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Operat ing experience wi th  the  Univers i ty  of Colorado cyc lo t ron  has  been 

obta ined  du r ing  i r r e g u l a r  opera t ion  over the  p a s t  year ,  f i r s t  wi th  a c c e l e r a t i o n  of 

H- i ons  and d e f l e c t i o n  by s t r i p p i n g  and then a c c e l e r a t i o n  of protons wi th  e l e c t r o -  

s t a t i c  de f l ee t ion .  Operation has been l imi t ed  t o  machine t e s t s  except  f o r  a  few 

bombardments and some runs  f o r  t e s t i n g  s o l i d  s t a t e  counters  i n  a s c a t t e r i n g  chamber. 

The main magnet supply has c o n s i s t e n t l y  demonstrated s t a b i l i t y  t o  l i n  

3 X 10'. The sense of the main f i e l d  can be reversed  i n  about 10 min. from the 

c o n t r o l  room. The shim-coil supp l i e s  u se  64 pass  t r a n s i s t o r s  i n  an e m i t t e r  fol lower 

eonf i g u r a t i o n  with f i x e d  v01 tage con t ro l  of t he  bases  but no c u r r e n t  feedback. 

Reversing i s  done by means of a patch panel.  The s u p p l i e s  provide 400, 500, 750 and 

750 A r e spec t ive ly ,  r egu la t ed  t o  0.5 percent .  Most of our  o the r  magnet supp l i e s  a r e  

based on the  same p r inc ip l e .  A c e n t r a l  f i e l d  c o i l  and a s e t  of v a l l e y  c o i l s  a r e  a l s o  

provided. P a r t i a l  harmonic oont ro l  can be achieved by the v a l l e y  c o i l s .  Thus f a r  we 

have never used them f o r  t h a t  purpose. 

The mas te r -osc i l l a to r ,  power-amplifier system us ing  capaci ty  coupling t o  the 

dee has  f u l l y  s a t i s f i e d  our expecta t ions .  There has been no t rouble  from p a r a s i t i c  

o s c i l l a t i o n s ,  o r  mult ipactoring.  

The system i n  i ts  present  form is p a r t i c u l a r y  simple. The tuned-plate c i r c u i t  

of the f i n a l  s t a g e  was e l iminated  and the  coupling capac i to r  is now a f ixed  capacitor 

which g ives  proper coupling over the  e n t i r e  frequency range of 7.5 t o  21.3 Mc/s. 

The use  of a f ixed-voltage power supply f o r  the output  s t age  of the  power ampl i f i e r  

has proven s a t i s f a c t o r y .  Although we i n i t i a l l y  i n s t a l l e d  a  t r i gge red  spark gap crow- 

b a r  c i r c u i t  i n  t h i s  power supply, we a r e  now us ing  only a s e r i e s  r e s i s t a n c e  t o  

p r o t e c t  t he  tube;  the  crowbar c i r c u i t  was disconnected. The movable s h o r t  us ing  

f i n g e r  s tock mounted on water-cooled copper p i eaes  has  caused zero  down time s ince  

i n s t a l l a t i o n ,  a t  c u r r e n t  d e n s i t i e s  t o  100 A/in. A r ecen t  i n spec t ion  showed no 

d i s c o l o r a t i o n  o r  o t h e r  evidence of hea t ing  of the  f i n g e r  s tock.  

An automatic vo l t age  con t ro l  c i r c u i t  was r e c e n t l y  i n s t a l l e d ;  i t  compares a 

r e e t i f  i e d  s ignal  from the  dee volt-meter pick-up wi th  the d.c. l e v e l  s e t  by the  dee 

(*) Thi. work is  supported by the U.8. Atomic Energy Commission under oon t r ac t  
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v o l t a t e  potentiometer  a t  the con t ro l  desk. 

