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TERMINAL VOLTAGE FLUCTUATIONS OF AN FN TANDEM VAN DE GRAAFF ACCELERATOR2 

H .  Fauska, J . S .  Heagney, T . J .  MoFgan, and F.H. Schmidt 
University of Washington, S e a t t l e ,  Washington 

In t roduct ion  

The te rmina l  p o t e n t i a l  of t h e  Universi ty  o f  
Washington 3 4  Tandem Van de Graaff a c c e l e r a t o r  
f l u c t u a t e s  by 500 t o  1030 v o l t s ,  even under t h e  
b e s t  of o?era t ing  condi t ions .  Tne p a t t e r n  of t h e  
f l u c t u a t i o n s  i s  p e r i o d i c  a t  t h e  frequency of  t h e  
b e l t  cycle;  t h e  dominant frequency spectrum ex- 
tends  from t h e  b e l t  f requency,  whicn is about 2.4 
Hz, t o  about 30-lt0 32.  The vol tage patterr., which 
is q u i t e  complicated, r e p e a t s  over and over each 
b e l t  cycle  i n  a remarkably f a i t h f u l  manner. A l -  
though t h e  voi tage  p a t t e r n  i s  d i f f e r e n t  when t h e  
corona r e g u l a t o r  is i n  proper  operat ion,  it t o o  
r e p e a t s  i n  a carbon-copy fash ion .  

The r e p e t i t i v e  c h a r a c t e r  of t h e  f l u c t u a t i o n s  
c l e a r l y  i n d i c a t e s  t h a t  t h e  cause l i e s  i n  inhomo- 
g e n e i t i e s  of  t h e  b e l t .  I n  what follows below e v i -  
dence is  presented i n d i c a t i n g  t h a t  t h e  inhomogene- 
i t i e s  probably a r i s e  from t h e  manner i n  which t h e  
rubber-impregnating compound on t h e  b e l t  is cured. 
A simple method is suggested f o r  reducing t h e  ef- 
f e c t s  of  these  inhomogeneities. F i n a l l y ,  it is  
shown t h a t  charge spreads  out  on t h e  b e l t  a f t e r  
depos i t ion ,  but t h a t  it spreads  out  r.on-uniformly, 
mucn as water  might f low out  non-uniformly over  an 
uneven h o r i z o n t a l  s u r f a c e .  This  f ind ing  r u l e s  out 
t h e  p o s s i b i l i t y  of devis ing  an analog memory-type 
regulator1 t o  cance l  ou t  t h e  f l u c t u a t i o n s .  

E f f e c t s  on Accelerated Beam 

Since a t e r m i n a l  v o l t a g e  f l u c t u a t i o n  of one 
kV means a protor, beam energy f l u c t u a t i o n  of only 
2 keV, one n i g h t  conclude t h a t  t h e  e f f e c t  is t o o  
small t o  be of importance. Sowever, t h i s  i s  n c t  
t h e  case. A t  10 M e V ,  t h e  d ispers ion  of t h e  beam 
analyzing magnet causes  a motion of about 0 . 0 0 1  
inch per  250 e V .  Thus a t e r m i n a l  f l u c t u a t i o n  of  
1 kV moves t h e  pro ton  beam about  0.008 inches.  
With a t y p i c a l  o p e r a t i n g  image s l i t  width of ap- 
proximarely C .  020 i n c h e s ,  t h e  beam i n t e n s i r y  f l u c -  
t u a t e s  from 30 t o  50% due t o  t h e  te rmina l  poten- 
t i a l  v a r i a t i o n s .  

For experiments involv ing  coir-cidences be- 
t w e e n  two nuclear  r a d i a t i o n s ,  t h e  acc identa l  
r a t e s  a r e  p r o p o r t i o n a l  t o  t h e  square of t'ne beam 
i n t e n s i t y .  Thus, a f l u c t u a t i n g  beam produces a 
higher  a c c i d e n t a l  rate than  a s teady beam of  -the 
same average i n t e n s i t y .  
c u l a t e  t h e  a c c i d e n t a l s  from known reso lv ing  t imes 
unless  t h e  exac t  beam-time p a t t e r n  is known. 

Yoreover, one cannot cal- 

The s ide- to-s ide  motion of  t h e  beam wi th in  
t h e  confines of  t h e  image s l i t  is d i s t u r b i n g  t o  
p r e c i s e  s c a t t e r i n g  experiments ,  e s p e c i a l l y  i f  the 
beam switching system fol lowing t h e  image slits 
bends t h e  beam i n  t h e  same sense  a s  does t h e  ana- 
lyz ing  magnet. 
e x t e r n a l  beam f a c i l i t y ,  t h i s  e f f e c t  v i r t u a l l y  
r u l e s  out  t h e  use of  t h e  30° and 4 5 O  beam e x i t s  
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on one s i d e  of t h e  switching magnet for  p r e c i s e  
experiments. 

