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[ 5 7 ] A B S T R A C T 

Isochronous cyc lo tron using an air core superconduc-
ting m a g n e t to provide high intensity magnet ic fields. 
T o provide an axial focuss ing field, iron sectors with 
spiral e d g e s act ing as flutter po l e s pos i t ioned in the 
magnet ic field such that saturation of the iron in the 
sectors g ives an increased f ie ld b e t w e e n the sectors 
and a slightly decreased field outs ide . 
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S U P E R C O N D U C T I N G C Y C L O T R O N tors 17a , 176 conta in ing m o v a b l e tuning shorts 18a , 
186. Energy is prov ided via a coaxia l line 19a having a 

This invent ion relates t o an i s o c h r o n o u s cyc lo t ron cen ter c o n d u c t o r 2 0 a which is c o n n e c t e d t o the tuning 
and m o r e particularly to a cyc lo t ron for produc ing shorts. T h e R F p o w e r supply ( n o t s h o w n ) is general ly 
b e a m s o f heavy or light i ons in w h i c h the m a g n e t i c f ie ld 5 c o n v e n t i o n a l and in a typical des ign w o u l d provide 6 0 
for orbit ing the ions is p r o d u c e d by s u p e r c o n d u c t i n g kw at 2 2 - 4 5 M H z . The four upper and lower grounded 
coi ls . sec tors 16c ( s ee FIG. 2 ) conta in iron f lutter po le p i e c e s 

O n e o f the d i sadvantages o f the cyc lo t ron has b e e n s h o w n in cross s e c t i o n as 2 1 a and 2 1 6 in FIG. 1. 
the great s ize and w e i g h t of the large radius iron p o l e T o maintain a constant orbital angular ve loc i ty for 
p i e c e s required to p r o d u c e high energy ions with the 10 the ions during acce l era t ion ( i s o c h r o n i s m ) a magnet i c 
magne t i c f ie ld strength l imited to less than the 2 . 2 f ie ld w h i c h increases with radius according to the rela-
Tes la saturat ion value for iron. A n o t h e r c o m p l i c a t i o n t ion, 
arises when the ion velocities approach the speed of _ 
light, and relativistic effects become important. Then < a ( K ) > — y (K)tsc 

the ion velocity is no longer constant and ion arrival at 15 is required. 
the acce lerat ing gaps w o u l d not be at the proper phase . <B(R)> is the average midplane f ie ld at radius R 
This can be correc ted for by making the m a g n e t i c in- y(R) is the relativistic fac tor related to the ion kinet ic 
duct ion n o n u n i f o r m in the radial d irect ion but at the energy T and rest energy E0 by, 
e x p e n s e of introducing axial d e f o c u s s i n g forces . T h e s e n v p v / j r 
are overcome in present isochronous cyclotron designs 20 7(A ) — 1 [V(«)/£,„] 
with axial focuss ing p r o v i d e d by shaped sec tors (hill Bc is constant . 
and dale s tructures) built on or forming part o f the A magne t i c f ie ld with a m a x i m u m azimuthal ly aver-
magnet i c po le f a c e s such that axial f lutter focuss ing is age value o f 5 7 ( 5 0 , 0 0 0 G ) and a shape matching B(R) 
ach ieved . to within ± 0 . 1 % is generated by the superconduc t ing 

It is an o b j e c t o f the present invent ion to prov ide an 25 coi ls . N o r m a l trim coi l s 2 2 a , 2 2 6 provide the necessary 
i s o c h r o n o u s heavy and l ight ion cyc lo t ron o f small s ize adjustment for i sochronism. T h e cyc lo tron is c o n -
but giving high energies . n e c t e d to an input ion b e a m source at 2 2 and provis ion 

