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Because of the advance of the art of magnet design and improvements i n  the 

regula t ion of the e l e c t r i c a l  parameters of the  machine, the  beam of the  sector-focused 

cyclotron is more s t a b l e  and be t t e r  focused than it w a s  i n  the conventional cyclotrons. 

The higher energy of these new machines requires  a higher e l e c t r i c a l  gradient than the 

older type, but i t  is not prohibi t ively  high and simply requires  the  same considerations 

a s  the  other pa r t s  of the machine. We have been a b l e  t o  ex t rac t  the  p a r t i c l e s  tha t  

need almost the  highest  gradient,  50 MeV protons, from the 88 Inch Cyclotron. 

The key t o  de f lec to r  design is the a r t  of t a i l o r i n g  the e lect rodes  t o  the 
1 )  geometry of the beam . For the  88 Inch Cyclotron the highest gradient required is 

150 kV/cm. A t  ex t rac t ion  radius  the  height of the  beam of useful  pa r t i c les  is about 

0.25 in. The required def lec to r  gap at the  entrance is governed by the r a d i a l  

osc i l l a t ions  of the  beam. Further down, the de f lec to r  gap is determined by the  

requirement of acconmtodating the  d i f f e r e n t  t r a j e c t o r i e s  of the  various beams. To provide 

a gradient of 150 kV/crn at  the  entrance, we need a gap of about 0.25 in, and a voltage 

of 95 kV. Because of sparking, t h i s  condition should be provided with as much margin 

as possible. 

We decided t o  build a test-model de f lec to r  to  obtain design da ta  fo r  a f i n a l  

def lector  f o r  the  88 Inch Cyclotron (Fig. 1). To proceed with t h i s  experiment we 

adopted the  following hypothesis. The def lec to r  high-voltage electrode oantains 

innumerable electron-emitting spots each of which serves  as the  cathode fo r  a vacuum 

spark. These cathodes consis t  of such th ings  as foreign contaminating material, 

spicules,  and the  gradient magnifying edges of the c r y s t a l s  of the e lect rode material. 

If  we assume gradient magnification, t h e  ground electrode of the  d e f l e c t o r  provides 

s u f f i c i e n t  gradient at the  cathode spots  t o  produce some f i e l d  emission. The dimensions 

of the  cathode a r e  so small t h a t  t h i s  f i e l d  emission involves a s u f f i c i e n t l y  high 

current densi ty  t o  heat the  cathode t o  thermionic emission temperature. Thus, the  

emission currsnt  increases with the e l e c t r i c  gradient a t  the  cathode. The e lect rons  

follow the  magnetic f i e l d  l i n e s  u n t i l  they reach the spark anode. The power densi ty  

here is thus proportional t o  the t o t a l  voltage and the  e lect ron current  density. When 

the power densi ty  is s u f f i c i e n t  t o  vaporize the anode, a gaseous discharge occurs which 

we c a l l  a spark. 

In the design of an  e l e c t r o s t a t i c  de f lec to r  fo r  a cyclotron, we believe tha t  the 

(*) Work done under auspices of the U.S. Atomic Energy Commision. 
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Fig. I Tcst-mndrl d c f l r ~ . t u r  2.8 f lr . s t  ~ n s t n l l c d .  I t  iras ~ i n e o o l e d  and r i t l ~ o o l  a 
i 'os i t ioning lncollllnisnl oxec1,t f or  s e t - s er~on  nd,,ust, .ents.  Tile l r l l l l nd  c l l>e trodc  
nns part  of t l ~ o  o r i g i n a l  del'lcetor' nrtd had c o o l i n g  and p o s i t i o n  ad.iustn\cllts 
so t h a t  the gap c o u l d  be var ied  for  t h e  t e s t a .  

Fig. 

3 s u p l ~ o r t  i n s o l i ~ l o r .  t i l i i ~ h  prevented e l e ~ t r ~ n ~ ~ e i ~ i ~ ~ ~ ~ e n l  ~ 1 1 I ~ n t l o n .  
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high-voltage electrode should have the  minimum possible surface area. This minimizes 

the  amount o f  sparking required t o  bake out the  cathode spots and reduces the amount 

o f  electrode contamination by foreign material from dee sparks or vaporized mateiral. 

