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ABSTRACT 

The iiew sec tor - focused 'cyc lo t rons  have m o r e  energe t ic  and be t t e r  . 

focused  b e a m s  a t  the ex t rac t ion  rad ius  than do o rd ina ry  cyclotrons .  While 

' t h e  f i r s t  c h a r a c t e r i s t i c  r e q u i r e s  a mor ' e  intense' e l e c t r i c  f ie ld ,  the ' second  

p e r m i t s  th is  f ie ld  to extend ove r  a s m a l l e r  volume. By ta i lor ing the  e lec t rode  
, 

geome t ry  to t he se  c h a r a c t e r i s t i c s  of the beam,  the  r equ i r ed  def lector  gap and 

e l@ct rode  s u r f a c e  b e c o m e s m a l l e r ,  and  a higher  g rad ien t  can  b e  held  without 
. . 

sparking.  A dif ferent  compromise  between r a ' d i o a ~ t i v i t ~ ,  power  diss ipat ion,  

and r e s i s t a n c e  to s p a r k d a m a g e  m u s t  be  made  in  se lect ing e lec t rode  m a t e r i a l s .  

Care fu l ly  des igned e l ec t ro s t a t i c  def lec tors  p e r f o r m  v e r y  wel l  in  sec tor - focused  

cyc lo t rons  of i n t e rmed ia t e  energy .  Def lector  eff ic iencies  of about 50% and  

. . . ex t e rna l -beam in tens i t i es  'of 20  p.A have been  obtained i n  the Lawrence  L a b o r a -  

. tory1 s 88 -Inch Cyclotron.  
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INTRODUCTION 

Because  of the  advance of the a r t  of magne t  des ign  and  improvemen t s  

in  t he  regulat ion of the  e l ec t r i c a l  p a r a m e t e r s  of the machine ,  t h e ' b e a m  of the 

sector . - focksed cyclotron i s  m o r e  s table  and be t t e r  focused than i t  was  i n  the  

conventional  cyc lo t rons .  The higher  ene rgy  of these  new machines  r e q u i r e s  

a h igher .  e l e c t r i c a l  g r ad i en t  than the o lder  type,  but  i t  i s  not  prohibit ively high 

and  s imply  r e q u i r e s  the  s a m e  cons idera t ions  a s  the o the r  p a r t s  of . the machine.  

We have b e e n  ab le  to  e x t r a c t  the  pa r t i c l e s  that  need  a l m o s t  the highest  gradient ,  

5O:MeV pro tons ,  f r o m  the 88-Inch' Cyclotron.  

The key to def lector  des ign i s .  t h t  a r t  of ta i lor ing the e l ec t rodes  to th'e 

geome t ry  of the b e a m .  F o r  the  88-Inch Cyc'lotron the h ighes t  g rad ien t  r e -  . 

.quired i s  150 kV p e r  cm.  At  ex t rac t ion  r ad iu s  the  height  of ' the b e a m  of useful  

p a r t i c l e s  i s  about 0.25 in. The  r equ i r ed  def lector  gap  a t  the  e.ntrance i s  

governed  by  the  r ad i a l  osci l la t ions  of the b e a m .  F u r t h e r  down, the  def lector  

gap i s  determ' ined by the  r equ i r emen t  of accommodat ing  the di f ferent  t r a j e c -  

t o r i e s  of the  va r ious  b e a m s .  To provide a grad ien t  of 150 kV p e r  c m  a t  the  

. en t r ance ,  we  need a gap of about  0.25 in.  and  a doltage of 95 kV. Thi s  condition 

should b e  provided with a s  much  sparking m a r g i n  a s  poss ib le .  
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' 

T h e r e  i s  extensive l i t e r a tu re  on vacuum sparking,  b u t ' s o  f a r  a s  the 

mechan i sm of s p a r k  initiation i s  concerned,  the r e ~ e a r c h e r s  do not y e t a p p e a r  

' to  be  i n  ag reemen t .  In  1952 and  1953 sparking study was  'rnade.a't 

. - 
Lawrence  Radiation Labora tory  under the direct ion of E.  'Lofgren.  This  study 

revea led  much informat ion that  i s  par t i cu la r ly  appli'cable to the sparking 

p rob lems  a s soc i a t ed  with par t i c le  a c c e l e r a t o r s .  The group 'directly involved 

with the expe r imen t s  included: H. Heard ,  W. Kilpatr ick,  W .  Chupp, E.  Laue r ,  

P. Byerly  and a supporting staff. The sparking t e s t s  w e r e  pe r fo rmed  using 

dc and rf a t  1'4 Mc with a h d  without a magnet ic  field. 
' 

. Fo r  the 14-Mc tes t ; .  Hea rd  and Chupp used a cjrclotron magnet  2nd a 

qua r t e r -wave  re sonator  and osc i l l a to r .    he osc i l l a to r  could del iver  m o r e  

than 1 MW .df .rf power .  The gap was  about 5-.3/4 in.  Using this  equipment,  

c h i p p  and Hea rd  fdund that  the magnet ic  f ield i nc rea sed  the s p a r k  damage to 

the, e1,ectrode su r f aces  ve ry  markedly .  By bakirig i n  the e lec t rodes  with'out 

the magnet ic  f i e l d  and observing the. voltage a t  the  f i rSt  s p a r k  with the field,  

they found that  the magnet ic  f ield did not reduce  the voltage that  the gap would 

hold, but a f t e r  many s p a r k s  the ' inc reased  gradient  caused  by the 'spark c r a t e r s  

iri the e lec t rode  su r f aces  reduced the voltage that  the gap would hold. ~ h e r k  

s e e m e d  to be a c r i t i c a l  magnet ic ' f i e ld '  fo'r each  m a t e r i a l  beyond.which the 
' 

s p a r k  damage was  s e v e r e  and below which t h e . s p a r k  damage was  negligible. 

The c r i t i c a l  f ie lds  ranged f r o m  4 to 1 5 ' k ~ .  This  sugges t s  tha t  during the bake; 

i n  p r o c e s s  of a def lector  t h e r e  m a y  be dn advantage i n  reducing the magneti 'c 

f ie ld  to a sufficiently 1ow.value so  tha t  the spark.damage i s  negligible, but s t i l l  

with 'sufficient f ield to confine the d i scharge  paths to the  su r f aces  tha t  spa rk  
I 

under  cyclotron ope ra t ions .  

, , 
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Chupp and Hea rd  m e a s u r e d  the breakdown voltage and grad ien t  f o r  a 
' 

.number of gaps  and conf i rmed the  VE relationship:  that  fo r  equal probabil i ty 

of sparking with given m a t e r i a l s ,  the product of gap .voltage and cathode gradient  

i s  a constant.  They tes ted  many m a t e r i a l s  fo r  spa rk  damage . and , for  voltage - 

holding abil i ty i n  the p re sence  of the magnet ic  field. The voltage v e r s u s  

e lec t rode-gap  c u r v e s  fo r  these  m a t e r i a l s ,  with the VE relationship a s s u m e d  

to b e  constant ,  a r e  shown in  F igs .  1 and 2. 

