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Summary 

In an e f f o r t  t o  improve the  energy s t a b i l i t y  
and operating convenience of t he  Rutgers-Bell FN 
Tandem, a study has been made of t h e  processes 
involved i n  t h e  standard Van de Graaff corona 
s t a b i l i z a t i o n  system. 
servations,  a terminal voltage control system has 
been designed using e r ro r  s igna ls  derived both 
from the sl i t  system and the  capacity pickoff 
p l a t e s .  

In t h e  l i g h t  of these ob- 

The system operates using e i the r  the  standard 
s l i t  system, or the machines' Generating Voltmeter 
as t h e  terminal voltage reference, switching auto- 
mat ica l ly  t o  the  G.V. system when beam i s  l o s t  f o r  
any reason. 

Introduction 

The usual control loop of a shunt regulated 
Van de Graaff i s  shown i n  Fig. 1. 

Excluding complicating fac tors ,  the  operation 
i s  as  follows, a change i n  terminal po ten t ia l  
changes the  momentum of the  beam, which r e su l t s  i n  
a change i n  t h e  angle of def lec t ion  through the 
magnet, and a l a t e r a l  displacement of t he  beam 
pos i t ion  a t  t h e  reference s l i t s  (only one of which 
i s  shown f o r  c l a r i t y ) .  The r e su l t i ng  change i n  
t h e  beam current on the  s l i t  produces an e r ro r  
voltage which, when applied t o  the  corona tube 
causes a change i n  the  f i e l d  emission of the  corona 
poin ts .  The f i e l d  emitted electrons are rapidly 
captured on C02 molecules i n  the  high pressure 
tank gas, and d r i f t  as negative ions t o  the  termi- 
n a l ,  thus closing the loop. 

Factors Influencing Terminal S t ab i l i t y  

The phenomena which l i m i t  t he  machines' u l t i -  

(1) t h e  sources of terminal voltage varia- 
mate energy s t a b i l i t y  may be categorized as two 
types :  
t i o n s ,  and (2) the cha rac t e r i s t i c s  of the  control 
loop which limit t h e  gain available t o  reduce the  
terminal variations.  Space l imi ta t ions  permit 
only a cursory description of t he  e f f ec t s  inves t i -  
ga ted .  

Sources of Terminal Voltage Fluctuation 

Investigation of terminal voltage f luc tua t ion  
included the  following. 

Corona Current Fluctuation. A constant cur- 
r e n t  configuration was t e s t e d  which reduced the 
corona current noise but t h e  r e su l t i ng  increase i n  
the  dynamic impedance of t h e  corona adversely 
affected i t s  na tu ra l  regula t ing  e f f ec t  fo r  slow 
terminal voltage va r i a t ions .  

Belt  Charging Current Fluctuation. The most 
se r ious  var ia t ion  i n  the  b e l t  charging current,  
which i s  the l a rges t  source of terminal voltage 
var ia t ion ,  occurs a t  the  period of ro ta t ion  of t h e  
b e l t  (-0.4 s ) .  Measurements of t he  charging sup- 
p ly  current,  (which i s  not constant f o r  frequen- 
c i e s  >lc/s) ,  and terminal voltage r ipp le  revealed 
t h a t  t he  r e s u l t  of making t h e  charge deposited on 
t h e  b e l t  constant over all frequencies would be 
t o  decrease the  terminal r ipp le  by only 425%. 
use of a b e l t  which charges uniformly i s  a most 
e f fec t ive  way t o  gain energy s t a b i l i t y .  

The 

Radiation Induced Currents. These currents,  
which flow through the  gas t o  the  tank w a l l ,  have 
a noise component, of which the  most noticeable 
e f f e c t  i s  a spurious signal on t h e  capacit ive 
pickoff p l a t e s  which becomes serious a t  low f r e -  
quencies. 

Control Loop Characterist ics 

The two features of t he  system which make it 
reca lc i t r an t  from the  point of view of good 
closed-loop behavior a re  the ion- t rans i t  time from 
the  corona t o  the  terminal, and the  response of 
t h e  s l i t  system t o  beam motion. 

Ion Transit Time. A measurement w a s  made of 
t h e  response of the  terminal t o  a bu r s t  of charge 
from the  corona. The r e su l t s ,  which a re  shown i n  
Fig. 2, a re  a t  variance with previous measurements 
Considering t h a t  the  terminal i s  l a rge ly  capaci- 
t i v e ,  one sees t h a t  t h e  burs t  of charge produces 
a nearly constant displacement current f o r  a t r an -  
s i t  time of -30 m s .  
which i s  responsible f o r  the loop osc i l l a t ion  f r e -  
quency of -30 c/s i n  FN machines.) 

