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CHAPTER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

INTRODUCTION 

Although man has  recen.t ly acqu i red  t h e  a b i l i t y  

t o  t r a v e l  t o  t h e  moon and w i l l ,  i n  t i m e ,  reach t h e  

o t h e r  p l a n e t s ,  t h e  ma jo r i t y  of space e x p l o r a t i o n  i n  t h e  

nex t  s e v e r a l  yea rs  w i l l  be accomplished w i t h  unmanned 

v e h i c l e s .  Because m o s t  of t h e s e  miss ions  w i l l  be t o  

one or  m o r e  of t h e  p l a n e t s ,  they w i l l  be of long du ra t i on .  

To  supply power requirements of t h e s e  space v e h i c l e s  

long- l ived,  r e l i a b l e  power sources  must be used. Eecause 

t h e  v a r i e d  power requirements w i l l  range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA€?om low vo l tage ,  

h igh c u r r e n t  t o  high vo l tage ,  low c u r r e n t  d r a i n s ,  it w i l l  

be necessary t o  prov ide s e v e r a l  systems to supply t h e  

power. F igure  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 ,  Cn. 1) i l l u s t r a t e s  the c a p a b i l i t i e s  

of va r ious  power product ion methods. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s  can  be seen,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-. 

only  reactors, s o l a r  cel ls  and r a d i o i s o t o p e s  are s u i t a b l e  

for  long range miss ions.  Because of t h e i r  dependence on 

solar energy, solar cel ls would n o t  be s u i t a b l e  f o r  miss ions 

t o  t h e  o u t e r  p l a n e t s  and must' be h l im ina ted .  

Th is  i n v e s t i g a t i o n  concerns i t s e l f  w i t h  us ing d i r e c t l y  

t h e  energy from a r a d i o a c t i v e  source t o  produce high vo l tage ,  

l o w  c u r r e n t  e l e c t r i c i t y .  

lower r i g h t  corner of F igure  1. I t  is  c l e a r l y  p o s s i b l e  

t o  produce t h e  h igh  c u r r e n t  and l o w  voltage requirements 

Such a device a c c u p i q  t h e  extreme 

. -  
* wi th  reactors and rad io i so topes  i n  con junc t i on  w i th  mechanical 

. _. 
/ 

cyc les  o r  thermionic  o r  t he rmoe lec t r i c  converters. ( 3 , 4 )  
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The product ion of h igh  vo l tages  has  prev ious ly  

been accomplished by t h e  use  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t rans formers  or  

roka t ing  machinery. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFor the product ion of 1 0  KV both 

of  t h e s e  methods invo lve  complex and expensive equipment. 

. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA dev ice  f o r  t h e  d i r e c t  conversion of n u c l e a r  energy ,to 

electr ical  energy seems t o  ho ld a g r e a t  deal of promise 

as long as t h e  c u r r e n t  requirements do n o t  exceed t h e  

microamp range. Such dev ices would be ext remely simple 

and des ign  and, t h e r e f o r e ,  very r e l i a b l e  and inexpensive.  

As wi th  a l l  r a d i o i s o t o p i c  power sources ,  t h e i r  l i f e t i m e s  

would depend on t h e  i so tope  employed. Rad ia t ion  hazards 

could be designed t o  be q u i t e  l o w .  
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CHAPTER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 

STATEMENT OF THE PROBLEM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. It i s  t h e  purpose of t h i s  i n v e s t i g a t i o n  t o  produce 

a des ign  of a h igh  vo l tage ,  low c u r r e n t  power source f o r  

use on an unmanned, long t e r m  space miss ion .  The d u r a t i o n  

of  t h e  miss ion i s  es t imated  t o  be between t h r e e  and f i v e  

yea rs .  The des ign  c u r r e n t  and vo l tage  requi rements are 

i n  t h e  v i c i n i t y  of one microampere and 1 0  KV r e s p e c t i v e l y .  

The weight of t h e  dev ice  i s  t o  be as low zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas p o s s i b l e  

whi le  mainta in ing t h e  requirements of t h e  source .  Dose 

l e v e l  o u t s i d e  t h e  source i s  t o  be compat ib le  w i t h  

i ns t rumenta t ion  aboard t h e  veh ic le .  Because s p e c i f i c  

dose l e v e l s  were n o t  a v a i l a b l e  a t  t h e  t i m e  of t h i s  paper ,  

dose l e v e l s  w i l l  be reduced as much as i s  al lowed by the-' 

o t h e r  c o n s t r a i n t s  of t h e  problem. 

The method of a t t a c k  w i l l  be t o  d e s i g n  and b u i l d  a 

device us ing  l abo ra to ry  amounts of a c t i v i t y  and t o  tes t  

t h i s  dev i ce  under s imulated space c o n d i t i o n s .  Cur ren t  and 

vo l tage  measurements taken on t h i s  sou rce  w i l l  .be e x t r a p o l a t e d  

t o  o b t a i n  t h e  c h a r a c t e r i s t i c s  of a p r o t o t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe power source.  

Due t o  t h e  l o w  q u a l i t y  vacuum employed i n  t h e  . 
exper iment and t h e  i n e x a c t  cons t ruc t i on  o f  t h e  &vice * the re  

will be some u n c e r t a i n t y , i n  t h e  r e s u l t s .  e v e r t h e l e s s ,  they 

should g i v e  a good feel  f o r  what might be expec ted  f r o m  t h i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e - .  

t ype  of source .  - _. 
/ 
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i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CHAPTER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI11 

PREVIOUS WORK 

Previous work i n  t h e  f i e l d  of o b t a i n i n g  h igh  

vo l tage  and/or c u r r e n t  from a r a d i o a c t i v e  material was 

done as e a r l y  as 1913  by Mosley (11). Using s i l v e r  

spheres i n  a vacuum and twenty m i l l i c u r i e s  of radium he 

obta ined a vo l tage  of 150 KV immediately before break- 

down. The c u r r e n t  produced was c a l c u l a t e d  t o  be about 

amps. The nex t  s i g n i f i c a n t  work dome i n  t h e  f i e l d  

w a s  by E.G.  Linder and S . M .  C h r i s t i a n  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAECA i n  Pr ince ton ,  

* N e w  J e r s e y  (7 ,  8 ,  9 ) .  Thei r  source mater ia l  w a s  250 
.- 

m i l l i c u r i e s  of Sr  90-Y90. The geometry w a s  e s s e n t i a l l y  

c y l i n d r i c a l .  

s u r f a c e  of a n i c k l e  cy l i nde r  and p laced in an evacuated 

The Sr 90-Y90 was conta ined 0x1 t h e  i n n e r  

copper c o l l e c t o r  cy l i nde r  p l a t e d  with a l d n u m .  Resu l ts  

obta ined from t h i s  apparatus w e r e  1 . 0 5  x amps a t  zero 

vo l tage  and a peak vo l tage  of 365 KV. 

I n  t h e  e a r l y  f i f t i e s ,  J . H .  Coleman zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2) experimented 

w i th  a s o l i d  i n s u l a t i n g  m a t e r i a l  s e p a r a t i n g  h i s  e l e c t r o d e s  

i n s t e a d  of a vacuum. The geometry was ag&n c y l i n d r i c a l  

and t h e  components were made of aluminum. Using 25 m i l l i c u r i e s  

of S r  90-~90, a zero  vo l tage c u r r e n t  of 5 x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlO-’$i amps w a s  

obta ined.  3 x 1 0  -lo amps w e r e  a v a i l a b l e  a& 1 0 0 %  c o l l e c t i o n  

e f f i c i e n c y .  Using 10 m i l l i c u r i e s  4 x 1 0  amps w e r e  obta ined 
* .  .. 