So f a r  a s  spa rk  damage i s  concernedJ4  s ta in less  s tee l ,  inconel, molyb- 

denum, K-monel ,  t i tanium,  and nickel  s e e m  to  be comparab le  and were : t he  

5 -  / 
b e s t  m a t e r i a l s .  Copper ,  tanta lum,  and aluminum w e r e  in te rmedia te .  

S i lver  showed the m o s t  s e v e r e  spa rk  damage. Carbon appeared  to r e s i s t  spa rk  

damage wel l ,  bu t  would not r ema in  baked out. Hea rd  and Chupp c l a im  that  

a f t e r  baking out ca rbon  e l ec t rodes  and turning the voltage off fo r  even a few 

minutes ,  the whole bake- in  p r o c e s s  had to s t a r t  ove r  again.  The spa rk  dust  

of K-monel  and nickel  was  found to be  magnet ic .  Tha t  f r o m  s ta in less  s t ee l  

and the o the r  m a t e r i a l s  t es ted  was  not. 

6 
A sinsilnr s e t  of t e s t s  w e r e  p e r f o r i i ~ e d  without a ,nsagnct ic  f ield,  using 

dc on the e lec t rodes .  The' VE re la t ionsh ip 'was  checked f r o m  0.2 to 5,O m m  

in these  t e s t s .  Overa l l ,  the  VE .relat ionship h a s  been checked exper imental ly  . . 

and found t,o be  valid f r o m  0.2 m m  to a t  l e a s t  8 .5  c m .  

An in te res t ing  bit  of informat ion applic'able to  sec tor - focused  cyclotron., 

def1ector.s i s  the e f fec t  of the e lec t s ica l -energy  s to rage  on the  voltage to which 

6 
the gap will  bake in. In a par t i cu la r  gap with a total  capacitance of 24 p F ,  

. , 

Heard  found that  the breakdown voltage was  10 kV a f t e r  reaching equil ibrium. 

Then,  when a 0.0125-pF:'capacitor w a s  added a c r o s s  the gap,  the e lec t rodes  

baked-in  to 60 kV, a six-fold i n c r e a s e .  Adding a 0 .5-pF  capaci tor  a c r o s s  the 
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Electrode spacing ( in.) 

Fig. 1. Direct-current  breakdown voltage vs  gap for  the most  i m -  
portant high-voltage -electrode mater ia l s ,  with no magnetic field, 
a mercury-pumped vacuum of m m  Hg, and a 0.0125- p F  
capacitor a c r o s s  the gap. Electrode mater ia l s  tes ted include: 
1. invar '11. unbaked 0.001-in. 
2. 316 s tainless  s tee l  chrome -plated copper 

. 3. manganese s tee l  12. hot-rolled s tee l  
4. general  plating alloy N.o. 720. 13. E T P  copper 

. .  5. case-hardened s tee l  14. Cu-P alloy 
(Rc = 60 to 65) 15. tantalum 

6. 0.00.1 -in. chrome -plated 1 6  2 S aluminum 
dopper Eaked a t  . 500°C , 17. lead 

7. inconel 18. vacuum-fused copper 
8. 3270 nickel s tee l  .. 19. 75 ST-6 aluminum 
9. Hastalloy 8 20. anodic carbon 

10. nickel .. 2 1. spectrographic carbon 
22. s i lver  

Data a r e  taken f rom Heard, 5 who used 2-in. -diam hemispherically 
capped cylinders under ideal sparking conditions. 
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Fig. 2. Breakdown voltage v s  gap in a strong magnetic field for  the 
most  important high-voltage electrode  material^:^, 
1. titanium h.  rli~ra.li~mini~m 5 R  - S O  plils 
2. stainless  s tee l  nickel 
3. inconel 7. tantalum and DHP-copper 
4. OHFC-copper and (Rockwell 890) 

molybdenum 8. s i lver  
5. ETP-copper  and K-monel 9. carbon 

10. DHP-copper (Rockwell 826) 
The electrodes a r e  the end of a ~ / 4  line. The energy i s  10 joules 
at  l o 6  V and a frequency of 14 Mc. The field is 15 kG for  irlcorlel, 
tantalum, copper, molybdenum, nickel, carbon, K-monel, and 
s tainless  316; for  other meta ls  it i s  8 kG. The oil-pumped vacuum 
is m m  Hg untrapped and 5~ 10-7 m m  Hg t r a p  Pp? These 
curves were obtained f rom the relationship V = KD using the 
coefficients determined by Chupp and Heard. Because of the 
magnetic field, the conditions a r e  m o r e  like those in 'a  cyclotron, 
except that the "cleanliness" of the system was f a r  bet ter  than one 
ordinari ly  can  obtain in a n  operating machine. 
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gap reduced the  breakdown voltage to 5 kV a f t e r  a per iod  of sparking.  T h e r e  

s e e m s  to be  a n  opt imum value f o r  the gap capaci tance.  Observing the spa rk  

c r a t e r s  Hea rd  found that  the low-capaci tance gap fo rmed  sma l l  but sharply  

pit ted c r a t e r s .  When the gap capacitance w a s  i nc reased ,  the s i ze  of the spa rk  

c r a t e r s  i nc rea sed  but 'the s h a r p  points w e r e  mel ted  off so tha t  the e l ec t r i c  f ield 

w a s  lower .  Then,  with a ve ry  l a r g e  amount of capacitance a c r o s s  the ;.gap 

much m o r e  s e v e r e  c r a t e r s  w e r e  formed.  F r o m  th i s ,  one m u s t  conclude that  

the  bake- in  p r o c e s s  i s  essen t ia l ly  a surface'-heating p r o c e s s ,  and so  the 
'., 

energy  in the s p a r k s  plays  an  impor tan t  ro le  in  the ult i lnate voltage a pa i r  of 

e l ec t rodes  will  hold. Thus,  in  a sec tor - focused  cyclotron the deflector power 

supply should p e r m i t  control  of the s p a r k  cu r r en t .  

H e a r d  and ~ a u e r '  s tudied the da rk  c u r r e n t  tha t  flows a c r o s s  the gap a t  

vol tages  t60 low t o c a u s e  a spa rk .  The copper  anode of a dc  gap was  b.ombarded 

i n  the 60-in.  cyclotron to f o r m  copper:64 which w a s  used  a s  a radioact ive  

~ t r a c e r  to find whether  o r  not anode m a t e r i a l  was  t r anspo r t ed  a c r o s s  the gap by 

the  "dark  cur ren t"  even though no s p a r k s  occu r r ed .  The exper iment  was  well  
I 

I ins t rumented  with a photomult ipl ier ,  counting equipment,  and X- ray  de tec tors  
I ' .  