Since the beam height o f  the 88 Inch Cyclotron a t  ex tract ion radius i s  no more 

than 1/4 in., we decided t o  provide a u s e f u l  e l e c t r i c  d e f l e c t i n g  f i e l d  wi th  a height 

o f  1 /2  i n ,  This allows a margin for  misalignment o f  t h e  d e f l e c t o r  electrodes and 

possible displacement o f  the  median plane, The required width o f  the  e l e c t r i c  f i e l d  

i s  determined by the  necess i t y  o f  accommodating incoherent radial  osc i l la t ions  and the  

change o f  orbi t  shape due t o  the  change i n  f l u t t e r  o f  the  maohine. The required radial 

ex tent  o f  the  e l e c t r i c  f i e l d  i s  not yet  known precisely,  but seems t o  be between 0.1 

and 0.4 in. 

The m i n i m  radius o f  curvature o f  the  high-voltage electrode should be large 

enough t o  prevent appreciable field-gradient magnification. In practice, t h e  minimum 

radius should be no l e s s  than about h a l f  a gapo The oross-seotion dimensions o f  the 

high-voltage electrode determined from these oonsiderations are shown i n  Fig, 2. 

The f i r s t  t e s t s  o f  t h i s  configuration showed tha t  a t  smaller gaps t h e  electrode 

did not hold the  gradient t h a t  would be expected from the  V E  relationship.  Observation 

revealed t h e  explanation. At the  smaller gaps the  electrode vibrated l i k e  the  fork i n  

a tuning-fork osc i l la tor .  

The mechanism o f  o s c i l l a t i o n  i s  rather in teres t ing.  The forces driving the  

electrode were e l e c t r o s t a t i c ;  the  device tha t  provided the  pulsating force was the  dark 

current. As the  de f l ec tor  bar was displaced toward the  ground electrode,  the dark 

current increased; t h i s  drained charge from the  e lectrode,  reducing the  potential and 

t h e  force,  and permitting it t o  re turn  t o  i t s  neutral posit ion,  I t s  i n e r t i a  oarried 

it i n  the  opposite d ireot ion and i t s  compliance returned it again t o  the  smaller gap 

where the  dark current drained o f f  further charge. The o s c i l l a t i o n  b u i l t  up,  the  

energy coming from the  e l e c t r i c  f i e l d ,  
Upper liner 

u n t i l  the gap was so small tha t  it  sparked. 

To prevent t h i s  electromechaniosl 

osc i l la t ion ,  a pair o f  insulators  were 

ins ta l l ed  t o  support the  high-voltage 

electrode (Pig. 3).  The d e f l e o t o r  W- 

now baked i n  and tes ted for d e f l e o t o r  I Ground 

spacings o f  0.2, 0.3, and 0.4 i n ,  The l electrode 

breakdown voltage followed the  VE curve, 

as shown i n  F i g .  4. 

For t h i s  t e s t  we b u i l t  a d e f l e c t o r  

power supply designed s p e c i f i c a l l y  t o  Lower liner 
give U S  control o f  t h e  bake-in prOCeSS, Fig. 2 C r i t i c a l  dimensions of the test-model def lector .  

The tungsten spnrk anodes were i n s t a l l e d  during 
i n  the hopes o f  improving the  d e f l e c t o r  the l a t t e r  p r t  01 the  t e s t s .  
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voltage. The power supply, consis ts  basic- 

a l l y  of a six-stage Coekcroft-Valton rec t i -  

f i e r  b u i l t  from s i l i c o n  diodes and operating 

at  110 kc/s. It is dr iven by a vacuum-tube 

o s c i l l a t o r  whioh has a "crowbar" on the 

screen g r id  so  t h a t  the flow of power t o  

the  de f lec to r  can be cut  off  wi thin  a few 

microseconds following a spark. We found 

that ,  by making the  crowbar-current control  

avai lable  t o  t h e  operator, the  amount of 

t 1 energy i n  each spark can be optimized and 

a higher VE number can be obtained. With 

t h i s  control ,  the  i n t e n s i t y  of the sparks 

I I can be varied through a wide range, from 

l 0 m  i n v i s i b i l i t y  t o  heavy arcs. 
0.1 0.2 0.3 0.4 0.6 0.8 1.0 

Gap ( i n . )  Another technique which proved helpful  
Fig. 4 Voltage-versus-gap curves  f o r  t h e  d i f f e r e n t  t e s t s  

of t h e  test-model d e f l e c t o r .  Curve 1 was taken  
is the  use of spark anodes. According t o  