. _. 
/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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o u t  of 1 . 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 1 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-I" amps ava i l ab le .  

of 7000 V was reached. N o  apprec iab le  change i n  c u r r e n t  

A maximum vo l tage  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

was repor ted  as t h e  vo l tage  increased.  

I n  a l l  cases, the conclusions drawn were t ha t  t he  

sources  worked w e l l ,  but  t h e  amount of power they produced 

w a s  so s m a l l  it could no t  be used.. App l ica t ion  of material 

wi th  h igh concent ra t ions  of rad ioac t i ve  n u c l e i  ob ta ined 

' from r e a c t o r  cases  (1) was ev ident ly  no t  cons idered.  In  

t h e  i n v e s t i g a t i o n  it i s  hoped t o  extend .the r e s u l t s  out -  

l i n e d  above by des ign ing a one p amp power supply employing 

t h e  h igh ly  concent ra ted  materials mentioned above. 

9 



i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CHAPTER I V  

THEORY 

The b a s i c  conf igura t ion  of  t h e  power source i s  shown 

. i n  F igure  2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA l a y e r  of r a d i o a c t i v e  material (B) i s  

coated on a hollow conducting suppor t  sphere  ( A ) .  A hollow 

conduct ing c o l l e c t o r  sphere (C) i s  e l e c t r i c a l l y  i n s u l a t e d  

f r o m  t h e  suppor t  sphere  which it surrounds. 

E i t h e r  an zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACI o r  a 8- emi t t i ng  material may be used 

t o  c o a t  t h e  suppor t  sphere.  

t h e  8- p a r t i c l e s  leav ing  t h e  suppor t  sphere  would l eave  

If a 8- source  w e r e  used, 

a n e t  p o s i t i v e  charge there.  

t h e  c o l l e c t o r  sphere ,  which would be t h i c k  enough t o  s t o p  

The 6- p a r t i c l e s  would s t r i k e  
- 

a l l  of them, and leave  a n e t  negat ive  charge on it. The 

accumulated charge would r e s u l t  i n  a p o t e n t i a l  being 

c r e a t e d  across t h e  gap between t h e  t w o  spheres .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs a 

r e s u l t  of  t h i s  p o t e n t i a l ,  a c u r r e n t  would zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflow from t h e  

suppor t  sphere through t h e  load t o  t h e  c o l l e c t o r .  I f  an a 

source were s u b s t i t u t e d  f o r  t h e  6- sourcec  t h e  charges 

would be reversed.  

The vo l tage  i s  l i m i t e d  by t h e  s e p a r a t i o n  of t h e  two 

spheres ( 1 0 ) .  This would be a poor method o f  vo l tage  

c o n t r o l ,  however, s i n c e  a breakdown would r e s u l q l i n  a s t e p  

vo l tage  decrease and some t i m e  would be r e q u i r e d  f o r  t h e  

vo l tage  t o  recover .  For reasons which w i l l  be  expla ined . -  
/ 



FIG-2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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l a t e r , :  t h e  c u r r e n t  produced by t h e  power sou rce  i s  almost 

cons tan t  w i th  r e s p e c t  t o  changes i n  vo l tage .  

t h i s  fact ,  t h e  v o l t a g e  can b e  c o n t r o l l e d  by r e g u l a t i n g  

Because of 

t h e  r e s i s t a n c e  through which t h e  c u r r e n t  must f low. 

Because t h i s  paper d e a l s  only w i th  devices us ing  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8- e m i t t i n g  source materials zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, t h e  p a r t i c u l a r  theory 

dis.cussed w i l l  d e a l  k i t h  t h i s  case. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa e m i t t i n g  sources  

are n o t  considered a good s o l u t i o n  t o  t h e  problem because 

t h e  rar?ge of an a p a r t i c l e  i s  so s h o r t  t h a t  coa t ing  any 

amount of a c t i v i t y  on a suppor t  sphere becomes a problem. 

The c u r r e n t  produced by t h e  dev ice  is  due t o  t h e  

emi t ted  B- p a r t i c l e s .  

t h e  source  material by t h e  r e a c t i o n ,  

These p a r t i c l e s  are emi t ted  from 

XA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf3- 4- ii A x- -+ +1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz 
Z 

A t y p i c a l  energy spectrum f o r  a f3- s o u r c e ' i s  shown i n  

F igure 3 (5 ,  Ch.  1 7 ) .  The k i n e t i c  energy o f  t h e  p a r t i c l e  

as it l eaves  t h e  p a r e n t  nuc leus determines t h e  p o t e n t i a l  

-_ 

which it can overcome on i t s  f l i g h t  t o  t h e  c o l l e c t o r .  

- A . 3  Mev 8- p a r t i c l e ,  f o r  example, could overcome a 

p o t e n t i a l  of  300 KV i f  it s u f f e r e d  no c o l l i s i o n s  dur ing 

. f l i g h t .  Thus , a s  shown i n  F igure  4 ,  t h e  f r a c t i o n  of t h e  

area under t h e  curve which l ies t o  t h e  l e f t  of p o t e n t i a l ,  
1 1  

V i s  t h e  f r a c t i o n  of t h e  B- p a r t i c l e s  which w i l ?  n o t  be 

able t o  overcome t h e  p o t e n t i a l  wh i le  t h e  f r a c t i o n  of t h e  

1 2  



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i 

FtG-J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

MAX 
ENERGY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOR M O M E N T U m  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE 

TYPICAL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4- SPECTRW,M 

SHAPE I 

MAX 
ENERGY OR M O M E N T U m  E 

TYPICAL 4- SPECTRW,M 

SHAPE 
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Fi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG-4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 
I 

PPACTI ON 

LOST zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANOT LOST 

FRACTION 
I 

I 

f 

V 
MAX 

E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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area ' to  t h e  r i g h t  of V rep resen ts  t h e  f r a c t i o n  of t h e  

p a r t i c l e s  wlriich can overcome t h e  p o t e n t i a l .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
! 

It is evidefi t  t h a t  i f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE i s  high enough and V low max 

enough t h e  cu to f f  energy will l i e  i n  t h e  low energy 

t a i l  of t h e  curve and t h e  c u r r e n t  v a r i a t i o n s  w i th  vo l tage  

w i l l  be s m a l l .  This  i s  t h e  case  wi th  t h e  power source 

being considered.  It should be mentioned t h a t  because 

m o s t  p a r t i c l e s  w i l l  n o t  be emi t ted d i r e c t l y  a t  t h e  c o l l e c t o r ,  

on ly  t h e  component of energy d i r e c t e d  a t  the c o l l e c t o r  

w i l l  be e f f e c t i v e  i n  overcoming t h e  p o t e n t i a l .  I f  Eo i s  

t h e  a c t u a l  energy of t h e  p a r t i c l e  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 i s  t h e  a n g l e ' a t  

which t h e  p a r t i c l e  w i l l  impact on t h e  c o l l e c t o r ,  t h e  

. e f f e c t i v e  energy of t h e  p a r t i c l e  i s  given helow. 