1 

( I t  is  t h i s  transit time 

Corona Transfer Function. To a f i rs t  approxi- 
mation the  terminal can be approximated by a 
lumped time constant T2 = C+RT as shown i n  Fig. 1. 
Here t h e  shunt terminal resistance RT comprises 
the  c o l m  resistance of p a r a l l e l  wi th  the  carona 
impedance, while CT i s  d o 0  pf .  It can then be 
shown t h a t  t he  voltage-voltage t r a n s f e r  function 
from t h e  gr id  of the corona tube t o  t h e  terminal 
i s  given by 

where V (t) i s  the  terminal potential ,VG(t) i s  the  
g r i d  posential  and L i s  the  Laplace transform 
operator. 
independent of terminal po ten t ia l  ( t h i s  i s  because 
the  corona points a re  moved as t h e  terminal poten- 
t i a l  i s  changed.) 

The ion  transit time TI is substant ia l ly  
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S l i t  System. Two fea tures  of t he  s l i t  res- 
ponse a re  of concern. 
c a l  phase advance", i s  t h a t  t he  output of t h e  s l i t  
system i s  not l i n e a r l y  r e l a t ed  t o  beam posit ion,  
and produces disproportionately l a rge  signals f o r  
large beam excursions. 

The f i r s t ,  termed "geometri- 

The second d i f f i c u l t y  arises from the  use of 
diodes as loads a t  t h e  s l i t s  t o  make t h e  s l i t  
system output a function of beam posit ion r a the r  
than beam in t ens i ty ,  f o r  s m a l l  excursions. The 
problem here i s  t h a t  t h i s  introduces a variable 
phase lag of time constant 'l'~ = CSRIN, where Rm 
i s  the diode impedance at the  operating s l i t  cur- 
r en t  (e.g. Rm = 30 M O  a t  l na, C, 4 0 0  pf there-  
fore  
These two f ac to r s  render the  s l i t  system a poorly 
behaved feedback element, although both problems 
disappear i f  fast feedback i s  derived fran some 
other source, f o r  i n  t h a t  case the  s l i t  s igna l  can 
be rolled off a t  some appropriate frequency t o  
nu l l i fy  all such e f f ec t s .  This i s  t h e  course f o l -  
lowed i n  the  present design as indicated i n  the  
next section. 

% ~3 m s  increasing t o  30 m s  a t  0.1 na e t c . ) .  

The New Control System 

A block diagram of t h e  new cont ro l  system i s  
shown i n  Fig. 3. 
of the design follow from the  remarks of t he  pre- 
vious section. Slow feedback i s  derived from the  
s l i t s  and f a s t  feedback from t h e  output of an in t e -  
grator (T = 1 sec) connected t o  t h e  capacity pick- 
of f  plates.  The crossover frequency between fast 
and slow s igna ls  i s  defined by C2 times the  paral-  
l e l  equivalent res i s tance  of R2 and R3,  and i s  
s e t  a t  -70 ms.  Since it can be shown t h a t  the  
deleterious e f f e c t s  of t h e  t r a n s f e r  function of 
equation (1) can be compensated t o  f i rs t  order by 
a phase advance, such a network i s  added, compris- 

The major po in ts  of t h e  ra t iona le  

ing Q, R5J '3. 

I n  addition, a new s l i t  preamplifier, shown i n  
Fig. 4, was  designed. This uses dual emitter t ran-  
s is tor  &4 t o  generate a s igna l  of t he  form 
(11-12)/(11+12), where 11, I2  a re  t h e  s l i t  current3 
i n  amanner t h a t  i s  c lose ly  analogous t o  t h a t  of 
Ref. 2. 
vide good input balance f o r  currents as small as 
10-l l  amps. 
v i t a l l y  important because of t h e  choice of cross- 
over frequency, t h e  input impedance a t  both inputs 
i s  always lower than t h a t  of a s ingle  diode carry- 
i ng  the same s l i t  cur ren t .  

The near ly  i d e n t i c a l  emitter diodes pro- 

I n  addition, though t h i s  i s  not 

The new configuration a l s o  provides an inde- 
pendent output proportional t o  the  log  of t he  s l i t  
current. This i s  used t o  dr ive  a discriminator, 
shown in Fig. 3 ,  which produces a push-pull output 
signal.  Field e f f ec t  t r a n s i s t o r s  Qly 4, i n  Fig. 
3, are operated by t h i s  discriminator i n  such a way 
t h a t  i f  beam i s  present a t  t h e  sl i t ,  Q2 opens and 
Q1 closes so  as t o  t r a n s f e r  cont ro l  t o  the  generat- 
ing  voltmeter. 
t h e  machine spans i t s  e n t i r e  operating energy range. 

