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(presented by V.V.Kolga) 

The highly ef fec t ive  ext rac t ion  of 
accelerated p a r t i c l e s  from a r e l a t i v i s t -  
i c  cyclotron (RC) i s  one of the  basic  
problems since the  successful use of the 
RC a high energy physics instrument and 
i ts normal employment are possible only 
when p rac t i ca l ly  a l l  the p a r t i c l e s  a re  
extracted from the chamber and external  
t a rge t s  a re  used. 

The most e f fec t ive  methods f o r  beam 
extraction from cycl ic  accelerators  
having constant magnetic f i e l d s  are 
based on resonance coupling between az- 
imuthal and r a d i a l  degrees of freedom 
of the accelerated pa r t i c l e  a t  the  given 
radius. 

I n  t h i s  case it is  necessary t o  
provide conditions of the  absence of 
cou l i n g  with a x i a l  o sc i l l a t ions  of par- 
t i c f e s .  

The s p i r a l  s t ruc ture  of the  magnet- 
i c  f i e l d  of the  RC causes in t e rna l  non- 
l i n e a r  resonance a t  t h e  frequency of 
r a d i a l  o sc i l l a t ions  Q =N/q, where N is 
the number of spirals: 9 is  an in t eg ra l  
( the  resonance order). With N=8 the non- 
l i n e a r  resonance of t h e  4-th order 
(Q = 2) correspgnds t o  about 820 MeV. 
~ h h  O p  Ridge MC cyclotron design 
(USA) envisages the use of the  nonlinear 
resonance Qr=8/4 t o  construct the extrac- 
t i o n  system with a 9% eff ic iency ob- 
tained with the electron analogue of t h i s  
accelerator.  

The f i n a l  RC energy i s  700 MeV ac- 
cording t o  the  conversion design of the  
Dubna synchrocyclotron . I n  t h i s  case 
Q, = 1.8 and the d i r ec t  use of the  reson- 
ance extract ion is  impossible. 

A new method has been proposed i n  
ref  . 3  by means of which r a d i a l  o sc i l l a -  
t i o n  frequency a t  the given radius can 
be c h a n g e d  ( * ) t o  a necessary value, 
f o r  instance, up t o  two, ax ia l  osc i l la -  
t i o n  frequency being unchanged. Therefore 
s t r i c t  dependence of r ad ia l  o sc i l l a t ion  
frequency upon energy a t  the  given ra- 
dius taking place i n  isochronous cyclot- 
rons is  avoidea. The modified resonance 

ext rac t ion  becomes possible i n  a wide 
range of l i m i t  energies. 

The present paper describes f u r t h e r  
development of t h e  modified resonance 
ext rac t ion  method re l a t ed  t o  the 700 MeV 
r e l a t i v i s t i c  cyclotron. 

2. An addit ional  harmonic having 
the  per iodic i ty  N/2 i s  introduced t o  the 
magnetic f i e l d  s t ruc tu re  a t  a radius 
corresponding t o  the given energy t o  
vary r a d i a l  o s c i l l a t i o n  frequency a t  
t h i s  energy of accelerated pa r t i c l e s  . 
The magnetic f i e l d  i n  the median plane 
i S 

H 2 f i , f l = ~ H ( Z ) { 1 f ~ ~ & - 4 ? ) +  (1)  

where H(r) i s  the average magnetic f i e l d ,  
4 i s  the amplitude of the  basic  focus- 

ing harmonic, 6; i s  the amplitude of the 
addit ional  harmonic, 8 i s  the phase 
of the  harmo i c  with respect t o  the bas- 
i c  one, 2~g i s  the  r ad ia l  s t ep  of the 
main s t ruc ture  of the magnetic f i e l d .  

Suppose t h a t  N i s  e en and 4 <<C$ . 
A s  is  shown i n  ref  .3 the 

equation of f r e e  r a d i a l  o sc i l l a t ions  i n  
the magnetic f i e l d  (I) can be exressed 
su f f i c i en t ly  accurately i n  the  form 

where - 
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Qro is the r a d i a l  o s c i l l a t i o n  frequency 
2 with &" =O, n = (E/E ) -1 is  the index 

of the  average magnetic f i e l d ,  

~ a d i a i  o s c i l l a t i o n  frequency i s  de- 
termined by the cha rac t e r i s t i c  index of 
Mathieu equation (2)  and can be expressed 
a s  : 

Equation (2)  and Formula (3)  show 
t h a t  r a d i a l  o s c i l l a t i o n  frem~uency i s  
g rea t ly  dependent both of E2 and t e 
phase s h i f t  of the N/2 harmonic ( 1 ). . 1 shows the dependence of Q, 

with & =0.04 and 0.03 and the upon 3' 
value of the rgmaining parameters cor- 
responding t o  the RC design values a t  
the f i n a l  radius  R - 325 cm. Here a re  
these values: ~=8,~2:7.7, n = 2.05, 
E,, =0.273, Qro = 1.8. 