This and o ther objec t s o f the invent ion are a c h i e v e d is m a d e at 2 3 for extract ion o f the acce l era ted beam, 
by a c y c l o t r o n using an air core s u p e r c o n d u c t i n g mag- Referr ing m o r e particularly to FIG. 2 , the input b e a m 
net sys tem t o provide high intensity magnet i c f ie lds . T o 3 0 is in troduced tangential ly and on the midplane to orbit 
provide an axial f o c u s s i n g f ie ld , iron sec tors with spiral inwardly t o strike stripper foi l 2 3 suitably m o u n t e d on 
e d g e s act ing as f lutter p o l e s pos i t i oned in the m a g n e t i c a m o v e a b l e carriage ( n o t s h o w n ) for pos i t ioning pur-
f ield such that saturation o f the iron in the sec tors g ives poses . The ion energy and charge state o n inject ion are 
an increased f ield b e t w e e n the sec tors and a slightly de- c h o s e n so that the m o s t probable charge state af ter 
creased f ield outs ide . 35 stripping is approximate ly four t imes the initial charge 

In drawings which illustrate an e m b o d i m e n t of the state. With suitable pos i t ioning of the stripper foi l and 
invent ion , adjustment o f the source acce lerator ( t a n d e m Van de 

FIG. 1 is a cross - sec t ion o f a c y c l o t r o n structure with Graaf genera tor ) vo l tage , ions f rom Li1 to U 8 can be in-
s u p e r c o n d u c t i n g coi l s , j e c t e d into the cyc lo tron . Af ter passing the stripper foi l 

FIG. 2 is a plan v iew of the sectors , 4 0 the ions orbit outwardly (approx imate ly 1 0 0 turns) 
FIGS. 3 A , 3 B , 3 C il lustrate m o d e s o f operat ion of the f rom an inner orbit R, to an outer orbit R 0 be ing a c c e l -

rf acce l era t ing structure. erated in the eight acce lerat ing gaps 2 4 b e t w e e n the 
FIG. 4 is a s chemat i c of the p r o p o s e d c y c l o t r o n and sec tor pairs. T h e b e a m is ex tracted by e lectrostat ic de-

a tandem a c c e l e r a t o r supply , f l ec tors 2 5 pos i t ioned at the orbit periphery. The four 
FIG. 5 is a s c h e m a t i c of an inject ion sys tem, and 4 5 f lutter p o l e s ec tor pairs 2 1 are c o n v e n i e n t l y m o u n t e d 
FIG. 6 is a graphical representat ion o f the magne t i c in the grounded sec tors 16c and are c o m p l e t e l y en-

field. c a s e d in c o n d u c t i n g meta l to shie ld the magne t i c mate -
Referring to FIG. 1, a s u p e r c o n d u c t i n g cyc lo t ron is rial ( i r o n ) f rom the RF. T h e sec tors have spiral e d g e s 

conta ined in a v a c u u m tight e n c l o s u r e 10 conta in ing 2 6 as s h o w n to obtain suf f ic ient focuss ing , 
cryostat tanks 11 and 12 which conta in s u p e r c o n d u c - Referring to FIGS. 3 A , 3 B , and 3 C it will be s e e n that 
t ing main co i l s 13a , 136 , and 14a , 146 . B e c a u s e o f the the dev i ce descr ibed in FIGS. 1 and 2 has t w o reso-
large magne t i c attract ion b e t w e e n them, the large co i l s n a n c e s and can be used in t w o m o d e s , i .e . , a 0 - m o d e 
13a and 136 require a fairly strong separating structure w h e r e the upper and lower resonator plates or sec tors 
15 pos i t ioned b e t w e e n t h e m . T h e des ign of these co i l s ^ in e a c h pair ( A and B ) are in phase and a i r -mode w h e n 
which is wel l within the s c o p e o f present s u p e r c o n d u c - ' the upper and lower plates are out of phase or in "push-
ting magne t t e c h n o l o g y provides a magne t i c field a b o u t pul l ." In the 7r-mode the ion ve loc i ty at extract ion is 
three t imes that of an iron c o r e structure o f c o m p a r a b l e tw ice that in the 0 - m o d e as s e e n f r o m FIGS. 3 B and 3 C . 
size. This results in a m u c h smaller overal l s ize and re- In the Tr-mode, the acce l era t ing vo l tage at the gaps is 
duc t ions in space and c o n t a i n m e n t requirement . T h e ^ V„J V2"compared to V,„ for the 0 - m o d e b e c a u s e of the 
acce lerat ing structure is m a d e up o f eight upper and opera t ion m o d e and therefore a b o u t tw ice the RF 
lower c o n d u c t i n g s ec tors ( s h o w n in plan v iew in FIG. p o w e r is required. 
2 ) and s h o w n in cross - sec t ion as 16a, 166. T h e s e are FIG. 4 s h o w s a typical arrangement with the c y c l o -
pos i t ioned central ly in the air core reg ion and d e f i n e tron 3 0 be ing suppl ied from a negat ive ion source 3 1 , 
the orbital gap b e t w e e n t h e m with R,- be ing the inner a doub le drift h a r m o n i c b u n c h e r 3 2 for bunching the 
ion orbit radius and R 0 be ing the outer . T h e r e are four D C b e a m to a narrow phase width and a t a n d e m acce l -
" h o t " sec tors and four g r o u n d e d sectors . T h e h o t sec - erator 3 3 (wi th gas or foil stripper 3 4 ) for pre-
tors are c o n n e c t e d a l ternate ly to quarter w a v e resona- acce l era t ing the b e a m . A n analyzing m a g n e t 3 5 directs 
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the ion b e a m with des ired charge s tate to the foi l strip-
per 2 3 in the cyc lo tron . T h e o u t p u t o f the c y c l o t r o n is 
a heavy ion b e a m up to l O M e V / A or a light ion b e a m 
up to 5 0 M e V / A . FIG. 5 s h o w s the mid-p lane inject ion 
g e o m e t r y in m o r e detai l . Str ipper fo i l 2 3 has t o be cor- 5 
rectly p o s i t i o n e d for e a c h part icular type of ion used . 

