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UNIFOIPJ DEPTR-DOSE DISTRIBUTIONS PRQi 

MONO&XLRGETZC NEGATIVE PION B W S '  

ABSTRACT 

Nesative pions .I8 A t t T A C t i V R  f o r  cancer t?Ut.Ont b c s u s e  
of a sharp enhancement of the deposited doso a t  t h e  e& of the i r  
range. The volume of i n t e r e s t  has  t o  be sxposed t o  s uniform 
done. The problem of using an  inhomogeneous f i l ter  abeorbcr Co 
transform a monochromatic negat ive pion beam witb a \cnam dose 
depor i t ion  i n t o  a beam which causes a u n i f o r r  depth dome with in  
the  treatment volume is iUVeStlgated. 
are discussed.  
a n a l y t i c a l l y .  
t a r i n g  is studied for var ious  arrant.aentm,aad o u u r i u l  s~@. 
c e l c u l ~ t i o n s  I l l u s t r a t e  the importance of these e f f s c t r .  

Various rhape8 of absorbers  

The inf luence of b e u  divergence sod u l t i p l e  u a t -  
Dose depor i t ion  as e funct ion of depth is cres ted  

X. IKTROWCTION 

The problem of transforming J focused, mnochro- 

matic negat ive pion b a n  into s bum vhich d e p o s i t s  

a uniform dome within a s p e c i f i e d  treatment volume 
has baen d e a l t  with before."* The present  paper 

concent ra tes  08 t h e  dore unlfoxmity s lang  the  inci- 
dent  beam d i r e c t i o n .  A b r ~ d e n i n g  of the  Bragg p u k  
a t  t h e  end of the  pion range can be achieved by 
superpos i t ion  of pion beams of d i f f e r e a t  energies .  

Analy t ica l  expressions a r e  des i red  for the  r e l s t i v a  

abundance of a given p ioa  energy i n  the  mixture. 
Varicus f i l t e r  abearberr  (also c a l l e d  range-shif terr) 
for t ransformiry a monochromatic beam i n t o  a poly- 

c h r o m t i c  mixture of t h e  a p p r o p r h t o  composition are 
discussed.  

schome presently under constructioa a t  W P  which 
c o n a i r t r  of a plaoe-para l le l  water absorber v i t h  
v a r i a b l e  t h i c k r ~ e s s . ~  
importance of non-paral le l  inc ident  beams and u l c i -  
p l e  scat t a r i n g .  

Z%ey are alternate s o k t i o c r r  t o  t h e  

S tudies  are presented on the  

The b a s i s  of our cons idera t ions  w i l l  be a m a s -  
urement of the  depth dare obtained v i t h  A "nonochro- 

matic" n' beam i n  a v a t o r  t a r g a ~ . ~  

t r i b u t i o n  Ius been modified t d t i n g  into account the 
higher  r e l a t i v e  b i o l o i i c r l  e f fec t iveness  of the 

r a d i a t i o n  o u r  the  eod of the  pion rsoge by enhanc- 

1- t h e  p u k  dose vith respec t  t o  the plateau done. 
Thua we obtaiad a hypothe t ica l  depth d i s t r i b u t i o n  

of "effect ive" dome which is cop100y.d t h r o u ~ h o u t  t h e  

re-indcr of t h i a  paper. A modification of c h i s  
initially as8w.d depth d i s t r i b u t i o n  would sf f r c t  

This dore dis- 

the  d e u l l s ,  bur not t h e  mSJWltiJ1 COncluSiOnl O f  

t h i s  paper. -4 purpose of the  present paper is not 

LO give s recipe f o r  t h e  construction of a p a r t i c u l a r  

scheme. bu t  rather t o  rhar t h e  a v a i l a b l e  optionr and 
advantages or problems of different arrsw-nts .  