= E, s i n  e .  Eef f  

(See F igure  5 )  

Since Eeff is  less t han  Eo! t h e  f r a c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t h e  p a r t i c l e s  

which reaches t h e  c o l l e c t o r  w i l l  be reduced. This  

e f f e c t  can be minimized by us ing  a spher ica l .  geometry 

w i th  a s m a l l  suppor t  sphere.  .As  i s  i l l u s t r a t e d  i n  F igure  5, 

t h i s  w i l l  make 8 close t o  90' and, t h e r e f o r e ,  Eeff w i l l  

.be close t o  Eo. 
\ 

The i n s u l a t i n g  m a t e r i a l  between t h e  s u p p o r t  sphere ' 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7' 
and t h e  col lector must a l low passage of t h e  6 p a r t i c l e s  

w i th  l i t t l e  a t t e n u a t i o n  or ion i -zat ion.  For a device 

15 
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opera t i ng  i n  space,  t h e  obvious i n s u l a t o r  would be 

t h e  vacuum i t s e l f .  The breakdown vo l tage  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t h e  f r e e  

space vacuum i s  considered t o  be 30 €k/cm’for t h e  purpose 

of t h i s  i n v e s t i g a t i o n .  Thus, a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 3 3  c m  s e p a r a t i o n  between 

t h e  spheres would be reqt i i red t o  main ta in  a 1 0  KV p o t e n t i a l .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. A t  atmospheric p ressu re ,  t h e  i o n i z a t i o n  rate f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf3- 

p a r t i c l e s  i s  about’  45  i o n  p a i r s  / c m  (5,  Ch. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA18). A t  t h i s  

p ressu re ,  t h e  source could no t  b u i l d  up a p o t e n t i a l  because 

t h e  i ons  produced i n  t h e  gas would cance l  the accumulating 

charge. A s  t h e  gas p ressu re  i n  t h e  dev ice zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB s  reduced, t h e  

i o n i z a t i o n  r a t e  w i l l  decrease u n t i l  i n  t h e  vacuum of space 

To r r )  t h e  i o n i z a t i o n  rate w i l l  be e s s e n t i a l l y  

’zero. 

The c u r r e n t  produced by t h e  source w511 be t h e  n e t  

t r a n s f e r  of  6’- p a r t i c l e s  from t h e  suppor t  sphere  t o  t h e  

c o l l e c t o r .  Thus, t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlosses i n  t h e  system must be sub t rac ted  

from t h e  emission ra te of t h e  source m a t e r k l .  One source 

of loss,  i o n i z a t i o n  of r e s i d u a l  gas i n  t h e  d e v i c e ,  has been 

d iscussed and found t o  be n e g l i g i b l e .  Other  l oss  mechanisms 

which must be d iscussed are s e l f  absorp t ion ,  shadow e f f e c t s ,  

back s c a t t e r i n g  and secondary e l e c t r o n  prodtxction. 

Se l f  absorp t ion  as i t s  name sugges ts  i s  t h e  absorp t ion  

of 8- p a r t i c l e s  i n  t h e  l a y e r  of e m i t t i n g  maker ia l  i t se l f .  

Shadow effects are s i m i l a r  i n  t h a t  they account  fo r  t h e  

non-production absorp t ion  o f  f3- p a r t i c l e s  LEA t h e  s t r u c t u r e  
9t 
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of t h e  power source  o t h e r  than t h e  c o l l e c t o r .  Back 

s c a t t e r i n g  accour,ts f o r  those p a r t i c l e s  which zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmay be 

. s c a t t e r e d  back o u t  of t h e  col lector Qr o u t  of t h e  suppor t  

sphere.  Secondary e l e c t r o n  product ion accounts fo r  

atomic e l e c t r o n s  which may be knocked o f f  of t h e  c o l l e c t o r  

by i nceden t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8- p a r t i c l e s .  Because of  t h e  negat ive  charge 

on t h e  c o l l e c t o r , .  'any 8- p a r t i c l e  or  secondary e l e c t r o n  

s c a t t e r e d  o u t  of it w i l l  be a c c e l e r a t e d  back t o  t h e  

suppor t  sphere cance l ing  some of t h e  c u r r e n t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Two methods of con t ro l i ng  secondary e l e c t r o n  emission 

are a v a i l a b l e .  They are t h e  use  of a material with a 

high work f unc t i on  or t h e  use of  a supresso r  g r i d  between 

t h e  two spheres.  A m a t e r i a l  w i th  a h igh work func t i on  w i l l  

be harder  t o  d is lodge  e l e c t r o n s  from whil-e a supressor  

g r i d  charged nega t i ve l y  wi th  r e s p e c t  t o  t h e  c o l l e c t o r  would 

r e t u r n  secondary e l e c t r o n s  t o  t h e  col lector as shown i n  

F igure  6.  Since no in format ion i s  a v a i l a b l e  on t h e  

product ion of secondary electrons by h igh  energy 8- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-- - 

s p e c t r a ,  t h e  secondary e l e c t r o n  d a t a  f o r  t h i s  i n v e s t i g a t i o n  

w i l l  be exper imenta l .  

Ex te rna l  r a d i a t i o n  dose' f rom t h e  dev i ce  arises from 

t w o  sources ,  t h e  bremsstrahlung from t h e  €3- p a r t i c l e s  

- s l o w i n g  down and any y rays  emi t ted  by the source material.  

Bremsstrahlung dose may be reduced by u s i n g  a l o w  Z 

material i n  t h e  c o l l e c t o r  and also by choosing a material 
. *  

which e m i t s  on ly  l o w  energy p a r t i c l e s .  y dose can be 
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reduced by choosing a radioactive material which emits 

very zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfew or *very low energy y rays. 

of the material must be considered in selecting the best zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 
These properties 

I . ,  

source. 
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CHAPTER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV 

THE EXPERIMENT 

The p i l o t  dev ice for  t h e  exper imenta l  p o r t i o n  of 

32 t h e  i n v e s t i g a t i o n  was cons t ruc ted  of aluminum us ing  P 

as a source  mater ia l .  Aluminum was s e l e c t e d  because it 

i s  easy t o  machine, has  good elect r ica l  p r o p e r t i e s  and 

has  a low atomic number t o  reduce bremsstrah lung.  P32 

was s e l e c t e d  because i t  i s  a pure  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8- e m i t t e r  which 

decays t o  a stable i so tope.  I t  i s  also e a s i l y  produced zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. i n  t h e  r e a c t o r .  The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf3- spectrum of P32 has an end p o i n t  

90 energy of 1 . 7  Mev and has a 8- spectrum s i m i l a r  t o  Sr  

which is  expected t o  be employed i n  t h e  p ro to type .  The 

fou r teen  day h a l f  l i f e  of P32 al lows p r a c t i c a l  observation 

of t h e  degree t o  which t h e  c u r r e n t  follows t h e  decay of-.- 

t h e  i so tope .  Although a s p h e r i c a l  g e o m e t q  i s  considered 

most i d e a l ,  a c y l i n d r i c a l  geometry was used  t o  f a c i l i t a t e  

. f a b r i c a t i o n .  - 
Figure  7 shows t h e  d e t a i l s  of t h e  collector cy l i nde r .  

