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Beam e x t r a c t i o n  systems have come a long way s i n c e  the  invent ion  of t he  

cyc lo t ron  by E.O. Lawrenoe i n  1930. I n  the e a r l i e s t  machines the re  was no 

p rov i s ion  f o r  beam ex t r ac t ion .  I n  1936 Cooksey and ~ a n r e n c e '  ) and l a t e r  Alvarea, 

IlcMillan, and Snel12) r epor t ed  e x t r a c t i o n  of t h e  6 MeV deuteron beam from the 

27;-inch cyclotron.  The beam had a r a d i a l  e x t e n t  of 10 cm at a d i s t a n c e  of 40 cm 

from t h e  tank w a l l ,  bu t  the a d d i t i o n  of a n  inhomogeneous f i e l d  provided by piece8 

of  i r o n  b o l t e d  t o  t h e  magnet poles ,  focused the beam t o  a 3 X 3 cm s p o t  a t  the  end 

of a 6 f  t pipe. Most systems designed i n  the ensuing f i f t e e n  yea r s  d i f f e r e d  i n  

d e t a i l  hat not  i n p r i n c i p l e .  For c l a s s i c a l  cyc lo t rons  l imi t ed  t o  ene rg ie s  of the 

order  of 10 t o  20 h1eV per  nucleon, pu re ly  e l e c t r o s t a t i c  systems m e  e n t i r e l y  

adequate. Magnetio d e f l e c t o r s  o r  channels  were seldom used and then only 

fol lowing e l e c t r o s t a t i c  d e f l e c t o r s  t o  b r i n g  the  beam through the f r i n g i n g  f i e l d .  

During t h i s  f i t  t e en  year  period t h e  performance of t he  ex t r a c  t i o n  systems improved 

considerably,  not only  as a r e s u l t  of b e t t e r  d e f l e c t o r  des ign  bu t  a l s o  because of 

the development of b e t t e r  ion  sources ,  the add i t i on  of a c c e l e r a t i n g  e l ec t rodes ,  

and a l l i e d  improvements i n  the  c e n t r a l  region. 

Beam e x t r a c t i o n  f o r  the  new genera t ion  of cyc lo t rons ,  t h e  isochronous AVF 

machines, is i n  general  a much more d i f f i c u l t  problem, not  only design-wise but  

a l s o  mechanically. Speaking now of the medium-energy machines, most a r e  being 

designed f o r  v a r i a b l e  energy mul t i -pa r t i c l e  acce l e ra t ion .  Orb i t  shapes a t  f u l l  

r a d i u s  v a r y  by a small b u t  s ign i f  i c a n t  amount. Ex t r a  f l e x i b i l i t y  i n  e x t r a c t o r  

adjustment i s  needed to  meet demands of the  va r ious  ope ra t ing  condi t ions .  With 

few exceptions,  the new AVF cyc lo t rons  a r e  designed f o r  higher energ ies  than the 

l a r g e s t  c l a s s i c a l  machines, y e t  opera te  wi th  comparable energy ga in  p e r  turn. 

An e l e c t r o s t a t i c  system wi th  a t h i n  septum can gene ra l ly  be used wi thout  

magni f ica t ion  of the  t u r n  sepa ra t ion  by s p e c i a l  means. Most machines now i n  

o p e r a t i o n o r c o n s t r u c t i o n u s e ,  o r  p l an  to use,  t h i s  c l a s s i c a l  approach. The 

h ighes t  energy machine wi th  a pu re ly  e l e c t r o s t a t i c  system is the  Rerkeley 88 inch 

Cyolotron (50 MeV protons,  60 MeV deutrone).  An exoe l l en t  guide f o r  t h e  des ign  

of such systems is t h e  work of Garren, dudd, Smith, and l i l l u 3 ) .  The e x c e l l e n t  
) performance of the 88-inch beam e x t r a c t o r  has  been r epor t ed  by ~ r u n d e r '  . 

A t  h igher  energ ies  i t  may be necessary t o  incorpora te  magnetic elements t o  b r i n g  

(*) Operated f o r  the  USAEC by the Union Carbide Corporation. 
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the beta through the fringing field. An example is the Oak Ridge Isochronous Cyclotron 

(75 MeM protons ) wherein a relatively short electrostatic deflector followed by two nag- 

netic deflectors of different strength are used5. 

The possibility of magnifying the turn separation at extraction radius has in- 

trigued many designers. The first system was the regerative deflector described by 

Tuck and ~ e n g ~ )  in 1950 and 1951, and ~ecouteur') in 1951 and 1953 for the extraction 

of synchrocyclotron beams. This method, now universal in synchro-cyclotrons is being 

used in the University of Birmingham cyclotronss). In the linear regenerative system, 

the driving forces produced by peeler and regenerator are arranged to have linear gra- 

dients so that the change in radial amplitude on successive revolutions is proportional 

to the amplitude, resulting in exponential amplitude growth. It is important to note 

that this system does not require a non-linear resonance for its operation, but depenls 

solely on the peeler and regenerator fields. Operation near a resonance, for example 

" r = 1, is required so that the phase change per revolution of the radial betatron 

oscillations is quite small, otherwise excessive peeler-regenerator strengths may be 

required. 

The 1950 and 1951 work at LRL with a 75 keV three-sector electron model9) sug- 

gested that it was possible to extract a large fraction of the beam from a single hill. 