Also, r e c e n t l y  t h e r e  have been found very 
narrow nuclear  analog resonances t h e  wid ths  of  
which a r e  less than 1 keV. 

Terminal P o t e n t i a l  and Charge Current  
F luc tua t ions  

A t y p i c a l  osci l logram o f  the t e r m i n a l  poten- 
t i a l ,  as de tec ted  by t h e  usua l  c a p a c i t i v e  pickup 
e l e c t r o d e s ,  is shown i n  Fig.  1. Two b e l t  p e r i o d s  
a r e  v i s i b l e  on t h e  trace. The peak-to-peak f l u c -  
t u a t i o n  is 4 2.4 kV a t  a t e r m i n a l  p o t e n t i a l  of  
4 MV. 

.a sec. 

Figure 1. Oscillogram t r a c i n g  of t e r m i n a l  
p o t e n t i a l .  Kote t h a t  t h e  p a t t e r n  r e p e a t s  
each b e l t  cycle .  Peak-to-peak f l u c t u a t i o n  
is 4 2 . 4  kV. 

By means of a s h o r t i n g  rod which can be in-  
s e r t e d  through a seal i n  t h e  w a l l  o f  t h e  Van de 
Graaff pressure  v e s s e l ,  w e  have s t u d i e d  t h e  cur- 
r e n t  de l ivered  t o  t h e  te rmina l .  
logram is  shown i n  Fig. 2 .  The charging c u r r e n t  
de l ivered  t o  t h e  b e l t  was 1 0 0  P A .  
peak f l u c t u a t i o n  is  about 75 P A .  

A t y p i c a l  oscil- 

The peak-to- 

- 

LO sec. 
I 

Figure 2. 
c u r r e n t .  Note t h a t  t h e  p a t t e r n  r e p e a t s  
each b e l t  cyc le .  B e l t  charge c u r r e n t  = 
100 UA. 

Oscillogram t r a c i n g  of te rmina l  

Although Fig. 1 and Fig. 2 do n o t  demon- 
s t ra te  t h a t  t h e  vol tage f l u c t u a t i o n s  a r e  cor re-  
l a t e d  with t h e  c u r r e n t ,  c h i e f l y  because t h e s e  two 
osci l iograms were taken a t  widely d i f f e r e n t  times, 
w e  have v e r i f i e d  t h a t  t h e  expected c o r r e l a t i o n  
does e x i s t .  
course very heavi ly  a t tenuated  by t h e  e f f e c t i v e  RC 
o f  t h e  te rmina l .  

The vol tage f l u c t u a t i o n s  are of 

We have also examined t h e  momentum analyzed 
beam a t  t h e  image s l i ts  of  t h e  customary analyzing 
magnet. The beam energy does f l u c t u a t e  with t h e  
same p a t t e r n  a s  t h e  t e r m i n a l  p o t e n t i a l ,  which 
l e a v e s  no doubt as t o  t h e  real e x i s t e n c e  o f  t h e  
p o t e n t i a l  v a r i a t i o n s .  
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The osci l lograms of  Fig.  1 and Fig. 2 show 
f r e q u e n c i e s  ex tending  from t h e  b e l t  frequency up 
t o  % 60 Hz. Figure 2 e s p e c i a l l y  shows a very 
prominent component containing 17  peaks p e r  b e l t  
c y c l e ,  or a frequency of n, 40 Hz. 
s e r v e d  t h a t  t h r e e  d i f f e r e n t  charging b e l t s  show 
almost exac t ly  t h e  same p e r i o d i c i t y .  This  f a c t  
was not a t  first recognized, and only af ter  ex- 
aminat ion of o l d  osc i l loscope  photographs taken  as 
a r o u t i n e  check on b e l t  condi t ion ,  d i d  w e  f i n d  
t h a t  a frequency corresponding c l o s e l y  t o  1 7  peaks 
p e r  b e l t  l e n g t h  was imbedded i n  each b e l t .  One 
b e l t  was removed because t h e  c u r r e n t  f l u c t u a t i o n s  
became excessive,  even though t h e  charge and d i s -  
c h a r g e  screens were i n  good condi t ion  and proper ly  
a d j u s t e d .  The second b e l t  was removed because of  
a c c i d e n t a l  damage. We have some, though not  con- 
c l u s i v e ,  evidence t h a t  b e l t s  gradual ly  genera te  a 
l a r g e r  and larger "17-peak" s t r u c t u r e  as they age 
or wear .  

