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A b s t r a c t 

The ion optics of a " G a n t r y - I l l u m i n a t o r " is presented and by an analytical formalism 
the guidelines and l imits for the optimalisation of the system's main parameters are 
shown. 

1 Introduction 
Cons ider ing the l a y o u t of dedicated medica l accelerators for the the t u m o r t h e r a p y w i t h 
re la t iv i s t i c l i g h t i o n beams [1], [2] i t becomes evident t h a t one the m a i n subjects o f interest 
is the beam del ivery system to the p a t i e n t . A c c o r d i n g to a h i g h l y specified i r r a d i a t i o n p l a n 
3] th i s beam del ivery system t ranspor t s the i o n beam f r o m the accelerator i n t o the t u m o r 

c reat ing the desired dose d i s t r i b u t i o n . One of the demands c o m i n g f r o m the i r r a d i a t i o n p l a n 
is a narrow b e a m , as used i n most p r a c t i c a l cases. A n o t h e r d e m a n d is the v a r i a b i l i t y of the 
inc ident beam angle , w h i c h can be achieved by a r o t a t a b l e g a n t r y c o n s t r u c t i o n [4] , [5] , [6 . 
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Figure 1: Schematic of G a n t r y B e a m Del ivery System 
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Such a g a n t r y , see F i g . l , m a y consist o f three m a j o r groups , cal led M A T C H E R , S H I F T E R 
a n d I L L U M I N A T O R [7]; the M A T C H E R , a series of magnet i c q u a d r u p o l e lenses t o m a t c h the 
beam emi t tance to the G a n t r y acceptance, the S H I F T E R , an a n t i d i r e c t i o n a l pa i r of magnet i c 
dipoles t o shi f t the beam para l le l t o the o r i g i n a l d i r e c t i o n a n d the I L L U M I N A T O R , to bend 
the beam f i n a l l y to the targe t , p r o d u c i n g a sui table beam shape i n the t u m o r range. A n 
i n c o r p o r a t e d " ras ter scan" device [3] sweeps the beam i n x a n d y d i r e c t i o n a n d creates a 
preset dose d i s t r i b u t i o n . Together w i t h the energy v a r i a b i l i t y of the i o n b e a m con formal 
r a d i a t i o n t r e a t m e n t of t u m o r s can be achieved. 

2 T h e Ion Optics of the I l luminator . 
T h e i l l u m i n a t o r m a y consists at least of one d ipo le ( b e n d i n g m a g n e t ) or o f a system of d ipo le 
magnets , quadrupo l e magnets etc. Magnet i c sweepers, t o move the beam i n the i r r a d i a t i o n 
area, are placed to i ts focal po ints F i , , a n d F iy to achieve a para l l e l s h i f t i n g b e a m axis at the 
target [7 
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Figure 2: Schematic G r a p h of I l l u m i n a t o r Opt i cs 

T h e displacements O^,, Oy of beam axis , due to sweeper ac t i on are g iven by the equat ions : 

= X iana^ (1) 

Oy = fy X tanay (2) 

where f̂ ., fy are focal distances (see F ig .2 ) a n d ay are the beam angles after sweeper 
passage. Usual ly the t r e a t m e n t demands for a smal l d iameter , low divergent beam a n d we 
now are l o o k i n g for q u a n t i t a t i v e l i m i t s of th is beam for a given o p t i c a l system a n d also for the 
o p t i m u m i n p o s i t i o n i n g the t u m o r i n the system. T h e i l l u m i n a t o r [7] is ionoptica. ly described 
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by the t r a n s f o r m a t i o n m a t r i x M , w h i c h is i n general o f d imens ion (6x6 ) [8] For s i m p l i f i c a t i o n 
o p t i c a l propert ies are seen o n l y for plane xz . For the y - d i r e c t i o n , plane yz, the s i t u a t i o n 
is s i m i l a r . A lso dispersive propert ies of the b e n d i n g Magnets are neglected ( the dispersion 
f u n c t i o n a n d i ts f i rst der iva t ive is set to zero by su i tab le sett ings of the lenses preceding the 
sweepers). Now M is merely o f d imens ion ( 2 x 2 ) . F u r t h e r m o r e i t is advantageous for the 
c a l c u l a t i o n when the references po in ts [9] are b o t h set to the focal po ints F i a n d F2 (see 
F i g . 3 ) . 
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Figure 3: M a t r i x Schema for I l l u m i n a t o r Opt i cs Ca l cu la t i ons 

Regard ing the I l l u m i n a t o r as a lens, i t s t r a n s f o r m a t i o n m a t r i x M f r o m p o i n t F i to F2 

can be w r i t t e n as [10]. 