IX. MSIC CONSIDEBATIONS 

The e f f e c t i v e  d.pth4o.e d i r t r i b u t i o n  of e beam 
of negat ive piona 1s charac te r ized  by a .harp enhance- 
ment a t  t h e  end of the  pioo re-., composed by the 

Bragg pesk and r a d i a t i o n  contr ibuted by n- s t a r s .  
We drfiru sa R t h e  deptb a t  ubich t h i a  peak o C C U C 8  

48 measured from the  sur face  of the  stopping 
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absorber. The dose d ( r )  a t  a given depth r from the 
r u r f a c r  of the t a r g e r  can be expressed as a funct ion 
of r and R. The 1Jtt.r is related LO the  incident  

pion energy. 

t i v c  depth-dose d i s t r i b u t i o n  has been obcained by 

f i t t i n g  numerical va lues  which are a combination of 

experiment all^ determined dose 

2.5% momntum spread)  and assumed valuer  for  the 
r e l a t i v e  b l o l o g l c a l  e f f e c t i v e n e r s :  

An a n a l y t i c a l  expression f o r  the  effcc- 

i (using a beam with 

Thfs d i s t r i b u t i o n  has  been aorvl iccd such t h a t  st 

t h e  peak d ( r  - R) - 1. The lengths  r ,  R are meas- 
ured in cent imeters .  The enpression (1) is p lo t t ed  
as a s o l i d  curve i n  Fig. 1. 

I n  o rde r  to achieve f l a t  depth-dose d i s t r ibu -  
t i o n  ve superimpose b e u s  of d i f f e r e n t  intenuity and 

range. 
follows. We want t o  f i n d  funct ion U(R) which 
manures t h e  r e l a t i v e  I n t e n s i t y  ( w i g h t )  of che 

In general we can formulate our p r o b l a  as 

f i  I I I I I 

I 
I 

f r a c t i o n  of the t o t a l  beam v h k h  has m u b u m  dose 

a t  a depth R. This funct ion U(R) Should be deter- 

mined such t h a t  t he  t o t a l  dose D(r) i n s ide  a 8iv.n 

depth tnce rvs l  is conatanc. 

In orde r  t o  ga in  some basic i n s i # r ,  we might. 
€or a mment, replace the r u l i r t l c  dose d ia t r ibu -  

t i on ,  d(r.R),by a bypothet ics1 rectangular  d l r t r i bu -  
cion,  which is defined such t h a t  i t  h8r t h e  8.M 

value io the  plateau. t h e  m e  i n t e l r e l  over t he  

peak,snd i n t e r s r t i o n m  with d(r ,R)  at ha l f  t h e  maxi- 

mum of the  r s spee t ive  Gaussian slopes (dashed l i n e  
in F i g .  1). The f r ac t ion .  g, of t h e  dose i n  t h e  

p l r c e w  AI compared with t he  peak of the rectangle  
i s  g - 0.176. Ths width, S. of che rectangular  peak 

becowr S - 1.33 ea. It is eary to 188 (Pip. 2 )  

chat i n  t h i s  simple case t h e  veight-fuact ion U(R) 1s 
an exponeneial  of 1: 

vhere Ro i s  t h e  u x i r s  R in t h e  beam mlrture (deep 

edge of d i s t r ibu t ion ) .  Purrherore, i t  I 8  obvious 
that  t h e  dnsr  i n  t h D  p l a t eau  relative t o  its value 
a t  the peak lncrerse i f  t h e  peak ha8 t o  be 
broadened by auperpo8ition. If rba broadened peak 

width 1s S' the new ra t io  of p l a t eau  t o  peak dose g'  

and i d u l b t i c  ( r e c t a q u h r )  Fig. 2.  Superposit ion of i d e a l i s t i c  ( r rc t8ngular)  
depth-dow in RZO. e f f e c t i v e  dose d i s t r i b u t l o a s .  