Radial f o c u s s i n g o f the b e a m results f r o m the radially 
increas ing f ie ld required for i sochron i sm whi le vert ical 
( or ax ia l ) focuss ing is a c h i e v e d with an az imuthal ly 
varying f ie ld . T h e latter is p r o d u c e d by the iron s ec tors 10 
( f lut ter p o l e s ) m o u n t e d a b o v e and b e l o w the mid-
plane . T h e radial and axial f r e q u e n c i e s e x p r e s s e d as 
fract ions of the c y c l o t r o n f r e q u e n c y are m e a s u r e s o f 
the f o c u s s i n g f o r c e s , and are g iven by t h e f o l l o w i n g ap-
prox imate relat ions - 15 

vx*=\+k 
v2 = -k + ( A / W - 1 - ) / ( 1 + 2 tan 2 e) 

k is the average f ie ld index , 

k = (d<B>/<B>)/(dR/R) 
N is the n u m b e r o f s e c t o r s 
F is the f lut ter fac tor , F = (<B2>/<B>2) - 1 

and 
e is the f lutter p o l e spiral angle . 

In the m a g n e t i c f ie lds c o n s i d e r e d , i .e. , 5 2 Tes la , the 
iron f lut ter p o l e s will e x c e p t for small e d g e e f f e c t s , be 
uni formly m a g n e t i z e d with a magnet i za t ion equal to 
the saturat ion va lue M s ( M s = ( 2 / 4 i r ) X 10 7 A m p e r e 3 0 

turns/m for iron.) 
A s s e e n in FIG. 6 , the m a g n e t i c f i e ld o f the m a g n e -

t ized iron po l e s 2 1 a , 2 1 b is super imposd o n the co i l 
f ie ld H, result ing in an increased f ie ld AH b e t w e e n the 
po l e s and a sl ightly d e c r e a s e d f ie ld out s ide . T h e magni - 3 5 

tude of the increase d e p e n d s o n the gap d b e t w e e n the 
poles . In t h e limit of a very small gap the f ie ld increase 
is equal to Ms. For a reasonab le gap size such as that 
il lustrated in FIG. 1, the increase in approx imate ly 0 . 7 5 
M» or 1.5 T in the c a s e o f iron. For the four s e c t o r ge - 40 
ometry s h o w n in FIG. 2 , F ranges f rom = 0 . 0 1 5 at <B> 
= 5 7 to = 0 . 0 6 at < S > = 3 T. Axial f o c u s s i n g should be 
a d e q u a t e if v2> 0 . 1 , with a po le shape similar t o that 
s h o w n in FIG. 2 , this is t h e case for ion energ ie s up to 
10 M e V / A at <B> = 5 7 and up to 5 0 M e V / A at <B> 45 
= 3 7 . 