We have ob- 

The "17-peak" s t r u c t u r e  i s  e v i d e n t l y  caused 
by t h e  method of curing t h e  rubber  impregnation 
a p p l i e d  t o  t h e  b e l t  during t h e  manufacturing pro- 
cess. The "curing length" is 30 i n  hes  wi th  
about  a 2-inch overlap a t  each end. The average 
l e n g t h  o f  a b e l t  i s  454 inches.  
n e a r l y  17 cure p a t t e r n s  i n  t h e  length  o f  t h e  b e l t .  
An obvious remedy would be t o  develop a system f o r  
a uniform and continuous cur ing  procedure,  such as 
between rollers. 

5 
This  g i v e s  very 

Al te rna t ive ly ,  i f  t h e  frequency o f  t h e  i n -  
homogeneities could be  increased ,  say by a f a c t o r  
of t w o ,  t h e  t e r m i n a l  r i p p l e  would be' reduced by a 
f a c t o r  of about  two by t h e  RC f i l t e r i n g  a c t i o n .  
The High Voltage Engineering Corporat ion has  
a g r e e d  t o  make us a b e l t  wi th  an e f f e c t i v e  cur ing  
l e n g t h  of 15  inches i n s t e a d  of  30 inches.  

E f f e c t s  Due t o  Corona Regulator  System 

The corona r e g u l a t o r  produces a phase s h i f t  
of v e r y  near ly  90° for  f requencies  above about 1 0  
Hz. The e f f e c t i v e  r e s i s t a n c e  of t h e  corona d i s -  
c h a r g e  a t  5 MV and 100 PA corona c u r r e n t  i s  5 x 
l o l o  ohms. With an assumed e f f e c t i v e  t e r m i n a l  
capac i tance  of  1 0 0  pF, t h e  phase s h i f t  between a 
d r i v i n g  vol tage  on t h e  corona p o i n t s  and t h e  ter-  
mina l  is  very c l o s e  t o  90° a t  1 0  Hz. A s i n g l e  
v o l t a g e  pulse  a t  t h e  t e r m i n a l  wi th  a width less 
than 0 . 1  second appears approximately as a d i f f e r -  
e n t i a t e d  pulse  when t h e  r e g u l a t o r  i s  i n  opera t ion .  
Moreover, t h e  r e g u l a t o r  tends  t o  hunt a t  a fre- 
quency of about 20 Hz. Nevertheless ,  i f  t h e  ga in  
of  the  r e g u l a t o r  is not  t o o  h igh ,  t h e  t e r m i n a l  po- 
t e n t i a l  i s  s t i l l  a p a t t e r n  which r e p e a t s ,  carbon- 
copy l i k e ,  each b e l t  cycle .  The corona r e g u l a t o r  
can e l i m i n a t e  l o w  frequency components, f o r  ex- 
ample t h e  b e l t  frequency, but  due t o  t h e  90° phase 
s h i f t  cannot e l i m i n a t e  t h e  40 H z  frequency due t o  
t h e  1 7  peaks p e r  b e l t  cyc le .  

Charge Spread on t h e  Belt 

We cons t ruc ted  a c i r c u i t  with which we could 
in t roduce  e i t h e r  per iodic  or s t e p  func t ion  modula- 

t i o n  of t h e  b e l t  charge c u r r e n t .  
t h e  effect  on t h e  t e r m i n a l  c u r r e n t  due t o  a s t e p -  
func t ion  decrease i n  b e l t  charge. Figure 3a shows 
t h e  cur ren t  p a t t e r n  i n  t h e  absence of t h e  s t e p ,  
and Fig.  3b shows t h e  c u r r e n t  p a t t e r n  with t h e  
s t e p .  The s t e p  occurs  a t  t h e  poin t  marked, and i s  
t h e  vol tage  suppl ied by t h e  b e l t  charge c i r c u i t .  
That po in t  on t h e  b e l t  reaches t h e  terminal  200 m s  
l a te r ,  and t h e  average c u r r e n t  i s  seen t o  begin t o  
change. Figure 3c shows t h e  approximate d i f f e r -  
ence i n  te rmina l  c u r r e n t  between Figs .  3a and b .  
The sharp rise charge s t e p  has spread out t o  a 
g e n t l e  r i s e  extending over  about 70-80 m s ,  w i t h  a 
90% decrease i n  60 m s .  
p a t t e r n  remains una l te red .  