00133497.004 



S' 
- 5  g' - 1-e 

Civinp a nuPurics1 example, y. f ind  t h a t  t he  rela- 

t i v e  p la teau  dose doubles f o r  a broadening t o  

S' - 11 cm. 
One CUI nov ask f o r  t h e  u p o o e n t  rl i n  t he  

weight func t ion  (3)  which cau8e8 a t o t a l  doae O ( r )  

with  e f l a t ,  broad peak In th. ease o t  a r e a l i s t i c  

dose d i s t r i b u t i o n  d(r.P). In Fig .  3 the depth-dose 
d i s t r i b u t i o n  D(r) as a func t ion  of il is shovn i n  the  

form of iaodose eumes  v l t h  a rpecing of 1% of t h e  

peek dose in t h e  f l a t  region. 
of (R -R)mx - 15 cm baa b H n  chosen. 

rl - 0.045 has  bean se l ec t ed  a d  is employed i n  811 
f o l l o v i n l  ca l cu la t ions .  

t a ined  with rl - 0.045 is 8hom i n  Fig. 4. Us want 

t o  po in t  ou t  t h a t  il h ~ r  c h n a e d  by only 102 by going 

from e rec tangular  t o  a realistlc dose d i s t r i b u t i o n .  

This documents t h a t  t h e  approxha t ion  ( 3 )  f o r  t h e  

va igh t  func t ion  is q u i t e  eccura te  s ince  i t  is only 
veakly depsndenc on the  peek ahape and exac t ly  t r u e  

f o r  a rec tanyular  d l s t r i b u t i o n .  

A uximum range s h i f t  

The Value 

The depth dme curve ob- 

t caow 
s 
LL 5 0.w 

-4042 4 0 

f 0.036 

W 
0.030 

aoeo L II 4 

Fig. 3. Contour MP of the e f f e c t i v e  depth  dosa 
O ( r , r l )  ( a r b i t r a r y  u n i t s )  ss a func t ion  of 
exponent I n  w i g h t  function and depth in 
H20. 

1 0 8 8 0  I 5  

F i g .  6 .  Effec t ive  depth-dose d i s t r i b u t i o n  fo r  
rl - 0 .045 .  

The r e m l t l n g  analytical axprer r ionr  f o r  d(r,R) 
and U(R) provide the  tool t o  quan t i t a t ive ly  back up 

the  statements which vi11 be  mede i n  the  following 

paragraphs. 

111. STATIC F I L m  ABSORBERS 
One way t o  transform a monochromatic b u r  loto 

a mixture of beam v i t h  ranges 1 of r e l a t i v e  abun- 

dance U(R) 1s t o  a t t e n u a t e  the  beam v i t h  an lnh- 
geneous f i l t e r  absorber. h e r e  the  p robab i l i t y  of a 

given ray in t he  bean to f i n d  an abmorber thicknear 
which s h i f t s  t he  peak do- of t h i s  ray in a subse- 

quent v a t a r  t u g s t  by R l a  qual t o  U(R). One way 

t o  bu i ld  such an absorber Is shovn i n  c ros s  %cion 

i n  Fig. 5. 

of an arrangnoent vhich has been sugaerted eerller 
by Helland.* The shape h(x) of one segment of t he  

abrorber etructure has born found by in t eg ra t ing  the 

Thir is a s t a t i c .  two-dimensional vers ion  

Ffg.  5 .  A sce t lonery  r a n g t e h i f t e r .  
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i c a l  

B -  

weight func t ion  Y(R) under the  given boundary condl- 
t i ons .  Besides the  choice  of material used t o  bui ld  

the  absorber ,  t he re  are a110 the  f r e e  parameterqAx, 

which dstermines t h e  lateral  r epec i t i on  r a t e  of the  

s t ruc ture ,and  h ,which is given by t h e  naximun range 
s h i f t  hRmX t h e  absorber ahould produce. Ths analy t -  

express ion  f o r  one segment hence becomes 

I ( 5 )  

1 h(x) - - - En (1 - rl ii' 

1 , rl - 0 .045 ,  0 s x s Ax,  -ho? 
1-e 

where the  u n l t  of length  is 1 cm. 
An upper l i m i t  f o r  the  choice  of Ax is given by 

t h e  requiromont t h a t  t h e  anergy composition of t h e  

beam in t he  stopping region, perpmdicu la r  t o  i t s  

ax is .  mst be cons tan t .  
by vashing ou t  on t h e  way to the  stopping reg ion  the  
lateral  energy s t r u c t u r e  which, of course.  e x i s t s  

r i g h t  a f t e r  passage through tha  f i l t e r  absorber.  