I to be  s u r e  that  no s p a r k s  o c c u r r e d  during the tes t .  The sensi t iv i ty  was  suffi-  
I 

I cient  to de tec t  the p re sence  of s p a r k s  which w e r e  not vis ible .  They found that  

I v e r y  l a r g e  quant i t ies  of anode m a t e r i a l  a r e  t r anspo r t ed  a c r o s s  t he  gap,  eyelil 

~ . '  
though no sparking occu r s .  After  1 day of operat ion,  the i nc rea sed  weight 'of 

I the  cathode could be ea s i l y  de te rmined  because  of the  p re sence  of the anode 

I - 
m a t e r i a l . '  As  much  a s  one a tom of copper  fo r  eye ry  two e l ec t rons  of da rk  

I c u r r e n t  w a s  t r anspo r t ed  a c r o s s  th'e gap. However ,  .they w e r e  ab le  to sh0.w tha t  

I 

I evaporat ion,  not the e l e c t r i c  f ie ld  d i rec t ly ,  t r anspo r t ed  m o s t  of the m a t e r i a l  
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t o  the cathode.  No m a t e r i a l  i s  t ra i lspor ted in  the absence  of the e l ec t r i c  field; 

s o ,  the da rk  c u r r e n t  m u s t  be  responsible  fo r  the anode evaporation.  

The significance of t h i s ,  with r e spec t  to sec tor - focused-cyc lo t ron  

de f l ec to r s ,  i s  tha t  whe re  the anode su r f ace  h a s  to be  of a different m a t e r i a l  

than  the cathode,  the  anode m a t e r i a l  will  appear  on the cathode. Thus ,  if  

the  anode m a t e r i a l  will  not hold a s  much voltage a s  the cathode m a t e r i a l ,  the 

gap  m a y  hold i e s s  voltage than would otherwise  be expected.  

4 
T o  study this  da rk  c u r r e n t  fu r the r ,  Heard  completely rebui l t  thc 

vacuum sys t em,  sandblasting a l l  s u r f a c e s ,  and replacing a l l  vacuum s e a l s  

with m e t a l  ga ske t s ,  thereby  eliminating a l l  organic  compounds. ~ e r c ' u r ~  was  

u sed  a s  the pumping fluid in the diffusion p ~ ~ r n p s .  When h e  checked , the  dailc 

c u r r e n t  h e  found that  i t  was  m o r e  than th r ee  o . rders  of magnitude lower  than 

i t  had  been in  the  o'il-pumped vacuum sys t em.  Then, i n  o r d e r  to pursue  this 

r e s u l t  f u r t h e r ,  h e  f r o z e  s o m e  of the diffusion-pump oil  i n  liquid ni t rogen and 

put i t  in the mercu ry -pumped  vacuum sys t em.  The da rk  c u r r e n t  remained  a t  

t.he s a m e  low value a s  before .  Then h e  me l t ed  the diffusion-pump oi l  and the 

d a r k  c u r r e n t  i r icreased the t h r ee  o r d e r s ' o f  magnitude and  became  the s a m e  a s  
1 .  

i t  w a s  with the oi l -pumped sys t em;  thus showing that  the high dark. c u r r e n t  i s  

t r u l y  a r e s u l t  of the diffusion-pump.oi1. Hea rd  concluded tha t  the sou rce  of 

the  high darlc c u r r e n t  in  the p re sence  of the o i l  vapor  i s  a r e s u l t  of ca rbcv  

appear ing  a t  the  e lec t rode  su r f aces  when the oil hydrocarbon i s  decomposed by  

the  in tense  e l e c t r i c  f ie ld .  

I t  a p p e a r s  tha t  the d a r k - c u r r e n t  drain .of  the def lector  i n  sec tor - focused  

cyc lo t rons  could be reduced  if the hydrocarbons  w e r e  e1ini inated.f rom the 

cyc lo t ron  vacuum s y s t e m .  In  m o s t  c a s e s  th i s  i s  not p rac t ica l .  

Next,  H e a r d  buil t  a .Mii l ler  f i e ld -emiss ion  mic roscope  s o  that  h e  could 

o b s e r v e  t he  n a t u r e  of the e l ec t ron  emis  sion.6 He found' that  i t  or iginated f r o m  
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a mult i tude of ' smal l  points ,  probably sp icu les ,  which i n c r e a s e  the  g rad ien t  

local ly .  

E s t i m a t e s  of the g rad ien t  by  T.  J .  Lewis  indicate that  the emi s s ion  

5 which o c c i r s  a t  mac roscop i c  g rad ien t s  of l o3  to 10 ~ / c m  i s  not quite f ield 

emi.ssion in  the o rd ina ry  s e n s e  but,  ins tead ,  i s  r e a l l y  Schotky emiss ion .  9 

He c l a i m s  that  the known dimensions  of su r f ace  sp icu les  do not account  fo r  

suff ic ient  f ie ld  magnification to produce the c u r r e n t  p red ic ted  by the Nordheim- 

Fowle r  equation.  H e a r d  e s t i m a t e s  tha t  the ' c u r r e n t  dens i t i es  a s soc i a t ed  with 

the e m i s s i o n  f r o m  the  spicules  i s  sufficiently high to hea t  the su r f ace  and 

. . provide thermionic  emi s s ion  a t  the f ie ld  corresponding to s p a r k  init iat ion.  

. . Using a. t ravel ing-wave osci l loscope with a sweep speed  of 10 n sec / cm,  
. . 
Heard1'' photographed the init iat ion and  s p a r k  buildup p r o c e s s .  These  p i c tu r e s  

a r e  r e m a r k a b l e .  He obse rved  that  t h e r e  i s  a slow r i s e  i n  c u r r e n t  following 

the  init iat ion which p r ecedes  the m a i n  s p a r k  c u r r e n t  buildup. The amount  of 

t ime  between init iat ion and the l a r g e  s p a r k  c u r r e n t  buildup depends on the  . 

anode- to-cathode spacing.  I t  s e e m s  c l e a r  that  the s p a r k  i s  ini t iated by a 

s o u r c e  of e l ec t rons ,  but  does  not build up unti l  posit ively charged  pa r t i c l e s  

f r o m  the  anode :reach t he  cathode.  

H e a r d  m e a s u r e d  the breakdown voltage a s  a function of the  number  of 

6 
s p a r k s  f o r  a l a r g e  number  of m a t e r i a l s .  He found that  a l l  of t h e m  baked . i n '  

. . 
in a s i m i l a r  fashion except  3 16 s t a in l e s s  s t e e l ,  which r equ i r ed  about t en  t i m e s  

a s  .m'any s p a r k s  to r each  the' u l t imate  breakdown voltage.  I t  t akes  about 30 

s p a r k s  p e r  c m 2  to bake in  high-vol tage-elect rodg su r f ace s .  Since i t  t akes  

' 

about  a' second  for  the vacuum to r e c o v e r  following a s p a r k ,  the bake- in  t ime  

of a n  elec ' trode i s  about 30 s ec / cm2 .  
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In another  s e r i e s  of exper iments .  Heard  and ~ a u e r "  showed that  

s m a l l  pa r t i c l e s ,  such a s  dust  o r  the granula r  pa r t i c l e s  produced by a spa rk ,  

which f a l l  into a high-voltage f ie ld  can init iate sparking.  

