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Oak 

The cons t ruc t ion  and performance of the e ight -sec tor  Cyclotron Analogue a t  the  

.dge National  Laboratory have been r epor t ed  previously1 " 'B). The Analogue was 

conceived and designed t o  dup l i ca t e ,  as f a r  as poss ib l e ,  the o r b i t  dynamics expected 

i n  t he  810 MeV NO' Cyclotron. The maximum energy, l imi t ed  by l o s s  of a x i a l  focusing,  

is  approximately 530 keV. The i n t e g r a l  resonance v = 2 is reached a t  an energy of  r 
4-45 keV. One of the primary goals  f o r  c o n s t r u c t i n g  the  Analogue w a s  t o  eva lua te  beam 

e x t r a c t i o n  problems experimental ly.  The r e s u l t s  t o  da t e ,  a1  though incomplete, a r e  

g ra t i fy ing .  

The energy of the hfc2 Cyclotron is  well  beyond t h a t  a t  which an  e l e c t r o s t a t i c  

e x t r a o t i o n  system i s  adequate;  t he re fo re ,  a magnetic channel system i s  suggested. 

To ob ta in  a s u f f i c i e n t  decrease  i n  magnetic f i e l d  (some thousands of gauss) a channel 

en t rance  l i p  t h i ckness  of about  l cm w i l l  be requi red .  A t  maximum energy, t h e  t u r n  

sepa ra t ion  i n  the hfc2 Cyclotron is only about  2 mm, and f o r  the Analogue about 

0.11 mm. Hence, some means to increase  the  t u r n  sepa ra t ion  is e s s e n t i a l .  

The system used to  increase  the turn  sepa ra t ion  i n  the  Analogue is  a modif ica t ion  

of t h e  Tuck, Teng, LeCouteur scheme wherein the bas i c  i dea  i s  t o  make use  of a 

n a t u r a l l y  occurring resonance. An appropr i a t e  po in t  f o r  e x t r a c t i o n  i n  a high-energy 

cyc lo t ron  i s  a t  vr = 2, where t h e r e  a r e  e x a c t l y  two r a d i a l  o s c i l l a t i o n s  p e r  revolu t ion .  

I n  a n  e igh t - sec to r  cyc lo t ron  t h i s  i s  the cubic e s s e n t i a l  8/4 resonance. 

r or don^) has  worked ou t  the  main d e t a i l s  of the motion i n  the  resonance. There 

a r e  two important  f ea tu re s .  F i r s t ,  f o r  motion a long an asymptote i n  t h e  phase p l o t ,  

the change i n  r ad ius  p e r  r evo lu t ion  is propor t ional  t o  t he  cube of the displacement 

from t h e  equi l ibr ium o r b i t .  Second, as a consequence of t h e  f i r s t ,  t he  growth r a t e  i s  

exceedingly small f o r  small amplitudes. The impl ica t ion  is t h a t  i ons  can be 

acce l e ra t ed  through the resonance w i t h  only a modest amplitude inc rease  i f  the i n i t i a l  

r a d i a l  amplitude is small. 

To use  the 8/4 resonance e f f e c t i v e l y  i n  a n  e x t r a c t i o n  system, the small 

amplitude s t a b i l i t y  must be destroyed. This  is accomplished by use of the  2/1 

resonance, an imperfec t ion  resonance i n  an e ight -sec tor  cyclotron.  The a d d i t i o n  of a 

(*) On leave  from Rutherford Laboratory 

(**) Operated f o r  t h e  USAEC by Union Carbide Corporation. 
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s t i n g  p a r t i c l e  i n  the r, pr plane on 

aos  2% component t o  the magnetic f i e l d  causes +, 

successive revolut ions,  Fig. l, i l l u s t r a t e s  the rap id  growth of r a d i a l  amplitude t h a t  

a s h i f t  i n  the loca t ion  of the equil ibrium 

o r b i t ,  a  s h i f t  which increases  rap id ly  a s  
r 0 

v = 2 is  approached; the small amplitude r 
s t a b i l i t y  is des t royedbe fo re  t h e r e s o n a m e  

