
R.S. Livingaton 

Oak Ridge National Laboratory (*) 

A t  the ou t se t  of t h i s  t h i r d  oonferenoe on seotor-fooused oyolotrons, it i r  

apparent tha t  we a r e  engaged i n  an en te rpr i se  whiah is suooessful, f lour i sh ing  and 

f u l l  of portent  f o r  the future.  I n  endeavoring t o  prepare a survey ouoh ar i r  

implied by the t i t l e  of t h i s  paper, oome preliminary oomentr  a r e  i n  order. I have 

oompiled information whioh has oome t o  m through the graaiousnees and generosity of 

the di reo t o r s  and e taf  f members of the reepee t i v e  oyo 10 tron l abora to r ies  by many 

d i f f e r e n t  rou te r  : by personal oontaot, telephone, oable, l e  t t e r ,  open l i t e r a t u r e ,  

speeia l  repor ts ,  and perhaps even by rumor* The probabi l i ty  of e r r o r s  i n  t h i r  proeese 

is very high and I apologize i n  advanoe t o  any group whose vrehine is inadvertently 

maligned or improperly reported. I should a l s o  point  out tha t  the bulk of the inform- 

a t i o n  I w i l l  present is a t  l e a s t  a month old and i n  t h i s  rapidly  moving f i e l d  you w i l l  

do bes t  t o  oonsult  with the many e p e o i a l i s t s  who a r e  present f o r  more au thor i t a t ive  

ahd more ourrent data. 

I have taken my task l i t e r a l l y  and w i l l  t r y  t o  oonsider knowledge whioh ha8 

been gleaned from the operation of the maohines. l w i l l  gloss over and e s s e n t i a l l y  

ignore the many beaut i ful  and speoialized design fea tu res  of pa r t iou la r  oyolotronr. 

Overview of P r o g ~ e s s  

May I f i r s t  o u w i z e  i n  a few sentences the essenoe of what appear6 t o  be the 

asnoensus of present experience, t o  be elaborated i n  the l a t t e r  p a r t  of t h i s  paper 

and perhaps i n  muoh more e legant  d e t a i l  by subsequent speakers at t h i s  oonferenoe. 

k, The aohievement of isoahronism has been aooomplished without r e a l l y  too 

nuoh d i f  f ion1 ty. Computer teohniquee using reasonable but not impraotioally preoise 

da ta  give trim-ooil ourrent s e t t i n g r  whioh read i ly  take the  bear t e  f u l l  radius. 

m. Data is now aooumulating on the emittanoe of the in te rna l  and def leoted 

beam. Beam q u a l i t y  is higher than many had expeoted and is genuinely aompetitive 

with other  aooelerator types. 

Three, Wide range energy v a r i a t i o n  and rap id  ehange of p a r t i e l e  type a r e  now 

aooompliehed. Small energy ohanges a re  made i n  seoondr to  minutes, Full-range energy 

ohanges or  a type of p a r t i o l e  ohange oan be made i n  one half  t o  two hours. 

Four. Operation is very s t a b l e  and parameter s e t t i n g s  a r e  almost rhookingly 

reproduoible from day t o  day. 

(*) Operated f o r  the USAW by Union Carbide Corporation. 
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Machines now i n  Operation 

There are,  according to  my best  information, fourteen isochronous sector-  

focusing cyclotrons i n  operation, aooelerating protons, deuterons o r  alpha par t i c les ,  

and one whiah acce le ra tes  e lect rons  ( i f  I may inalude t h i s  l a t t e r  i n  order t o  u t i l i z e  

l a t e r  some information whioh has been gleaned from i t ) .  These machines a r e  l i s t e d  i n  

the approximate order of t h e i r  achievement of operating s t a t u s  i n  Table I. 

Table I 

Isoohroncue Cyclotrons i n  Operation, 

April 26. 1963 

Ion Maohinee Date Seat. Pole Beams meaeured a t  r max, External Orbite* 
(Plaoe) ( I n i t i a l )  Dia Internal  Beam a t ~ l ~ l ~  

(0') Other Beams 
(Mev) (Hey) 

Dell  t 1958 4 85 1 2 ~  > 300 
Urbana 1958 4 111 15p 4-15p 1 5 ~  100 
Dubna 1959 6 120 l3d > loo0 
Harne l l 1959 3 56 JP 
Momam 1959 3 150 32d 6p; 17,29H2; 35Hs 32d; 20Ho > 160 