Another m a t e r i a l  f o r  e l ec t rodes ,  which h a s  been 11serl recent ly  by 

J .  M u r r a y ,  i s  g l a s s .  l 2  These  e l ec t rodes  hold much higher  voltages in p rac t ica l  

vacuum s y s t e m s  than o rd ina ry  m a t e r i a l s  do because  of a different mechani 'sm 

for  prevent ing s p a r k  ~ n l t l a t i o n .  'l'he glass cathode.  has  a sufficj.ent1.y h i g h  : 

specif ic  e l ec t r i ca l  r e s i s t ance  so  that  the voltage drops  through the. g l a s s  in: the 

vic ini ty  of an  emit t ing spicule and l im i t s  the emis s ion  cu r r en t .  With these  . 

e l e c t r o d e s ,  M u r r a y  h a s  been  able  to  produce el 'ectric f ie lds  in  a c c e l e r a t o r -  - 

type opera t ion  which a r e  comparab le  ,'to those in  the spal'kixig t e s t s .  

G la s s  e l ec t rodes  have been  used v e r y  successful ly  in  exper imental .  . . 

. . 
equipment  ,for the Bevatron whe re  the beam power i s  insufficient  to .produce ' 

s e r i o u s  heating.  I t  s e e m s  improbable  that  g l a s s  elec. trodes would stand. the  
. . 

b e a m  power dens i t i es  tha t  we  have n e a r ,  the input end of the deflector '  of a 

s e c t o r  -focused cyclotron,  but  they might conceivably be applicable downs t ream 

w h e r e  the  b e a m  can be stopped only a t  g raz ing  incidence.  

A TEST-MODEL DEFLECTOR 

We decided to build a t es t -model  def lector  to obtain des ign  da ta  f o r  a 

f inal  def lector  fo r  the  88-Inch Cyc1otro.n. (F ig .  :3) .  I t  w a s  buil t  inexpensively 

without w a t e r  coo1in.g o r  positioning contro1.s. , . 

To proceed  with this  exper iment .  we.ne.eded . , a sparking hypothesis  upon 

which to b a s e  the design , fac tors .  to be  tes ted .  We adopted the following s p a r k -  

ing hypothesis :  ' The def lector  high-voltage :electrode contains innumer.able.. 

e lec t ron-emi t t ing  spots  each  of which s e r v e s  a s  the cathode fo r  a vacuum 
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Fig. 3. Test-model deflector as  first installed. It was uncooled and 

without a positioning mechanism except for set-screw adjustments. 

The ground electrode was part of the original deflector and had 

cooling and positional adjustments so that the gap could be varied 

for the tests. 
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spark. These cathodes consist of such things a s  foreign contaminating mate- 

r i a l ,  spicules, and the gradient magnifying edges of the crystals of the electrode 

material .  If we assume gradient magnification, the ground electrode of the 

deflector provides sufficient gradient a t  the cathode spots to produce some 

field emission. The dimensions of the cathode a t  this stage a r e  so small that 

this field emission (though a very small current) involves a sufficiently high 

current  density to  heat the cathode to thermionic emission temperature. 

Perhaps  the slow current buildup in Heard's photograph is a result of the 

thermionic heating of the cathode. ' Thus, the emission current increases 

with the electr ic gradient a t  the cathode. The electrons follow the magnetic 

field l ines until they reach the spark anode. The power density here i s  thus 

proportional to the total voltage and the electr,on current density. When the 

power density is sufficient to vaporize the anode, a gaseous discharge occurs 

which we call a spark. 

In the design of an electrostatic deflector for a cyclotron, we believe 

that the high-voltage electrode should have the minimum possible surface area. 

,This minimizes the amount of sparking Pequired to bake out the cathode $pots 

and reduces the amount of electrode contamination by foreign material from 

dee sparks o r  vaporized material.  . 

Since the beam height of the 88-Inch Cyclotron at extraction radius i s  

no more  than 1/4 in., we decided to pr'avide a useful electric deflecting field 

with a height of 1/2 in. This allows a margin for misalignment of the deflector 

electrodes and possible displacement of the median plane. The required width 

of the electric field is determined by the necessity of accommodating incoher - 
ent radial oscillations and the change of orbit shape due to the change in flutter 

of the machine. The required radial extent of the electric field i s  not yet 
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known precisely, but seems to be between 0.1 and 0.4 in. 

The minimum radius of curvature of the high-voltage electrode should 

be large  enough to prevent appreciable field-gradient magnification. In 

. practice, the minimum radius should be no less  than about half a gap. 

The cross-sectional dimensions of the high-voltage electrode determined 

f rom these considerations a r e  shown in Fig. 4. The high-voltage electrode was 

fabricated and cantilevered from the high-voltage bushing. 

The f i r s t  tests  of this configuration showed that a t  smaller  gaps the 

electrode did not hold the gradient that would be expecte'd from the VE relation- 

ship. Observation revealed the explanation. At the smaller gaps the electrode 

vibrated like a tuning' fork in a tuning-fork oscillator. 

The mechanism of oscillation i s  rather interesting. The forces  driving 

the electrode were electrostatic; the device that provided the pulsating force 

was the dark current. As the deflector bar  was displaced toward the ground 

electrode, the dark current  increased; this drained charge f rom the electrode, 

reducing the potential and the force,  and permitting it  to re turn  to i t s  neutral 

position. I ts  inertia carr ied  i t  in the opposite direction and i t s  compliance 

returned it  again to the smaller  gap where the dark current  drained off further 

charge. The oscillation built up; the energy coming from the electr ic  field, 

until the gap was so small  that it sparked. 
.r.. 

To pursue this f rom another point of view, one can think of the emission 

of dark current  a s  being analogous to the emission current  in a vacuum tube. 

The change in this current  by the electrode displacement is analogous to the 

- change of the space current  in a vacuum tube by the potential of the grid. Thus, 

a slight change in position of the electrode makes an enormous change in dark 

current ,  just a s  a slight change in potential on the grid of a vacuum tube 



. . .  
,? $ ;; ; , , & & & : 5 , ~ , . - . ~ ~  , ,,-. 
L . L .  1 - il 'I, 

UCRL- 106 54 

Upper liner 
///////////////////////////// 

P A T u n g s t e n  
s6ark anodes 

Diam = 3/4" 
I "  

5~ High- vol tage 

I electrode 

I Lower liner 

Fig. 4. Critical dimensions of the test -model deflector. The tungsten 
spark anodes were installed during the latter part of the tests. 
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provides a la rge  change in space cu r ren t  within the vacuum tube. Next, one 

can draw the electromechanical equivalent c i rcui t  of the system, using.a 

t ransformer  for  the conversion f r o m  mechanical to  e l ~ c t r i c a l  units a s  shown 

in Fig. 5. Through the force-voltage analogy, velocity becomes analogous to 
1 

current ,  The  velocity i s  integrated by the compliance, producing a voltage 

that i s  proportional to  the electrode displacement. Thus, the potential a c r o s s  

the compliance corresponds to the gr id  potential of our  vacuum tube. Using 

this  technique. one can draw'an electromechanical equivalent circuit .  l 3  The 

c i rcu i t  reduces to that of a Colpitts osci l la tor ,  a s  shown in Fig. 5. The 

buildup of oscillation was  observed on the voltage of the deflector with an  

oscil loscope (Fig. 6).  

