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Cyclotron C h a r a c t e r i s t i c s  

The MSU 64" Cyclotron i s  designed f o r  variable-energy a c c e l e r a t i o n  of a v a r i e t y  

of p a r t i c l e s ,  a s  can be seen i n  Fig. l. I n  a d d i t i o n  t o  broad f l e x i b i l i t y  i n  p a r t i c l e  

and energy, t h e  cyc lo t ron  has been designed t o  maximize beam p r e c i s i o n  i n  accord wi th  

the present1  y i nd i ca t ed  needs of medium-energy nuc l ea r  phys ics ;  e s s e n t i a l l y  a l l  

des ign  d e c i s i o n s  r e f l e c t  t h i s  emphasis on p rec i s ion .  Es t imates  of performance f o r  

the  cyc lo t ron ,  based on d e t a i l e d  o r b i t  computations and experimental  d a t a  on the  
1 source output ,  have previous ly  been repor ted '  . These e s t i m a t e s  i n d i e a t e  unusual ly  

h igh  external-beam p r e c i s i o n  and i n t e n s i t y .  

Orbital Frequency (MC) 
~ i g .  1 poss ib le  f i lw l  energies fo r  various ions i n  the MSU cyclotron. Thc bars on the curves mark the Hp l i m i t  

of the magnet fo r  the pa r t i cu l a r  charge s t a t e ;  the gray a r ea s  a r e  unavailable due t o  the frequency range 
of the RF system. 

* Work supported i n  p a r t  by the National Science Foundation. 

Proceedings of the International Conference on
Sector-Focused Cyclotrons and Meson Factories

CYC63D02 Geneva, April 23-26, 1963



Fig. 2 Floor plan of the cyclotron building. On thc  north a U-shaped group of o f f i ce s  face onto an open courtyard; 
general p r p o s e  laboratory rooms a r e  located across  the h a l l s  from thc  off ices .  Personnel t r a f f i c  t o  the 
cyclotron and experimontal a r ea s  a t  the south of the building i s  de l i bo ra t c ly  required t o  pass through the 
control room t o  provide a good r ad i a t i on  s a f e ty  s i tua t ion.  (The door from tho main shop t o  the cxperimentnl 
a r ea s  w i l l  normally be kcpt locked). A poured-in-place sh i e ld  wall  separa tes  the  experimental arons from 
the r eminde r  of the building - otherwise shie ld ing i s  of stacked-block construction. 

Building Arrangements 

To e f f e c t i v e l y  u t i l i z e  such a cyc lo t ron  i t  was considered e s s e n t i a l  t o  arrange 

t h e  bui ld ing  i n  a manner which would ( a )  provide a l a r g e  number of t a r g e t  pos i t i ons ,  

(b)  permit  set-up work a t  a number of pos i  t i o n s  s imultaneously wi th  experimental 

opera t ion  a t  o the r s ,  and ( c )  provide s u b s t a n t i a l  l abo ra to ry  a reas  away from the beams 

f o r  use i n  assembly and t e s t i n g  of equipment and f o r  r ad io i so tope  s tud ie s .  Following 

these general  gu ide l ines ,  the  f l o o r  p l an  shown i n  Fig. 2 w a s  developed. Fig. 3 is a 

perspec t ive  ske tch  of t h e  experimental a r e a  showing t h e  arrangement of s tacked block 

sh ie ld ing .  The g ross  f l o o r  a r e a  of the bu i ld ing  is  34,500 square f e e t  and the  cos t ,  

inc luding  a r c h i t e c t s '  f ee s ,  is $1,008,057. Completion i s  scheduled f o r  the summer of 

1963. 

Beam Analyzing System 

Momentum ana lys i s  of the beam from the cyclo t ron  i s  accomplished by a p a i r  of 

90°, n = $ magnets as can be seen i n  Fig. 2 and 3. Downstream from the  analyzing 

magnets a p a i r  of a t ee r ing  magnets w i l l  be provided t o  s h i f t  t h e  beam t o  va r ious  t a r g e t  

pos i t i ons ,  along wi th  a s e r i e s  of quadrupole magnets t o  accomplish necessary focusing. 