A typical des ign for the main s u p e r c o n d u c t i n g m a g -
net w o u l d be as f o l l o w s . T h e s u p e r c o n d u c t i n g co i l s are 
c o n s t r u c t e d o f 7 6 p a n c a k e wind ings e a c h with 130 
turns of 1 , 0 0 0 A c o n d u c t o r . T h e s u p e r c o n d u c t i n g N b T i 50 
is in the form o f f ine f i l a m e n t s e m b e d d e d in c o p p e r and 
twisted for stabi l izat ion against e d d y currents . Suff i -
c ient c o p p e r c o n d u c t o r and c o o l i n g surface is a l l owed 
for c o m p l e t e cryostat ic stabi l izat ion. Th i s m e a n s that 
the coi l c o u l d r e c o v e r f rom any poss ib le thermal tran- 55 
sient. A sta inless s tee l r ibbon is w o u n d in with the c o n -
d u c t o r to k e e p the h o o p stress b e l o w the y ie ld po int . 
T h e axial f o r c e is substantial s o that a strong support is 
required b e t w e e n the co i l s . T h e f ie ld in the coi l is wel l 
be low the critical va lue for NbTi . T h e current dens i ty 60 
is in the range that has b e e n used in s o m e exist ing large 
magnets . 

The f o l l o w i n g are representa t ion m e c h a n i c a l and 
e lectr ical design, parameters : 

M E C H A N I C A L 
Cross Section (Square ) 
Spacing 
Turns (both) 
Weight (bo th ) 

Average Hoop Stress 
Axial force 
ELECTRICAL 
Maximum Midplane Field 
Maximum field at conduc tor 
Conduc to r Current 
Overall Cur ren t Density 
Charging Time at 10 Volts 
(0 -5T) 
Stored Energy 

- C o n t i n u e d 

0.46 metres 
0.325 metres 
9880 
17.25 tonnes (1 tonne 

= 1000 Kg) 
7250 psi 
3400 tonnes 

5 Tesla 
6.2 Tesla 
1000 A 
2360/cm 2 

3.5 hours 
64 M Joules 

65 

MECHANICAL 
Inside diameter 1.84 met res 

T h e c y c l o t r o n spec i f ica l ly d e s c r i b e d a b o v e is illus-
trated only; var ious c h a n g e s and r e a a r a n g e m e n t s c o u l d 
b e m a d e , e .g . , the cyc lo t ron c o u l d a c c o m o d a t e an ion 
s o u r c e loca ted internally. This might require a c h a n g e 
in the des ign and c o n s t r u c t i o n o f the R F structure but 
this shou ld present n o great di f f iculty . Extract ion of the 
b e a m is a c h i e v e d by initial d e f l e c t i o n s with e l ec tro -
stat ic d e f l e c t o r s in adjacent g r o u n d e d sectors . T h e s e 
d e f l e c t i o n s bring the b e a m o u t over the e d g e o f the 
m a g n e t i c f ie ld where the orbit radius increases and the 
b e a m spirals out. Other extract ion m e t h o d s are possi -
ble . 

W e c la im: 
1. A n i s o c h r o n o u s c y c l o t r o n for heavy or light i ons 

compri s ing: 
a. a s u p e r c o n d u c t i n g coi l sys tem for p r o d u c i n g a 

s trong m a g n e t i c field in the air c o r e central ly o f the 
coi l s , 

b. an e v e n n u m b e r o f pairs, at least four in number , 
o f genera l ly f lat sec tora l c o n d u c t i n g plates , alter-
na te pairs o f which are at l ow or ground potent ia l 
and the o t h e r pairs are c o n n e c t e d to an R F vo l tage 
supply , m o u n t e d o n tunable quarter wave length 
resonator structures and def in ing an annular or-
bital region b e t w e e n the plates in the pairs and ion 
acce lera t ing gaps b e t w e e n the e d g e s o f the pairs o f 
p lates and pos i t ioned in and genera l ly o r t h o g o n a l 
t o the m a g n e t i c f ie ld in the central air core reg ion , 

c. m e a n s for energ iz ing said plates with an R F vo l tage 
such that orbit ing ions will be a c c e l e r a t e d b e t w e e n 
the gaps , 

d. m e a n s for inject ing the i ons t o be a c c e l e r a t e d into 
an inner pos i t ion in the orbital reg ion, 

e. m e a n s for extract ing the a c c e l e r a t e d ions at an 
orbit l oca t ion adjacent the per iphery o f the orbital 
reg ion , and 

f. m e a n s for varying the m a g n e t i c field in the radial 
d irec t ion t o prov ide radial f o c u s s i n g o f the orbit ing 
ion b e a m . 