To prevent this  electromechanical oscillation, a pa i r  of insulators  

w e r e  installed to support the high-voltage electrode (Fig. 7). The deflector 

was  now baked in for  deflector spacings of 0.2, 0.3, and 0.4 in. The break-  

down voltage followed the VE curve,  as  shown in Fig. 8. 

F o r  this  t e s t  we  built a deflector power supply designed specifically to  ' 

give us  control of the bake-in p rocess  in  the hopes of improving the deflector 
b 

voltage. The power supply, descr ibed i n  re ference  14, consis ts  basical ly  of 

a s ix-  s tage Cockcroft- Walton rec t i f ie r  built f r a m  sil icon diodes and operating 

a t  11 0 kc. It s to res  v e r y  l i t t le energy--only 2.5 j o u l e s a t  120 kV. I t  i s  

I I driven by a vacuum-tube osci l la tor  which has  a crowbar" on the s c r e e n  g r i a  

s o  that  the flow of power to the deflector can be  cut off within a few m i c r o -  

seconds following a spark.  We found that,  by making the crowbar c u r r e n t  
. $ ,. lj control available to the opera tor ,  the amount of energy in  each spa rk  can be  

optimized and a higher VE number can be  obtained. With this control,  the 

intensity o l  the s p a r k s  can  be  var ied  through a wide range-- f rom invisibility 

to heavy a r c s .  
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Deflector Mechonicol vibrational schematic of deflector 

Motionol force. f = o Vm 

Velocity = v = 'm diekt c constant of vacuum 
a S = effective surface areo 

Motional voltage = V,,, 
Vde deflector voltage 

Motionol current = 'm 

Equivalent circuit of vibrational system Simplified rquivolsnt circuit 

Fig. 5. Mechanical-vibrational schematic of the deflector, and 
equivalent circuits for the system. (a) Test-model deflector 
having vibrational nodes similar to a tuning fork. The vibrational 
eyr~tem can be simplified to an equivalent mass and compliance, 
and a mechanical schematic (b) can be drawn. By means of the 
force-voltage electromechanical analogy, an equivalent electrical 
circuit (c) can be drawn, The deflector dark current can be 
simulated by the anode current in a vacuum tube. The change in 
dark current with electrode displacement i s  analogous to  the chanqe 
in anode current with grid potential of a vacuum tube. The grid 
potential is proportional to the displacement of the electrode, which 
is proportional to the integral of the velocity of the compliance, 
Simplifying this circuit by the techniques of network analysis the 
system reduces to that of a Colpitts oscillator. 
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Fig. 6. Buildup of electromechanical oscillation observed on the ' 

deflector voltage input of the deflector regulator. The sweep speed 
is 100 msec/cm. The period i s  50 msec corresponding to a vi- 
brational frequency of 20 cps. 
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Fig. 7. Support insulator which prevented electromechanical vibration. 
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Loss due to 
electromechanical 

I I 

Fig. 8. Voltage-vs-gap curves  for  the different t e s t s  of the test-model  
deflector. Curve 1 was taken before insulators  were installed and 
electromechanical oscillation occurred,  resulting in  
VE = 1.23 x 1 0 4 ( k ~ ) ~ / c m ;  curve 2 was obtained with insulator . 

supports which prevented electromechanical oscillation, crowbar 
was set  a t  0.4 A, resulting in  VE = 1.47 x 1 0 ~ ( k ~ ) ~ / c m ;  in curve 
3, the crowbar was adjusted to  optimize voltage, resulting in  

. VE. - 1.88 x 1 0 ~ ( k ~ ) ~ / c m ; .  curve-4 condi t ionsare  the same  a s  -for 
curve 3 except tungsten anodes were used, resulting in 
VE = 2.27 x 1 0 ~ ( k v ) ~ / c m .  Points g rea te r  than 110 kV m a y  have 
been limited by parasi t ic  .oscillation in  the power supply. 

20 

- - 
- - 
- - 

10 I I I I I I ,  

0.1 0.2 0.3.0.4 OO6'O.8 1.0 
Gap ( i n . )  
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Another technique which proved helpful i s  the use  of spa rk  anodes.  

According to ou r  sparking hypothesis ,  a  s p a r k  o c c u r s  when the power dknsity 

a t  the anode in the  initiating e lec t rons  i s  sufficient  to vaporize  the anode 

m a t e r i a l .  If one u s e s  an  anode m a t e r i a l  that  vapor izes  a t  a higher  power 

densi ty ,  i t  should be possible  to hold a higher  voltage. We decided to t r y  

tungsten f o r  th is  purpose  to s e e  if any improvement  could be achieved. In the 

prev ious  t e s t s  the anode for  the s p a r k s  was  e i ther  the  K-monel  b a s e  plate o r  

the  inconel canopies ,  o r ,  ove r  p a r t  of the def lector ,  the copper  l i ne r  of the 

vacuum tank. None of t he se ,  of cou r se ,  a r e  h igh- tempera ture  m a t e r i a l s .  

A l l  tha t  we had  avai lable  fo r  th is  exper iment  was  some  2 -  by 8-in.  shee t s  of 

15-mi l  tungsten.  They w e r e  ins ta l led with the edges  overlapped s o  that  only 

the  tungsten would be exposed to the spa rks .  Before  this  t e s t  the bes t  V E  

4 2. 
number  ' that the def lector  had held  was  1.93 X 10 (kV) / cm.  With the ' tungsten 

4 2 
anodes ,  the VE number  i nc rea sed  to 2.25X 10 (kV) /cm:  a n  i n c r e a s e  of 17% 

in  VE number .  In addit ion,  we found that  the tungsten anodes  res is ted.  spa rk  

damage  b e t t e r  than o ther  ma te r i a l s .  