- 
: -., i o  reached, and one o r  two corners  a r e  

opened i n  the otherwise c losed  phase con- 

t o u r s  depending upon the o r i e n t a t i o n  of the e 

occurs i n  t he  resonance. The p a r t i c l e  w a s  s t a r t e d  on the  equil ibrium o r b i t  a t  an 

energy of 410 keV i n  the  Analogue magnetic f i e l d ,  with an added cos 29 term of 

amplitude 0 . 8  of the mean f i e ld .  The energy gain pe r  turn  i s  0.001 moo2. The 

optimum phase of the  cos 2% component is such tha t  i ts  maximum is  22.5O f  omard  of 

I I S"CU)TIO* Wl" l 

bump. 

The computed l aaa t ion  of an acceler-  Fig. 1 Location of accelerated particle on successive 
revolutions in the r, pr plane. 

the h i l l  on which maximum r a d i a l  growth occurs. The t r a j e c t o r y  of a p a r t i c l e  on 

successive revolut ions and the  approximate path of the ext rac ted  beam a r e  shown i n  

Fig. 2. 
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Even though the  tu rn  separat ion i n  the  acce lera ted  beam is magnified by the 
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combination of a properly located cos 2% f i e l d  per turba t ion  and the  8/4 resonance, 

1. 
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a n  addi t ional  mechanism must be provided t o  permit the  p a r t i c l e s  t o  leave the 

cyalotron. The magnetic f i e l d  must be made to  decrease sharply by a magnetic channel 
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Fig. 2 Calculated trajectory of accelerated particle on successivc revolutions. The approximate path of 
the extracted beam is shown. 
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along the intended path,  o r  an e l e o t r o s t a t i o  foroe must be provided t o  oounteraot 

the magnetic f i e l d ,  a s  i n  an e l e a t r o s t a t i o  def leotor .  I n  the Analogue experiments 

a n  e l e o t r o s t a t i c  channel i s  used, a1 though an e l e c t r o s t a t i c  system w i l l  not  be 

applioable f o r  the NO* Cyclotron. One of the  prime ingredients  f o r  a suacessful  

ex t r ao  t i o n  system is  a high-quali ty in te rna l  

Fig. 3 Schematic of eleotron injector. 

beam. The e leot ron souroe used i n  

previously reported analogue work was a 

fi lament mounted a t  the cen te r  of the gap 

between t h e  dee and the dummy dee. For the 

bean ex t rao t ion  t e s t s  a d.0. in jeo to r  was 

developed which produces a well  oollimated 

beam of e leot rons  a t  3.3 keV. This 

e l ee  tron i n  jeo to r ,  shown schematioally i n  

Fig. 3, is  a two-stage devioe; the f irst 

stage def ines  the beam, the second def ines  

the energy. Eleo t rons  from a heated 

f i lament a r e  aooelerated by a po ten t i a l  of 

about 600 V through t h e  f i r s t  s l i t ,  which has an  aper ture  of 4 ra a x i a l l y  by 1 mm 

rad ia l ly .  They then pass through a 180' spec trometer t o  an ilnage s l i t  of the same 

dimensions. A t  90' a 1 mm slit l i m i t s  the angular divergenee. A s  the e leot rons  

emerge from the image s l i t  they a re  aooelerated through an addi t ional  2700 V. Their 

f i n a l  energy is 3300 eV, which oorresponds t o  an o r b i t  r a d i u s  of 45 mm i n  the oen t ra l  

f i e l d  of the Analogue. The assembly p ivo t s  about the e x i t  s l i t ,  so t h a t  the angle 

of i n j e c t i o n  oan be adjusted.  