I t  ampl i f i e s  the e r r o r  s igna l  and a p p l i e s  

i t  t o  the screen  g r i d s  i n  the low l eve l  

s t a g e s  of the  power ampl i f i e r  t o  change 

the  gain of t h e  ampl i f ie r .  The system 

works well  and appears  t o  s t a b i l i z e  the  

dee vo l t age  t o  b e t t e r  than a p a r t  i n  one 

thousand. I t  removes r i p p l e  produced by 

the f i n a l  s t a g e  power supply and the 60 

cyc le  f i l amen t  vol tage ,  as w e l l  as from 

o t h e r  sources  t h a t  might be p re sen t  i n  the 

power ampl i f ie r .  

Our o r i g i n a l  system f o r  coupl ing  be- 

tween power ampl i f i e r  and t h e  dee involved 

a tuned c i r c u i t  a t  the p l a t e  of the output  

tube, a t ransmiss ion  l i n e ,  and a v a r i a b l e  

coupling capaci  tor .  Trouble w a s  

experienced wi th  both v a r i a b l e  vacuum 

capac i to r s  and mica capac i to r s  i n  the  

resonant  p l a t e  c i r c u i t .  For t h i s  reason a 

r e v i s i o n  of the p l a t e  c i r c u i t  was made 

which e l iminated  the tuned c i r c u i t .  This  

new c i r c u i t  has proven ve ry  s a t i s f a c t o r y .  

I t  c o n s i s t s  of a f i x e d  coupling capac i to r ,  

a transmission l i n e  approximately 6 f t .  

long between capac i to r  and the  tube, and 

an  RF choke t o  f eed  d.c. t o  the tube. The 

arrangement is i l l u s t r a t e d  i n  Fig. la. 

Figure 2 shows the vo l t age  step-up r a t i o ,  

a s  a func t ion  of frequency as obtained 

wi th  the  arrangement shown i n  Fig. Id. I t  

i s  i n t e r e s t i n g  t o  note  t ha t  f o r  frequenciee 

above 13.2 Mc/s t h e r e  is a v01 tage node on 

the t ransmission l i ne .  This  frequency was 

determined by sho r t ing  the cyc lo t ron  end of 

t he  t ransmission l i n e  and measuring t h e  

r e s u l  t i n g  resonant  frequency of the  t rans-  

mission l i n e  loaded wi th  the tube 

capaoitance. Since the  most RF power is 

Fig. 1 E l e c t r i c a l  equiva lent  of f i n a l  RF s tage  c i r c u i t .  
a. Actual c i r c u i t .  
b. Simple equiva lent  c i r c u i t .  This  a p p r o x i ~ t i o n  
ignores the  e f f e c t  of inductance i n  the transmission 
l ine .  The r a t i o  of dee vol tage  t o  tube vol tage  is 
independent of frequency, i n  t h i s  approximation. 
c. Equivalent c i r c u i t ,  inc luding  t h e  e f f e c t  of the 
transmission l i n e .  
d. C i r c u i t  employing a  s i g n a l  genera tor ,  two trimmer 
oapaci tc ra ,  two vacuum tube vol tmeters  and an  appro- 
p r i a t e  length  of RG 114/u c a b l e  t o  measure the v o l t -  
age step-up r a t i o  a a  a  funct ion  of frequency. 

Fig. 2 Vduea  of dee vol tage  t o  tube vol tage  r a t i o  a s  a  
funct ion  of frequency. The d a t a  was taken w i t h  t h e  
arrangement shown i n  Fig. Id. Above 13.2 Yo/s there  
i a  a  vol tage  node on the  185 ohm l i n e ,  b u t  t h e  v c l t -  
ag .  atep-up r a t i o  i r  wqll  behaved. 

r equ i r ed  a t  the high f requencies ,  the  f a c t  
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t h a t  the RF vo l t age  on the tube decreases  somewhat a t  lower frequencieo,  f o r  a f i x e d  

dee v o l t a t e ,  i s  no t  harmful. 