Another s e r i e s  of t e s t s  w a s  desigi~ecl to  see  the e l lec t  o l  clelleclor 

capaci tance on VE number. .  ~ e a r d ' s  sparking t e s t  had shown that  t h e r e  was  

a n  op t imum capaci tance fo r  a s p a r k  gap. Also,  he  had found that ,  f o r  a given 

amount  of e l ec t r i ca l  energy,  the s p a r k  damage was  v e r y  much' in.crea'sed if  

t h e r e  w a s  a magnet ic  f ie ld  presen t .  However, '  h i s  t e s t s  of breakdown voltage 

v e r s u s  gap capaci tance w e r e  conducted without a magnet ic  field. The re fo re  

i t  s e e m e d  l ikely  tha t  the opt imum def lector  capacitance would be l e s s  than he  

found in  h i s  t e s t s .  Our fir .st  t e s t  w a s  made  before  we had  the c rowbar  control  

avai lable  to the ope ra to r  and before  we had  tungsten anodes .  To  find out if a 

lower  capac i tance  would improve  the VE number ,  we ins ta l led a r e s i s t o r  i n  
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the vacuum sys tem near  the high-voltage electrode, so that we could isolate 

the capacitance of the sys tem f r o m  the deflector electrod?. (It can be shown 

that the energy in the capacitance on the power supply side of the r e s i s to r  does 

not flow into the spark ,  but i s  dissipated in the r e s i s to r .  ) ,we found no appre-  

ciable diffe,rence. 

Up to now, the crowbar control was  se t  a t  0.4 A ( i t s  range i s  0.1 to 

1.0 A )  and was remotely located. Next, it was made available to the operator ;  

we repeated the measurements ,  optimizing,'the crowbar cu r ren t  for  each case.  

We found that we, could compensate for ,  deflector capacitance; a t  lower capac- 

itance we could crowbar at, higher spark  cur rents ,  and vice ve r sa . '  Then, the, -- 
VE number showed no significant dependence updn capacitahce f rom 67 to 

580 pF,,' which was  the ~ n a x i m u m  available range ( see  Table:.I. ). 

. We checked the V E  number for  dependence upon the magnetic field for  

the en t i re  range of magnet cu r ren t s  of the 88-Inch-Cyclotron-- 167 to 2500 A.  

There  was  no significant change in VE 'number.  We optimized the crowbar 

cu r ren t  setting for  each point. 

F r o m  these tes t s  we can' conclude the following in r ega rd  to deflector 
. .  . 

design: ( a )  The e lec t r ic  field should be matched to the c ross-sec t ional  dimen- 

sions of the beam s o  that the amount of high-'voltage surface can be kept to a 

miriirnum. (b). The deflector power supply should be designed t o  provide control 

of the amount of hea t  in the s,parks.  (c.) The high-voltage electrode mus t  be 

rigidly mounted to prevent the formation of electromechanical oscillation. 

(d)  Tungsten spa rk  anodes should be emp10,yed. e )  Deflector capacitance 

should be kept reasonably low, but'with tungsten spa rk  anodes and spark  ,currerit 

control f r o m  the power supply, a t  leas t  600 p F  of deflector capacitance can be 

tolerated without lo s s  of VE number.  ( f )  A V E  number of a t  leas t  ' . . . 
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Tab le  I. Def lector  voltage f o r  va r i ous  se t t ings  of c rowba r  c u r r e n t  
de f lec to r  gap,  and  def lec to r  capaci tance .  

De f l ec to r  Def lector  Def lector  Cr0wba.r VE number  
c apac i t ance  voltage gap c u r  r e n t  

(PF) (kV) (in. ) (A)  , [ l  ~ ~ ( k ~ ) ~ / c m ]  

A.  Spa rk  anodes :  a  combinat ion of inconel ,  
s t a i n l e s s  s t e e l ,  K-mone l ,  and copper .  

Tungsten s p a r k  anodes .  

0 .3  0 .475 

0 .25 0.400 

568 110 0 .3  0.400 i . 59  

573 109 0.25 0.400 1.87 

580 99 0.2 0.350 1.93 

R m s  VE = 1.9 
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4 2 2.25 X 10 (kV) / c m  can be held;  a . reasonable  design value would be about . ' 

2 
1.5X 1 o4 (kV) / c m ;  (g)  That a deflector i s  l imited by spark ihg  phenomena &d ' 

not f r o m  a n  extraneous cause  can  be tes ted  s imply by a log-log plot of ' the  

vo l t age .ve r sus  gap to s ee  that  i t  fo1low.s a VE line.  

To be s u r e  that  nothing was  overlooked, we decided to put a sma l l  

amount  of beam through the tes t -model  def lector .  The amount had to be sma l l  

because  of the absence of wa te r  cooling and a positioning mechan i sm for  al ign- 

ment  .with the b.eam.. 

. . F i r s t ,  w e . p u t . a  65-MeV alpha beam through i t .  Th is  i s  the  beam for  

which we bes t  know the cha rac t e r i s t i c s .  I t  r equ i red  a higher  than no rma l  ' ' 

grad ien t ,  indicating that  the deflector was  aligned a t  too s t eep  an  angle 'with 

respect '  to the in te rna l  o rb i t s .  Scaling the gradient  requi red  for  the alpha 

b e a m  to 50-MeV protons  indicated that  about 200 k ~ / c m  would be requi red  a t  

the def lector  en t rance .  Then we retuned the machine for  50-MeV pro tons-  - 

the  beam which in th is  cyclotron requir 'es a l m o s t  the highest  gradient  for  

extract ion.  We moved the ground-electrode s t ruc tu re ,  which i s  p a r t  of the 

or ig ina l  def lector  and i s  .equipped with a .positioning mechan i sm,  unti l  the 

def lector  gap a t  the en t rance  w a s  0.15 in.  and a t  the exi t  was  0.25 in. With 

these  gaps ,  the def lector  held  in  exces s  of 80 kV, which was  sufficient to 

provide the  r equ i r ed  grad ien ts .  The ex t r ac t ed ,beam maximized  a t  a def lector  

voltage of 76 kV. This  was  only a smal'l b e a m - ~ 0 . 2 5  FA--but i t  was  sufficient 

to conf i rm that  the grad ien ts  in, the d e f l e c t ~ r  w e r e  p rope r  fo r  i t s  extract ion.  

Next,, we decided to s e e  whether carbon sep tums  could be used fo r  the 

cyclotron.  ' We w e r e  par t icu la r ly  in te res ted  in  carbon  because  of i t s  sho r t  

half - l ives  and low activity.  F i r s t ,  we pe r fo rmed  sparking t e s t s  without a b-earn 

and found tha t  whe re  no sparking o c c u r r e d  to the carbon,. we could obtain a VE 
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.4 
number  of 1.7 X 10 . This  i s  about 75% of what we had with me ta l  sep tums .  