The minimum w a l l  t h i ckness  w a s  c a l c u l a t e 6  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAeo be s u f f i c i e n t  

t o  s t o p  a l l  of t h e  8- p a r t i c l e s .  

w e r e  used t o  save t h e  c o s t  of machining t h e  a v a i l a b l e  s tock  

Various sicknesses 

at the time of cons t ruc t i on .  

P32 for  t h e  source w a s  obta ined by 

Potassium Phosphate T r i b a s i c ,  X 3 P 0 4 * X H 2 0  
.. .. * 

. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3' 
k r a d i  a t i n g  

illn t h e  MIT r e a c t o r .  

_- 

21 



FIG zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I I 
I 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

B 

I .  
I 
I 

I 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

I 

1 

1 

I 
I 
B 

I 

I 

I 
I 

I 
b 

I 

I 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 
I 
I 
I 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

COL LEC TO R 

E 

1 
- ..... . .. .- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

22 



P r i o r  t o  i r r a d i a t i o n ,  s e v e r a l  samples'were d r i e d  t o  determine 

t h e i r  weightpercent  of water. T h i s  va lue  wasfDund t o  

be.12.9%. Care must be  taken i n  determin ing th is  number 

because t h e  material i s  mi ld ly  hygroscopic. 

.78722g of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK3P04*XH2@, which con ta ins  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 1 O O g  of 

n a t u r a l  phosphorous was i r r a d i a t e d  i n  p o s i t i o n  2 3  of 

t h e  MIT reactor f o r  a per iod  of 4.45 days a t  a f l u x  

13 2 l e v e l  of 5 x 1 0  n/cm -sec. Af tep  a f i v e  day coo l ing  

pe r iod ,  t h e  P32 a c t i v i t y  was c a l c u l a t e d  t o  be 1 0 0  m i l l i -  

c u r i e s .  

F igure  8 shows t h e  con ta ine r  which h e l d  t h e  rad io -  

' a c t i v e  m a t e r i a l  dur ing  and a f t e r  i r r a d i a t i o n .  It w a s  

' machined from a s tandard  s m a l l  i r r a d i a t i o n  con ta ine r .  

The t h i c k  s e c t i o n  near  t h e  t op  of t h e  c y l i n d e r  was used 

t o  suppor t  it whi le  t h e  cap was pressed i n t o  p lace .  

F igure  9 shows an exploded view of t h e  c e n t r a l  

assembly which holds t h e  source con ta ine r  i n  p lace .  The 

suppor t  rod w a s  machined from a s o l i d  aluminum b a r ,  t h e  
-_ . 

c o l a r  from polyethy lene and t h e  b a r  from luci te.  The 

l u c i t e  bar also served as an i n s u l a t o r  between t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 

c e n t r a l  assembly and t h e  col lector. F i g u r e  1 0  shows t h e  

assembled device.  

- . _  

- 

Two vacuum systems were used dur ing  the 'experiment., 

. I n  t h e  e a r l y  phases a forepump only  system and i n  t h e  ' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7' 

f i n a l  phase a d i f f u s i o n  pump system. These systems w e r e  

used t o  evacuate a be l l  j a r  which c o n t a i n e d . t h e  exper imenta l  

equipment. I n  a14 'eases, . the 'vacuum was measured w i th  an 

-. error of 510%. / 
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,Voltage and c u r r e n t  measurements which w i l l  be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i 

descr ibed l a t e r  were made wi th  a Kieth ley b a t t e r y  

poyered electrometer. Model DC VTVM 200 B i n  the f i rs t  

t w o  phases and a Kieth ley Model 610  B Elect rometer  i n  

t h e  t h i r d  phase of t h e  experiment. The model 200 B i s  

capable zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoi vo l tage  measurements between .008 and 20 V o l t s .  

When used i n  conjunct ion wi th  a Decade Cur ren t  Shunt 

supp l ied  wi th  t h e  inst rument ,  c u r r e n t  measurements between 

2 x 

is capable of vo l tage  measurements f r o m  .001 t o  1 0 0  V o l t s .  

and 8 x IO -14 amps may be made. The model 6 1 0  B 

It i s  capable of o t h e r  measurements b u t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw a s  only used as 

a voltmeter. The accuracy of both ins t ruments  i s  *l%. 

Resistors used i n  t h e  experiment w e r e  manufactured 

by t h e  Vic toreen Inst rument  Company, Cleveland, Ohio. 

Eleven r e s i s t o r s  i n  a l l  w e r e  used a s  a load f o r  t h e  dev ice ,  

t h r e e  ( 4  x 1 0 l 1  21%) 

St resistors. All r e s i s t o r s  were manufactured under t h e  

r e s i s t o r s  and e i g h t  ( 1 . 4  x 1011 210%) 

t r a d e  name " H i  Meg". 

The c a p a c i t o r  used w a s  an Aerox V146XR-34 paper 

c a p a c i t o r  wi th  a va lue  of l p f  ?lo%. 

The a c t u a l  experiment was conducted in t h r e e  phases. 

I n  Phase I t h e  c u r r e n t  produced by t h e  dev i ce  was p u t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. through a known r e s i s t a n c e  c Q n s i s t i n g  of the eleven r e s i s t o r s  

mentioned above connected i n  series. 

phase w a s  t o  determine how w e l l  t h e  current p u t  o u t  by t h e  

The purpose of t h i s  * 
device would fo l low t h e  decay curve of t h e  P32. From t h e  . 
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known, res is tance and t h e  measured c u r r e n t ,  t h e  v o l t a g e  

w a s  a l s o  ca l cu la ted .  Due t o  i n t e r f e r e n c e  from o u t s i d e  

sources ,  it w a s  found necessary t o  s h i e l d  t h e  e n t i r e  

se tup  w i th  a w i r e  mesh screen.  

I n  phase I1 t h e  power source w a s  allowed t o  charge zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
for a per iod  of t i m e  af ter  which i t  was d ischarged and 

t h e  accumulated charge was measured as a vo l tage  on a 

s c a l i n g  c a p a c i t o r  according t o  t h e  r e l a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= v- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc 

where V i s  t h e  a c t u a l  vo l tage on t h e  power source ,  u i s  

t h e  measured v o l t a g e  on t h e  s c a l i n g  c a p a c i t o r ,  c i s  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

va lue  of t h e  s c a l i n g  capac i to r  and C i s  t h e  capac i tance 

of t h e  power source.  Appendix I con ta ins  a d e r i v a t i o n  of 

t h i s  formula. I n  Phases I and 11, t h e  vacuum system 

which had only t h e  mechanical pump was used. . .  

Phase I11 i s  e s s e n t i a l l y  t h e  s a m e  as Phase 11, t h e  

major d i f f e r e n c e  being t h a t  t h e  d i f f u s i o n  pump vacuum 

system w a s  used i n s t e a d  of t h e  forepump system. The purpose 

of Phases I1 and I11 w a s  t o  dLtermine t h e  maximum vo l tage  

which t h e  dev ice  would accomodate. 

For a11 three phases of the exper iment,  t h e  dev ice  

F igure  11 i l%istrates w a s  set zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAup as shown i n  F igure 10.  

t h e  w i r i ng  scheme f o r  Phase I. The cu r renk  meter shown 

w a s  t h e  Model 200 B, 'e lect rometer  set up a s  a p ammeter. 
. .  