In t h i s  way t h e  lock-in range of 

An addi t iona l  fea ture  provided i n  the  design 
i s  that when the  machine i s  under s l i t  control it 
i s  possible, i f  desired,  t o  operate i n  a mode i n  

which the  balance of the  generating voltmeter i s  
constantly readjusted t o  ind ica te  changes i n  
terminal po ten t ia l .  
however, t h e  self-balancing fea ture  i s  automatic- 
a l l y  switched off f o r  t he  duration of t h e  time 
the  machine is  under G.V. control.  On regaining 
the  beam it i s  switched back on, and so on. 

As soon a s  beam i s  l o s t ,  

Crucial t o  the  present design i s  t h e  question 
of whether it i s  va l id  t o  employ the  capac i ty  
pickoff signal f o r  f a s t  feedback. This w a s  ans- 
wered affirmatively by noting t h a t  the  terminal 
voltage and s l i t  preamplifier output voltage t r a c k  
one another a t  high frequencies, and f o r  s m a l l  
excursions as indicated by Fig. 5. From t h i s  it 
follows t h a t  they are capable of providing sub- 
s t a n t i a l l y  the  same information and hence t h a t  t h e  
mixed feedback scheme i s  a viable one, provided 
t h a t  the  crossover frequency i s  s u f f i c i e n t l y  high 
tha t  the  spurious response of t he  pickoff p l a t e s  
t o  currents in the  gas i s  well  attenuated. The 
crossover frequency of the  present design w a s  
chosen with t h i s  i n  mind. 

One addi t iona l  feature of convenience is 
t h a t  the  output of the capacity pickoff p l a t e  
in tegra tor  i s  displayed on an oscil loscope a t  all 
times, acting as a monitor of terminal voltage 
r ipp le .  I t s  s ens i t i v i ty  is 0.1 v o l t s  kV-l. 

The Generating Voltmeter 

As o r ig ina l ly  constructed and in s t a l l ed ,  t he  
generat 'ng voltmeter exhibited a nonl inear i ty  of 

th ree  steps were taken: f i r s t  the  loca t ion  of t he  
u n i t  was moved from i t s  o r ig ina l  posit ion,  r i gh t  
next t o  the  corona points,  t o  a por t  almost 
diametrically opposed t o  the  corona points, second 
the  aluminum s t a t o r  and ro to r  p l a t e s  were polished 
and gold plated; and f i n a l l y  the  insu la t ing  p l a t e  
supporting the  s t a t o r  p la tes  was replaced by a 
metal one with hidden insu la tors  t o  prevent l o c a l  
charge buildup with consequent f i e l d  d i s to r t ion .  

Following these modifications the  voltmeter 

-1% MV- 1 . In  order t o  improve t h i s  performance 

l i n e a r i t y  was grea t ly  improved, although it i s  
not known which change was the  most s ign i f icant  
one i n  producing t h i s  r e su l t .  

An improved electronic system w a s  a l so  de- 
veloped t o  provide the  f a c i l i t y  of cont ro l l ing  
the  terminal po ten t i a l  from the  generating vol t -  
meter. This i s  usefu l  in t he  absence of beam 
f a l l i n g  on the control s l i t s ,  as when bringing 
the machine up t o  energy, o r  i n  the  case of tem- 
porary loss of beam when operating, e t c .  

The pr inc ip le  employed i s  shown i n  Fig. 6, 
and depends on the  observation t h a t  each time the  
generating voltmeter windmill ro t a t e s  one quarter 
of a tu rn  a p a n t i t y  of charge VTCo 
Coulombs MV- ) flows t o  the  uncovered s t a t o r  
p l a t e s  and t h i s  quantity of charge i s  independent 
of ro to r  speed. 
be found t o  comDare t h i s  charge with a s t ab le  

It i s  c lear  t h a t  i f  a means can 
- 

reference charge, f o r  instance by subtraction and 
in tegra t ion  of t h e i r  difference, a su i tab le  con- 
t r o l  s igna l  would be available.  
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These funct,ions a re  performed. by the system 
of F i g .  6 which employs a technique which has been 
named negative feeaby t o  d is t inguish  it from ne@;a- 
Live feedback. As can be seen from the diagram, 
if a signal current flows i n t o  o r  out of t he  sum- 
ming Foint of amplifier A1 a l l  tha3 current must 
be supplied by e i the r  QJ or +. If one assumes 
su f f i c i en t ly  high B ‘ s  i n  Ql and Q2, (e.g. each 
can b e  a Darlington pa i r  or a l t e rna t ive ly  f i e l d  
e f f e c t  t r ans i s to r s  can be used) subs tan t ia l ly  
of t h e  input current i s  made available a t  t he  Q , 
Q co l l ec to r s ,  i . e .  t h e  input current can be ma&, 
t o  f l o w  i n to  an external c i r c u i t .  
t h e  negative current excursions from the generat- 
i n g  voltmeter p la tes  a re  caused t o  flow through 
Q , hence i n t o  the operational in tegra tor  A3,  C 4 ,  
while the pos i t ive  excursions flow through t o  
a m e t e r  which indicates t h e  terminal voltage i n  
t h e  usua l  way. The presence of t h e  capacitor Cl 
(-1 ~ f )  i s  important because it guarantees exact 
e q u a l i t y  i n  t h e  magnitude of t he  t o t a l  charge 
t h a t  flows through Ql and 9. 