b e f o r e  i n s u l a t o r s  were i n s t a l l e d  t o  suppress  
electromechanical o s c i l l a t i o n .  Curve 2 was our sparking hypothesis, a spark occurs 
obta ined  a f t e r w a r d ,  the crowbar was s e t  a t  0.4 A ,  
resulting i n  vli = i./,7 X 1 0 ' ( k ~ ) ~ / c m .  In curve  3 ,  when the  power dens i ty  a t  the anode i n  the 
the  crowbar was ad,justed t o  opti tnize v o l t a g e ,  
r e s u l t i n g  i n  VE = 1.88 X ~ O ~ ( ~ V ) ~ / C I U .  For i n i t i a t i n g  e lect rons  is s u f f i c i e n t  t o  
curve  4  t h e  c o n d i t i o n s  a r e  t h e  same a s  f o r  c u r v e  3 
except  t u n g s t o n  nnodes were added,  r e s u l t i n o n  
VE : 2.27 X 10'(k~) ' /cm. P o i n t s  g r e a t e r  than  

vaporize the  anode material. If  one uses  
110 kV w y  have been l i m i t e d  by [ > u r a s i t i c  
o s c i l l a t i o n  i n  the  power supply. an anode material  t h a t  vaporizes at a higher 

power densi ty ,  it should be possible t o  

hold a higher voltage. We decided t o  t r y  tungsten fo r  t h i s  purpose t o  see  i f  any 

improvement could be achieved. In the previous t e s t s  the anode for  the  sparks was e i t h e r  

the  K-monel base pla te  or  the  inconel canopies, or, over pa r t  of the de f lec to r ,  the 

copper l i n e r  of the  vacuum tank. None of these,  of course, a r e  high-temperature 

materials. Before t h i s  t e s t  the  bes t  VE number t h a t  the  de f lec to r  had held was 

1.93 X 104 ( k ~ ) ~ / c m .  With the tungsten anodes, the  VE number increased 1%. t o  

2.25 X 104 ( k ~ ) ~ / c m .  In addi t ion,  we found t h a t  the tungsten anodes r e s i s t e d  spark 

damage b e t t e r  than other materials. 

Another s e r i e s  of t e s t s  w a s  designed t o  see t h e  e f f e c t  of de f lec to r  capacitance 

on VE number. ~ e a r d ' s  sparking t e s t 2 )  had shown tha t  the re  w a s  m optimum capacitance 

f o r  a spark gap. Also, he had found tha t ,  for  a given amount of e l e c t r i c a l  energy, the 

spark damage w a s  very much increased i f  there  w a s  a magnetic f i e l d  present. However, 

h i s  t e s t s  of breakdown voltage versus gap capacitance were conducted without a magnetic 

f ield.  Therefore, i t  seemed l i k e l y  t h a t  the optimum d e f l e c t o r  capacitance would be l e s s  

than he found i n  h i s  t e s t s .  We found tha t  we could compensate for  de f lec to r  capacitance; 

at lower capacitance we could crowbar at  higher spark currents ,  and vice  versa. Then, 
the YE number showed no s i g n i f i c a n t  dependence upon capacitance from 67 t o  580 PP, 
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which w a s  the naximurn avai lable  range (see Table I). 

Table I 

Deflector voltage fo r  various s e t t i n g s  of crowbar current ,  

de f l ec to r  gap. and d e f l e c t o r  capacitance 

Deflector Deflector Deflector Crowbar VE number 
capacitance voltage gap current  

(PP) (kv (in. ) (A [l@ ( k ~ ) ~ / c m ]  

A. Spark anodes : a combination of inconel, 

s t a i n l e s s  s t e e l ,  K-monel. and copper. 

67 111.5 00 3 00 400 1.63 

82 99 002 0.425 1 0  53 

112 67 001 0.425 1 0  7 

l 34 113 0*35 0.280 1.43 
138 108 00 3 00 400 1.53 

143 90 0.25 00 250 1. 28 

288 108 00 3 00 300 1 0  53 

293 103 00 25 00 300 1.67 

300 99 002 00 300 1*93 

568 100 00 3 00 250 1-31 

573 98 00 25 00 200 1 0  51 

5 80 93 00 2 00200 L. 71 

VE = 1.57 

B, Tungsten spark anodes. 

138 117 00 3 0,475 1.80 

143 110 00 25 00 400 1.91 

150 107 0.2 00 300 20 25 

568 110 0, 3 0.400 1.59 

573 l W  0.25 0.400 1 0  87 

580 99 0.2 00 350 1-93 

Rme VE = 1.9 

We checked the VE number for  dependence on the  magnetic f i e l d  f o r  the e n t i r e  

range of magnet currents  of the  88 Inch Cyclotron, 167 t o  2500 A. There w a s  no 

s ign i f i can t  change i n  VE number. \Ye optimized the crowbar current  s e t t i n g  fo r  each 

point. 