* -  * 
.. 

/ 
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A f t e r  the system had been evacuated, c u r r e n t  measurements 

w e r e  taken over  a per iod  of several'weeks t o  e s t a b l i s h  

a tlecay curve. F igu re  1 2  i l l u s t r a t e s  the equ iva len t  c i r c u i t  

f o r . P h a s e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI con f igu ra t i on .  Ri i s  t h e  i n t e r n a l  r e s i s t a n c e  

of t h e  dev ice  and was measured t o  be about 10L4Q.  r i s  t h e  

ex te rna l . ' r es i s tance .  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas 2 . 3  x 1 O I 2 Q .  The measured 

capac i tance of t h e  dev ice 'was 2.27 x f a rads .  

F igure  1 3  i l l u s t r a t e s  t h e  w i r ing  for Phases I1 and I11 

of t h e  experiment. I n  Phase 11, t h e  swi tch ing was 

accomplished by a mouse t rap .e lec t r i ca l1y  connected t o  t h e  

c e n t r a l  assembly. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA chain was he ld  away from t h e  t r i g g e r  

by a magnet o u t s i d e  t h e  b e l l  ja r .  To close t h e  swi tch ,  

t h e  magnet was removed al lowing t h e  f a l l i r i g  chain t o  

a c t i v a t e  t h e  mousetrap. When t h e  swi tch w a s  c losed t h e  

vo l tage  developed on t h e  dev ice was measured on t h e  

s c a l i n g  c a p a c i t o r  reduced by a f a c t o r  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE. 

shown i s  t h e  200 B electrometer s e t  up as a voltmeter.- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc The vo l tmeter  

I n  Phase 111 t h e  only changes made from Phase 11 

w e r e  t h e  s u b s t i t u t i o n  of t h e  d i f f u s i o n  pump vacuum system 

for  t h e  forepump system, t h e  610 B electrometer fo r  t h e  

210 B, and a f l a t  aluminum p l a t e  for t h e  mousetrap i n  t h e  

swi tch.  The cha in  f a l l i n g  on t h e  p l a t e  completed . .  t h e  

- c i r c u i t  ins tead of t h e  mousetrap. 
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-. FIG zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13 
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. 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.. 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CHAPTER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVI / 

CALCULATIONS AND RESULTS 

. Table 1 l i s ts  t h e  r e s u l t s  from phase I. Figure  14 

i s  a p l o t  of t h e  r e s u l t s .  

Table 1 

Resu l ts  of Phase I 

D a t e  P Vacuum (v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA# g )  Curren t  (x10 -I1 amps) 

14 Jan 1 9 7 0  40 6.0 

15 Jan 11970 22 - 5 . 4  

1 6  Jan 1970  

18 Jan i w o  

20 Jan 1970  

2 1  Jan 1970  

22 Jan 1970  

-23.Jan 1 9 7 0  

1 0  Feb 1970  

. 1 2  Feb 1970 

21 - 
18 

19 

17 

17 

18 

40 

31 

- 

- 
5.0 

4.5 

4.3 

4.12 

3.95 

3.78 

1.62 

1.55 

20 Feb 1970. 40 1.16 

. A  least  squares f i t  of t h e  d a t a  shows a h a l f  l i f e  of 

.16.4 days. This  i s  wi th in  15% of t h e  14.3 day ha l f  

l i f e  of P . It i s  f e l t  t h a t  t h i s  va lue  is wi th in  
32 1' 

acceptab le  l i m i t s  due t o  t h e  i n t e r f e r e n c e  in t roduced 

.. - 
1 

- .  

. -. 
/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
'CURRENT-DECAY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL 30 

/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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i n t o  $he c u r r e n t  measurements by extraneous electr ic 

f i e l d s  i n  t h e  v i c i n i t y  of t h e  inst ruments.  

The t o t a l  c u r r e n t  a v a i l a b l e  from t h e  1 0 0  m i l l i c u r e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-11 of a c t i v i t y  w a s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.9'2 x 10- lo amps. S ince 6.0 x 1 0  

amps w a s  t h e  measured c u r r e n t ,  only 1 0 . 1 %  of t h e  avai lable zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8- p a r t i c l e s  w e r e  being u t i l i z e d .  The measured c u r r e n t  

would produce 140.5 V o l t s  across t h e  2.3 x l o L 2  f2 

r e s i s t a n c e .  

Phase I1 of t h e  experiment y ie lded  t h e  fo l lowing 

r e s u l t s .  

Table 2 

Phase I1 Resu l ts  

Unscaled '  Sca le  Factor A c t .  Voltage Pressure  (mm h'g,) 
V o l t a c r e  - 

002 v 4.4 x 1 0  880 V 1.8 x 

-009 v 496 V 2.5 x 

-006 V 284 V 3.0 x 

4 

II 

II 

284 V 3.0 x I1 -006 V 

Phase I11 y ie lded  t h e  fo l lowing resul ts.  

Table 3 

Phase 111- Resu l ts  

Unscaled Scaled Pressure  Charging 
Vol tage Vol tage (m Hg) T ime ( H r s . )  

- 1 2  5270 V 2 . 7  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9' 

141 6200 17 1.9 28 

155 6820 V 1.9 24 

*.I5680 V 1.9 25 152 

151 6640 V 1 . 9  .x 69 . - -  

* .  
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I t  shquld be noted t h a t  an upper l i m i t  of about 6800 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Volts w a s  e s t a b l i s h e d .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 1  

The accuracy of t h e  measurements i n  phases I1 and 

111 i s  about 210% due to t h e  unce r ta in t y  i n  t h e  a c t i v i t y  

of the source and the v a r i a t i o n s  i n  t h e  c i r c u i t  components. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

36 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i 

CHAPTER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVI1 

INTERPRETATION OF THE RESULTS 

It w a s  mentioned be fore  t h a t  t h e  a c t u a l  c u r r e n t  

p u t  o u t  by t h e  dev ice  i s  t h e  emission rate of t h e  

r a d i o a c t i v e  m a t e r i a l  less a l l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB- p a r t i c l e s  which a r e  

l os t  t o  t h e  mechanisms mentioned i n  Chapter 111. Each 

of t h e s e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss mechanisms w i l l  be a p p l i e d ' t o  t h e  power 

source t r e a t e d  i n  t h e  experiment. 

' . I o n i z a t i o n  was found t o  be n e g l i g i b l e  a t  t h e  

p ressu res  which e x i s t  i n s i d e  t h e  b e l l  jar .  

Se l f  a b s o r p k o n  i n  t h e  source mater ia l  and i n  

t h e  t h i n  wall of t h e  source con ta ine r  was c a l c u l a t e d  

under the.  assumption t h a t  a11 t h e  $ - p a r t i c l e s  w e r e  
-. 

emi t ted  from a l i n e  source loca ted  a t  t h e  a x i s  of t h e  

con ta ine r ,  and t h a t  an average zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf3- p a r t i c l e  was emi t ted  

at an ang le  of 45"  t o  t h i s  l i n e  source. Range c a l c u l a t i o n s  

(5, Ch. 2 1 )  showed t h a t  6 9 . 6 %  of t h e  $- p a r t i c l e s  emi t ted  

f r o m  P32 d i d  n o t  have t h e  1.1-Mev requ i red  t o  p e n e t r a t e  

t h e  .517g/cm2 of K3P04 and aluminum which separa ted  them 

from t h e  s u r f a c e  of the source con ta ine r  if t h e  P32.spectrum 

shape w e r e  assumed t o  be of t h e  same shape as t h e  Sr  

spectrcm. (See f i g u r e  1 6 )  

-. 

