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Design C r i t e r i a  

The magnet f o r  the MSU cyolotron is of nominal 64." radius  and w i l l  provide f o r  

f ixed frequency acce le ra t ion  of protons t o  energies  up t o  50 MeV and other  ions t o  mergies 

of corresponding magnetio r i g i d i t y .  De ta i l s  of the  design were worked out i n  a s e r i e s  

of model s t u d i e s  using a 1/6 sca le  model. The framework of i n i t i a l  assumptions which 

s e t  guidelines f o r  the design were : 

1 )  The pole t i p  s p i r a l  should be small t o  provide maximm l i n e a r i t y  i n  the o r b i t  

dynamics throughout the cyolotron and, pa r t i cu la r ly ,  t o  f a c i l i t a t e  the  design of a 

resonant ex t rac t ion  system. 

2 )  For a l l  p a r t i c l e s  the a x i a l  focusing frequency should be above 0.15 t o  provide a 

l a rge  a x i a l  phase acceptance and a high space charge l i m i t ,  and below 0.30 t o  provide 

a comfortable working margin with respect  t o  the v, = 2v resonance. Both of these z 
l i m i t s  should apply i n  ac tua l  trimmed f i e l d s ,  i.e. r i p p l e  i n  vZ due t o  the r e l a t i v e l y  

coarse spacing of the trimming c o i l s  should not take  v out of the  speci f ied  range. z 
3 )  The s i z e  of the magnet should be such t h a t  the  desired energies could be obtained 

with peak f i e l d s  i n  the h i l l s  of the  magnet of no more than 1 8  kG, t h i s  s t i p u l a t i o n  

being based i n  pa r t  on q u a l i t a t i v e  study of magnetization curves fo r  i ron and i n  pa r t  
1 on a cost  optimization s tudy f o r  the Berkeley 8811 cyclotron' . 

4) The magnet gap should provide a c l e a r  space between the  i r o n  6.75" high t o  allow 

f o r  trimming c o i l s ,  RF s t r u c t u r e ,  and beam space. 

5 )  In-so-far as w a s  consis tent  with the previously c i t e d  fac to r s ,  the  design should 

minimize cost  f ac to r s ,  p a r t i c u l a r l y  the  load on the  c i r c u l a r  trimming coils .  

k a n e  t Struo t u r  e 

Using the  above guidel ines ,  i n i t i a l  choices of yoke and c o i l  s i z e  and pole t i p  

diameter were made, based on r e s u l t s  of magnet s t u d i e s  a t  Oak Itidge2*'), and a program 

of model s t u d i e s  w a s  i n i t i a t e d .  The r e s u l t i n g  f i n a l  magnet s t r u c t u r e  is shown 

diagramatically i n  Fig. 1. A photograph of the  model magnet with upper hal f  removed 

is shown i n  Fig. 2. The magnet core const ruct ion4)  is scheduled fo r  completion by 

May 1, 1963. The main parameters of the  magnet a r e  speci f ied  i n  Table I. 

Fie ld  Data 

Nodel s t u d i e s  of the cyclot ron magnet were made using a n  apparatus which provided 

f o r  automatic scanning of the f i e l d  i n  rectangular coordinates (3600 point g r i d )  and 

(*) Work supported i n  pa r t  by the  National Science Foundationo 
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I SECTION A-A 

Fig. 1 Dimensional drawing of the magnot for the MU ayolotron. The hole in top and bottom yokes ia for possible ion source 
insertion. Dimenaiona are in inches. 
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recording of thc data  on punched cards. The overa l l  accuracy of the system, as 

indicated by the amp1 i tude of the  f i r s t  harmonic f i e l d  component i n  the  resu l t ing  

data,  was typ ica l ly  about 3 pa r t s  i n  10,000 as compared with the  average f ie ld .  Data 

from the model f a c i l i t y  a r e  processed by a s e t  of previously described computer 

rout ines5)  t o  determine harluonic content and o rb i t  properties. 