Beam-optical s t u d i e s  have been performed on a s t e e r i n g  system i n  which single-stage,  
ve r t i ca l ly - focus ing  quadrupoles a r e  p laced  before and a f t e r  a f l a t - f i e l d  s t e e r i n g  
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Sess ion  IV 

Fig. 4 Plan view of a por t ion  of the  beam analyzing and 
s t o e r i n g  system. N, and N, a r e  N = 1/2 bonding 
mngnets, N, and & f l a t  f i e l d  mngncts, BC1 , beam 
cntchcrs,  Q1 standard qundrupoles, the  Q: v e r t i c -  
a l l y  focusin: qundrupolcs, S1 various s l i t s ,  
T is thc  t a r g e t ,  4 the s c a t t e r i n g  angle,  a the  
t a r g e t  angle,  P a photographic p l a t e  d e t e c t o r ,  and 
FC a Faraday cup and beam catcher.  The + and - 
symbols denotc boam p o l a r i t y  f o r  a negative ion  
r e a c t i o n  experiment. The assumed rad ius  of 
curva ture  i s  36" i n  Nl, M,, and N, and 50" i n  Lb. 

Fig. 5 Left  - an  expanded median-plane view of the  focus- 
ing  of p i r s  of r a y s  of varying divergence by a 
90 , n = 1/2 magnet. The t h r e e  p a i r s  of r a y s  
s t a r t e d  on the o p t i c  nx is  with divergence angles  
of 25, + 10, and 215 mill i-radians.  Right - 
s imi lnr  view f o r  a magnet with a f i e l d  given by 
B(r )  = B(ro) 11 - 0 . 5 ~  + 0.425xZ], where 
X = ( r  - r ~ ) / r ~ .  Median-plane a b e r r a t i o n s  a r e  seen 
t o  be e s s e n t i a l l y  el iminated by t h i s  f ie ld .  

magnet. The r e s u l t s  s h m  t h a t  such a s t e e r i n g  system behaves e s s e n t i a l l y  l i k e  a 

double-focusing n = magnet, which is h igh ly  d e s i r a b l e  i n  s t e e r i n g  a well-f  ocused 

beam t o  t he  t a r g e t .  

The p a i r  o f  90°, n  = & magnets have t h e  a t t r a c t i v e  f e a t u r e  of a l lowing  a broad 

v a r i a t i o n  i n  t h e  r e so lv ing  power merely by changing t h e  p o s i t i o n  of the i n i t i a l  

o b j e c t  ri t h  r e s p e c t  t o  the  f i r s t  magnet2). Re fe r r i ng  to  Fig. 4: when t he  o b j e c t  is 

a t  S;, which is the f o c a l  p o i n t  of magnet YI, a l l  ene rg i e s  focus w i th  u n i t  

magni f ica t ion  and ze ro  d i s p e r s i o n  a t  p o i n t  A. Henoe the  system i n  t h i s  cond i t i on  

func t i ons  e s s e n t i a l l y  a s  a p e r f e c t  achromat. Transmission is l i m i t e d  only by the  

f i n i t e  ape r t u r e  of magnet M and by non l i n ea r i t e s .  E s s e n t i a l l y  a l l  p a r t i c l e s  should 
2 

be t ransmi t ted .  I f  t he  o b j ec t  is s h i f t e d  away from the  f i r s t  magnet by one foca l  

l eng th ,  t o  p o s i t i o n  S1, the d i spe r s i ons  of the two magnets add, y i e l d i n g  a  momentum 

r e s o l u t i o n ,  Ap/p, of 27 p a r t s  i n  100,000 f u l l  width a t  ha l f  maximum, when s l i t s  Si 

and S a r e  s e t  t o  2 mm ape r tu r e .  
4 

To determine t h e  e x t e n t  of a b e r r a t i o n s  i n  t he  magnet system t h e  o r b i t - t r a c k i n g  