I n  t h i s  way 

Each time the G.V. r o to r  moves one quarter 
t u r n  t h e  output o f  A1 moves up or  down (the sig- 
nal a t  t h i s  point i s  a square wave) and hence f i r e s  
t h e  charge pump comprising N, R 1  and C3. 
s u l t i n g  charge flowing through C3 i s  r u t e d  back 
i n t o  t h e  A3, C4 integrator via a second negative 
feedby lcop arourid A2 i n  such a way as t o  provide 
t h e  des i red  reference charge subtraction. The 
p o t e n t i m e t e r  R1 i s  a motor drive which can be 
connected t o  t h e  e r ro r  s igna l  eJ;tput, thus turn- 
ing  t h e  unit  i n t o  a self-balancing po ten t i a l  
(independent of  G.V. r o to r  speed). 

The r e -  

Performance 

Con;parison of t h e  above system with a stan- 
dard system using s l i t  feedback reveals th ree  
a reas  of improvement. Use of t h e  capacity pick- 
o f f  for the f a s t  feedback s igna l  r e s u l t s  i n  r e -  
duc t ion  terminal f luc tua t ions  by about a f ac to r  
of t h ree .  The phase advance network r e s u l t s  i n  
re la tFvely  l i t t l e  improvement as seen from the 

capacity pickoff scope, but t a s  the e f f ec t  of r e -  
ducing lower frequency fluctuations,  and nence 
reduces the  in t ens i ty  fluctuations of t he  beam 
considerably i n  many s i tua t ions .  With a ”healthy” 
machine, the terminal voltage fLuctuations are 
almost e n t i r e l y  within a 600 V envelope. The 
use of the dual-emitter t r ans i s to r  i n  the  s l i t  
preamp has improved the  input balance a t  very 
low currents, making it possible t o  operate with 
sl i t  currents ~ r .  t he  s rder  of 10-11 A. 

The performance of t h e  generating voltmeter 
can be judged f roa  Fig. 7 .  This l i n e a r i t y  curve 
was  obtained by measuring the terminal voltage, 
with the  machine under s l i t  control, f o r  5 charge 
s t a t e s  of oxygen while holding the analyzing mag- 
net Field constant. 

Other important performance parameters of 
the  system are  a long term s t a b i l i t y  of +2 kv and 
a s h i f t  i n  reading due t o  corona current changes 
of -30 vol t s  per microampere. 

Conclusion 

The above system has resulted i n  an improve- 
ment i n  terminal voltage stabilLty and operating 
convenience. The generating voltmeter control i s  
suf f ic ien t ly  s t ab le  t o  be used as t h e  only r e f -  
erence i n  many experiments, such a s  those i n  
which several  p ro j ec t i l e  charge s t a t e s  might be 
used simultaneously. Because of t he  corona tran- 
s i t  time delay, it appears d i f f i c u l t  t o  r a i se  
the gain of t h e  control loop by any s igni f icant  
fac tor  over t h a t  of the present system by use or 
canpensating networks. 
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GEOMETRICAL( 
PHASE I 

ADVANCE 1 

Fig. 1. Standard corona regulated Van de Graaff con- 
trol loop. 
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Fig. 2. Response of the terminal potential to a pulse 
at the grid of the corona tube. Upper trace: 
Terminal voltage measured by capacitive 
pickoff. Scale: 5 kV/div. Lower trace: Pulse 
on grid of corona tube. Scale: 25 V/div. 
Horiz. scale: 10 ms/div. 
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Fig. 4. Slit signal preamplifier schematic. Fig. 5. Generating voltmeter electronic block diagram. 
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Fig. 7.  Generating voltmeter system linearity. 
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Fig, 6. Comparison of slit preamplifier signal (top) 
and capacity pickoff integrator signal (bottom) 
showing phase lag of the slit signal, and de- 
viation of capacitive pickoff signal at low 
frequencies. Vert. scale: 500 V/div. terminal 
voltage equivalent. Horiz. scale: 100 ms/div. 
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