- -. _ -  . _ _  

90 * 

. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3' 

If t h e  source  m a t e r i a l  were approximated by a 

sphere of t h e  same '8iameter as t h e  c y l i n d r i c a l  source 
. _. 

/ 
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con ta ine r ,  it w a s  found t h a t  shadow effects and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf3- p a r t i c l e s  

pass iog through t h e  access ho le  i n  t h e  c y l i n d e r  subtended 

20% of t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA47r s o l i d  angle surrounding t h e  source material.  

A l l  of t h e s e  B- p a r t i c l e s  w e r e  l o s t  t o  t h e  system. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

The t h i c k  d i s k  a t  t h e  bottom of t h e  source  con ta ine r  

w a s  found t o  subtend 5.5% of t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA47r s o l i d  ang le  around 

t h e  source ,  and it a t tenua ted  1 0 0 %  of t h e  8- p a r t i c l e s  

incedent  upon it if they f i rs t  had t o  p e n e t r a t e  t h e  same 

th ickness  of K 3 P 0 4  as those p a r t i c l e s  e x i s t i n g  through 

t h e  t h i n  window. Thus, 7 7 . 4 %  of t h e  p a r t i c l e s  were l os t  

t o  absorp t ion  i n  one form or  another .  S ince only 10.5% 

of t h e  a v a i l a b l e  c u r r e n t  was measured, 12 .1% of t h e  c u r r e n t  

must have been l o s t  through back s c a t t e r i n g  and secondary 

e l e c t r o n  product ion.  Back s c a t t e r i n g  l o s s e s  a t  t h e  col lector 

were approximately compensated f o r  by e x t r a  e l e c t r o n s  

knocked o f f  t h e  source conta iner  by t h e  f3- p a r t i c l e s  pass ing  

through it. The e n t i r e  1 2 . 1 %  discrepancy i s ,  t h e r e f o r e ,  

L_ 

a t t r i b u t a l  t o  secondary electrons produced a t  t h e  c o l l e c t o r .  

The secondary e l e c t r o n  product ion was, t h e r e f o r e ,  .536 

secondary e l e c t r o n s  f o r  each primary f3- p a r t i c l e .  

-. 

There were t w o  main reasons why Phase I1 y ie lded  
. -  . 

vo l tages  s u b s t a n t i a l l y  lower than those c a l l e d  ' for  i n  t h e  

.problem. These are poor vacuum and t h e  bu i ldup t i m e  of 

t h e  device. 
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The poor vacuum was t h e  major factor  c o n t r i b u t i n g  t o  t h e  

low vo l tage  F igure  15 ( 1 0 )  i s  a p l o t  of breakdown vo l tage  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
*vs: e l e c t r o d e  separa t i on  t i m e s  pressu re .  S ince e l e c t r o d e  

separa t i on  i n  t h e  p i l o t c k v i c e  w a s  about 1 0  c m ,  it can be 

seen t h a t  t h e  breakdown vo l tages  f o r  t h e  p ressu res  a t  which 

Phase I1 measurements va r ied  f r o m  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400 V o l t s  a t  30 

microns t o  about 700 Vol ts  a t  18 microns.  When t h e  

unce r ta in t y  of t h e  measured p ressu re  and v a r i a t i o n s  i n  

temperature and humidity are considered, it i s  f e l t  t h a t  t h e  

r e s u l t s  are near  optimum f o r  t h e  p ressu res  used. 

P r i o r  t o  t h e  c l o s i n g  of t h e  swi tch ,  t h e  power 

source w a s  expected t o  charge l i k e  a s imple capac i to r  
- 

' according t o  t h e  equat ion - 

A t  t h e  t i m e  Phase I1 of t h e  experiment was run, t h e  c u r r e n t  

was about 2 x 1 0  

device was .85 V / s e c .  

amps. Thus, t h e  charg ing r a t e  of t h e  -11 

At t h i s  rate twenty minutes would 

be needed f o r ' l 0 0 0  V o l t s  t o  b u i l d  up. S ince  it was no t  

known when t h e  vacuum became good enough for t h e  dev ice t o  

* s t a r t  charg ing,  it w a s  poss ib le  t h a t  t h e  v o l t a g e  was measured 

a t  some t i m e  p r i o r  t o  t h e  b u i l d  up of maximm'vol tage.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3' 

.The 2 x mm H g  va,cuum achieved i n  Phase I11 

allowed h igher  vo l tages  t o  be b u i l t  up. At  t h i s  p ressu re ,  
. .  

- .  * .  - 
- . .- 

/ 
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FIG zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15 

.. . . .. 

- V  

BREAKDOWN VOLTAGE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 0  



t h e  p o i n t  of o p e r a t i o n  i s  far  t o  t h e  ‘ l e f t  of the minimum 

p ressu re  i n  F igu re  15. The u p p e r - l h i t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin t h i s  case  i s  

n o t  expected t o  be due t o  breakdown b u t  t o  t h e  fact  t h a t  

charge leakage from i r r e g u l a r i t i e s  i n  t h e  s t r u c t u r e  

of t h e  power source a t  t h e  end p o i n t  v o l t a g e  w a s  equa l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. .  
.* -  

t o  t h e  ra te  of charge accumulation from the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8- source.  

A more c a r e f u l l y  cons t ruc ted  dev ice  would have a t t a i n e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a h igher  vo l tage .  

41 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

CHAPTER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVI11 

CONCLUSIONS 

From t h e  preceeding r e s u l t s  it appears t h a t  t h e  

power source would be a feasible undertaking if it w e r e  

car 'e fu l l y  cons t ruc ted  t o  minimize l osses .  Due t o  i t s  

vo l tage  and c u r r e n t  c h a r a c t e r i s t i c s ,  however, t h e  dev ice 

would f i n d  a p p l i c a t i o n  only i n  s p e c i a l i z e d  inst rumentat ion 

such as charged p a r t i c l e  d e t e c t o r s .  

The r a d i a t i o n  f i e l d  generated by t h e  dev ice may 
. .  

l i m i t  i t s  usefu lness  near r a d i a t i o n  s e n s i t i v e  inst ruments.  

The dose may be reduced by e i t h e r  d i s t a n c e  or s h i e l d i n g  

or both,  perhaps a t  t h e  c o s t  of some weight. The rad io -  

a c t i v e  material may r e q u i r e  some s p e c i a l i z e d  and, t h e r e f o r e ,  

q u i t e  expensive manufacturing and handl ing techniques.  On 

t h e  o t h e r  hand, t h e  simple des ign and l i f e t i m e  of  t h e  power 

source make it an extremely r e l i a b l e  dev i ce  f o r  long t e r m  

app l i ca t i ons .  It is  also thermal ly  i n s e n s i t i v e  and 

extremely rugged. 

