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SYMBOL 
AN OSCILLATING PION BEAM 

: MP-3 

1 In a rrCent 8em0r8ndum i t  W 8 S  Statad t h a t  d g 8  e f fec t8  C U l  h a d  
t o  underi table  dose d i s t r ibu t ions  i f  pion Bt8gg peak@ .re orc i l l 8 t ed  
v e r t i c a l l y  through a tumor volume o r  i f  the  pat ient  is moved hori- 
zonta l ly  during treatment. 
the undesirable e f fec t8  f o r  horizontal  motion, but camplete e l lmlnrt ion 
of edge e f fec t8  f o r  vertical motion is imposrible. There ia an edge 

e f f e c t  f o r  v e r t i c a l  motion u s o c i a t e d  u i t h  the  Br8m peak and 8 more 

extenrive e f f e c t  associated with t h e  plateau. 

Lislu Sugge8ted a var iab le  veloci ty  fo r  the peak through the tumor 
volume 8. a m e m e  of e l b i n 8 t i o n  of what ve r e f e r  t o  here  8s the  p l a t u u  
edge e f fec t .  The purpose of the  present memorandum I s  t o  dtrcrlbe 
an analyt ic81 method f o r  finding a v e r t i c a l  ve loc i ty  d i s t r ibu t ion  th8 t  
giver a canatant dose throughout a treatment volume t o  within lrrr 
than 1%. 

A method 117.8 s u g ~ e s t e d  for  ellmln8tion of 

2 In a recent memorandum , 

The suggested method correc ts  the plateau edge e f fec t  but does not 
eUmin8te the  peak d g e  e f fec t .  
e f f e c t ,  t he  method placer i t  outs ide the  t m o r  volume. 
t h a t  e8ch o s c i l l a t i o n  begins and ends w i t h  t he  peak j u s t  outs ide the  
treatment voluae. 
a8 one might like but  it is probably not serious.  
ideal conditions,  the dose at the  lower edge of the  tumor drops t o  

essen t i a l ly  zero l a  8 distance equal t o  one peak width which is 8bout 
1.5 t o  2.0 cm. 
radiat ion.  

Instead of elimination of the peak 
Figure I shows 

Thlr causes the  dose drop off t o  be not  as rharp 
X t  meane th8 t  under 

This is much b e t t e r  than is poseible with photon 
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Tot Mr tributioa -2- November 14, 1972 

Figure I 

In the dircurrion that followr, it i r  arrumod that tha following 
parmeterr are knova: 

h - p a d  width 
r = ratio of peak dore to plateau dore v l th  RBE value# included 
K = ~verage peak dose rate fncludlng RBE 

v1 - average velocity of peak across bottom boundary of traatmcnt 
This is arbitrary and determiner the dore delivered 

- 
volume. 
per upward sweep of the peak. 
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To: Di8tr ibut ion -3- November 1 4 ,  1972 

W i t h  tbere ur(1~~tlon8, t h e  dore per upward journey of the  pe8k 
through any point in the  traatmmt voluae l a  

where 3 i a  the aror.ge veloc i ty  of the peak through the point i n  question 
and 1 i 8  t he  t o t d  elapred time of the  motion from t h e  louert por l t ion  
t o  t h e  po r i t i on  whore the  top of the peak hm j u r t  reached the  point i n  
question. wo can solve (1) f o r  v' 8nd get 

r h  0 -  

Ue CIOV compute the  v e l o c i t i e r  a t ta ined  u t he  peak wve. upw8rd 
through wccosrivo peak widthr. 
T = 0, and v' - Thus for the ffrrt p..k width, 

Exprerrion (2) aiver  only t he  average va loc i t i e r .  For the  treatment 
t o  be of any v8lue, we must know actual ve loc l t i e r .  
velocity PI through the  firrt peak width doer not determine a unique 
ve loc i ty  d is t r ibu t ion .  
III 8ccelorat ion f o r  the motion 8crom the f i r r t  peak width. 