The coupling capac i to r ,  shown i n  Fig. 3, has  the  poo i t i ve  d.c. p l a t e  vol tage  

on i t ,  which makes i t  poss ib l e  f o r  e l e c t r o n s  to  o s c i l l a t e  near  i t  i n  the  magnetic 

f i e l d  and t o  migrate u n t i l  they h i t  the  RF window. Damage of the  alumina i n s u l a t o r  

has been a t t r i b u t e d  to  t h i s  cause. Although the window has  not  f a i l e d ,  we p lan  t o  

i n s t a l l  a n  e l e c t r o n  dump. 

Table I lists t h e  parameters f o r  t yp ica l  opera t ion  of the capacity-coupled 

p l a t e  system. I t  was not  operated below 9.5 MC only because the  frequency-doubling 

c i r c u i t s  fol lowing the master  o s c i l l a t o r  were not  trimmed f o r  the low frequencies.  

The important parameters a r e  the tube-to-dee step-up r a t i o  VD/1.41VT and the  f i n a l  

o t a p  power, i (75 kv/'VD)'. This q u a n t i t y  is  i n  e r r o r  because i t  i s  assumed t h a t  
P  T 

t h e  f i n a l  s t a g e  conducts  only a t  the peak of the  p l a t e  vo l t age  swing. 

The experience wi th  t h i s  RF system i n d i c a t e s  t h a t ,  f o r  the  power l e v e l s  

r equ i r ed  i n  t h i s  machine, i t  is poss ib l e  wi th  the new power t e t r o d e s  and commercially 

a v a i l a b l e  anp l i f  i e r s  t o  bu i ld  a system r e q u i r i n g  no tuning  of in termedia te  s tages .  

Our experienoe i n d i c a t e s  t h a t  e l abora t e  crowbar p r o t e c t i o n  is  a l s o  unnecessary. 

I t  is worth no t ing  t h a t  the vacuum system has performed very  well .  P re s su res  

i nd ica t ed  by the gauges at the high vacuum pump manifolds range from 5 X 10-' t o  

1.5 x 1 0 ~  nun. With normal gas  f l  ow a t  the i o n  source these p re s su res  r i s e  only 

s l i g h t l y .  This  good vacuum has  made poss ib l e  the good RF ope ra t ion  and the  d e f l e o t o r  

ope ra t ion  f o r  both p o s i t i v e  and negat ive  p o t e n t i a l s .  

The d e f l e c t o r  and magnetic channel a r e  shown i n  Fig. 4 wi th  the  ex te rna l  beam 

Fig .  4 Layout of the  d e f l e c t o r  and external  beam handling system wi th in  the oyc lo tron  v a u l t .  
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Table I 

Typical Operat ion - Camci  t y  Coup1 ing. Untuned P l a t e  C i r c u i t  

Short poai t ion 0000 

osc 226 

Freq (Yc/e) 21.31 

i p  (5681) A )  4.5 

i p  ( 4 0 ~ )  A 1.2 

VD (peak) (kv) 37 

V (Trans.) (kV) 2.7 

V (Drive 5681) (V) 405 

V (Drive 40w) (V) 143 * 
Step-up ra t io  9.7 ** 
Power (kW) 49.9 

* The tube-to-dee a tepup  ra t io  is VD/1.41VT. 

** The power, i V (75 k ~ f l ~ ) ~ ,  is approximately proportional t o  the power required t o  poduoe VD = 75 kV, (error 
P T 

i s  due t o  ahange in  the plate current wave Tom). 

s t e e r i n g  system. A s  shown, t he  magnetic channel i s  i n s e r t e d  through the  8-in. por t .  

The e x t r a c t i o n  p o r t  can be d isp laoed sideways t o  acoomodate e i t h e r  a d e f l e c t e d  beam 

o r  one s t r i p p e d  out  of t he  machine. The 10' magnet permi ts  s t e e r i n g  the  beam through 

the  quadrupoles t o  t h e  slits. The swi tching  magnet provides f o r  momentum a n a l y s i s  a t  

s l i ts  loca ted  wi th in  the  s h i e l d  w a l l  on the beam d e f l e c t e d  45' t o  t h e  r i g h t .  