The se l ec t ed  Ax ha8 therefor.  t o  be smaller than the  
increase i n  spot s ire  at  the  end of the  range caused 

by n u l t i p l e  r a t t e r i n p  between th. absorber and the  

stopping region. 

Ax - 1 cm f o r  t he  following conr idera t ionr .  
For a p a r a l l e l  b u r  inc idont  pecpsndicular t o  

t h e  p lane  of t h e  f i l t e r  absorber (8-0' in Fig. 5).  
neglec t ing  u l t i p l e  r a t t a r i n g  e f f e c t s  in the  f i l t e r  

abwxber ,  ve ob ta in  a dose d i s t r i b u t i o n  in a rubme- 

quent water t a r g e t  which corresponds euc t ly  t o  the  

ono shown in Fig. 6 .  

This cia only be achieved 

As a reasonable choice  ve set 

This is no more t h e  case  i n  a r u l  situation. 
because of beaa d ivsrgencs  and u l t i p l e  s c a t t e r i n 8  

in the  f i l t e r  absorber.  
F i r s t  we d i S C U 8 B  the e f f o c t s  of b o a  divergence 

by c a l c u l a t i n g  doso d i s t r i b u t i o n s  f o r  a parallel 
berm i n t e r r e c t i n g  the absorber plan. (Pig. 5)  under 
an angle e 4 0'. IC ir widonr tbt  b o  dependence 

on e of the tract  l-tb d i I C T % b u t l ~  11 s t r o r q  be- 

cause tho  beam intormoctr tlu su r face  of the absorb- 

er under 4 arylos. 
Ax as l a r g e  as poaalb le  kmplrq i n  .ind the  upper 

lirit for  Ax glven earlier. l o r  the  sa- reason t h e  

M X ~ E  absorber thicknesa ho should be m i n k i r e d  for 

a given ARMX by usiw hi& dens i ty  material f o r  t h e  

f i l t e r  sb80rb.t. Becausa of mul t ip le  s c a t t e r i n g  

e f f e c t s  (discussed below) we also want low 2 material 

OM t he re fo re  want8 t o  choow 

f o r  t he  abaorber.  The numerical examplem shovn in 
F i g .  6 compare polyethylene !p10.9 g/cm ) and Al 0 

2 3  
( P 3 . 7  g/cm ) f o r  two d i f f e r e n t  angles  of incidence 
e.  In both cases  MmX - 15 cm and Ax 
used and mul t ip le  s c a t t e r i n g  e f f e c t s  i n  the  absorber 
were neglected.  Uo note  t h a t  in t he  case  of A120, 

e f f e c t s  due t o  boam divergence becow important 
betveen e - 5' and 8 10'. while f o r  polyethylene 

the  s i t u a t i o n  lookr hopeless.  Of course,  dscreasing 
the  required ARpux (and the r s fo re  ho) decreases a l s o  

the  importance of the  divergsnce effect .  Since 
A n m x  - 1S cm can be  considered an upper limit, we 

have inves t iga ted  the  worst case. 

3 
3 

1 cm were 

So fa r  ve have not  ye t  made use of one addition- 

a l  degree of freodor.  One surface of the  filter ab- 

sorber  deacribed above is a plane. However, yc 

might deform the  shape of t he  absorber i f  ve only 

conserve t he  thickness h(x). A. we pointed out  
e a r l i e r  t h i s  d a f o l u t i o n  should u k e  the angle. be- 
tween the  r ays  and the  sur faces  larae. Unfortunately 
C h i s  condi t ion  i s  cont rad ic tory  f o r  r ays  t o  ttm r i g h t  

o r  t o  the  l e f t  of t he  t i p  of t he  pyramids, and we do 

not be l i eve  that divrrgence s f f e c t r  can be minimired 
b y  t h i s  method. 