From these  t e s t s  we aan conclude the following i n  regard t o  de f l ec to r  design : 

a )  The e l e c t r i c  f i e l d  should be matched t o  the  cross-section dimensions of the beam 
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so t h a t  the amount of high-voltage surface can be kept t o  a minimum. b) The 

d e f l e c t o r  power supply should be designed t o  provide control  of the  Amount of heat 

i n  the  sparks. c )  The high-voltage electrode must be r i g i d l y  mounted t o  prevent the  

formation of electromechanical osci l la t ion.  d )  Tungsten spark anodes should be 

employed. e )  Deflector capacitance should be kept reasonably low, but with tungsten 

spark anodes and spark current control  from the  power supply, a t  l e a s t  600 pF of 

de f lec to r  capacitance can be to le ra ted  without l o s s  of VE number. f )  A VE number of 

a t  l e a s t  2.25 X l ~ * ( k ~ ) ~ / c m  can be held; a reasonable design value would be about 

1.5 X 10*(k~)~/cm.  g )  That a def lec to r  is l imi ted by sparking phenomena and not from 

an extraneous cause can be t es ted  simply by a log-log plot  of the voltage versus gap 

t o  see  tha t  it follows a VE line.  

To be sure  tha t  nothing w a s  overlooked, we put a small amount of 50 MeV proton 

beam through the  test-model deflector.  

The next problem t o  consider i n  the des ign of an e l e c t r o s t a t i c  de f lec to r  is 

contouring the  electrodes t o  the t r a jec to ry  of the beam (see Fig. 5). F i r s t ,  the re  

is  the problem of the beam e n t r y  in to  the deflector.  This can be divided i n t o  two 

parts ,  the turn  separation and the incoherent beam osci l la t ions .  The turn  separation 

is important because it determines the thickness and, hence, the  thermal conductivity 

of the  septum. The incoherent beam o s c i l l a t i o n s  determine the  s i z e  of the entrance 

gap required,  hence, the maximum gradient t h a t  may be held without sparking. 

The separation between turns  is determined by the  voltage gain  per t u r n  and the  

coherent r a d i a l  betatron o s c i l l a t i o n  of the  beam. Upon enter ing the def lector ,  the 

beam should be moved r a d i a l l y  i n  a r e l a t i v e l y  shor t  azimuth t o  provide clearance 

between the in te rna l  o r b i t s  and the downstream sect ions  of the deflector.  Every e f f o r t  

should be made t o  t a i l o r  t h i s  f i r s t  sec t ion  t i g h t l y  t o  the  beam s o  t h a t  the gap w i l l  

be a s  s n a l l  as possible and the  gradient a s  high a s  possible. This sect ion should 

probably be r e s t r i c t e d  t o  about 30' az imtha l .  L Garren has computed t r a j e c t o r i e s  

through the de f lec to r  and found tha t  the  beam dispersion i n  t h i s  f i r s t  sec t ion  is 

small. I f  it contains posi t ion adjustments and gap adjustments, the  e lect rodes  can be 

aligned qu i te  c lose ly  with the beam, and the de f lec to r  gap can be made q u i t e  small. 

I f  the  second s e t  of e lect rodes  starts at the  center  of a h i l l  of the magnet pole 

and has an  independent s e t  of posi t ion adjustments, the change i n  radius of curvature 

of t h e  t r a j e c t o r y  with change i n  magnetic f i e l d  can best  be accommodated. The 

e lect r ica l -gradient  requirements a r e  not as s t r ingen t  i n  t h i s  sec t ion  of the de f lec to r ,  

and d i f f e r e n t  beams may be accommodated without gap adjustment. The second sect ion 

accepts the beam which has been separated from the o r b i t s  by the f i r s t  sec t ion  and 

a i m  it  i n t o  the  t h i r d  sect ion of the  deflector.  This sect ion may not require  e i t h e r  
gap or posi t ion adjustment. 

~ a r r e n ' s  t r a j e c t o r y  aalcula t ions  show t h a t  p rac t i ca l ly  a l l  beam dispers ion occurs 

i n  the  th i rd  sec t ion  of the de f lec to r ;  i t  should be contoured appropriately. Upon 
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Fig. 5 Possible three-element deflector. The first 
element would have ndjustments for 11osition and 
gap. The second element would have position 
adjustmmts only. The third elenent probably 
could be fixed in position. 