The septum and d e f l e c t o r  a r e  both a r t i c u l a t e d  t o  provide sepa ra t e  in-out and 

rocking motions. I n  a d d i t i o n  the oomplete assembly can be d isp laced  p a r a l l e l  to  the 

tank w a l l ;  t hus  the ent rance  t o  t he  d e f l e o t o r  channel can be pos i t i oned  at r a d i i  

between 22.8 and 24 inches. The septum is  i n s u l a t e d  t o  penni t  a c o n t r o l  vo l t age  up 

t o  20 kV f o r  s t e e r i n g  purposes t o  be applied.  A t  negat ive  p o t e n t i a l o  the d e f l e o t o r  

s t ands  off  80 kV and a t  p o s i t i v e  p o t e n t i a l 8  i t  has  withstood 60 kV. An e l eo t ron  

dump f o r  the d e f l e o t o r  is provided. 

Operat ing experienee has  been under a oons iderable  v a r i e t y  of condi t ions .  

No oa re fu l  t e s t s  were made on i soch ron iza t ion  and the  e f f e c t s  of va r ious  t r i m  o o i l s .  

I n  f a o t ,  it is e a s i e r  t o  tune up the  machine by us ing  the  motor-driven probe and 

observing beam o u r r e n t  as a funct ion  of r ad iue  f o r  var ious  co i l - cu r ren t  s e t t i n g s  than 

t o  r e f e r  t o  the  computer programs. Some r a t h e r  c rude  comparisons of beam v a r i a t i o n  

wi th  rad ius  as a func t ion  of the  magnetic f i e l d  p r o f i l e  were made. Also, a very 

l i t t l e  work was done wi th  a resonant  beam-ourrent probe t o  measure the phaoe. The 

r e s u l t s  of t hese  t e s t s  only s u b s t a n t i a t e d  what seemed to  be ind ica t ed  by o the r  
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observation. Sinoe adequate dee voltage (up t o  90W) has always been avai lable ,  there  

never was an urgent need to  make s tud ies  of phase h i s to ry  or  threshhold. An a r t i -  

f i c i a l  threshhold is introduaed by uaing a  graphi te  f l a g  along-side the ion source to  

def ine  the  a e n t r a l  o rb i t .  This made a  considerable reduction i n  the amount of spur- 

iouo beam when H- ione a r e  aacelerated. The one surpr is ing f e a t u r e  of operation 

wi th  in te rna l  beams i s  the ease  wi th  which they can be tuned and the r e l a t i v e  

i n s e n s i t i v i t y  t o  s e t t i n g s  of the var ious  shim c o i l s .  Shim c o i l s  do make an improve- 

ment but the s e t t i n g s  a r e  n o t  c r i t i c a l  and the beam has been brought out  to  24 in. 

(23.6 in. is the design radius)  without d i f f i c u l t y .  

The behavior of the system, including the e l e c t r o s t a t i c  de f l ea to r ,  from 9.95 MC 

up to  16.5 MO was explored i n  d e t a i l .  No mechanical adjustments were needed over 

t h i s  range. In ternal  beams a t  19.6 MC have been brought out  to  ex t rac t ion  radius.  

We have experienced oonsiderable d i f f i c u l t y  holding the ion source output down to  10 

t o  20 microamperes. 

Beam qual i ty :  No oareful  measurements have been made. With negative ions a  

crude i n ~ e s t i g a t i ~ o n  of v e r t i c a l  and r a d i a l  o s c i l l a t i o n  was made by exanining the ray 

pat tern .  The r e s u l t a n t  c i r a l e  of confusion a t  the  wais t  had a diameter of about 3  mm. 

The angle corresponding to  the cone of divergence ( f u l l  width) is about 0.02 rad;  

t h i s  gives a  r a d i a l  luminosity of 60 am m a d  with a  beam ourrent  of 2.5 pA. 