T h i s  number  i s  rea l ly  r a t h e r  meaningless ;  i t  s imply impl ies  that  the s t r a y  

ca rbon  dus t  was sufficiently sma l l  to contaminate the high-voltage e lectrode 

by th i s  amount.  Next, we acceler .a ted a 32-MeV deuteron he.a.m a n d  extracted 

, a few m i c r o a m p e r e s .  When we increased  th.e beam cu r r en t ,  the carbon,  

evapora ted  f r o m  the septum,  contaminated the high-voltage e lec t rode ,  and very  

l i t t l e  voltage could be held .  By sparking the elect.rode,. it. appeared  possible to 

c l ean  up the contamination,  but  i t  was  a n  imprac t icab ly  slow p roces s .  Next, . 
' 

we decided to  find out how 'much b e a m  power a carbon sep tum would stand. We 

moved , the  septum in  s e v e r a l  inches  s o  tha t  the radiated hea t  would not damage 

the def lec tor .  A 500-pA b e a m  of 32-MeV deuterons  did not de s t roy  the carbon  . 

septum.  I t  did thoroughly contaminate the high-voltage e lec t rode  and insu la tors  

though. 

F r o m  these  t e s t s  we conclude tha t ,  unless  a solution a p p e a r s  to the 

ca rbon  contamination p rob lem,  m e t a l  sep tums  will  be require,d for  the high- 

ene rgy  b e a m s .  When one cons ide r s  that  sec tor - focused  cyclotrons  a r e  capable 

of producing in te rna l  b e a m s  in  exces s  of 50 kW, i t  i s  apparen t  that  the septum 

i s  a p t  to be  the l imita t ion fo r  some  t ime .  F u r t h e r  study of the septum problem 

i s  being planned in  Berkeley.  

A PROPOSED DEFLECTOR .DESIGN 

The  next p rob lem to consider. in  the design of a n  e lec t ros ta t ic  def lector  

i s  contouring the e l ec t rodes  to the t r a j ec to ry  of the beam ( s e e  Fig.  9 ) .  F i r s t ,  

t h e r e  i s  the  prob lem of the b e a m  en t ry  into the def lector .  This  can be divided 

into two parts . :  the t u rn  separa t ion  and the incoherent  b e a m  osci l la t ions .  The 

t u r n  separa t ion  i s  impor tan t  because  i t  de t e rmines  the thickness  and ,  hence ,  
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Fig. 9. Possible three  -element deflector .  The f i r  s t  element would have 
adjustments for position and gap. The second element would have 
positional adjustments only. The third element probably could be 
fixed in position. ' 
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the the rma l  conductivity of the septum. The incoherent beam oscillations 

de termine  the s ize  of the entrance gap required,  .hence, the maximum gradient 

that  may be held without sparking. 

The separat ion between turns i s  determined by the voltage gain p e r ' t u r n  .- 

and the coherent radial  betatron oscillation of the beam. Upon entering the 

deflector ,  the beam should be  moved radially in a relatively short  azimuth in 

o r d e r  to provide c learance  between the internal orb i t s  and the downstream 

sect ions of the deflector.  Eve ry  effor t  should be made to ta i lor  this f i r s t  section 

tightly to the beam so  that the gap will be a s  sma l l  a s  possible and the gradient 

a s  high a s  possible.  This section should be res t r ic ted  to ab6ut 30 

azimuthal  degrees .  A. G a r r e n  has  computed t ra jec tor ies  through the deflector 

15 
and found that the beam dispersion in this  f i r s t  section i s  small .  If it con- 

ta ins  positional adjustments  and gap adjustments ,  the electrodes can be aligned 

quite closely with the beam,  and the deflector gap can be made quite smal l .  

If the second se t  of e lectrodes s t a r t s  a t  the center  of, a hil l  of the magnet 

pole and has  an independent se t  of positional adjustments ,  the change in radius 

of curva ture  of the t r a j ec to ry  with change i r i  11idgllet.i~ l i ~ l c l  can bes t  bc accom- 

modated. The electr ical-gradient  requirements a r e  not a s  stringent in this  

section of the deflector,  and diffe,rent beams  may be accommodated without 

gap adjustment.  The second section accepts  the beam which has  been separated 

f r o m  the orb i t s  by the f i r s t  section and .a ims  i t  into the third section of the 

def lector  ., This section m a y  not requi re  e i ther  gap d r  positional adjust~.x~elit if 

the flexibil i ty of the second section i s  sufficient. , 

~ a r r e n ' s  t ra jec tory  calculations show that  pract ical ly  a l l  beam dispersion . 

o c c u r s  in the third section of the deflector;  i t  should be contoured appropriately.  

Upon leaving the third section of the def lector ,  a l l  beam t ra jec tor ies  have the 
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... . .. 
s a m e  t a r g e t - - t h e  cen t e r  of the exi t  b e a m  pipe of the  cyclot ron.  

E a c h  of the t h r e e  ground e l ec t rodes  should b e  insula ted,  s o  tha t  any 

in te rcep ted  b e a m  c u r r e n t  can  be  moni to red  by  the ope ra to r  a s  a n  a id  in a l ign-  

ing the def lec to r  e l e c t rodes  to the b e a m  t r a j ec to ry .  Of c o u r s e ,  th i s  t h r e e -  

s e c t o r  . . def lec to r  i s  only one of s e v e r a l  poss ibi l i t ies .  I t  m a y  provide  m o r e  ' 

f lexibil i ty than i s  needed to accommodate  a l l  of the poss ib le  b e a m s  of the 

88-Inch Cyclot ron.  At  l e a s t  i t  i s  a  convenient  way of i l lus t ra t ing  the des ign  

cons ide r i t i ons  of tke  di f feren1 p a r t s  of the  def iec tor .  

I t  i s . n o t  c l e a r  to u s  why, in p r a c t i c a l  a c c e l e r a t o r s ,  we cannot hold 

VE n u m b e r s  a s  high a s  i s  routinely done by those  doing r e s e a r c h  on sparking.  

- r , . 
I t  s e e k s  probable  that  the  di f ference h a s  tb do with the  diffei-ence in  expe r i -  

. , 

mental.  technique.  H e a r d  dc s c r i b e  s  1-lis e l lor ts .  a t  e l e c t rode  c lean l iness  in  

I I each  of h i s  p a p e r s . .  In r e f e r e n c e  5, f o r  example ,  h e  s t a t e s  P r e v i o u s  to  th i s  

r un ;  the  e n t i r e  vacuum cas ing  and t r a p s  w e r e  sandblas ted,  ins ide  and outs ide ,  . 1 

. . 
: :': 

and washed  in flowing cp acetone a.nd cp ethyl  alcohol (95%);  a l l  g a ske t s  in  the 

vacuum s y s t e m  sec t ion  of th i s  unit w e r e  m a d e  of c o m m e r c i a l  40 -60  so lde r  the 
. . 

ends  of. which had  been  fu sed  toge ther .  I n su l a to r s  w e r e  coupled to the  s y s t e m  
I 

with  l e ad -encased  gum rubbe r  gaske t s .  E l e c t r o d e s  and ho lde r s  w e r e  ca r e fu l l y  

washed  wi th  " ~ r e f t "  ( a  household  'soap) and w a t e r ,  d is t i l led  w a t e r ,  c h r o m i c  

ac id  m a d e  f r o m  37 Ncp su lphur ic  ac id ,  and  f inally r i n s e d  in  d i s t i l l ed  w a t e r ,  

cp  ace tone ,  and cp ethyl  alcohol.  P a r t s ' w e r e  a s s e m b l e d  immediate1.y with 

1 g & e a s e - f r e e  tools  and p a p e r  towels ;  none of the p a r t s  w e r e  touched w i t h , b a r e  

hands  dur ing a s s e m b l y .  A typical  b a s e  p l -essure  f o r  the s y s t e m  w a s  of the 

- 7 
o r d e r  of 1 to .3 X 10 m m H g  on a n  untrapped Westinghouse 5966 ionization 

- 8 
gauge.  The  lowes t  p r e s s u r e  r e c o r d e d  on the t rapped  gauge w a s  8 X 10 m m  Hg. 