codes, which were used i n  the  des ign  of t he  cyc lo t ron ,  have been employed f o r  r a y  

t rac ing .  The technique has t h e  advantage of g i v i n g  the exaa t  median p lane  s o l u t i o n  

a t  once, thereby avoiding t he  l abo r ious  term-by-term computation of the  usual  s e r i e s  

expansion. Fig. 5 shows the r e s u l t s  of two s e t s  of median-plane r ay - t r a c ing  

experiments,  one i n  a  pure n = & f i e l d ,  and one i n  an n = 4 f i e l d  wi th  an  a d d i t i o n a l  

term i n  x L  of emp i r i c a l l y  optimized magnitude. For a x i a l  motion s t u d i e s ,  o r b i t  

programmes such as the MURA 111-Tempered-Five rout ine ' )  can  inc lude  axial motion 

accu ra t e  to  e s s e n t i a l l y  any o rde r  des i red .  Fig. 6 shows r e s u l t s  of a  s e r i e s  of a x i a l  

motion r u n s  wi th  Ill-Tempered-Five to  determine t he  e x t e n t  of coupl ing  of t he  a x i a l  

i n t o  t h e  r a d i a l  motion. The r a d i a l  displacement  i nc r ea se s  wi th  i nc r ea s ing  z ampli- 

tude. Henoe a given r a d i a l  reso lu t ion  r e s u l t s  i n  a maximum a l lowable  a x i a l  amplitude. 
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Fig. 3 Perspeotiva out-a-i~ay sketch  of the h igh  bay area shoring the srrongemant ofstaoked-block ehielding.  
The overhead orans has 40 ton capacity.  Ono o f  the hydraul ica l ly  actuated ah ie ld  doors i s  v i s i b l e  
i n  the out-n-nay a t  the r i g h t ;  the doore r i s e  from below-the-floor p i t s  on atsndard e levator  ram. 
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Sess ion  I V  

The r e s u l t s  shown i n  Fig. 5 and 6 a r e  

f o r  sharp-edged magnets, i.e. the f i e l d  is 
A Z  = Ar A Z = Z A r  

azimuthal ly uniform w i  t h i n  the magne t and 

zero  outs ide .  Median-plane s t u d i e s  have been 

performed a l s o  f o r  a  f i e l d  w i t h  r e a l i s t i c  

edges. I f  the  edge is proper ly  p laced  the re  

w i l l  be no apprec iab le  d i f f e r e n c e  from the 

sharp-edge r e s u l t s .  

From t h e s e  pre l iminary  s t u d i e s  i t  

appears  t h a t  a b e r r a t i o n s  i n  the  magnet system 

can be  made q u i t e  small provided t h a t  s u f f i -  

c i e n t  c a r e  is exerc ised .  I t  is planned t o  

measure the f i e l d  of each  ana lyz ing  magnet,, 

compute o r b i t  p r o p  r t i e s ,  and c o r r e c t  the 

f i e l d  on the b a s i s  of t h e  computations. I t  

i s  hoped t h a t  t h i s  method w i l l  l e a d  t o  

Fig. 6 Medinn plane  p r o j c o t i o n s  of rnys  wi th  var ious  z 
amplitudes i n  t h e  X' oorrcc tod ,  n  = 1/2 f io ld .  
 hi AZ'S nnd b r ' s  r o f o r  t o  displncoments n t  the  
c e n t o r  of t h e  n ~ l y z i n g  magnet. Tho rnys  Az = 0 
a r e  t h e  +5 nnd + l 5  mill i-raxlian r n y s  from tho  
r i g h t  of Fig. 5. 

b e t t e r  r e s u l t s  t h a n  the u s u a l l y  employed hot-wire technique. 

Negative Ion React ion Experime* 

A t  the Los Angeles Conference an i n t e r e s t i n g  specu la t i on  was r a i s e d  by the  

Colorado group4) concerning the  a c c e l e r a t i o n  of H- ions ,  wi th  e x t r a c t i o n  by con- 

ven t iona l  means and t h i n  f o i l s  employed downstream as s l i t s  f o r  t he  ana lyz ing  system. 