Gap (in.) 
Fig. 6 Recommended design voltage and gradient versus 

gap for sector-focused cyclotron deflectors, 
based on Vi = 1.5 X 10'(k~)'/cm. Circles 
represent voltnges and triangles represent 
gradients obtained experimntnlly. 

leaving the t h i r d  sect ion of the  def lec tor ,  a l l  beam t r a j e c t o r i e s  have the same target ,  

the center  of the  e x i t  beam pipe of the  cyclotron. 

Each of the  three  ground electrodes should be insula ted ,  so tha t  any intercepted 

beam current  can be monitored by the operator as an a i d  i n  a l igning the d e f l e c t o r  

electrodes t o  the  beam t ra jec tory .  

The techniques employed i n  the  test-model de f l ec to r  were sufficient t o  produce a 

VE number of 2.25 X l ~ ~ ( k ~ ) * / c m .  To provide an adequate margin f o r  day-to-day operation, 

a design value of 1.5 X lo4 should be used (Fig. 6). The presence of the beam d i d  not 

reduce the VE number of the  de f l ec to r  when a tungsten septum w a s  used; with a carbon 

septum we leansged t o  hold a VE number about three-quarters as high as with a metal 

septum, provided no beamwas present. With a beam, carbon is evaporated and contamin- 

a t e s  the high-voltage electrode. With an in tense  beam, one can e a s i l y  evaporate enough 

carbon from the septum t o  reduce the VE number t o  25% of i ts  normal value. Then one 

mst open the vacuum chamber and clean the  de f l ec to r  and insu la to r s  with solvents. In 

s p i t e  of carbon's t e r r i b l e  contamination hazard, its v i r tues  - shor t  half- l ives,  low 

a c t i v i t y ,  and a b i l i t y  t o  withstand very oonsiderable amounts of power - a r e  s u f f i c i e n t  

t o  keep a l i v e  our hope t h a t  some day we may f ind a way t o  use it successfully. 

The septum appears t o  be the component of the sector-focused cyclotron most i n  

need of research and development. A t  present, i t  l i m i t s  our output beam power t o  only 

a few kilowatt. On the other hand, when we compare our external  beams with those of 

conventional cyclotrons of the  past ,  the  progress is  impressive. Our experimenters 

r epor t  an order of magnitude more analyzed beam current  and an order of magnitude be t t e r  

energy resolut ion i n  t h e i r  s c a t t e r i n g  chambers than they had with the  older cyclotrons. 
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D ISCUSS ION 

LEBOUTET : Can you compare, from your experience, the  voltage gradient tha t  can be 
held along, and across  the magnetic f i e ld?  

SMITH : According t o  my experience, and t o  a great  deal  of sparking research done i n  
Berkeley,there is no difference.  The magnetic! f i e l d  seems t o  be of secondary 
importance; the emission from the spot  on the  cathode is  jus t  a question of gradient a t  
t h a t  point. 

ALLEN : We never observe sparks perpendicular t o  the  magnetic f ie ld .  The sparking is 
always along the  f i e l d  lines. Do you see  a contradiction? 

SMITH : No. A spark w i l l  i n i t i a t e  where the e l e c t r i c a l  gradient is s u f f i c i e n t l y  high, 
and w i l l  then follow magnetic f i e l d  l ines.  I only propose t h i s  as an hypothesis i n  the  
absence of any other  reasonable explanation. 

SCHhlIDT : Kelly reported e a r l i e r  t h a t  you had d i f f i c u l t i e s  with sparking i n  the  
Berkeley cyclotron, and yet  t h i s  de f lec to r  seems t o  hold enormous voltages. 

SMITH : The voltages reported here were obtained i n  our t e s t  model with a small inconel 
de f lec to r  bar. Kelly was re fe r r ing  t o  the o r ig ina l  def lector  i n  the  machine which has 
much more surface  and it is d i f f i c u l t  t o  bake out. 

LIVINGSTON : What a r e  your recommendations on best  materials  t o  use? 

SMITH : Of the many materials  tested, '  inconel is  one of the best. The material  which 
a c t u a l l y  held the  most voltage i n  these t e s t s  w a s  3/16 s t a i n l e s s  s t e e l  but i t  took many 
sparks t o  bake in,  i n  f a c t  about 1 0  times as many as f o r  an inconel electrode. 
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