The second phenommum which ha8 t o  be considered 

in a r e a l  s i t u a t i o n  i r  mult ip le  r a t t e r i n p  i n  the  

u tmrid of the  f i l t e r  absorber.  The poin t  we want 
t o  u k e  her s  is t h a t  chi. e f f e c t  might be important 
but can be n q l e c t o d  i f  d e a l t  v i t h  properly. 

rms mult ip le  s c a t t e r i n g  angle  of t h e  f i l t e r  per u n i t  

The 

F l g .  6 .  Inf luence  of d ive tgmcc  f o r  a polyechylene 
and an A I Z O j  absorber.  
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range r h i f t i n g  capac i ty  18 about 1.5 timer l a rge r  

f o r  AIZO, than i t  i D  f o r  polyethylene becauae of t h r  
h igher  averaae 2 involved. 

and d e a l  in t h e  following with an A1203 abaorbrr 

aga in  using MYx - 15 cm and Ax - 1 em. 

i a  obvious t h a t  r u l t i p l r  s c a t t e r i n g  t f f e c t s  w i l l  be 

enhanced i f  the  outgoing ray. i a t e r a r c t  the  aurface 
of t he  f i l t e r  absorber a t  -11 angler. If the  beam 

enter. t h e  abaorber from t h e  t i p r  of the  pyramidr a t  

Oo, i t  w i l l  always e x i t  rt about 90' t o  tho b o t t a  

ru r f ace  and r c a t r a r i n g  t f f e e t r  are n e g l i g i b k .  

ever, v h m  t b e  b u m  e n t e r s  t h e  bottom s c a t t e r i n g  
e f f u t r  a r e  expteted to be la rge .  Thir is i l l u s -  

t r a t e d  by t h e  dore  d i s t r i b u t i o n s  i n  Fig. 7 .  

Carlo utbod WD. u r d  t o  c a l c u l a t e  the e f f e c t s  of 

mul t ip l e  #cartering. 

ue pick the  wrrt case 

Again it 

How- 

A Monte 

N. D W I C A L  DNXCLS 

The IAM e f f e c t  which has been achieved by the 

r t ruc tu red  e t a t i c  absorber,  discueeed in  the  prc- 

viour sec t ion ,  can also be obtained by a completely 
d i f f e r m t  method. The pr inc lp l e  here  18 t o  f n r e r t  a 

time-dependent abrorber  t h i ckne r r  into t he  beam. 
The time i n t e r v a l  d u r i n l  which a given thicknese R 

of absorber is presented. i r  propor t iona l  t o  the  
weight func t ion  U(R) i n  Cq.  3, asruming conatant 
boam i n t e n r i t y .  Obviously the re  are an i n f i n i t e  

number of mechanical arrangemoats that can f u l f i l l  

Chi1 task. 

\ 

ma most obviar r  One C~nris t r  of a l ayer  of 
l i qu id  with p a r a l l e l  boundarier,  perpendicular t o  

the beam axia .  
of  the  conta iner  can be  u d e  va r i ab le  urd remotely 

con t ro l l ab le .  

cons t ruc t ion  a t  L M P F . ~  

the  acheme i r  i t a  l iml tod  frequency response, which 

might make i t  d i f f i c u l t  t o  follow a des i red  t i m e  

deptndence of t he  th ickner r .  The advantager a r e  its 
v e r a a t l l i t y  and tha f a c t  t h a t  t he  bean i n t o r r e e r r  
the boundariea of the absorber a t  more or l e r a  riBht 

angler.  minimizing s c a t t e r i n g  and divergence e f f ec t s .  

The d i s t ance  becveen tho plane walls 

A s y s t e m  like thac 1s present ly  undu 
The main diaadvantage of 

A d i f f e r e n t  time-dependent range-shifter shall 
a la0  be d i r cu r red  b r i a f l y .  
which has the  c roe r  aec t ion  rhovn i n  Fig. 8 and 

rotate8 around an u i r  porpcndicular t o  chi. crorr 
aection. The boundaries of tho  bar arm unufac tu red  

such tha t  a ray  perpendicular to and t h r o u b  the  
a x i s  of rorar ion  i n t e r c e p t s  an absorber thickneer 

It c o n r i s t r  of a bar 

f i g .  7.  Mult ip le  scattering e f f e c t r  f o r  tw d i f f e r -  
ent orientacioar of the  A l 2 O 3  absorber fo r  
a non-divergmt  beam. rhif ter. 