Fig.1. The dependence of % on 8 . 

A s  i s  seen from Fig. 1, wi th  $=r/2 
the harmonic having the amplitude E =0.04 
causes the increase of the  r a d i a l  ogcil-b 
l a t i o n  frequency up t o  Q =2, i.e.par- 
t i c l e s  can be ex t rac ted  g t  t he  nonlinear 
resonance Q =8/4 by the resonance method 
from the 706 MeV RC. 

The so l id  l i n e  i n  Fig.2 is  the de- 
r a d i a l  o sc i l l a t i ons  upon the  amplitude 
of the 4-th harmonic with &=E12 f o r  
the  700 NieV RC. Cross-hatched a re  f r e -  
quency values obtained d i r e c t l y  by i n -  

t eg ra t ing  over the whole system of equa- 
t i o n s  of p a r t i c l e  motion on the  electron- 
i c  computer. 

Fig.2. The dependence of on E*. 

Varying the  amplitude of the  4-th harmon- 
i c  one can change the rad ius  of the  non- 
l i n e a r  resonance and cont ro l  within some 
l i m i t s  the extracted beam energy. 

The introduct ion of the  N/2 harmonic 
t o  t he  f i e l d  s t ruc tu re  r e s u l t s  i n  addit-  
i ona l  a x i a l  focusing, therefore ,  the am- 
p l i tude  of the 8-th harmonic should be 
somewhat reduced t o  save the constant 
frequency QZ, the r a d i a l  o s c i l l a t i o n  f r e -  
quency Q being p r a c t i c a l l y  not  reduced. 

 hug, a x i a l  and r a d i a l  o s c i l l a t i o n  
frequencies can be cont ro l led  by varying 
the amplitudes of t he  N-th and N/2-nd 
harmonics i n  the  f i e l d  s t ruc ture .  

3. The ac tua l  modified resonance 
extract ionn from the  700 MeV RC w i l l  re- 
quire addi t iona l  u n i t s  i n  t he  magnetic 
system a t  f i n a l  r a d i i .  

The magnc-tic system parameters of 
the  RC technica l  design have been chosen 
basing on the  ca lcu la t ions  and experi- 
ments with a magnetic sgstem model hav- 
ing  the sca l e  K = 6.087 . The u n i t  pro- 
ducing the  4-th harmonic of the  magnetic 
f i e l d  can be located only i n  the gaps be- 
tween s p i r a l  shims. A t  t he  f i n a l  rad ius  
of the acce lera tor  the  above u n i t s  should 
produce the  amplitude of the 4-th harmon- 
i c  of t h e  magnetic field&2"0.04t0.06 
having a phase close t o  Y%=,33+5 
The average magnetic f i e l d  introduced i n  
producing the 4-th harmonic should be 

such t h a t  it could be compensated with 
the  system of c i r c u l a r  co i l s .  The cal- 
cu la t ions  have shown t h a t  the  use of 
cur ren t  c o i l s  loca t ing  i n  t he  gaps be- 
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tween s p i r a l  shims does not r e s u l t  i n  
t he  required law 
creasing the  radiu:~In t h i s  c nnection 
a system of s t e e l  shims having the  peri-  
od ic i ty  N=4 was used t o  produce the  4-th 
harmonic. The shim parameters were pre- 
l iminary determined by ca lcu la t ions  per- 
formed under the a s  umtion of t h e i r  
uniform magnet izin2.  The ana lys is  of 
these ca lcu la t ions  has shown t h a t  

a )  the necessary value of the  shim 
s p i r a l i t y  depends considerably upon t h e i r  
r a d i a l  range. Thus i n  order  t o  have the  
f i e l d  parameters 3. =l54 cm the shims 
should e cu t  i n  an ~rch)imedian s p i r a l  
with R=10.27 cm, the  r a d i a l  l ength  of 
shims being R=335-307.5=27.5cm and with 

X=7.7 cm, R=332.5+312.5=20 cm, 
b) the  dependence of t he  phase of 

the f i e l d  basic  harmbnic va r i e s  a s l i g h t l y  
when an addi t iona l  system of shims i s  
introduced, 

c) the employme~t ofoshims having 
azimuthal width of 5 f 9 allows t o  
obtain the  reuqired dependence of t he  
4-th harmonic amplitude with $c[g~-+f~) 

d) i n  a l l  the  above cases  the  am- 
pl i tude  of the f i e l d  bas ic  harmonic is  
reduced by the  value exceeding the  re- 
quired one, 

- 

e )  the azimuthal width of shims 
~roducinff the 4-th harmonic should be 
increase; with increasing the  radius t o  
obtain the required r a d i a l  d i s t r i b u t i o n  
of the average f i e l d ,  the amplitude of 
the 4-th and 8-th harmonics. 