Observations of the er ros ion of the  graphi te  beam current  probe indicate  t h a t  

v e r t i c a l  excursions of about 2 mm might e x i s t .  There i s  a  high degree of coherence 

i n  t h e  bearn, as indicated by the d i s t i n c t l y  separate tu rns  s t r ipped  or  de f l ec ted  out. 

A measurement of bearn q u a l i t y  was made on the 18.9 MeV e l e c t r o s t a t i c a l l y  de f l ec ted  

beam. The r e s u l t  indioates  a  r a d i a l  phase-space a rea  of 34 mm m a d  f o r  about 2  MA 

of de f l ec ted  beam. This beam i s  l imi ted  by the de f l ec to r  channel. 

Energy def in i t ion:  If separa te  tu rns  a r e  discernable i n  the external  beam the 

energy reso lu t ion  must be b e t t e r  than one percent. An attempt to measure t h i s  by 

e l a s t i c  sca t t e r ing  of 7.6 MeV protons gave a  r e s u l t  l e s s  than l30 keV. The sharpness 

of magnet tuning and dee vol tage  control  indioates  t h a t  the energy reso lu t ion  should 

be very good. 

Energy var ia t ion:  The system ha8 been operated over a  frequency range of 9  t o  

2 1  Mc/s. We have changed the frequency over small increments (about 0 . s )  with the 

aoapenaator d r i v e  without turning the RF off .  Large ohanges a r e  made i n  2 t o  4 

minutes. Reproducibil i ty of s e t t i n g s  is excellent .  Changing p a r t i c l e s  takes 5 to  

10 min. and changing from p o s i t i v e  t o  negative ions about 20 minutes. The pre-set 

o s c i l l a t o r  frequency is s t a b l e  to  0.00%. A l l  f i n e  tuning i s  done wi th  the magnet 

oontrol .  

Extract ion efficiency: With the e l e c t r o s t a t i c  de f l ec to r  the e f f i c i ency  runs 
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about 10 t o  15 percent .  The conf igu ra t ion  w a s  o r i g i n a l l y  s e t  up t o  g e t  a beam on the 

f i r s t  t e s t s  and has no t  been changed; t he  e f f i c i e n c y  can c e r t a i n l y  be improved. 

Time s t ruc tu re :  The time s t r u c t u r e  of the i n t e r n a l  beam was determined by 

making the beam probe a resonant  s t r u c t u r e  a t  2 f .  A measure of the  phase s l i p  wae 

made but f u r t h e r  work w a s  not c a r r i e d  out. We have a l s o  looked a t  the time s t r u c t u r e  

of neutron pu l se s  produced by the ex te rna l  beam. They were c e r t a i n l y  bunched to  1% 

of the RF period. 

S t a b i l i t y  and r e l i a b i l i t y :  A l l  s e t t i n g s  a r e  very  reproducible.  The RF system 

was turned off  f o r  en t ry  t o  the  v a u l t  and, on switching on, the  d e f l e c t e d  beam 

appeared. Cont ro ls  behave i n  a c o n s i s t e n t  and reproducible manner. Start-up time 

is l i m i t e d  by the RF system warm-up time; otherwise a beam can be obta ined  i n  

5 minutes. 

Table I1 lists a  s e r i e s  of t y p i c a l  opera t ing  condi t ions .  The frequency is the  

b e s t  index f o r  the opera t ing  condit ions.  The energy w a s  determined a t  two d i f f e r e n t  

s e t t i n g s  by eopper-f o i l  i r r a d i a t i o n ;  o t h e r  energ ies  a r e  computed by the  frequency 

s e t t i n g s .  Other i o n s  have a l s o  been run  only t o  v e r i f y  t h a t  no s p e c i a l  d i f f i c u l t i e s  

e x i s t  on changing from one ion  to another. A r a t h e r  small beam of D- w a s  obtained 

a t  17 MeV and a lphas  were obtained a t  an  energy of 30 MeV. 