M 0 / i 
-1//2 0 

f i a n d {2 are i ts focal distances. I n our case they are equal a n d therefore the indices " 1 " 
a n d " 2 " are o m i t t e d . T h e t u m o r is s i t u a t e d i n the p o i n t P at distance L f r o m focal p o i n t F2 

( the value of L m a y be negat ive or zero t o o ) . T h e t r a n s f o r m a t i o n m a t r i x R f r o m p o i n t F i 
to p o i n t P is g iven by m u l t i p l i c a t i o n od the d r i f t m a t r i x L a n d the M m a t r i x : 

R = 
0 1) V - I / / 2 0 

I f i n the p o i n t F i the b e a m is characterized by o'(S) m a t r i x 

_ ( ^12(5) 
^ ' ~ [ ^ 2 i ( 5 ) a 2 2 ( 5 ) 

t h e n i n the p o i n t P the m a t r i x cr(P) is g iven by 

a{P) = R X a{S) x R " ^ 

(3) 

(4) 
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D o i n g so, one gets 

f 

1 

<^l2iP) = - ^ ^ 1 1 ( 5 ) - 0-12(5) 

(5) 

(6 ) 

(7) 

Lets now ask the quest ion : Can the crn(-P), character iz ing the size o f the beam, rench 
zero value for a cer ta in L? I f the answer is yes the next equat i on must be f u l f i l l e d : 

—c7 „ ( 5 ) - 2Lau{S) + / V 2 2 ( 5 ) = 0 (8 ) 

T h i s equat i on is q u a d r a t i c i n the var iable L , a n d i f i t is satisfied for some L , then the 
d i s c r i m i n a n t D is no t negat ive . T h u s 

D = Aa^S) -
[fj 

^ l l ( 5 ) / V 2 2 ( 5 ) 

A f t e r s i m p l i f y i n g and i n t r o d u c i n g the emi t tance by equ. 

e = 7 r x £ = 7 r x sJdeta{S) 

we get 

D = -ie' (9) 

For a realistic emi t tance ( £ > 0 ) , the d i s c r i m i n a n t is negat ive . T h i s indicates t h a t zero size 
of beam does not exist . T h e o p t i m a l distance for L is where o -u (P) is at m i n i m u m . I t can 
be de termined by se t t ing the f irst der ivat ive of (Tn (P ) to zero. 

dL 
( c r u ( P ) ) = 0 

as fol lows f r o m equ. (5) 

(10) 

11) 

T h i s place is the waist as we can a lmost see f r o m equ.(6) se t t ing c r i 2 ( P ) = 0 . Us ing equ. 
(11) i n equ. (5) we get 

c r n ( P ) = (12) 

A f te r (12) the size of the o u t p u t b e a m depends o n l y on the r a t i o P ans C T I I ( S ) because 
of emi t tance conservat ion. For a given f one can always f i n d a cer ta in distance L where the 
size 2x^ of the beam's waist is d e t e r m i n e d by 
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(13) 

We can conclude now: T h e t u m o r has to be placed at a distance L f r o m F2 g iven by 
equ. (11) . Inside the t u m o r we can create a b e a m d iameter o f 2x^ g iven by equ.(13) w i t h 
divergence given by equ. (7 ) . 

A surpr i s ing result has to be m e n t i o n e d : A t the place of the sweeper no waist is r equ i red , 
b u t when there is a waist i n the sweeper, t h e n L = 0 . For g iven cr(S) we can calculate the b e a m 
i n p u t parameters . For the t r e a t m e n t the b e a m parameters inside the t u m o r are i m p o r t a n t , 
described by the (T (P ) m a t r i x . T h e task is now to f i n d the a(S) m a t r i x at the p o i n t where 
the b e a m enters the sweeper. For th i s purpose equ. (4) has to be m u l t i p l i e d f r o m the left 
side by m a t r i x ( the inverse m a t r i x of R ) a n d f r o m the r i g h t side by ( the inverse 
transposed m a t r i x o f R ) . 

a(S) = R - i X cr(P) X R - ^ (14) 

T h e elements of m a t r i x <j{S) are: 

a u ( 5 ) = / V 2 2 ( P ) (15) 

c^niS) = La22{P) - a,,{P) (16) 

cr22{S) = ^<r22{P) - -Tj'^niP) + -j^^rniP) (17) 
£2 \ 

-j^<r22{P) - jj'^niP) + J , 

F r o m these equations one can easily de termine the i n p u t b e a m requirements . A last 
r e m a r k : W h e n c r i 2 ( S ) = 0 after e q u . ( l ) L = 0 a n d after (6 ) the ai2{F)=0 t oo . For th i s case the 
t r a n s f o r m a t i o n " w a i s t - t o - w a i s t " occures a n d the wel l k n o w n r e l a t i o n is v a l i d : 