The fact  t h a t  t h e  upper l i m i t  was imposed by t h e  

leakage f r o m  i r r e g u l a r i t i e s  i n  t h e  s t r u c t u r e  of t h e  dev ice ,  

t oge the r  w i th  t h e  r e s u l t s  obta ined by prev ious  i n v e s t i g a t o r s ,  

i n d i c a t e s  t h a t  much h igher  vo l tages  than 149 KV a u l d  be 

obta ined merely be i nc reas ing  t h e  s e p a r a t i o n  

spheres if they were c a r e f u l l y  cons t ruc ted-  .. .. 
of t h e  t w o  

The c u r r e n t  

/ 
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could be increased zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby increasing the activity of the source 

material although this would increase the external dose 

rate. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 

It would appear, nevertheless, that the present level 

of technology is capable of producing this power source if zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. the need zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfo r  it were great enough. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 3  



CHAPTER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIX 

S P E C I F I C  EXAMPLES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
'This chapter considers the design of devices using 

both SrgO and- Tm as 'a radioactive source material. 

The design characteristics of the source a 1~ amp at 

10 Kv. 

SrgO has a 28 year half life and is ideally suited 

for missions of extreme length. 

Ygo emit high en'ergy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6- particles which give rise to 

penetrating bremsstrahlung. The reaction is 

SrgO and its daughter 

Tm171, on the other hand, emits very soft zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf3- particles -. 

and a soft y ray. These emissions give rise to much 

lower doses than SrgO. The reaction is 

- 
' 171 .097,. 030 MevB , yb171 (stable) 

1.9Y Tm 

The 1.9 year half life of Tm171, however, limits its 

application to shorter missions on the order of a year . 
in length unless instruments that can tolerate $girge 

current ranges are used. 

4 4  



Became less i n t e n s e  bremsstrahlung are 

generated'wfien zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB- p a r t i c l e s  s l o w  down i n  l o w  Z 

materials, t h e  col lector and suppor t  spheres  w i l l  be 

made of bery l l ium which has a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 of four ,  

The chemical form of S r  used i n  t h e  power source 
/ 

w i l l  be S r O  which i s  ob ta inab le  wi th  a- s p e c i f i c  a c t i v i t y  

of  208 curies/cm . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1) The S r O  w i l l  be coated  on a 3 

suppor t  as shown i n  Figure 2. 

The c o l l e c t o r  sphere w i l l  be t h i c k  enough t o  

s t o p  a l l  of t h e  emi t ted  8- p a r t i c l e s .  1400 mg/cm2 or 

.760 c m  of bery l l ium i s  t h e  range of t h e  2.27 Mev @ - '  

spectrum from Y g o  (5,  Ch. 2 1 ) .  This then w i l l  be t h e  

th i ckness  of t h e  c o l l e c t o r .  - 

An a r b i t r a r y  th ickness  of 1 mm w i l l h e  used f o r  

t h e  suppor t  sphere.  

The amount of a c t i v i t y  depos i ted  on t h e  suppor t  

sphere must be s u f f i c i e n t  t o  supply t h e  1p amp of c u r r e n t  

requ i red .  F igure  1 6  shows t h a t  a t  1 0  hV e s s e n t i a l l y  a l l  

t h e  p a r t i c l e s  emi t ted  from t h e  source w i l l  reach t h e  

col lector.  N o  losses due t o  p o t e n t i a l  w i l l  be considered.  

l p  amp i s  equ iva len t  t o  - 6 . 2 4  x 1OI2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe]- p a r t i c l e s  per 

second or  1 6 8  c u r i e s  a t  100% c o l l e c t i o n  e f f i c i e n c y .  Since 

t h e  decay scheme of SrgO y i e l d s  two p a r t i c l e s  f o r  each 

decay only  84 c u r i e s  would be requ i red  a t  1 0 0 %  c o l l e c t i o n  
1' 

e f f i c i e n c y .  I f  t h e  source i s  designed t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAg ive  ly  amp a t  

a p o i n t  halfway through a f i v e  year  mission,, t h e  decay 

of t h e  i s o t o p e  wil; l '*require 91 .5  c u r i e s  a't t h e  beginning of 
_. 

/. 
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FIG-IG 



t h e  miss ion.  H a l f  of t h e  p a r t i c l e s  emi t ted  from t h e  

source m a t e r i a l  w i l l  e n t e r  t h e  suppor t  sphere.  I f  it zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
is assumed t h a t  t h e  range requ i red  f o r  such a p a r t i c l e  t o  

completely p e n e t r a t e  t h e  sphere and emerge on t h e  o t h e r  

s i d e  is  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 mm of bery l l ium or  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.555  g/cm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, it can be shown 

t h a t  on ly  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA41.4% of t h e  Y g o  spectrum w i l l  p e n e t r a t e  t h e  

2 

sphere.  Thus, 2 1 . 2 %  of t h e  emission rate i n t o  t h e  sphere 

.and 1 0 . 6 %  of t h e  t o t a l  emission rate i n  all d i r e c t i o n s  

w i l l  p e n e t r a t e  the ‘  suppor t  sphere.  This  fact  w i l l  

boost  t h e  minimum a c t i v i t y  t o  1 5 1  c u r i e s .  

Some of t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf3- p a r t i c l e s  which e n t e r  t h e  suppor t  

sphere w i l l  be s c a t t e r e d  back ou t .  Th is  e f f e c t  may be 

c a l c u l a t e d  from t h e  back s c a t t e r i n g  c ross - -sec t i on  

where f3 = - ’ (5, Ch. - 2 0 )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C 

Because back s c a t t e r i n g  accounts f o r  less than  6 %  of  t h e  

total €3- p a r t i c l e  populat ion and because back s c a t t e r i n g  

w i l l  occur a t  both t h e  suppor t  sphere and t h e  c o l l e c t o r ,  

it i s  assumed t h a t  t h e  e f f e c t  cance ls  itself ou t .  

The only  remaining loss mechanisms t o  be considered 

. are t h e  product ion of secondary e l e c t r o n s  and self 

absorpt ion.  I f  t h e  

e l e c t r o n  product ion 

aluminum, t h e  t o t a l  

assumption i s  made t h a t  the&secondary 

ra t i o  i s  t h e  same for bery l l i um s.s for 
. # 

amount of a c t i v i t y  r e q u i r e d  w i l l  be 
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326 cur i .es.  .This amount of a c t i v i t y  conta ined i n  SrO w i l l  

2 weigh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5,80 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAg and would be a l a y e r  , 0050  crn or  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.0184 g/cm 

thTck on a suppor t  sphere  of 5 c m  r a d i u s .  The energy of 

a B--par t i -c le  w i th  t h i s  range i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-1  MeV. 

t h e  combined SrgO,  Y g O  spectrum which l i es  below t h i s  

The f r a c t i o n  of 

energy is about 9 % .  (See F igure  16) .  Therefore,  t h e  f i n a l  

amount of a c t i v i t y  requ i red  f o r  t h e  source  t o  produce 

1 p  amp w i l l  be 350 c u r i e s .  
. .  

The e x t e r n a l  dose l e v e l  f r o m  t h i s  power source w i l l  

be due t o  bremsstrahlung. The dose l e v e l  may be  c a l c u l a t e d  

from t h e  f a c t  t h a t  t h e  bremsstrahlung i n t e n s i t y  from a 

given source  i s  d i r e c t l y  p ropor t i ona l  t o  t h e  Z of t h e  

m a t e r i a l  i n  which t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8- p a r t i c l e s  s l o w  down. (5 ,  Ch. 21)  

I t  can be shown from Arnold (1) t h a t  t h e  dose from a bery l l ium 

power source  us ing  SrgO as a r a d i o a c t i v e  m a t e r i a l  w i l l  be 

-_ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 5 4  mr/hr a t  one meter. 