Fig. 8 .  C r o r r  s e c t i o n  through a r o t a t i o m 1  ruryr- 

5 
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h ( x )  (Eq. S a  where x now i a  propor t iona l  t o  the  angla 

of ro t a t ion  a. The dlvergenca of t he  beam in the  

p lane  of the croes Section in Fig. 8 needs not t o  be 

diacuaaed becauae of t h e  r o t a t i o n a l  motion. On the  
o the r  hand one expect* t h e  a h l f t  d l 8 t r i b u t i o n  W ( R )  

t o  be  a func t ion  of t he  d i a t ance  of a given ray from 

the  axia of rotaclon. 
diaplayed i n  Fig. 8 It haa been shown, t h a t  t h e  de- 

v i c e  l a  not uaefu l  f o r  beem s i z a s  l a rge r  than 5 0 . 5  

ca. The l n f l u m c e  of mult ip le  s c a t t e r i n s  on U(R) i a  
a l s o  expected t o  beccma very pronounced becm18e of 

n u l l  angler  of i n t a rcep t ion  between the  b e u  and 
t h e  aurfacea of the  abeorber.  These two effects can 

be made smaller by w v i m  the  absorbins material 
away from the axis of ro t a t ion .  bur then the  dis- 
tance along t h e  beam. which i s  taken up by the range- 

s h i f t e r  b a c o u a  unfeaa ib ly  larga .  

For t he  p a r t i c u l a r  geometry 

For c o ~ l e t e n e s a  we w u l d  l i k e  t o  poin t  ou t  ona 

more p o a a i b i l i r y .  The sta t ic  abaorber s t r u c t u r e  

c rea ted  i n  Sect ion  111 CUI also be w v e d  miform~y 
i n  i t s  plane. 
f o r  t h e  maxbun width of t h e  pyramid* since t h e  
lateral enersy structure of t he  beam a f t e r  paSSa$* 

through the  absorber i a  warhed out by the hor i zon ta l  

motion. 

Thla rmovea  cha r e s t r i c t i o n  we fourd 

One al'ao haa t o  be aware of anothar problem of 
h a i d e a  t he  ti= periodlc- dynamic range-sh l f ta ra .  

ity of t h e  t h i ckness  of tho  abaorber t he re  is ala0  
t h e  b e b  time mcro-s t ruc ture  rad the  l a t e r a l  .veep 

of t he  t a r g e t  volume through tha traatmnt region. 

It i o  poaaib le  t h a t  bea t  e f f r t a  b e t w e n  the  th ree  

pe r iod ic  proceaaea a n  ln t roduce  a doae i a h a ~ s w -  
i t y  i n  t he  v o l w  of i n t e r e s t .  a l t houf i  t h i a  can 

gane ra l ly  be avoided by proper choice of t he  r e l a t i v e  

frequencies and p h u a a .  

out .  t h a t  f l u c t u a t i o n a  10 pion b u r  i ocens i ty  Cau*e 
conaidarable  d i f f i c u l t y  f o r  a l l  norrstaric device*, 
s ince  i n  auch a cmse i n t e ~ r a t e d  dose replace* t i w  

as c o n t r o l l l o 8  parameter f o r  v e l o c i t y  or p o s i t i o n  of 
t h e  dynaadc device. 

Alao it ahould be pointed 

V. CONCLUSIONS 

Various p r o b l e u  l w o l v e d  in the dralgn of pion 
range s h i f t e r s  h e  bem diacuaaed. 

that  t h e r e  are s w a r d  aa t i a fy ing  u r a n g a e n t r  which 

genera te  b u m a  of a deaired energy apecttum. 
e f f e c t s  of beam divergence and u l t i p l e  r c a t t e r i n g  

can not be neglected.  

It  l a  obvioua 

The 

t t h e  caae of a plane- 

p a r a l l e l  l iqu id  absorber there e f fec ra  are m i n b i t r d .  
Alro from t he  poin t  of view of v e r r a t i l i t y  th ia  l a t -  

t e r  approach ha. t o  be favored *Inca there  is con- 
a iderablo  uncer ta in ty  an t he  input p a r a r t e r a  (a.0.. 
RBE a s  a function of depth) which would encer the  

dgrlgn of a ata t i c  r a r y e - s h i f t e r .  
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