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The nonlinear regenerative theory was applied to the extrac- 
tion of the deuteron beam of the Buenos Aires 30 MeV 
synchrocyelotron.  The theory  of LeCouteur proved 
successful even though  the approximat ion  of the n(v)curve 
with two s t ra ight  lines gives an n-value for the extract ion 
radius very different from the actual  one for t ha t  radius. 
A regenerator  field of the form T = 0.05p + 0.11 p2 pro- 

1. Introduction 

From previous work at  Liverpool  1) and Chi- 
cago 2) it  would appear  possible to remove a 
considerable fract ion of the circulat ing beam 
from the synchrocyclo t ron  in this Commission 
and make it  available for exper imenta l  purposes 
in the form of a well coll imated beam. The non- 
l inear  regenerat ive theory  3) was applied to this 
par t icu lar  machine giving a regenerat ive field 

T = 0.05p + 0.1 lp ~ (p positive a n d  

m e a s u r e d  in  cm) 

where 

T = ~ A H  dO. 

This was the best regenerator  compatible  with 
the magnet ic  and geometrical  machine data,  
fig. 1. However  it  was felt t ha t  this field would 
not  give the necessary regenerat ive  action, based 
as it was on an approximate  n-value r a the r  
different f rom the actual  one. I t  would be more 
reasonable to take an average n-value de termined  
by  considering the radial  ampli tudes of the 
part icle mot ion on the inside of the s tar t ing 

1) A. V. Crewe and J. W. G. Gregory, Proc. Roy. Soc. 
A 232 (1955) 242. 

2) A. V. Crewe and U. E. Kruse, Rev. Sci. Inst .  27 
(1956) 5. 

~) K. J. LeCouteur  and S. Lipton,  Phil. Mag. 46 (1955) 
1265. 

duced a radial gain up to 1.5 cm. An electrostatic channel 
extended over a 30 o arc with a 80 kV/cm field deflected 
the beam 3 cm out. A magnetic channel following the 
electrostatic one b rough t  the beam out  from the cyclotron 
vacuum chamber.  A fraction of 2-3~o of the internal  beam 
could be removed by  such an arrangement .  

radius for the  regenerat ive action. Two reason- 
able possibilities were n = 0.06 and Jl = 0.1, 
and with these the corresponding regenerator  
fields were calculated, namely  T = 0.25p @ 
0.03;02 and T = 0.35p + 0.04p 2. These re- 
generators  were built  and tes ted bu t  no evidence 
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Fig. I. Cyclotron magnetic data. The upper scale is for n; 
the lower one is for H and Hr. 

of regenerat ive action was observed. So it was 
decided to take the theory  exact ly  as it is and 
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the  abovement ioned  field was adopted ;  a radial  
gain up to 1.5 cm was measured at  40 ° phase 
from the regenerator .  

In order  to improve the extract ion efficiency 
an electrostat ic channel  was installed as a first 
stage for a magnet ic  one thus get t ing a 2-3 % 
fract ion of the circulating beam out of the 
machine.  

2. Construction of the Regenerator 

The regenerator  was buil t  with Armco iron 
sheets 8.75 mm  thick piled up forming blocks 

ured with a Varian nuclear f luxmeter  with an 
accuracy of 1:100004) in order  to provide a 
s tandard  field to calibrate the electronic flux- 
meter.  This was done by  moving the search coil 

Search Coil 

I / - 

C~.lotron ~ - ~  

Fig. 3. Block d i a g r a m  of t he  f luxmeter .  

radial ly and comparing the deflection on the pen 
recorder  with nuclear f luxmeter  data.  A sensi- 
bi l i ty  was thus  obta ined of 4 gauss per m m  on 
the recording paper.  

A synchronous motor  produced the az imuthal  
movement  at a constant  angular  speed of 1 
rad/min.  The search coil was thus made to sweep 

Fig. 2. Regene ra t o r  a s sembly .  

35 mm  thick, 40 mm wide and 190 mm long 
held in a brass frame. The system could be 
moved  f rom tile outside by  means of a screw. 
A pair  of shims a t tached  to the brass suppor t  
was enough to correct  the field just  in f ront  of 
the blocks. Fig. 2 is a view of the regenerator  
assembly. 

The measuring equipment  for the magnetic  
field was an electronic f luxmeter  and a search 
coil which could be moved  with un i form motion 
bo th  radial ly and azimuthal ly.  Fig. 3 is a block 
diagram of the f luxmeter :  A is a d c  Liston Mod. 
10 linear amplifier with variable gain; I is an 
in tegra tor  of convent ional  design and R is a 
Philips P R  2000M/00 graphical recorder. 

The magnetic  field of the cyclotron was meas- 

K?auss deqree Theorettcal 
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Fig. 4. Regene ra to r  field as a func t ion  of radius.  

the  median  plane of the magnet  over  an angle 
of 90 ° at  different radii  in steps of 1 cm. The 

value of the field defect  fAHdO as a funct ion 

4) Th i s  was done up  to a 100 g a u s s / c m  gradient ,  b u t  the  
whole cyclo t ron  m a g n e t  was m e a s u r e d  wi th  t he  electronic 
f luxmeter .  
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of radius in the machine was obta ined by  a step- 
wise integration.  The shims were designed ac- 
cording to the shape of the per turba t ion  desired. 

Fig. 4 shows the final regenerator  field ob- 
ta ined  and the  theoret ical ly  desired one. The 
differences are within 200-300 gauss-degrees, 
which is the limit of the measuring apparatus .  