The r a d i a l  amplitude i n  the Analogue beam has been measured j u s t  ins ide  the 
0 vr  = 2 point  by shadow measurements us ing two probes 90 apart .  Using the i n j e c t o r  

the amplitude indicated i s  about 0.2 mm, whereas with the f i lament source a value two 

t o  three t imes l a rge r  i s  obtained. 

Cer ta in  fea tu res  of the  performanoe of the Analogue a r e  much improved by the 

in jeo t ion  of the highly defined beam. I t  is now poss ible  t o  aooelera te  the beam 

through the  di f ference  coupling resonanoe vr - v %  = 1 without a t tenuat ion,  even 

without the horizontal  aagnetia f i e l d  compensated. Also, i n  the absenoe of the 

oos 26 perturbation,  the  beam is  acce le ra ted  through vr = 2 with only a l i g h t  evidenoe 

of r a d i a l  blowup. 

The Analogue ex t raa t ion  mechanism, Fig. 4, c o n s i s t s  of two 0.225 m thiok 

tantalum s t r i p s  spaced by about 3 mm. The inner s t r i p  ( the  septum) is  grounded while 

the  outer  ( the  def l e o t o r )  is maintained a t  a po ten t i a l  of several  k i lovol ts .  The 

ohannel i s  supported a t  f i v e  equ id i s t an t  points ,  eaoh of which oan be moved r a d i a l l y  

by means of a sorew adjustment t o  make the shape of the channel matoh t h e  path of 

the beam. An add i t iona l  sorew permits precise  adjustment of the entrance angle of the 
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Fig. 4 Analoguo I1 beam extraction mechanism. 

Fia. 6 Beam spot produced at  extractor erit. 
Dlmcnsions of spat are l x 5 mm. 
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Pig. 5 Radial dependence of magnetic field perturbation. Fig. 7 Extraction cfficiency versus peak dee voltuge. 

challnel without changing the entrance posi t ion.  

The e l e c t r o s t a t i c  channel assembly is posi t ioned azimuthally by means of a 

rack and pinion mechanism. The severa l  ad jus t ing  sorews a r e  cont ro l led  fram outside 

the vacuum chamber wi th  a multiheaded screwdriver, the s h a f t  of whioh moves through 

a b a l l  and socket vacuum s e a l  on the  f aceplate.  

The cos 26 magnetic f i e l d  per turba t ion  is  provided by c o i l s  wound symmetrically 

t o  produce two h i l l s  and two va l l eys  i n  t he  magnetic f i e l d  without any e f f e c t  on the 

average f i e l d .  The c o i l s  a r e  at tached to  the top and bottom l i d s  of the vacuum 

approximately 40 am from the median plane and a re  movable i n  azimuth t o  optimiee the 

phase of the  f i e l d  perturbat ion.  The r a d i a l  dependence of the cos 26 amplitude is 

shown i n  Fig. 5. 
To da te  the b e s t  ex t raot ion  e f f i c i ency  obtained has been about 8% wi th  an 

ex t r ac to r  v01 tage of about 2 kV. The gradient  i s  then about 6.6 kV/cm. The 8% 

e f f i c i ency  f igure  i s  obtained only a f t e r  very ca re fu l  adjustment; 7% is read i ly  

obtained. The optimum cos 26 amplitude is about 0 . H  of the mean f i e l d .  The beam 

impinging on a phosphor-coated t a rge t  a t  the e x i t  of t he  ex t r ac t ion  system, Fig. 6, 

producee a spot  approximately l X 5 mm. The 6.6 kV/cm e l e c t r i c  f i e l d  f o r  the 

Analogue ex t r ao to r  is equivalent  t o  a magnetic channel s t r eng th  of 3,000 gauss f o r  

the  MC' Cyclotron. 