Sea Is land Conf erenoe 
Los Angeles 1960 4 125 50p 4 8 ~ -  4 8 ~ -  > 1000 
Birmingham 1961 3 102 12d 11~-  12d > 400 
Berkeley 1961 3 224 130a 25,50p; 16, 33, 50p; 16-38d > 600 

40, 63d;  2 5 H e ~  33-75a 
33, 65, 75, 80a 

Oak Ridge 1962 3 193 90a 8,12,32p;40d;BOa > 500 
Boulder 1962 4 132 28p 9-28p; 8 - 18H'; 8-1811-;9-28~ > 200 

17D'; 30a 

UCLA Conference 
Davie 3 56 lop > l00 

1962 3 Kar l sru  he 225 55d 55H2; 50d 230 
Ann Arbor 1962 3 211 40d 7, 12p; 15d 12p; 26d > 150 
E indhoven 1963 3 130 20p 8, 14p 1 4 ~  > 400 .................................................................................... ..................................................................................... 
Eleo t ron 
Machines (rev ( kev ) 

Oak Ridge 1961 8 79 5 30 430 > 2600 
I 

* Usually l imi ted by source geometry. 

Note tha t  various seotor numbers 3,4, 6 and 8 a r e  represented. The respect ive  pole 

diameters a re  l i s t e d  i n  centimeters. The l a r g e s t  is the new machine at  Karlsruhe. 

The highest  energy in te rna l  beam is the 130 MeV alpha beam a t  LRL. The most 

r e l a t i v i s t i c  o r  highest  energy per nualeon occurs with 50 MeV protons, UCLA and LRL. 

Nine of the cyolotrons now have defleoted beams; some of them with many energies 

available.  E leo t ros ta t io  de f lec to r  e l f  io iencies  a r e  i n  the range from 20-6s.  

The newest corners a r e  the l a s t  four on the ohart ,  a l l  having aahieved operation 
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sinoe the UCLA conference a year ago. I n  the last column is calcula ted  what da ta  is  

ava i l ab le  on the approximate turn or  o r b i t  number. A s  many observers have pointed 

out, the measurement of t h i s  quanti ty,  usual ly  by reducing the acce le ra t ing  voltage 

u n t i l  the beam vanishes, is obscured by the geometry of the souroe and acce le ra t ing  

electrodeo. But the numbers a r e  generally i n  the severa l  hundreds of turns,  which 

is very adequate f o r  high-quality operation. 

Isochronism and the  S e t t i n g  of Trimming Coi l s  

The techniques used f o r  s e t t i n g  trimming c o i l s  and thereby es tab l i sh ing  the 

d e t a i l e d  shape of the nagnetia f i e l d  a r e  generally unique t o  each cyclotron and i ts  

d e t a i l e d  design. Where ca lcu la ted  c o i l  current  ss t t inge  have been computed, I 

bel ieve  tha t  i n  near ly  every case they have been adequate. Hand optimization has 

a l s o  been widely successful. I t  is o l e a r  t h a t  i n  most cases there  a r e  a large  

number of v a l i d  t r im-co i l  ourrent  solutions.  Some low energy s t u d i e s  made at  Oak 

Ridge last summer on t h i s  point  a r e  i l l u s t r a t e d  i n  Table 11. Here, f i v e  d i f f e r e n t  

Table I1 

Values of ourrent  s e t t i n g s  of the ORIC t r i m  a o i l s  f o r  8 MeV protons 
determined by f i v e  a 1  t e rna t ive  methods 

Optimized from Corpu ted  

Beam Phase Phase + Direct  lhtp Limit 
Current Probe Current  Adj 

Coil  1 (A)  
Coil  2 (A)  
Coil  3 (A)  
Coil  4 (A) 
Coil  5 (A)  
Coil  6 (A)  
Coil  7 (A) 
Coil 8 (A) 
Coil  9 (A)  
Coil  10 (A) 
Dee v o i t i g i  (kv) 

R- (in.) 
Beam at R32" (MU) 
Beam at 20H (Mu) 

s e t s  of values a r r ived  at by a l t e r n a t e  methods a r e  l i s t e d .  Note t h a t  the p o l a r i t y  

pa t t e rn  is s imi la r  f o r  all. The f a c t  t h a t  the computer s e t t i n g s  d id  not r e s u l t  i n  a 

f u l l  r ad ius  beam was traoed t o  an operational  e r r o r  i n  s e t t i n g  the No 2 co i l .  