Xs*Xp = f 

where X is the " character i s t i c l e n g t h " of the beam, defined o n l y i n the waist by the 
equat i on : 

i cr22iw) 

3 Conclusion 
Necessary cond i t i ons for the design of a " G a n t r y - I l l u m i n a t o r " have been f o u n d . However 
for the realistic c o n s t r u c t i o n the use o f a n u m e r i c a l c o m p u t e r code, T R A N S P O R T [8] e.g., is 
unavoidable b u t the a m o u n t of o f t i m e c o n s u m i n g w o r k can be s ign i f i cant ly reduced f o l l o w i n g 
the guidelines o f the a n a l y t i c a l results . 
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4 Status of the G a n t r y Design Activit ies 
Three m a i n types o f Gantr ies have been inves t igated : T h e S u p r a c o n d u c t i n g Isocentr ica l 
G a n t r y , the N o r m a l c o n d u c t i n g Isocentric G a n t r y a n d the N o r m a l c o n d u c t i n g Excentr i c G a n t r y . 
A l l Gantr ies have been invest igated w i t h respect to i n t e g r a t e d beam sweeping i n b o t h direc
t i ons , smal l beam d iameter a n d m i n i m a l divergence at the G a n t r y ex i t ( t u m o r ) . 

T h e s u p r a c o n d u c t i n g isocentric G a n t r y shows some advantages as were: 

s m a l l over -a l l d iameter : below 8 meters 
smal l beam size below 1 m m diameter 
q u a d r a t i c i r r a d i a t i o n area 10cm x 10cm 
a n d isocentric geometry . 

T h e on ly disadvantage is the u n f a m i l i a r technology o f S u p r a c o n d u c t i v i t y ; m a n y problems 
i n th is f ie ld remained unsolved up to now: T h e movement , due to mechanica l r o t a t i o n , o f the 
superconduc ing G a n t r y m a y be c r i t i c a l (because of quench ing ) . T h e m a n u f a c t u r i n g o f b i g 
curved superconduct ing d ipo le magnets is no t a s t a n d a r d technology. T h e fast f ie ld v a r i a t i o n , 
unavo idable i n the t r e a t m e n t o p e r a t i n g , can be done w i t h b ig effort only . 

Scanning a r e a i 10 cn x 10 cn 

-o-o—( 

•CH> 
3.34 n 

•14,2 n 

Dipole bending r a d i u s ' 1.25 rn 

Figure 4: Schematic of Superconduct ing Isocentric G a n t r y 

T h e n o r m a l c o n d u c t i n g isocentric G a n t r y was m a i n l y regarded as a m o d e l only , no no t 
as serious a l t e r n a t i v e for rea l i sa t i on . T h e over -a l l d iameter of at least 10m a n d the weight 
of more then 80 tons give reason to l o o k for other so lut ions , however the basic i o n o p t i c a l 
features h a d been clearly worked o u t w i t h th is l a y o u t . 
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A way out of th i s d i l e m a can be seen i n the n o r m a l c o n d u c t i n g excentric g a n t r y a lready 
described by Pedron i [5] for P r o t o n beams a n d by C a r l i [4] for O x y g e n beams. T h i s l ayout 
has the advantage o f smaller over -a l l d iameter b u t is inconvenient for the t r e a t m e n t itself , 
because the m o v i n g o f the p a t i e n t accord ing to the selected g a n t r y angle has t o be accepted. 
O u r c o n s t r u c t i o n is designed for 7 T m Neon beams. T h e i r r a d i a t i o n area is (5 x 20)cm^ a n d 
a d d i t i o n a l l y th is rec tangular shape m a y be advantageous for m a n y t r e a t m e n t cond i t i ons . 
Together w i t h a t r a v e l i n g c a b i n , hous ing the t r e a t m e n t fac i l i t ies , the over -a l l d iameter o f the 
g a n t r y f r a m e w o r k m a y stay below 7 meters . A s l i g h t l y smaller s o l u t i o n us ing 2 Tesla d ipo le 
magnet f ie ld was also s tud ied b u t stays frozen t e m p o r a r i l y because of the unclear feas ib i l i ty 
o f such magnets . 

Scanning a r e a i 20 c n x 5 c n 
s c y s e x 

19.6 n - — — I 
Dipole bending r a d l u s ! 4,4 n 

Figure 6: N o r m a l c o n d u c t i n g Excentr i c G a n t r y 
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