Prec ise  emi t tanoe measurements await br inging the beam completely out  of the 

f r ing ing  f i e ld .  The emittance of the  MC' 
100 

- Cyclotron beam, ca lcula ted  from the r a d i a l  

f 8 0  amplitude measurements, i s  20 mm mad ,  
* 
U 2 

W 6 0  
which is the lower l i m i t  f o r  10% extrao- 

0 
L t i o n  assuming no d i s to r t i on .  For 

4 0  
a! est imating the MC' Cyclotron ion o p t i c s  
0 
0 

2 2 0  
system requirements, we have used an 

C 
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COS e e AMPLITUDE To charac ter ize  the performance of the  
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Fig. 8 Extraction efficiency versus bump amplitude. sy stem, the e x t r a ~ t i o n  ef f i ~ i e n ~ y  was 
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- .  
Fig. 9 Extraction e f f i c i e r ~ c y  versus septum thickness.  

i l l u s t r a t e s  s eve ra l  i n t e r e s t i n g  f ea tu re s .  

F i r s t ,  the  roughly l i n e a r  r e l a t i o n s h i p  between septum th ickness  and ex t r a c t i o n  

e f f i c i e n c y  shows t h a t  the r a d i a l  d i s t r i b u t i o n  of the beam e n t e r i n g  the  channel is  

approximately uniform. Second, the  e f f i c i e n c y  does no t  e x t r a p o l a t e  t o  10% a t  zero  

measured as a f u n c t i o n  of s eve ra l  parameters.  Fig. 7 i l l u s t r a t e s  t h a t  t he  dee 

vo l t age  i s  n o t  a c r i t i c a l  parameter.  The ab rup t  drop i n  e f f i c i e n c y  a t  about  180 V 

is  a r e s u l t  of poor i n j e c t i o n  condi t ions .  The minimum source c l e a r i n g  v01 tage has 

approximately t h i s  value.  The i n t e r n a l  beam c u r r e n t  shows a similar abrupt  decrease. 

Fig. 8 i l l u s t r a t e s  t h a t  t h e  dependence of e x t r a c t i o n  e f f i c i e n c y  on bump amplitude is 

only modestly c r i t i c a l ,  t h e  optimum being  about  0.3% of the mean f i e l d .  These r e s u l t s  

i n d i c a t e  t h a t  the  non-linear 8/4 resonance dominates t h e  p a r t i c l e  motion i n  ex t r a c t i o n  

region.  The performance of t he  e x t r a c t i o n  system has a l s o  been t e s t e d  w i th  the  simple 

f i l amen t  source.  The b e s t  e f f i c i e n c y  obta ined  w a s  then only 30%. This  i l l u s t r a t e s  

t he  g r e a t  importance of minimizing r a d i a l  amplitude. 

The azimuthal  l o c a t i o n  of t he  e x t r a c t o r ,  

septum th ickness ,  which sugges ts  t h a t  t he  septum is improperly shaped a t  the en t rance ,  

o r  t h a t  t h e  septum i s  e f f e c t i v e l y  t h i c k e r  because of the i nhe ren t  angu la r  d i s t r i b u t i o n  

i n  t he  beam. Third, the e f f i c i e n c y  e x t r a p o l a t e s  t o  zero  a t  about one ha l f  t he  channel 

a p e r t u r e ;  t he re fo re ,  t h e  beam does  not  f i l l  the  channel at the  entrance.  This  is i n  

a g r e e m n t  wi th  Fig. 2. I f  we assume t h a t  t he  channel is f i l l e d  a t  t h e  p o i n t  of 

maximum tu rn  s epa ra t ion ,  as a r e s u l t  of opt imizing i t s  shape, g r ad i en t ,  and t h e  bump 

amplitude, then the beam width would not  f i l l  the  channel a t  the entrance.  Higher 

e f f i c i e n c i e s  w i th  l e s s  dependence on septum th ickness  can  be r e a l i z e d  by moving the  

en t rance  of the channel nea re r  t h e  p o i n t  of maximum t u r n  separa t ion .  Pre l iminary  

experimental  r e s u l  ts tend t o  confirm t h i s  expec ta t ion .  