Table I 

Sunmrary of Magnet Parameters for  the NSU 64" Cyclotron 

hfagnet Core : 

Weight 103 tons 

Cost (including shipment) $ 61,584 

Naterial  1010 s t e e l  (cyclotron ana lys i s )  

Pole base cross sect ional  a rea  3737 in2,  10% 

Top and bottom yoke area  3080 in2,  82.4% 

Left and r i g h t  s ide  yoke a rea  2634 in2,  70.B 

Nagnet Pole Tivs : 

Weight ( se t  of s i x )  3.78 tons 

Cost ( s e t  of s ix ,  vendor's es t imate)  $ 25,000 

Material 1010 s t e e l  (cyclotron ana lys i s )  

hiaanet Coils : 

Weight 13 tons (both c o i l s )  

Cost (including shipment) $ 44-,386000 

Material copper (ETP grade) 

Number of turns  320 turns/coil  

Inner diameter 69.75 in. 

Outer diameter 104.55 ine 

Height (each c o i l )  15.03 in. 

Resistance 5 0 ' ~  (each c o i l )  0.140 ohm max. 

Power (425,000 ampere-turns, 50°C) 123.5 kW 

The general form of the magnetic f i e l d  is  seen i n  Pig. 3 which i s  a contour map 
) drawn d i r e c t l y  from measured da ta  taken a t  an exci ta t ion of 415,000 ampere-turns6 . 

The azimuthal average of t h i s  f i e l d  is given by the upper curve i n  Fig. 4 and the 

amplitude and phase of the main harmonics a r e  given i n  Fig. 5. The f i e l d  has a 

centra l  "cone" s imi lar  t o  tha t  studied by s tover7)  as is  c lea r  from the figures. This 

cone is produced by a separate small cen t ra l  plug i n  the pole t i p  which can be seen 

i n  Fig. 2. The d e s i r a b i l i t y  of such a f i e l d  cone is still under evaluation; i f  

desired,  the cone can e a s i l y  be removed by a s l i g h t  modification of the small cen t ra l  

plug, as has been ve r i f i ed  i n  o ther  model s tudies .  
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Pig. 3 Contour map of the m g n e t i e  f i e l d  a t  an e x c i t a t i o n  of L15.000 ampere-turns. 
The heavy dashed l i n e  i s  the equilibrium orbi t  for n 49 hleV proton i l l  tho 
measured f i e l d .  

Referring again t o  Pig. 1 and 2 i t  w i l l  be noted t h a t  a l l  protruding corners 

of the pole t i p s  a r e  rounded. This g rea t ly  reduces sa tu ra t ion  e f f e c t s  a r i s i n g  from 

the bunching of f i e l d  l i n e s  a t  the corners of the  i ron ;  the i ron  surface  becomes an 
1 approximate equipotent ia l  a t  both low and high f i e l d s e  . The e f f e c t  of t h i s  rounding 

can be seen i n  Fig. 4 which gives  the  azimuthal average of the  f i e l d  at four d i f f e r e n t  
1 exc i t a t ions  spanning the f u l l  operating range of the  magnet9 . The r a d i a l  pos i t ion 

of the outer  f i e l d  maximum, the c ruc ia l  f ac to r  i n  the determination of the  ext ract ion 

radius ,  v a r i e s  by only 0.5"; t h i s  i n v a r i a b i l i t y  of the f i e l d  shape markedly 

s impl i f i e s  the  design of t h e  extractor.  

T r i a l  T r i m  Coil F i t s  and Orbit  Proper t ies  

To obta in  an i n i t i a l  est imate of required trimming currents ,  f i t s  have been 

calcula ted  assuming a layer  of eight  air-cored coils") posit ioned 3.06" above and 

below the medium plane, corresponding t o  the planned posi t ion of the ac tual  trimming 

c o i l s  i n  the f u l l  sca le  magnet. The use of a i r  core c o i l s  f o r  the trimruing ca lcu la t ion  

should overestimate the ampere-turn requirement by a  f ac to r  of perhaps 1.6 and should 
) a l s o  accentuate the  e f f e c t s  of r i p p l e  due t o  the coarse spacing of the coi ls1 '  . 