Operation recen t ly  gives beam t o  f u l l  r ad ius  wi th  unmodified computer s e t t i n g s  f o r  

8 MeV protons, f o r  90 and 80 MeV alphas and f o r  40 MeV deuterons, whioh were a l l  the 

cases  t r ied .  Other l abora to r i e s  i n  general have had s i m i l a r  r e s u l t s .  

Beam Emit tanee 

Let me d ig ress  long enough t o  remind you of the most commonly aacepted method 

of character iz ing aharge d-part iole beam qual i ty .  I n  general, a beam w i l l  have a 
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r a d i a l  extent  and an a x i a l  extent. The beam a t  eaah r a d i a l  ooordinate, f o r  example, 

w i l l  have a d i s t r i b u t i o n  i n  angular divergence with maximum l i m i t s ,  It is  

conventional t o  p lo t  the r a d i a l  beam emittanoe i n  a phase spaoe i n  whioh the distanoe 

from the  aen t ra l  r ay  is the  abscissa. Angular divergence l i m i t s  a r e  then p lo t t ed  as 

the ordinates  ( these  a r e  proportional t o  the r a d i a l  moments). A v e r t i o a l  l i n e  i n  

such spaae s i g n i f i e s  a point  source. A horizontal  l i n e  indioatee a p a r a l l e l  beam 

(zero angular divergenoe). The general shape of a beam is frequently roughly 

e l l i p t i o a l .  The a rea  is roughly r ab where a and b a r e  the semi-major and semi-minor 

axes of the e l l ipse .  

A typioal  p l o t  f o r  a d.0. m c e l e r a t o r ,  a von Ardenne source with 200 kV aaceler-  

a t ion ,  is shown i n  Fig. 1. This was measured by YoKever and Yokasawa of ANL. I f  the 

a reas  under the  aurves a r e  planimetered, they turn  out t o  be 46 U and 80.8 U mm med. 

The emittanoe, as I have j u s t  desoribed it, is invar iant  only at  a f ixed  

energy; t o  make meaningful aomparisons of beam qual i ty ,  the emittanoe at  any two 

energies must be normalized t o  the  same energy by a fao to r  proportional t o  the 

momentum. This a r i s e s  from the f a o t  t h a t  the angular divergenoe is proportional 

pr/p, and the apparent unnormalized emittanoe w i l l  always deorease a s  the energy 

i n e r e u e s .  To a d j u s t  f o r  t h i s  I have ohosen t o  normalise all  r sa .u remnts  t o  50 YeV 

protons, the f a u t o r s  between t h i s  and 200 KeV protons is 16. The d.a. emittanae, i f  

measured at  50 YeV, would be 2.9 a and 5.1 W respeotively.  For 65 MeV alphas the 

fao to r  is  1.8, Figures supplied by Teng of ANL give a 50 MeV l i n e a r  aooelerator 

r a d i a l  emittanae aa 8.0 zr a mad. 

Sore reoent  and very e legant  roasurements of Qrunder and Kelley a t  LRL hare 

determined 65 MeV alphas t o  be 16 U m 
mad,  or  9.0 U adjusted t o  50 YeV protons. 

Similar numbers have a l s o  been obtained 

by Allen at  Urbana. 

Yeaeurements on the in te rna l  beam of 

the eight-seotor e leotron maohine give a 

value of 6,4 a a8 observed, o r  an  adjusted 

value of 30 a mm mad. 
l Yore d e t a i l s  on these in te res t ing  

measurements w i l l  be given i n  subsequent 

p a r t s  of t h i s  meeting. 
.---m m A 
m---mmA 

Energy Defini t ion 

Up t o  the present only approximate 

measurement8 i n  the energy spread i n  iso- 
r i g .  1 P l o t  of emittance of  beam from a von Ardenne source 

with 200 kV d.c .  acceleration. The areas have been ohronous a y a l o t p o ~  bears have been wde. 
measured and found t o  be 46 r I. m a d  f o r  the 38 .A 
case and 80.8 a for  the DA case.  Ptati lates and preliminary measurements 

indioate  t h a t  1 t o  5 turns  may be defleoted. 
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The assooiated est imate of raw energy spread of a few hundred k i l o v o l t  a r e  oonsis tent  

with th is .  The f i n a l  energy d e f i n i t i o n  avai lable  t o  the experimenter w i l l  then be a 

f uno t i o n  of the  reso lu t ion  of the primary beam ana lys i s  system provide, a1 though the 

i n t e n s i t y  w i l l  be a sharp funotion of the i n i t i a l  energy spread. A t  l e a s t  one 

i n s t a l l a t i o n ,  the group a t  Ann Arbos, is expeoting t o  provide a system with  

E/AE 8,000 by us ing two magnets. For 40 MeV p a r t i o l e s  t h i s  system would give 

appra imate ly  a 5 kV width. Most of the groups w i l l  be providing s u b s t a n t i a l l y  l e s s  

ana lys i s  than t h i s ,  but presumably preois ion work oan be undertaken i f  high q u a l i t y  

l a rge  rad ius  magnets a r e  provided. 