The parameters of the shims system 
shaping the  4-th harmonic have been 
chosen basing on these  calculat ions.  The 
r e s u l t s  of experiments performed with 
these shims on the  m a p e t i c  system model 
a re  shown i n  Fig. 3. 

Fig.3. The r e s u l t s  of the measurements 
with a magnet system model, 

The left-hand s ide  of the  Pig.3is the 
lay-out of addi t iona l  shims with respect  
t o  the bas ic  ones and the dependence of 
the maximum phase of the bas ic  and the 
4-th harmenics of t he  f i e l d  upon the 
radius.  The right-hand s ide  of the Fig.3 
shows the  amrage f i e l d ,  the amplitudes 
of the  4-th, 8-th and higher harmonics 
versus the radius.  

It is  seen t h a t  t he  character  of t h  
the d i s t r i b u t i o n  am-~litude of the 4-th 
harmonic s a t i s f i e s  the  requirements i m -  
posed on the  system of r a d i a l  o sc i l l a -  
t i o n  frequency va r i a t i on  i n  the narrow 
region near  t he  f i n a l  radius  of the ac- 
ce le ra tor .  The obtained excess of the 
average f i e l d  over t h e  resonance one can 
be compensated by means of cur ren t  c o i l s  
of f i n e  and rude correct ions.  The reduc- 
t i o n  of t he  amplitude of t he  bas ic  har- 
monic exceeds the necessary value. There- 
f o r e ,  the obtained value of the  8-th har- 
monic amplitude should be increased, 
which can be achieved by s l i g h t  varying 
the p r o f i l e  of t he  s p i r a l  shim system. 

The above s tud ie s  show t h a t  modi- 
f i e d  resonance ex t rac t ion  is  possible  i n  
the 700 MeV RC. A l l  the  u n i t s  of the ex- 
t r a c t i o n  system including the m a ~ n e t i c  
channel w i l l  be f i n a l l y  designed basing 
on f u r t h e r  t heo re t i ca l  inves t iga t ions  of 
p a r t i c l e  dynamics and the experiments on 
the  magnet system model. 

4. To experimentally study the  mod- 
i f i e d  resonance ex t r ac t ion  of p a r t i c l e s  
from the  RC of the  Laboratory of Nuclear 
Problems the e lec t ron  analogue of the 
r e l a t i v i s t i c  cyclotron with the coef f ic i -  
en t  of the dynamic i d e n t i t y  Kdhm =3.2 
has been designed and is  aimed 
a t  acce lera t ing  e lec t rons  up t o  380 keV 
( P d . 8 2 )  corresponding t o  t he  700 MeV 
proton energy. The magnetic f i e l d  is  
produced with three  systems of cur ren t  
conductors one of which provides the nec- 
essary f i n e  cor rec t ion  of the  average 
magnetic f i e l d  along the radius.  The 
change of t he  va r i a t i on  depth with radius 
i s  achieved by p r o f i l i n g  the  v e r t i c a l  gap 
between the  conductors. A t  the f i n a l  ac- 
ce l e ra t ion  radius (R -101.7 cm) provision 
i s  made f o r  a winding-producing the 4-th 
harmonic of a necessary value and a phase 
t o  produce the  nonlinear resonance Q -8/4 
a t  t h i s  radius.  The magnetic f i e l d  ig- 
13.7 Oe at the  centre.  The peaks of the  
magnetic f i e l d  with N = 8  a r e  var ied ac- 
cording t o  t h e  Archimedian s p i r a l  
r= 19T3 (cm). 

- 
The acce lera t ing  system i s  a goOdee 

operating a t  the frequency of 38.5 MHz. 
The voltage over the dee can be varied 
within a widd range. 

Provision i s  made both f o r  the in- 
t e r n a l  e lcc t ron  source and the  ex terna l  
one having the  i n j e c t i o n  edergy of 
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5.5 keV and sufficiently high intensity The general view of the analogue 
(some mA) . is shown in Fig. 4. 

Fig.4. The electron analogue. 

Further theoretical and experimental 
investigations will allow to draw final 
conclusions on the methods of practical 
applications and possible efficiency of 
the modified resonance extraction for 
the 700 MeV relativistic cyclotron 
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