Fig. 6 shows the  currents ,  ca lcula ted  by l e a s t  squares f i t t i n g ,  required t o  trim 

the  peak f i e l d  of Fig. 4 f o r  protons and the next highest  f i e l d  from Fig. 4 f o r  
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Fig. 4 Azimuthnl avornge of  tho magnetic i i e l d  a t  
exc i tat ions  of 415,000, 312,000, 264,000, nnd 
120.000 irmlrrc-turne. 
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Fig. 5 So l id  curvos - phase nnd nlnplitude of major 
magnetic f i e l d  hnrtnonics n t  exe i tnt ion  of 415.000 
nropore-turns. Dashcd curves - alnl~litudo of third 
harmonic nt exc i tat ions  of 312,000, 264,000, and 
120,000 nrnlmre- turns. 

c4+ ions, these  two represen t ing ,  r e spec t i ve ly ,  t h e  maximum buck and boost requirement 

on the  co i l s .  The f i g u r e  a l s o  shows the  power d i s s i p a t e d  i n  each c o i l  assuming t he  

c o i l s  t o  be constructed from a double l a y e r  of 1/4" square hollow copper approximately 

covering the  a v a i l a b l e  a r e a  on each pole, Fig. 7 and 8 show t h e  f i t t e d  f i e l d s  i n  the  

two cases  along wi th  isochronous f i e l d s  and measured f i e ld s .  In t he  proton case  a 

d e l i b e r a t e  non-isochronism i s  introduced a t  l a r g e  r a d i i  t o  augment t h e  a x i a l  focusing, 

This a c t s  t o  reduce t h e  d i f f e r e n c e  between proton and heavy ion vz  values,  hence having 

m c h  the  same e f f e c t  a s  a v a l l e y  o r  f l u t t e r  co i l .  A t  t h e  same time the  non-isochronism 

is s o  small t h a t  the  t o t a l  number of t u rn s  is  increased by only 0.4s a s  oompared with 

a completely isochronous f i e ld .  

Fig. 9 and 10  presen t  equi l ib r ium o r b i t  da t a  f o r  t he  two f i t t e d  f i e ld s .  Shown 

a r e  the  r a d i a l  and a x i a l  focusing frequencies ,  v and v., t he  f r a c t i o n a l  frequency r 
e r ro r ,  Aw/w = uRF/w - 1, and t h e  phase f o r  a p a r t i c l e  leav ing  t he  c e n t r a l  cone a t  the  

peak energy ga in  phase12) and acce l e r a t ed  i n  t he  proton case  with a s inuso ida l  

vol tage of 280 kY/turn, and i n  the  case  of C'+, on t h e  t h i r d  mode of a s inuso ida l  
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RADIUS (INCHES) 
Fig. 6 Computod t r i m  c o i l  c u r r o n t s  and Imwer assuming a i r  

corc  c o i l s  locntod 5.06" from median plane a t  r a d i i  
shown bp tho arrows. Currents  and powers a r e  
t o t a l s  f o r  both c o i l s  of each pair .  The poin ts  
a r e  l ~ l o t t e d  u t  the r a d i a l  l o c a t l o n  of the  c o i l  - 
tho l i n e s  connecting t h e  p o i n t s  a r e  of no 
s igni f icance .  

-I (INCHES) 

Fig. 7 The measured mngnot f i o l d  a t  415,000 ampere- 
turns ,  t h e  computed isochronous f i e l d s  f o r  
protons and C'+ ions,  and t h e  proton trimmed 
f i e l d  (obta ined  by adding t o  the  measured f i o l d  
the  f i e l d  of n i r o o r e d  trimming c o i l s  with 
o p r r e n t s  a s  p e r  Big. 6 ) .  