3. Test of Regenerative Action 

The regenerator  action was s tudied by  means 
of a special ta rge t  showed in fig. 5. I t  consists 

I Decrn/ copper Plates Insulator 

7ram Water Flowing 

Fig. 5. Probe used to test regenerative action. 

different radial  positions. I t  is seen tha t  a 10- 
2 0 %  fract ion of the  beam can be expected to 
enter  the channel  mouth ,  since the  distance 
between the edges of the collector and de tec tor  
in the target  is 7 mm. I t  appears  tha t  the re- 
generat ive action star ts  between 77 and 77.5 cm, 
whereas the n - - 0 .2  point  is at  79 cm radius. 
The autoradiographic  me thod  showed a radial  
gain up to 1.5 cm. 

The conclusion was tha t  a reasonable extrac-  
t ion efficiency can be expected under  a 40 ° 
phase, with the field T =  0 . 0 5 p - ~ - 0 . 1 1 p  2 
(p measured in cm). Considering fig. 1 it is quite 
astonishing tha t  LeCouteur  two straight  lines 
approximat ion  is the one tha t  works for this 
machine. I t  seems tha t  it is the best to re- 
present  the asymptot ic  behaviour ;  or m a y  be 
the errors thus in t roduced provide a compen-  
sation to some others inherent  to the theory.  

of two insulated copper plates, a collector and a 
detector ,  used to measure radial  gain and 
relat ive intensi ty  of the deflected beam fraction. 

~rbltror~ 
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Fig. 6. Detector  current  versus radius for different radial 
posit ion of the regenerator.  

Fig. 6 is a plot of the detec tor  current  as a 
funct ion of radius when the regenerator  is at  

4. The Electrostatic Channel 

From LeCouteur  approximat ion  it was seen 
tha t  the max imum radial  gain obtainable in this 
par t icular  machine would be of the order of 
1 cm; so it  was impossible to introduce a magnet ic  
wall due to the 1 cm wide region near  the wall 
in which the field per tu rba t ion  cannot  be 
corrected.  I t  was decided then  to use as a first 
section of the channel  an electrostatic one which 
would deflect the beam over  3 cm, this distance 
being considered the min imum in order  to 
continue the channel  with magnetic  sections, far 
more simple to handle. 

Actually,  two curved parallel  plates were buil t  
wi th  an electrostat ic  field of 80 kV/cm between 
them,  equivalent  to a magnet ic  channel  with a 
field defect of 1.5 kG. The inner (grounded) 
wall is a 1 mm thick molybdenum plate held in 
position by  a water-cooled copper  f rame;  the 
outer  one is a 10 m m  thick oil-cooled copper 
plate. 

The electrostat ic channel  was mounted  on a 
base plate which could be moved  from the  out- 
side of the accelerating chamber  so tha t  the best  
position could be adjusted with the circulating 
beam wi thout  destroying the vacuum.  
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5. The Magnetic Channel 

The magnetic  channel  was installed following 
the electrostat ic  one; it consisted of three 
straight  vert ical  sections made of Armco iron, 
the dimensions of which are given in table 1. 

(/3 

10 mill  

17 m m  

17 in to  

TABLE 1 

M a g n e t i c  c h a n n e l  d i m e n s i o n s  

i 
80 m m  10 m m  

80 m m  15 m m  

80 m m  15 m m  

~: \Vai l  % 
m a t e r i a l  

100 m m  A r m c o  i ron  

100 m m  A r m c o  i ron  

1 7 0 r a m  A r m c o  i ron  

They  were aligned by  the wire technique ad- 
justing the tension and current  in the wire to 
simulate 30 MeV deuterons.  

The shims were designed by  installing first 
each channel  section independent ly  normal  to 
a radius of the cyclotron magnet  and measuring 
the field reduction.  When the channel  sections 

Fig .  7. M a g n e t i c  c h a n n e l .  

were set in their  correct  position a new field 
correction was needed since they  were far from 
being normal  to a radius. Fig. 7 shows a view of 
the magnetic  channel  with shims. 

6. Assembly of the whole Extraction System and 

Final Tests 

Once the shimming was finished, the orbit  
centers were de termined by  floating a wire loop 
at different radii  up to 77 cm. I t  was found tha t  
magnetic centres were enclosed in a 4 cm dia- 
meter  circle a round the geometr ical  magnet  
center.  This was considered good enough and 
the whole system was tes ted with the beam. An 
insulated copper target  was installed at the end 
of the magnetic channel  and a current  of 
deuterons about  2-3 °/o of the internal  current  s) 
was measured with a microammeter .  The energy 
of the beam was es t imated from magnetic da t a  
as being 29 MeV. 

The beam was let out of the vacuum chamber  
through the airlock for the ion source. Since in 
this region the disperse magnetic  field is 9 kG, 
the beam is bended over an angle of about  15 °, 
just  the amount  needed in order  to reduce 
direct  cyclotron radiat ions on the exper imenta l  
room. 

Photographs  of the external  beam were taken  
inside the ion source airlock by  exposing photo-  
graphic paper  wrapped in a luminium foil. I t  
appears  tha t  the beam is well focussed hori- 
zontal ly  bu t  has a ra the r  large vert ical  size. 

Focussing of the external  beam will be made 
by  quadrupole  lenses in order  to have a good 
spot 7 m away from the machine at the ex- 
per imenta l  room. 
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5) T h e  m a x i m u m  i n t e r n a l  c u r r e n t  a t t a i n e d  w a s  30 /~A.  