So f a r ,  we have shown t h a t  a resonance e x t r a c t i o n  system based on t h e  8/4 

resonance is  indeed a p r a c t i c a l  one. Much work remains, however, t o  opt imize the  

system and to conve r t  the r e s u l t s  of the  Analogue s t u d i e s  t o  the  des ign  of a  s u i t a b l e  

magnetic channel system f o r  t he  hic2 Cyclotron. 

The au tho r s  wish t o  acknowledge the  cons iderable  he lp  i n  t h e  des ign  of exper i -  

mental equipment given by J .E.  Mann and N.F. Ze ig l e r ,  and a s s i s t a n c e  i n  the computer 

i n d i c a t e d  i n  Fig. 2, is about  8' forward of 

the po in t  of maximum t u r n  separa t ion .  Th i s  

p o s i t i o n  was chosen as a compromise between 

outward angle  and r a d i a l  separa t ion .  To 
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SEPTUM LEADING EDGE THICKNESS ( m m )  t o  the septum. The r e s u l t s ,  Fig. 9, 
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0 

eva lua t e  the dependence on ex t r a c t i o n  ef  f  i c -  
CHANNEL APERTURE 

'1, 
\ 
\ 

iency on septum th i ckness  f o r  t h i s  p a r t i c u l a r  

azimuthal l oca t ion ,  t he  septum th ickness  was 

2 3 
increased  stepwise by adding t h i n  metal s t r i p s  
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s t u d i e s  by G.L. Broyles and B,U. Holcomb. 
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DISCUSSION 

HUQHES : Do you a n t i c i p a t e  t h a t  the requirements on beam q u a l i t y  f o r  e f f i c i e n t  beam 
ex t rao t ion  w i l l  l i m i t  s e r ious ly  the t o t a l  beam i n t e n s i t y  of the ~ c ~ ~ ~ c l o t r o n ?  

MARTIN : Our present  thinking i n  t h i s  connection i s  t h a t  we w i l l  use an external  
d.c. i n j e c t o r ;  i f  we cannot do t h a t  we w i l l  have d i f f i c u l t y  i n  achieving the 
required current  and required in jec t ion  qua l i ty .  The system w i l l  a l s o  have other  
advantages, e.g. the easy puls ing of the beam f o r  c e r t a i n  appl ica t ions .  

BLOSSER : What septum thickness do you consider f eas ib le  i n  the proton machine, and 
what e f f i c i ency  is  in fe r red  f o r  a  septum of corresponding thickness i n  the model? 

MARTIN : We a r e  forced t o  e x t r a c t  between the 11th and the 12th turn,  beyond tha t  we 
develop a x i a l  i n s t a b i l i t y .  Our present  aper ture  is 3 mm which sca les  t o  something 
l i k e  5 cm, and we f e e l  t h a t  i f  we can design a  s u i t a b l e  magnetic ohannel with a  l cm 
thiokness, we poss ibly  can  achieve b e t t e r  than 8% ex t rac t ion  eff ic iency.  

JOHO : Why did  you not provide the necessary cos 26 term f o r  resonance ex t rac t ion  
by two loca l  bumps displaced by 180' a t  the maximum radius ,  ins tead of using trimming 
c o i l s ?  

MARTIN : This is the dominant term i n  the magnetic f i e l d .  Our bump c o i l s  a r e  mounted 
about 40 cm from the median plane. They produce two h i l l s  and two v a l l e y s  i n  the 
magnetic f i e l d ,  but the higher harmonics i n  the bump f i e l d  a r e  negl ig ible .  However, 
i f  we d i d  go t o  local ized bumps the same s i t u a t i o n  would pe r t a in ;  the same 2  6 
component would be dominant i n  the ex t rac t ion.  

REISER : You mentioned t h a t  the d.c. i n j e c t i o n  scheme improved the ex t rac t ion  
e f f i c i ency  considerably. Would you cormnent on t h i s  f a c t  i n  more d e t a i l ?  What 
condi t ions  d id  you have with the normal in jec t ion  arrangement? 