Figure 3 shows 

Nevertheless ,  t h e  b a s i c  

sec.  
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SHIFT IN 
AVERAGE TERMINAL CURRENT 

Figure 3. ( a )  Terminal cur ren t  when b e l t  
charge c u r r e n t  is cons tan t .  ( b )  Terminal 
cur ren t  when a s t e p  decrease i s  appl ied t o  
b e l t  charge c u r r e n t .  ( c )  Approximate d i f -  
fe rence  between t r a c t  ( a )  and (b)  showing 
how t h e  charge spreads out  between t h e  
base and te rmina l ,  

The above observat ion sugges ts  t h a t  as 
charge i s  f e d  t o  t h e  b e l t  it spreads out  as t h e  
b e l t  moves toward t h e  t e r m i n a l ,  bu t  it tends  t o  
concentrate  i n  a p a r t i c u l a r  p a t t e r n .  Since t h e  
d i s t a n c e  t h e  charge spreads  i n  t h e  t i m e  of  t r a n s i t  
from t h e  charge screen t o  t h e  t e r m i n a l  is g r e a t e r  
than  t h e  d i s t a n c e  between t h e  inhomogeneities i n  
t h e  b e l t ,  it is not  p o s s i b l e  t o  smooth out  t h e  
charge inhomogeneities by feeding  an appropr ia te  
s i g n a l  t o  t h e  charging c i r c u i t .  
r e g u l a t o r  based upon an analog memory system u t i -  
l i z i n g  a t a p e  recorder1 w i l l  no t  work, un less  t h e  
conduct iv i ty  o f  t h e  b e l t  i s  s u b s t a n t i a l l y  reduced. 

This means t h a t  a 

Miscellaneous Observations 

The te rmina l  cur ren t  r i p p l e  p a t t e r n  f o r  a 
given b e l t  changes only slowly with t i m e .  We have 
osc i l loscope  photographs taken two weeks a p a r t  
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which show almost e x a c t l y  t h e  same p a t t e r n .  How- 
e v e r ,  t h e r e  is some evidence t h a t  t h e  inhomogene- 
i t i e s  o f  a given b e l t  grow over  a per iod  of  
months. 

If t h e  charging and take-off  s c r e e n s  are 
poorly a d j u s t e d ,  t h e  c u r r e n t  p a t t e r n  does not  re 
p e a t  each b e l t  cycle .  Thus, improper sc reen  ad- 
justment  can cause l a r g e  i n s t a b i l i t i e s  i n  opera- 
t ion .  

The so-ca l led  self charge generated on t h e  
b e l t  when t h e  impressed charging c u r r e n t  i s  zero 
a l s o  e x h i b i t s  a r e p e a t i n g  p a t t e r n ,  b u t  it is much 
smal le r  than t h e  f l u c t u a t i o n s  with normal charging 
cur ren t .  Thus, se l f -charge  i s  not a cause of  t h e  
f l u c t u a t i o n s .  With t h e  tank a t  a tmospheric  pres -  
s u r e  w e  s t u d i e d  t h e  se l f -charge  wi th  and without  
t h e  te rmina l  pick-off  sc reen  i n  p l a c e  and found it 
unchanged f o r  t h e  two arrangements. This  sug- 
g e s t s  t h a t  se l f -charge  i s  mainly on t h e  i n s i d e  of 
t h e  b e l t .  

The te rmina l  c u r r e n t  r i p p l e  depends upon t h e  
humidity of t h e  tank gas  and upon t h e  l e n g t h  of  
t ime t h e  b e l t  has  been d r i e d  by t h e  tank  gas .  I t  
is worse under humid condi t ions .  This  observa t ion  
suppor ts  t h e  t h e s i s  t h a t  t h e  f l u c t u a t i o n s  a r e  due 
t o  a balance between t h e  rate a t  which charge 
spreads  out  a f t e r  being deposi ted on t h e  b e l t  and 
the  inhomogeneities of  t h e  b e l t .  The charge cur-  

r e n t  i s  maintained cons tan t  by t h e  charging sup- 
p l y .  The non-uniformity of  t h e  c u r r e n t  reaching  
t h e  te rmina l  must t h e r e f o r e  be produced dur ing  t h e  
b e l t  t r a n s i t  from t h e  base t o  t h e  te rmina l .  

We have a l s o  s t u d i e d  t h e  vol tage  p a t t e r n  
suppl ied  t o  t h e  b e l t  by t h e  cons tan t  c u r r e n t  
charging supply. This  vo l tage  e x h i b i t s  a repea t -  
i n g  p a t t e r n  which shows d e f i n i t e  c o r r e l a t i o n  w i t h  
t h e  cur ren t  p a t t e r n  received a t  t h e  t e r m i n a l ,  d i s -  
placed by 200 m s .  
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