Yioroeoopio Duty Cyole 

The isoohronous oyolotron, i n  pr inoiple ,  has a large  phase acceptanoe. An 

i d e a l l y  isoohroniried maohine oould have a na tu ra l  phase aoceptanoe of 180°. I t  has 

been assumed, a t  l e a s t  by some, from measurements on non-isoohronous maohines (with 

phase bunohing operating a t  the oenter)  t h a t  beams would be 20 t o  40' wide. This 

would give a mioroaoopio duty f a o t o r  of about l@. For many experiments t h i s  does 

ne t  matter as the re  a r e  some 10' o r  more beam bunohes per seoond and oounter random 

ooinaidenoes a r e  very unlikely.  However, a reoent  measurement at LRL (Grunder and 

Kelley) have shmn t h a t  the  aooeptanoe i s  about 90°, and the oorresponding mioro- 

soopio duty f a o t o r  is approaohing 2%. Separate measurements by Powell a t  Birmingham 

show aooeptanoe of g rea te r  than 70'. 

Negative Ions  

This survey would not  be oomplete without some referenoe t o  the oontinuing 

beau t i fu l  work on negative ion acoeleration.  A t  UCLA the aooelera t ion has been pushed 

t o  40 t o  50 MeV, with the f i n a l  energy apparently l imi ted  by the onset of e l e c t r i o  

s t r ipping.  I understand t h a t  the point  a t  whioh s t r i p p i n g  is observed is  oonsis tent  

with the prediot ion of Judd i n  h i s  pos t  deadline paper appearing i n  the prooeedings 

of the UCLA oonf erenoe. 

The Colorado group have pushed in te rna l  ourrents  of negative ions up t o  10 U, 
with external  our ren t s  t o  2.5 M. They a r e  now developing a posit ive-voltage 

e leot rode so t h a t  external  negative ion beams w i l l ,  they hope, soon be avai lable  f o r  

use i n  researoh. 

Negative deuterium ions have been aooelerated a t  Boulder, a t  Birmingham and 

perhaps elsewhere. 

Radi oao t i v  i t y and Radiation 

A s  our new oyolotrons begin t o  operate a t  energies  now f a r  above the nuolear 

p o t e n t i a l  b a r r i e r  f o r  even the heavies t  elements, the problem of r a d i o a c t i v i t y  looms 

l a r g e r  and ever more formidable. I n i t i a l  experienoe indioates  t h a t  r ad ia t ion  is 

indeed severe, almost f r ighteningly  so,  but perhaps i n  some ways i t  is turning ou t  t a  

more t raotable  than expeoted. The oontrol led  foousing of these oyolotrons means t h a t  
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l e s s  beam is l o s t  on the dees  and on o t h e r  components of the  cyclotron.  The t a rge t s ,  

i n t e r n a l  o r  e x t e r n a l ,  and the  cyc lo t ron  e x t r a c t i o n  septum a r e  by f a r  the most i n t ense  

sources  of r a d i a t i o n .  To quote a few t y p i c a l  numbers : A t  UCLA, a few microampere of 

pro tons  at  50 MeV give 50 R/hr of y r a d i a t i o n  i n s i d e  the  sh i e lded  vau l t .  A t  LRL, 

65 MeV alphas,  30 pA i n t e r n a l ,  10 pA de f l ec t ed ,  give 170 R/hr of f a s t  neutrons near  

t he  t a rge t .  A t  ORNL, 50 flA of 40  MeV deuterons  gave 150 R/hr of f a s t  neutrons 15 f  t 

from an i n t e r n a l  t a rge t .  The r e s i d u a l  r a d i a t i o n  on shut-down i n  any of the  above 

cases  is a few R/hr c l o s e  t o  the t a r g e t  o r  spetum. General room r a d i a t i o n  on shut- 

down a few f e e t  from the machine is a few &/hr. Ex t r apo la t ing  these  numbers t o  f u l l  

opera t ion ,  perhaps a f t e r  a few minutes cooling,  would y i e l d  100 mR/hr genera l  r a d i -  

a t i o n  wi th  a few hot s p o t s  higher. A c a p a b i l i t y  f o r  changing t a r g e t s  remotely and 

perhaps a method f o r  removing o r  changing the  septum system may prove to  be e s s e n t i a l ,  

and should so lve  the  major r a d i a t i o n  problems. 