MARTIN : We achieve 25 t o  3% ex t rac t ion  e f f i c i ency  with a  f i lament mounted near the 
eenter  so tha t  i t  can be moved i n  the gap, and we achieve the high ex t rac t ion  ef f  ic ien-  
c i e s  with d.c. in jec t ion.  However, I must point  out  t h a t  we do not even have an 
acce le ra t ing  s l i t  on the simple f i lament a t  the center. I think we could j u s t  a s  
e f f i c i e n t l y  design an ordinary cen t ra l  region geometry. The d i f f i c u l t y  i s  t h a t  every- 
th ing is so very small, the  gap only a &', and i t  i s  very hard to  make small s l i ts  
and move then around i n  the  center  of the machine. The meximum rad ius  i s  40 cm. 

HADDOCK : Have you measured t h e  phase width of t h e  beam t h a t  corresponds to  8% 
ex t r a c  t ion? 

MARTIN : No. I t  is d i f f i c u l t  to measure i n  the  Analogue, because i t  operates a t  
117 MC/#. 

WIDEROE : How much w i l l  the bump f i e l d  increase the  a x i a l  amplitudes? 

MARTIN : With the small r a d i a l  ampli tudes with which we have been working, the  change 
i n  a x i a l  amplitudes is  not observable. Computer s t u d i e s  corroborate t h i s ;  they show 
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t h a t  the a x i a l  amplitudes inorease only when the  r a d i a l  amplitudes beoome oonsiderably 
greater ,  because of t h e  coupling between the r a d i a l  and a x i a l  motion. However, we a r e  
ext rao t ing  before t h i s  s e t s  in. 

RLASER : Your magnetio channel i s  p i n g  to per turb  the mgne t io  f i e l d  with a f i r s t  
harmonic c lose  t o  the edge. Did you inves t iga te  the  e f f e o t  on the o rb i t ?  

MARTIN : No. We have not inves t igated tha t ,  but we w i l l  uoe one of the  many system8 
avai lable  which w i l l  produoe a s  l i t t l e  leakage f i e l d  as possible. I f  we a r e  oareful  
we oan g e t  i t  down t o  a f r a c t i o n  of a promille and we can put  a similar magnetio 
per turbat ion on more than one h i l l  so t h a t  we des t roy the oos 6 symmetry. There is 
no d i f f  i o u l t y  wi th  t h i s  synmetry, i t  is the 00s 24 t h a t  we have t o  watoh. 

VERSTER : The f i e l d  bumps of the  Tuok-Teng-Le Couteur system serve two purposes; 
namely t o  obtain r a d i a l  t u r n  separa t ion and t o  keep the a x i a l  amplitude limited. The 
seoond requirement has an e s s e n t i a l  influenae on the design, i f  la rge  rad ia l  tu rn  
separa t ion is required.  Have you t r i e d  t o  optimize your f i e l d  bump w i t h  respeot  t o  
v e r t i o a l  s t a b i l i t y ?  

MARTIN : We have not studied the  manner i n  which the mean f i e l d  should f a l l  off 
beyond the resonance so t h a t  the radia l -axia l  coupling is  minimized. This i s  some- 
th ing  we must do. I n  the magnetic f i e l d  t h a t  we a r e  studying here we maintain 
isochronism we1 l through the reaonanoe. 

BLOSSW : I wish t o  coment  on Verster 'e  question. We have s tudied the v a r i a t i o n  of 
the v e r t i o a l  i n s t a b i l i t y  wi th  f i e l d  shape. A f i e l d  which continues to  be isochronous 
beyond the resonance energy appears to  be approximately the b e s t  oonf iguration.  Any 
reduction of the average f i e l d  appears t o  always make the a x i a l  i n s t a b i l i t y  muoh worse. 
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