Table I1 

Recent Measurements wi th  Protons 

Beam Current  
( P A )  

22 

ex t r a o  t ed  

ex t r a c  t e d  

ex t r ac t ed  

ex t r a c  t ed  

22 

e x t r a c t e d  

22 

ex t r a o  t e d  

22 

ex t r a o  t ed  

2 1 

22.5 (unce r t a in )  

23.6 

* The beam energy w a s  determined on these  runs by a c t i v a t i o n  of copper 
f o i l s .  Other ene rg ie s  a r e  computed from the frequency s e t t i n g .  
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Fig.  5 Layout  of  t h e  e x p e r i m e n t a l  a r e a  showing t h e  d i s p o s i t i o n  of the  c y c l o t r o n ,  c o n t r o l  room and  exper i lnen ta l  
a r e a .  The part of t h e  b u i l d i n g  t o  t h e  r i g h t  o f  main e x p e r i m n t a l  a r e a  and  c y c l o t r o n  v a u l t  is  under  
c o n s t r u c t i o n .  

Figure 5 shows the layout of the  oyolotron and exper imnt  area,  including the 

new addit ion under oonstruction. That p a r t  of the  building t o  the r i g h t  of the main 

experiment a rea  is being added to  provide several  shie lded experiment v a u l t s  and 

space I or the mass separator i  ) and beta  spec trome t e r a  ) . A1 1 beam plumbing is sus- 

pended from I-beams overhead. The s t ruc tu re  i s  a l s o  r i g i d  enough to suspend 

quadmpol e magnets and other incidenta l  beam handling equipment. Other d e t a i l s  

regarding the  machine are to  be found i n  the  proosedings of the UCLA conferences). 
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DISCUSSION 

KHOE : How do you measure the beam q u a l i t y ?  

LIND : We use  a diaphragm with an a r r a y  of holes  and p laoe  photographio paper about 
6 f t  from t h e  diaphragm. The p o s i t i o n s  of the s p o t s  show, then,  the  s lope  and the  
s i z e  of the beam. 

KHOE : What is the e f f e a t  of s o a t t e r i n g  i f  the beam h i t s  the  edge of a hole? 

LIND : There was perhaps some e f f e o t .  This  w a s  a r a t h e r  orude measurement; 
c e r t a i n l y  i t  has  to be r e f i n e d  t o  g e t  b e t t e r  r e s u l t s .  

TENG : Do you have any measurements of t he  negative-ion beam i n t e n s i t y  as a funot ion  
of r a d i u s ?  Do you see  any break-up of the negat ive  ions? 

LIND : A s  I remenber, we s a w  no a t t e n u a t i o n  i n  the negat ive  ion  berun as a f u m  t i o n  
of r ad ius ;  our tank pressure  is very  low. Experimental f a o i l i t i e s  a r e  now a v a i l a b l e  
t o  measure e l e c t r o s t a t i c  s t r i p p i n g  of t h e  negat ive  ions  and to  measure cross-sect ion8 
by baok s o a t t e r i n g ,  oharge exchange, and so  fo r th .  This  w i l l  be done w i t h i n  the next  
two months. 

BROBECK : What a r e  the  d e f l e c t o r  and dee gaps, t o  ground? 

LIND : I th ink  t h a t  a l l  spark ing  ocours from the  d e f l e c t o r  t o  t he  septum. This  gap 
v a r i e s  from about 5 mm a t  the entrance t o  about 10 nun a t  t h e  e x i t .  I nc iden ta l ly ,  with 
regard  t o  t he  beam q u a l i t y ,  i t  is c e r t a i n l y  t r u e  t h a t  our  beam is highly ooll imated by 
the def l e c  tor-septum arrangement. 

BLASER : Did you t r y  t o  produce neu t r a l  hydrogen atoms? 

LIND : Not ye t ;  t h i s  w i l l  be done wi th  t h e  ex te rna l  beam. 
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