This effect occured at the vr = 3/2 resonance and suggested that inherent radial insta- 
bilities in sector-focused cyclotrons could be successfully employed as the beam extra- 

ction agency. 

In 1957-59 Welton and w or don'^) demonstrated theoretically that beam extraction 
could be obtained at the 8/4 resonance in an eight-sector cyclotron and the 313 or 4//t 

resonances could be successfully used in three and four sector machines. For these 

non-linear system a bump of periodicity appropriate to the v value is used to destroy 

the small amplitude stability. 

The design of resonant extraction systems for medium-energy cyclotrons requires 

great care. Extraction must be delayed until vr = 1 is reached which for the highest 

energy machines may cause excessive departure from isochronism. The strong non-linear- 

ity of the fields at the magnet edge can lead to frequency shifting and formation of 

super-stable orbits. Another complication is the nearness of the difference coupling 

resonance vr - 2 vZ t 0. Pith careful design these problem can be practically eli- 

minated. Distortion can be minimized by proper choice of bump amplitude and azimuth, 

and careful attention to the shape of the field at the magnet edge. Detailed compu- 

ter studies seem to be essential for the optimization of these systems. Excellent 

guides for the design of non-linear resonance extractors for medium-energy cyclotrons 

are the work of Bassel, Bender and Innes") and Blosser, Gordon, and ~rnette"). 

A resonance extraction system is planned for the Michigan State University 

Cyclotron 40 MeV protons), the details of which will be reported at this ~onference"! 

Beam extraction from the machines in meson factory class -- from 450 MeV upwards -- 
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is in a sense more difficult and in another sense, easier. Electrostatio system are 

ineffective; therefore, greater turn spacing is required to clear the entrance to a 

to a magnetio deflector. The regenerative or non-linear resonance systems seem to 

offer the only solutions. For the non-linear resonance8 one is restrioted to oertain 

energies. The radial-focusing frequency is determined chiefly by the mean field gra- 

dient, which for isochronous machines will have suitable values only at specific ener- 

gies. In six or eight-sector cyclotrons, suitable ohoices are v = 3/2 (400 - r 
450 MeV) and vr = 2 (700 - 800 MeV). The 3/2 resonance can be excited by a three- 

sector field gradient perturbation and the vr = 2 by a two-sector field perturbation. 

An advantage in these cases is that the resonance is reached naturally; it is not ne- 

cessary to await field turnover as in the case of the medium energy vr = 1 systems. 
For this reason the distortion may not be so severe, and there need be no loss of iso- 

chronism. An additional simplification results because these maohines are being de- 

signed for single particle, single energy operation. 

Resently, Richardson and IIoppq4) at UCLA are making studies relative to use of 

the 6/3 resonance in a six-sector cyclotron. At ETH, Zurioh, ~illax" ) has studied 

3/2  resonanoe extraotion with favorable preliminary results. At ORNL, 8/4 resonance 

extraction has been demonstrated experimentally in a 430 keV electron oyclotron. 

The secret to high-extraction efficiency in any of the systems discussed, for 

either medium or high-energy maohines, is the aohievemsnt of small radial amplitude8 

at the center of the oyclotron. The considerable efforts expended in design of the 

central region geometry and in the injection system will ultimately pay great divi- 

dends. Our experiences with the electron analogue at ORNL emphasizes this - a de- 
orease in extraotion efficiency by a factor of three results from an approximate 

doubling of the radial amplitude of the beam, 

Any report on extraction systems would be incomplete without mention of negative 

ion aoceleration which has been accomplished successfully at at least three laborato- 

ries. H- ions have been acoelerated to about 50 MeV at UCLA and to 18 MeV at the 

University of Colorado. Most recently D- ions have been aocelerated to 11 ?deV at the 

University of Birmingham. The usual extraotion system can be replaced by a thin foil 

of suitable material with only modest preoautions to prevent optical distortions in 

the fringing field. A further advantage is that the external beam energy can be rather 

easily varied. 

We note that for the negative ion cyclotrons the desirability of low radial OS- 

cillation amplitudes is still isportant, the radial amplitude influences directly the 

energy spread and emittance of the external beam and, therefore, in a rather direct 

way determines the design of the beam transport and analysis system. 

In summary it is observed that there is no unanimity on the choice of the ex- 

tractor system for medium-energy cyclotrons. In a few years there will have been 

enough operating experienoe to make a judgment. For those planning new machines* 
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the  ohoioe of method is not an easy one. For most maohines, the  o lass ioa l  extraotor  

is adequate but i t  is suggested t h a t  with oareful  design, the resonant systems w i l l  

u l t imate ly  provide muoh higher extraot ion eff io ienoy with exoellent  beam emittanoe. 

Most new maohines i n  the  planning s tage a r e  of r e l a t i v e l y  high energy; the  induoed ra- 

d i o a o t i v i t y  and r a d i a t i o n  damage problems a r e  not negligible. It seems a b e t t e r  ohoioe 

t o  aohieve as high an  extraot ion eff io ienoy as possible,  and i f  required, ooll imate 

the beam outside the  oyolotron where the  rad ioao t iv i ty  problem is more traotable.  The 

oyolotrons of t h e  meson faotory o lass  a r e  foroed t o  t h a t  approaoh. 
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