The t h i n  f o i l s  e f f e c t i v e l y  e l imina t e  s l i t  s c a t t e r i n g ,  and the  s l i t  a p e r t u r e  can the re -  

f o r e  i n  p r i n c i p l e  be as snlall a s  des i r ed ,  g iv ing  beams of ve ry  high r e so lu t ion .  Since 

d e t a i l e d  e s t i m a t e s  of the  p r o p e r t i e s  of t h e  e x t e r n a l  beam of che hISU cyc lo t ron  a r e  

a v a i l a b l e  from the previous performance s tudy1 ), an  i n t e r e s t i n g  specu la t i ve  e s t i m t e  

of the parameters  of a t y p i c a l  r e a c t i o n  experiment e a s i l y  fo l lows  by apply ing  t h e  

techniques of a r e s o l u t i o n  s tudy  by cohenS) t o  t h e  s i t u a t i o n  posed by the  Colorado 

group. 

The e f f i c i e n c y  of nega t ive  i o n  sources g ives  r i s e ,  of cou r se ,  t o  cons iderable  

u n c e r t a i n t y  i n  t he  e s t ima te s .  For purposes of computation the  phase-space d e n s i t y  of 

the H- i on  beam from t h e  source was a r b i t r a r i l y  assumed t o  be 1/10 of t h a t  measured 
+ 

f o r  H beams. With t h i s  assumption the  p r o p e r t i e s  of the ex t e rna l  beam can be 

c a l c u l a t e d  from the  known o r b i t  dynamics of t he  cyc lo t ron  and e x t r a c t o r  u s ing  the  same 

techniques a s  prev ious ly .  An ex te rna l  cu r r en t  of 250 VA of 50 MeV H- ions  is 

p r e d i c t e d  wi th  an  energy spread of 60 keV, a r a d i a l  spot-s ize-divergence of 0.004 

radian-cm, and an a x i a l  spot-size-divergence of 0.02 radian-cm; a l l  q u a n t i t i e s  being 

f u l l  widths. 

Fig. 4 d e p i c t s  a t y p i c a l  r e a c t i o n  experiment u s ing  the negat ive  beams. The 

i n i t i a l  o b j e c t  s i z e  and divergence a r e  de f ined  by the f o i l s  S1 and S  - p a r t i c l e s  3 
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Session I V  

pene t r a t ing  e i t h e r  f o i l  become p o s i t i v e  and a re  defl  ec t ed  i n t o  the beam ca tcher  BC1. 

The momentum spread is def ined  by S4 - p a r t i c l e s  p e n e t r a t i n g  S4 a r e  d e f l e c t e d  i n t o  

BC by M3, while  t h e  negat ive  p a r t i c l e s  pass ing  through the ape r tu re  of S4 a r e  focused 
2  

on the t a rge t .  I n  t he  t a r g e t  a l l  p a r t i c l e s  become p o s i t i v e  and a  t h i ck  s l i t  S5 must 

be provided i n  f r o n t  of the r e a c t i o n  products  ana lyzer  M t o  de f ine  the  s c a t t e r i n g  
4  

angle. This  s l i t  can f o r t u n a t e l y  be r a t h e r  l a rge  even f o r  an ord inary  f  l a t - f  i e l d  

r e a c t i o n  products  magnet, so t h a t  s c a t t e r i n g  from t h i s  s l i t  is of s n u l l l  e f f e c t .  Since 

a l l  o the r  s topping beam i s  guided i n t o  heavi ly-shielded beam ca t che r s ,  t h e  experimental 

s i t u a t i o n  should be extremely clean.  