- 

- 

12.0- - 

1 . 1 1 1 1 1 . 1 1 l 1 1 1 1 1 , 1 , , 1  B , . ,  l . ,  

0 10 20 30 - r (INCHES) 

Fig. 8 The m a a u r e d  magnet f i e l d  a t  312,000 a n p r e -  
turns ,  t  ho compted  is.ochronou8 f i e l d s  f o r  
pro tons  and C'+ ions,  and t h e  C'+ trimmed f i o l d .  
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Fig. 9 Equilibrium o r b i t  d a t a  f o r  t h e  trimmed f i e l d  from Fig. 7. v and v a r e  the  
r a d i a l  and a x i a l  focusing f requcncies  i n  u n i t s  of t h e  o r b i t a f  f r o q u ~ n o y ,  
AW/W is the  f r a c t i o n a l  frequoncy e r r o r ,  and d is the phnse f o r  a proton 
a c c e l e r a t e d  wi th  280 kV/turn. 

Fig. 1 0  Equilibrium o r b i t  d a t a  f o r  t h e  trimmed f i e l d  from Fig. 8. The phase curve is 
f o r  a C" i o n  a c c e l e r a t e d  w i t h  70 kV/turn. The extreme low energy p o r t i o n  of 
the  c u r v e s  has  been omitted - t h e  behaviour i n  t h i s  reg ion  c l o s o l y  resembles 
Fig. Y. 
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voltage of 70 kV/turn. The a x i a l  focusing frequency is seen t o  s a t i s f y  i n  both cases 

the design object ives  of the f i r s t  section. Other o r b i t  proper t ies  a r e  s imi la r ly  

well  behaved. 

Conclusions 

The r e s u l t s  e s t ab l i sh  t h a t  low-spiral h igh-f lu t ter  magnets can be constructed 

within reasonable cost  and power l imitat ions.  The t o t a l  cos t  f o r  the magnet core, 

co i l s ,  pole t i p s ,  and main power supply is approximately 164,000. This cos t  

represents  approximately 1/6 of the t o t a l  c o s t  of the  cyclotron which is a reasonable 

f rac t ion  of project  cos t s  t o  inves t  i n  t h e  magnet. Although d a t a  f o r  d i r e c t  cos t  

comparison with high s p i r a l  magnets is not ava i l ab le ,  the reasonable f rac t iona l  Costs 

r e l a t i v e  t o  the  remainder of t h e  cyclotron r e f u t e  an o f t en  quoted contention t h a t  

high s p i r a l  is an economic necessity. 

The preliminary t r i m  c o i l  ca lcu la t ions  indicate  very moderate requirements; it 

is  planned t o  provide each t r i m  c o i l  pa i r  with a 30 V, 250 A commercially ava i l ab le  

power supply yie ld ing a connected capacity of 60 kW. Considerably l e s s  than hal f  of 

t h i s  connected power w i l l  be i n  use a t  any one time so  t h a t  consumed power w i l l  be i n  

the 20 t o  30 kW range. The rounded pole t i p  corners a r e  believed t o  be a main fac to r  

i n  minimizing the trimming requirements. The r e s u l t s  a l s o  e s t a b l i s h  the f e a s i b i l i t y  

of achieving l a rge  v,  values near the center  by the use of a magnetic cone. 

A t  the time of wri t ing (April  1, 1963) the magnet core, c o i l s  and power supply 

a r e  a l l  i n  an  advanced s t a t e  of construction with del ivery  scheduled f o r  Nay and 

June, 1963. Ful l  sca le  magnet measurements should begin during the coming summer. 
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D ISCUSS ION 

BERRIES : Do you have any idea how far it would be possible to go with v,? Would it 
be reasonable to assume a v, between 0.4 and 0.451 

BEOSSER : I feel sure it would be reasonable over all of the acoeleration process 
except near extraction, where 2vz $z v is always causing a difficulty. Of course it 
is near extraction where v, is rapidlF rising. 

VICRSTER : Can you define suf ficiently well the shape of the segments with rounded 
edges? 

BLOSSER : We have an inspeot ion system worked out by Brobeok and our contract calls 
for the poles to be produoed alike to +OS -0.003 in. 
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