2 . A n i s o c h r o n o u s c y c l o t r o n for heavy or light i o n s 
compris ing: 

a. a s u p e r c o n d u c t i n g co i l sys tem for p r o d u c i n g a 
s trong m a g n e t i c f ie ld in the air c o r e central ly of the 
co i l s , 

b. an e v e n n u m b e r o f pairs, at least four in n u m b e r , 
o f genera l ly f lat s ec tora l c o n d u c t i n g plates , alter-
nate pair o f w h i c h are at low or g r o u n d potent ia l 
and t h e o ther pairs are c o n n e c t e d t o an R F vo l tage 
supply , de f in ing an annular orbital reg ion b e t w e e n 
the p lates in the pairs and ion a c c e l e r a t i n g gaps be-
t w e e n the e d g e s o f the pairs o f p lates and pos i -
t i oned in and genera l ly or thogona l to the m a g n e t i c 
f ie ld in t h e centra l air c o r e region, where in the 
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pairs o f sectora l p la tes at ground or low vo l tage 
have assoc ia ted and m o u n t e d adjacent t o t h e m 
pairs o f shaped ferrous material structures , said 
pairs of structures b e i n g pos i t i oned in the m a g n e t i c 
f ie ld and as o p p o s i n g pairs on e a c h s ide of the or-
bital region such as t o b e c o m e saturated in the 
m a g n e t i c f ield and increase the magne t i c f ie ld be-
t w e e n them and thus providing a f lutter po le axial 
f o c u s s i n g e f f e c t to the orbit ing ions, 

c. m e a n s for energiz ing said plates with an R F vo l tage 
such that orbiting ions will be a c c e l e r a t e d b e t w e e n 
the gaps, 

d. m e a n s for inject ing the ions to b e a c c e l e r a t e d into 
an inner pos i t ion in t h e orbital reg ion, 

e. m e a n s for extract ing the a c c e l e r a t e d ions at an 
orbit locat ion adjacent the periphery o f the orbital 
region, and 

f. m e a n s for varying the magne t i c f ie ld in the radial 
d irect ion to provide radial focuss ing of the orbiting 
ion b e a m . 

3 . A n i s o c h r o n o u s c y c l o t r o n for heavy or light ions 
compris ing: 

a. a superconduc t ing coi l sys tem for produc ing a 
s trong magne t i c f ie ld in the air c o r e central ly o f the 
coi l s , 

b. e ight pairs o f genera l ly f lat sectoral c o n d u c t i n g 
plates def in ing an annular ion orbital region be -
t w e e n the o p p o s i n g p la tes in the pairs and ions ac-
ce lerat ing gaps b e t w e e n the e d g e s of the pairs o f 
plates and pos i t ion in a ring and general ly or thogo -
nal to the magnet i c f i e ld in the central air c o r e re-
g ion , 

c. m e a n s for energiz ing said plates with an R F vol tage 
such that orbit ing ions will be acce l era ted b e t w e e n 
the gaps , 

d. m e a n s for inject ing the ions to be acce l era ted into 
an inner posi t ion in the orbital region, 

e. m e a n s for extract ing the acce l era ted ions at an 
orbit l oca t ion adjacent the periphery of the orbital 
region, 

f. trim co i l s m o u n t e d a b o v e and b e l o w the b e a m or-
biting region to adjust the magne t i c f ie ld shape in 
the air core region and prov ide an accurate ly iso-
c h r o n o u s radial prof i l e , and 

g. four pairs of shaped ferrous material s tructures p o - 45 
s i t ioned in the m a g n e t i c field in the air core reg ion 
and as a ring of o p p o s i n g pairs o n e a c h s ide o f the 
orbital region such as to b e c o m e saturated in the 
m a g n e t i c f ie ld and increase the magne t i c f ie ld be -
t w e e n structures in the pairs and thus providing an 
axial focuss ing e f f e c t to the orbit ing ions. 