Sources of e r r o r  i n  such an analyz ing  system and r e a c t i o n  experiment have been 

t abu la t ed  by cohen'). These include: ( a )  d i r e c t  momentum e r r o r  due t o  the s i z e  of 

S1 and S4, (b)  kinematic e r r o r s  due to v a r i a t i o n  i n  center-of-mass s c a t t e r i n g  angle 

allowed by S  and S5, ( c )  ta rge t - th ickness  e r r o r s  due t o  v a r i a t i o n  i n  depth  w i t h i n  the  3 
t a r g e t  a t  which s c a t t e r i n g  occurs and t o  f l u c t u a t i o n s  i n  energy l o s s ,  and (d )  e r r o r s  

analogous to ( a )  and (b)  due t o  f i n i t e  a x i a l  s i z e  of the  slits. 

With t h e  s i t u a t i o n  shown i n  Fig. 4, the  methods of Cohen p r e d i c t  a  counting r a t e  

of 100/hour a t  a  r e s o l u t i o n  of 2 2 keV when 30 NeV protons a r e  i n e l a s t i c a l l y  s c a t t e r e d  

t o  a l e v e l  of 10 NeV e x c i t a t i o n ,  assuming S  t o  have an ape r tu re  of 0.005" r a d i a l l y  1 
by 0.750" v e r t i c a l l y ,  S  t o  be  l.OOOn by 0.900n, S  t o  be O.lOOn by l .OOOn,  S5 t o  be 3 4 
0.600" by 0.90OW, the t a r g e t  t o  be  of mass 170 and th i ckness  0.15 mg/cm2 o r i en ted  a t  

an ang le  a of 20°, t h e  s c a t t e r i n g  angle  6 t o  be 30°, and the  cross-sec t ion  fo r  

s c a t t e r i n g  from the  p a r t i c u l a r  l eve l  t o  be 0.1 mb/steradian. The r e s u l t i n g  counting 

r a t e  is approximately 2.5 times the  minimum leve l  cons idered  workable by Cohen. 

Conclusions 

The l a rge  bu i ld ing  and f l e x i b l e  experimental a r e a s  a r e  expected to  allow 

e f f e c t i v e ,  multi-purpose use of the cyc lo t ron  f o r  an  extens ive  period of years .  The 

proposed a n a l y s i s  system is highly f l e x i b l e  i n  r e s o l u t i o n  and can apparent ly  be con- 

a  t ruc  t e d  wi th  minimal abe r ra t ions .  The specula t ion  regard ing  negative-ion reuc t i o n  

experiments i n d i c a t e s  a s t rong  p r o b a b i l i t y  t h a t  u l t r a -p rec i s ion  r e a c t i o n  s t u d i e s  can 

be speedi ly  accomplished wi th  a r e l a t i v e l y  simple ana lys i s  system. 
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D 1  SCUSSION 

RICHARDSON : I would l i k e  t o  comment t h a t  one should no t  take too se r ious ly  the  
p r e s e n t  b i g  performance a t  UCLA. I n  my view I think t h a t  the  r a t i o  between p o s i t i v e  
and negat ive  ions  i s  about  200 a t  t h e  moment. On the o the r  hand Kelly a t  Berkeley 
has  observed 5 mA of negat ive  ions ou t  of an ion source. However, t h i s  r e q u i r e s  a 
l a r g e  through-put of gas. If your pumping speed is very poor, such as it i s  a t  
p re sen t  a t  UCLA, you cannot do t h i s ,  and you cannot take advantage of t h e  negative 
ions  the way you should. 

BLOSSER : Actually i n  making these  e s t ima tes  we were t r y i n g  to  take a l i t t l e  i n t o  
account t h e  f a c t  t h a t  t h e  a c c e l e r a t i o n  of negative ions  is  a r a p i d l y  improving science, 
and t r i e d  t o  e x t r a p o l a t e  t o  what i t  might be when we start running. 

I might add a remark r e l a t i v e  t o  the comment on what f l o o r s  i t  takes  to  hold 
our sh i e ld ing  walls. According t o  our a r c h i t e c t  ten inches of concre te  wi th  double 
r e in fo rc ing  is a l l  t h a t  is requi red .  The f l o o r  is l a i d  on undis turbed  ea r th .  
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