If 12KV i s  t h e  design vo l tage  of t he  power s o u r e .  

t o  allow a s a f e t y  f a c t o r  i n  t h e  10 KV r a t i n g ,  t h e  sphere 

s e p a r a t i o n  w i l l  be . 4  c m  and t h e  dev ice w i l l  weigh 650 g 

or 1.43 l bs .  

The dose may be  reduced by methods s t a t e d  i n  an 

earl ier chap te r .  Because they are genera ted  by high 

energy 8- p a r t i c l e s ,  t h e  bremsstrahlung will be very . 
d i f f i c u l t  t o  s h i e l d  a g a i n s t .  

sh ie lded  w i th  one cent imeter  of l ead  w i l l  weight  over 

A dev ice  of =e s$,ze.above 

10 lbs. and t h e  dose w i l l  be reduced on ly  by a f a c t o r  of .. -. 
2. (5, Ch. 25) - .- 

/ 
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Tm 17’ may be s u b s t i t u t e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor t h e  S r g O  as a 8- e m i t t e r .  

Tm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. may be obta ined i n  t h e  chemical form zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 Trn2O3 wi th  a s p e c i f i c  a c t i v i t y  of 8 6 4 8  c i / c m  . 

emissions are predominantly . 097  Mev 8- p a r t i c l e s  and 

a .067 Mev y ray .  

(1) The 

I n  2 %  of t h e  decays a .03 Mev 8- 

p a r t i c . l e  i s  emi t ted ,  b u t  t hese  are ignored i n  t h i s  

chapter .  

Because t h e  range of t h e  @ - - p a r t i c l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis only 

..013 g/cm2 or . 0 0 7  c m  of bery l l ium t h e  co l l .ec to r  need 

be only t h i c k  enough t o  be s t r u c t u r a l l y  sound. The 

a c t i v i t y  requ i red  t o  produce 1~ amp of c u r r e n t  may be 

c a l c u l a t e d  t o  be 743 c u r i e s  exc lus i ve  of self absorp t ion  

The two main c o n s i d e r a t i o n s . w h i c k a r e  ’ e f f e c t s .  

d i f f e r e n t  i n  t h i s  case  from t h e  SrgO source  are t h e  

p a r t i c l e s  emi t ted  i n t o  t h e  sphere a r e  absorbed completely 

i n s t e a d  o f  a few p e n e t r a t i n g ,  and al lowance must be made 

for  t h e  f a c t  t h a t  an apprec iab le  f r a c t i o n  of t h e  8- -. . 

spectrum w i l l  n o t  overcome the  1 0  IT p o t e n t i a l  app l i ed  t o  

t h e  source.  

The s h o r t  range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t h e  emi t ted  p a r t i c l e s  r e q u i r e s  t h a t  

a very t h i n  l a y e r  of  Tm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 be depos i ted  on t h e  s u r f a c e  of 2 3  

t h e  suppor t  sphere.  I f  a t h i c k  l a y e r  w e r e  pkesent  on ly  a 

t h i n  l a y e r  of material would be c o n t r i b u t i n g  t o  the c u r r e n t  

produced by t h e  dev ice .  

If a 15 c m  r a d i u s  w e r e  used 

a t o t a l  of about  1500  c u r i e s  would 

. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7‘ 
for t h e  s u p p o r t  sphere ,  

be r e q u i r e d  t o  pro6uce. 

* .  - 
/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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l y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAamp a f t e r  s e l f  absorp t ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas considered.  Assuming 

a .4 q m  sphere s e p a r a t i o n  and a 1 mm t h i ckness  fo r  both 

spheres ,  t h e  weight of t h e  dev ice would be  2.58 l b s .  

The e x t e r n a l  dose r a t e  may be c a l c u l a t e d  t o  be 24.7 mr/hr 

a t  one m e t e r .  (1) This  dose i s  very much lower than  t h a t  

for  a SrgO source.  It i s  a much s o f t e r  dose as well. The 

equ iva len t  of one cent imeter  of l ead  w i l l  reduce t h e  dose 

.by a f a c t o r  of 2.5 x 

i s ,  as has E7 1 The major drawback t o  t h e  use of Tm 

been s t a t e d  e a r l i e r ,  i t s  s h o r t  h a l f  l i f e .  

Although s p h e r i c a l  geometry was considered above, 

cons t ruc t i on  d i f f i c u l t i e s  may w a r r a n t  t h e  use of a c y l i n d r i c a l  

geometry. T h i s  would in t roduce some e x t r a  weight and some 

c u r r e n t  losses due t o  edge e f f e c t s .  The sav ing  i n  

manufacturing cost may j u s t i f y  t h e s e  losses. 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
APPENDIX I 

DERIVATION OF THE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVOLTAGE SCALING RELATIONSHIP 

The exper imenta l  s e t u p  f o r  Phase I1 may be viewed 

as shown i n  F igure  17 .  F igure 1 7 A  i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe dev ice  p r i o r  

t o  t h e  c l o s i n g  of t h e  swi tch . .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC and C2 are t h e  capac i tance 1 

. .  va lues  of t h e  s c a l i n g  capac i to r  and t h e  power source 

r e s p e c t i v e l y .  

c a p a c i t o r  and V and V a r e  t h e  vo l tages  on t h e  two 

c a p a c i t o r s .  F igure  1 7 B  shows t h e  dev ice after t h e  sw i t ch  

q1 and q2  r e p r e s e n t  charge on each 

1 2 

has been c losed.  The primed let ters r e p r e s e n t  t'ne same 

q u a n t i t i e s  a s  above a f te r .  the  swi tch has been c losed.  

Before t h e  swi tch  i s  c losed,  

v1 = q1 = 0 

V2 is t h e  charge b u i l t  up on t h e  power sou rce  by t h e  -. 

accumulated charge q2. 

. 9 2  1) c2 = - V, 

A f t e r  t h e  swi tch  is  closed, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 )  c2 = - q 2  ' 5) VI' = V2I 91 ' 3) c1 = - 
v1 ' v2 

.. .. 
<. 

/ 
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Froin equat ions  1) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 ) ,  

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc2 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 . .+. .q. ' 
2 

v2 

From equat.ions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 )  and 4), 

CIVll + C2V2( 

v2 

- 
c2 - 

From equat ion  5 ) ,  

CIVll + c2v1 I 

v2 

- .c2 - 

f. 
-11 But, C1 = 1 x 

Therefore,  

.€ and C2 = 2.27 x 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c2 = clvl' 

v2 

--_. 

O r  t h e  a c t u a l  vo l tage  on t h e  dev i& i s  very close t o  t h e  

voltage measured on t h e  s e a l i n g  capac i to r  m u l t i p l i e d  by 

the r a t i o  of t h e  capac i tance of t h e  s c a l i n g  c a p a c i t o r  t o  

3' 
t h e  capac i tance of t h e  power source i t se l f -  

.. .. 
/ 
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.c, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI - 
A 

. .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3' 
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