4 . A n i s o c h r o n o u s cyc lo t ron as in c la im 3 where in 
the coi l arrangement is m a d e up o f a first pair of super-
conduc t ing coi l f irmly m o u n t e d in s p a c e d axial relat ion 
and a s e c o n d pair of s u p e r c o n d u c t i n g coi l s of smal ler 
cross - sec t ion and d iameter m o u n t e d radially inward o f 
the first pair. 

5 . A n i sochronous cyc lo t ron as in c la im 3 where in 
the ferrous material is an iron conta in ing metal . 

6 . A n i sochronous c y c l o t r o n as in c la im 3 w h e r e i n 
four alternate pairs o f the sectoral p lates are c o n n e c t e d 
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via tunable quarter-wave resonators t o the R F supply 
and the inter leaved remaining four pairs of plates are 
c o n n e c t e d to ground or low potent ia l and have the four 
pairs o f shaped ferrous material structures pos i t ioned 
adjacent to their sur faces away from the orbital region. 

7. A n i s o c h r o n o u s cyc lo t ron for heavy or light ions 
compris ing: 

a. a first pair o f superconduc t ing coi l s f irmly 
m o u n t e d in s p a c e d axial relation, 

b. a s e c o n d pair of superconduc t ing coi l s o f smal ler 
cross - sec t ion and d iameter m o u n t e d radially in-
ward o f the first pair, said first and s e c o n d pairs of 
co i l s capable of produc ing a strong unidirect ional 
m a g n e t i c f ie ld in the air core region central ly o f the 
coi l s , 

c. e ight pairs o f general ly f lat sectoral conduc t ing 
plates def in ing an annular ion orbital region be-
t w e e n the oppos ing plates in the pairs and ion ac-
ce lerat ing gaps b e t w e e n adjacent e d g e s o f the pairs 
o f plates and pos i t ioned in a ring in and general ly 
or thogona l to the magne t i c f ie ld in the central air 
core region, 

d. two tunable quarter-wave resonators e lectr ical ly 
c o n n e c t e d to an RF p o w e r supply and to four alter-
nate pairs of said plates such that orbiting ions be -
t w e e n the plates will be acce l era ted b e t w e e n the 
gaps , said resonators be ing turned to e i ther the 0 -
m o d e or i r -mode resonance e i ther in phase o f 180° 
o u t o f phase to prov ide t w o acce lerat ing m o d e s of 
operat ion , 

e. m e a n s for inject ing the ions t o be acce l era ted into 
an inner pos i t ion in the orbital region, said m e a n s 
including a stripper foi l for chang ing the charge 
state o n i n c o m i n g ions , 

f. m e a n s for extract ing acce l era ted ions at an orbit 
locat ion adjacent the periphery o f the orbital re-
g ion, said m e a n s inc luding capac i tor plates carry-
ing a potent ial such as to d e f l e c t the ion b e a m out-
wardly f rom the orbit region, 

g. trim coi l s m o u n t e d a b o v e and b e l o w the b e a m 
space t o adjust the magne t i c field in the radial 
sense to provide an accurate ly i s o c h r o n o u s radial 
f ie ld variation, 

h. four pairs of shaped ferrous material s tructures po -
s i t ioned in the magnet i c field in the air core region 
and as a ring of o p p o s i n g pairs o n e a c h side o f the 
orbital region s u c h as to be magnet ica l ly saturable 
in the magnet i c field and provide a f ixed increase 
in the magne t i c field b e t w e e n structures in the 
pairs and thus an axial focuss ing e f f e c t to the orbit-
ing ions , 

i. e a c h o f said structures be ing pos i t ioned adjacent to 
e a c h plate o f the remaining alternate pairs of said 
sectoral plates , said p lates be ing c o n n e c t e d to 
ground or low potent ia l , 

j. e a c h o f said structures be ing e n c l o s e d in c o n d u c t -
ing material to shield them from R F e f f e c t s and 
having at least o n e spiral shaped e d g e , said spiral 
shape be ing predetermined for o p t i m u m axial fo-
cuss ing. 

65 


