o u b l e might be exper i enced i n e l i m i n a t i n g a l l o v e r s h o o t . In 

t h i s c o n n e c t i o n , i t i s p o s s i b l e t h a t the s l i g h t movement r e 

maining a f t e r the comple t ion of the d r i v i n g s i g n a l i s due to 

movement of the damping f l u i d . Hence some other form of damp

i n g might be attempted - e . g , e l e c t r i c a l damping. 

E x p e r i m e n t a l r e s u l t s show t h a t the pu l se s f o r both 

outward and inward movements have the same l e n g t h . Th i s means 

t h a t 2 phantas t rons can be made to operate the c i r c u i t i n s t e a d 

of the 4 used a t p r e s e n t . The proposed b l o c k diagram i s shown 

i n F i g , 24 . Here i t w i l l be noted t h a t the i n p u t s i g n a l r e 

quirements have been s i m p l i f i e d . The t r i g g e r s i g n a l i s now a 

p o s i t i v e pu l se o c c u r r i n g whenever a new d e f l e c t i o n i s r e q u i r e d . 



T r i g g e r pu l se 

P2 
T r i g g e r 

Pu l se 
Adding 

Amp. 

— X 

X + P 

Adder 

D r i v e 
I n v e r t 

AC 

Galvanometer 
D r i v e 

C i r c u i t 

G a l v a n 
ometer 

F i g . 2 4 . B l o c k Diagram f o r the Proposed Galvanometer 

P o s i t i o n i n g C i r c u i t 



64 

I t s d i r e c t i o n does not depend on the s i g n of A X , The input s 

to the two gates DGA and DGB are now + AX and - AX r e s p e c t i v e l y . 

The |AX| s i g n a l i s no longer r e q u i r e d . 

In order to prevent d r i f t of the D , C , a m p l i f i e r s 

from a f f e c t i n g the a c c u r a c y of f u n c t i o n g e n e r a t i o n , the 

c i r c u i t must be arranged to c o r r e c t t h i s . Th i s can be accom

p l i s h e d by means of one t e s t f u n c t i o n which w i l l check the 

zero p o s i t i o n of the ga lvanometer . A b i a s s i g n a l w i l l be p r o 

duced from t h i s f u n c t i o n to e l i m i n a t e the zero e r r o r of the 

galvanometer each r o t a t i o n of the drum. 

P r o v i d e d t h a t e r r o r s due to d r i f t are c o m p l e t e l y 

e l i m i n a t e d , the e l e c t r i c a l s i g n a l s can be made as accura te as 

d e s i r e d . Thus the main source of e r r o r i n the system w i l l be 

due to the mechanica l a l ignment of the frames on the drum. 

Th i s p a r t of the system w i l l have to be v e r y c a r e f u l l y e n 

g i n e e r e d . 

From the f o r e g o i n g i t can be conc luded t h a t the 

groundwork has been completed f o r the c o n s t r u c t i o n of an a c 

curate and v e r s a t i l e method of f u n c t i o n g e n e r a t i o n which 

s a t i s f i e s the requirements l a i d out a t the b e g i n n i n g of t h i s 

t h e s i s , 
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APPENDIX 

The P h i l b r i c k o p e r a t i o n a l a m p l i f i e r K2-X i s a compact 

p l u g - i n u n i t p r i m a r i l y i n t e n d e d f o r feedback o p e r a t i o n s . I t 

f e a t u r e s ba l anced d i f f e r e n t i a l i n p u t s fo r v e r s a t i l i t y and m i n i 

mum d r i f t . F o l l o w i n g are the g e n e r a l s p e c i f i c a t i o n s ; 

Model K2-X O p e r a t i o n a l A m p l i f i e r 

GAIN 
30,000 DC, open- loop 

POWER REQUIREMENTS 
7.5 ma. a t +300 VDC 
5.2 ma. a t -300 VDC 
0.75 amp. a t 6 .3 V 

INPUT IMPEDANCE 
Above 100 Megohms 

OUTPUT IMPEDANCE 
Below 300 ohms open- loop ; 
l e s s than 0.2 ohms f u l l y 
f ed back ; 

DRIFT RATE 
5 m i l l i v o l t s per day 
r e f e r r e d to the i n p u t 

VOLTAGE RANGE 
-50 to +50 VDC for 
i n p u t s ( toge ther ) 

-100 to +100 VDC for 
output (maximum) 

INPUT CURRENT 
Less than 0.1 micro-amp. 
fo r e i t h e r i n p u t 

OUTPUT CURRENT 
-2ma. to +2 ma . , d r i v i n g 
25K l o a d from -50 to +50 
VDC 

INPUT BIAS 
P o s i t i v e i n p u t should 
operate 0.6 V h i g h at 
ba lance ( e x t e r n a l b i a s ) 

RESPONSE 
1 usee, r i s e t ime w i t h 
band w i d t h over 250 KC 
when used as an i n v e r t e r 

AUGMENTED POWER 
100 K 2W r e s i s t o r c o n 
n e c t e d between output 
and -300 VDC s u p p l y . 
D r i v e s 33K l o a d over 
f u l l v o l t a g e range 
± 1 0 0 v o l t s 



~0 +300 

i n (2). 

(D -300 

R l -

R 2 -

R 3 -

R4 -

R 5 -

R 6 -

Ry — 

R 8 -

150 K. 

150 K , , 1 watt 

470-K* 

1 Meg. 

180 K. 

68 K . 

2.2 K. 

82 K . 

R9 -

B 1 0 -

R n -

R 1 2 -

C l -

C 2 -

c 3 -

220 K . 

10 Meg. 

1.5 Meg. 

4 .7 Meg. 

15 p f . 

5000 p f . 

7.5 p f . 

ON ON 

out 

Symbol 

R e s i s t o r t o l e r a n c e - 5% 

F i g . 25 Model K2-X O p e r a t i o n a l A m p l i f i e r . 

George A . P h i l b r i c k Researches , I n c . 
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