Var i a t ion  of Ene rm 

Many of the  cyc lo t rons  have wide range radio-frequency power genera tors  and 

wide magnetic f i e l d  a d j u s t i n g  c a p a b i l i t y .  How have these systems worked ou t  i n  

p rac t i ce?  The answer is tha t ,  as f a r  as time and the completion of systems has 

permi t ted  t e s t i n g ,  the energy v a r i a t i o n  has  worked f u l l y  as wel l  as expected. LRL 

has  operated wi th  ex te rna l  beams of 3 d i f f e r e n t  p a r t i o l e s  a t  3 ene rg ie s  each and wi th  

i n t e r n a l  beams at  5 energ ies  ( 4  p a r t i c l e s ) .  Colorado can  work a t  any energy between 

8 h1eY and 24 MeY. ORNL has worked a t  8 MeV protons  and at  30 MeV, 80 MeV and 90 MeV 

alphas. For most machines, working at o the r  va lues  is pure ly  a mat ter  of motivat ion.  

I n  one eight-hour per iod  r ecen t ly ,  the LRL S t a f f  changed p a r t i c l e s  and ene rg ie s  fou r  

t imes and d i d  s u b s t a n t i a l  experiments a t  each s i t u a t i o n .  Colorado moved, on one 

occasion, from 16 MeV t o  20 MeV i n  about t h i r t y  minutes, wi th  d e f l e c t e d  beam i n  each 

case.  They can make a 1% change i n  a few seconds, a % change i n  2 minutes. Urbana 

works r e g u l a r l y  a t  4 t o  15 MeV, ex t r ac t ed ,  wi th  small frequency changes made i n  5 

t o  30 lain and l a rge  changes i n  2 hours. C lea r ly  an enormous and growing v e r s a t i l i t y  

is a t  hand. 

This  has  been a b r i e f  summary of s a l i e n t  f e a t u r e s  of some of the  f i r s t  fou r t een  

isochronous cyclotrons.  A t  l e a s t  12 more machines a r e  now abui ld ing;  perhaps i n  two 

o r  t h ree  yea r s  we can hear  another  r e p o r t  on the performance of these  y e t  newest and 

s h i n i e s t  mch ines .  

DISCUSSION 

BLOSSER : Can you s t a t e  the c u r r e n t s  f o r  these machines? Beam q u a l i t y  has  l i t t l e  
meaning un le s s  the cu r ren t  is given; the phase-space a r e a  can be made anyth ing  one 
l i k e s  by appropr i a t e  s l i t  s e t t i n g s .  

TENG : The Argonne l i n a c  g ives  10 t o  15  mA a t  8 rr mm mrad r a d i a l  phase space. 

GRUNDER : The measurements f o r  the  65 MeV arts were made w i t h  c u r r e n t s  between 2 

Proceedings of the International Conference on
Sector-Focused Cyclotrons and Meson Factories

Geneva, April 23-26, 1963 CYC63A01



Session I 

and 20 MA. We have made the i n t e r e s t i n g  discovery t h a t  over t h i s  range the emitt-  
ance s t ays  oonstant. We suspect  t h a t  the ohannel is l i m i t i n g  the emittance. 

VERSTER : How do you def i.ne beam emittance i n  a oyclotron where r a d i a l  and a x i a l  
emittance may be d i f f e r e n t ?  

LIVINGSTON : The d e f i n i t i o n s  correspond; ava i l ab le  values f o r  the o ther  d i r e c t i o n  
a r e  not very di f fe ren t .  

.* 

WIDEROE : A t  what distanoe from the machines was the r a d i o a c t i v i t y  measured? 

LIVINOSTON : A t  UCLA the dis tance  wao about 2 m, a t  LRL l e a s  than lm ,  and a t  ORNL 
about 5 m. 

SCHMIDT : Were the meaeurements on microsaopic duty oyole made on in te rna l ,  external  
or  energy-analyzed beme? 

LIVINGSTON : The measurements a t  LRL were made on the in te rna l  be-. 
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