. . 
Thi s  c l e a r l y  r ' ep resen t s  a much  h igher  d e g r e e  of c l e an l i ne s s  than w a s  



p r a c t i c a l  i n  the  88-Inch Cyclot ron.  So f a r  a s  our  vacuum s y s t e m  i s  concerned ,  

the  c l e an l i ne s s  r e p r e s e n t s  the s ta te  of equ i l ib r ium of a  cyclot ron which h a s  

b e e n  in  opera t ion  fo r  l i t t l e  m.01-e than a  y e a r .  Acces s ib l e  s u r f a c e s  w e r e  c leaned 

wi th  a  vacuum c l e a n e r  and so lven t - impregna ted  r a g s .  The def lec to r -e lec t rode  

conf igurat ion w a s  sufficiently complicated s o  that  i t  could not be ins ta l l ed  and 
. .  . 

a l igned  to  t he  a c c u r a c y  n e c e s s a r y  i f  handling w e r e  r e s t r i c t e d  by the use  o.f 

p a p e r  towels .  Also ,  the  rad ia t ion  l eve l  of the  ground e l ec t rode  w a s  sufficiently 

high tha t  pe r sonne l  exposu re  had  to be  kept  to a min imum.  During the spark ing  

- 6  t e s t ,  the t r apped  vacuum gauges  indicated a  p r e s s u r e  of about 5 X  10 m m H g .  

Another  f a c to r  which affected ou r  experimental techriiqiie. was the facL 

t h a t  the de f lec to r  power  supply w a s  of a  new type and  w a s  being.debugged _ ' 

concu r r en t l y  with the def lec to r  t e s t s .  The power supply 's  'modulator. . . would 

f requentIy  b r e a k  into a  p a r a s i t i c  osci l la t ion a t  deflectoi  vol tages  between 110 

and  120 kV. Often,  when the sparliin'g w a s  within th i s  range ,  we could not 

d e t e r m i n e  whe ther  the  s p a r k s  w e r e  caused  by  def lec to r -gap  breakdown o r  by 

a  sudden pa r a s i t i c - i nduced  change in  de f lec to r  voltage.  Below 110 kV, the 

points  w e r e  unquestionably valid.  A l so , .  the power supply had  an  uppcr  l im i t  

of 1 2 0  kV, s o  t ha t  s o m e  of the  gaps  w e r e  l im i t ed  b y  the power supply r a t h e r '  
: i 

. t h an  by spark ing  voltage at t h i s  point.  

A technique u sed  rout inely  a t  the 88-Inch Cyclot ron,  which works  v e r y  

I I we l l  f o r  c leaning the high-vol tage  s u r f a c e s ,  i s  ca l l ed  "ion scrubbing.  

Hydrogen is l e t  into the vacuum tank until  the p r e s s u r e  becomes  200 t a  300 p. 

Six ty-cyc le  power  i s  appl ied  d i r ec t l y  to the def lec to r  e l e c t rode  through a  

4 8 0 - V  t r a n s f o r m e r  and a cu r r en t - l im i t i ng  r e s i s t o r .  T h i s  f o r m s  a glow 

d i s c h a r g e  which s u r r o u n d s  the  def lec to r .  A d i s cha rge  c u r r e n t  of about 100 mA 

is main ta ined  fo r  about a n  h o u r .  The theory  i s  tha t  the hydrogen r educes  thc 
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I I I I oxides  on the e lec t rode  su r f ace .  Ion scrubbing,  typically,  reduces  the 

def lector  da rk  c u r r e n t  by a fac tor  of five o r  so.  

CONCLUSION 

The techniques employed in the tes t -model  deflector w e r e  sufficient to 

4 2 
produce a VE number  of 2 . 2 5  X 10 (kV) / cm.  In o r d e r  to provide a n  adequate 

m a r g i n  f o r  day- to-day operat ion,  a design value of 1.5X lo4  should b e  used  

(F ig .  1U). 'l'he p re sence  of the  beam did no t ' r educe  the VE number  of the 

def lector  when a tungsten sep tum was  used;  with a ca rbon  sep tum we managed 

to hold a VE number  about t h r e e - q u a r t e r s  a s  high a s  with a m e t a l  septum,  
:. t 

provided no b e a m  was  p re sen t .  With a beam,  carbon  i s  evaporated and 

cvntaminates  the high-voltage e lec t rode .  With an  intense beam,  one can  eas i ly  , 
. . 

evapora te  enough carbon  f r o m  the sep tum,  to reduce the def lector ' s  VE 

number  to 25% of i t s  no rma l  value.  This  r e q u i r e s  let t ing the machine 's  

vacuum down to a i r  and cleaning the def lector  and  insu la tors  with solvents .  

In  spi te  of carbon 's  t e r r i b l e  contamination haza rd ,  i t s  v i r t ue s  - - s h o r t  half - 

l i ve s  , low act ivi ty ,  and abil i ty to withstand v e r y  c o n s i d e r a b l e  amounts  of 

power - - a r e  sufficient  to keep  alive o u r  hope that  some  day we m a y  find a way 

to  u se  i t  successful ly .  

The sep tum a p p e a r s  to  be  the component of the sec tor - focused  cycl.otfoh 

m o s t  i n  need of r e s e a r c h  and development.  At p r e sen t ,  i t  l i m i t s  our  ou tpu t .  

b e a m  power to only a few kilowatts .  On the o ther  hand, when we compare  o u r  

ex t e rna l  b e a m s  with those  of conventional cyclotrpns  of the  pas t ,  the p r o g r e s s  

i s  i m p r e s s i v e .  Our expe r imen te r s  r e p o r t  a n  o r d e r  of magnitude m o r e  analyzed 

beam c u r r e n t  and an  o r d e r  of magnitude be t t e r  energy  resolution in  t he i r  

s ca t t e r ing  c h a m b e r s  than they had  with the o lder  cyclotrons .  
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Fig. . l o .  Recommended design voltage and gradient vs  gap for  sec to r -  
2 focused cyclotron deflectors based upon V E  = 1.5 X 104(kv) /cm. 

Ci rc les  represent  voltages and t r iangles  represent  gradients ob- 
tained experi.rnen.tta.l.3.y. 
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