The wer8ge 

To get  8tart.d. YO d l f f e r o n t i ~ t e  (2) t o  ge t  
We get  

z 
I- f' with T = O rh a -  ' (q- T)* rh 

We now use 

(4 1 2 h - v t + l/2altl 1 1  

t o  get the  i n i t i a l  valoci ty  v1 f o r  the motion acrorr  the f i r r t  peak 
width h. 
the  firrt peak width. 

Her. tl 'is the  t i m e  for t he  top of the peak t o  c tor8  
It i r  gotten from 

h 
0. 

tl = - 
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To : Dirtribution -4- r9ovrrb.r 14, 1972 

We wv proced t o  the second pa& vldth and camput8 the i n i t i a l  

velocity froa 
vz - vl + alT1 (6) 

? !  

I 
i 

the average velocity ? from (2) 2 

the time for cromrlng fram 
h 

t2 = * 
'2 

We repeat this procers for tho reminder o f  tbe uprud fourne7. 

example for .narrumed sat of p8raneterr. 
Wa rhall  now go through the procedure by worldng out a umerical 

We uruma 

h = 1 . 5  cm 
r - 6  

K = SO raddrec 
iil = 10 cn/mec 

The l a s t  u n a p t l o a  wan8 that tho dome 1s 7.5 rads per upward journey. 
We caraputa tl, 

tl - - l*s - 0.u 8.C 10 

and 
2 

1 rh 9 
91 106 2 a = - = - = 11.1111 o / n t c  . 

We get v1 fram 

1.5 - 0.15 vl + 1/2 x 11.1113 x 0.0225 or 

- 9.16667 cmlaec e v1 
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To: Distribution -5- Mvanber 14, 1972 

N w  we conmider the record peak vidth.  I t a  in i t ia l  ve loc i ty  vz i r  

- 9.16667 + 11.1111 x 0.15 - 10.83333 ca/rec 
v2 

= 12 cn/sec rh 9 
'2 ('v) 0.9 - 0.15 

le' - 0.125 aec. t2 =iT 
To ge t  a ve uae 2 

2 1.5 - v2tZ + 1/2a2t2 

2 1.5 = 10.83333 x 0.125 + 1 / 2  x a2 x (0.125) or 

2 - 18.66504 cn/rec .2 

We repeat th i .  procerr t o  complete the d i r t r i bu t ion  u f a r  u i r  
damlred. 
16.5 0. Thir vauld enable a volume 15 an th ick  t o  ba t reated.  In 
the  table, the  column headlngr h w e  the following meaning#: 

a - ordina l  number of peak v id th  from the bottom 

Table I giver the r e r u l t r  f o r  a t o t a l  v e r t i c a l  motion of 

- diat8nce from bottom of tumor through nth peak width. yn 

Tn = elaprod time from bottom of tumor through nth p u k  width 

t h e  f o r  top d g e  of peak t o  pas. through the  n th  peak width 'n 

P - veloc i ty  of pe8k 88 i t 8  top edge reacher the bottom edga of a 
the a t h  peak width. 
ruchcr t he  top of the  n - 1 t h  peak width 

It is a l s o  the  peak veloci ty  u the  edge 

3 = average ve loc i ty  of top of peak through the  a t h  peak width a 

8ccelerat ion of peak during pasrage of i t a  top through the 
nth peak width. 

% 

I 
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To: Dirtribution 

n - 
1 
2 
3 
4 

5 
6 
7 

8 
9 

10 
11 

Y 
0 

1 .5  
3 . 0  
4 . 5  
6 . 0  
7 . 5  
9 .o 

10.5  
12.0 
13.5 
15.0 
16.5 

T 8.c 
L 
0.15 
0.275 
0.379167 
0.465972 
0.538310 
0.598592 
0.648827 
0.690689 
0.725574 
0.754812 
0.779010 

-6- 

Table I 

t am n 
0.15  
0.125 
0.104167 
0.086805 
0.072338 
0.060282 
0.050235 
0.041862 
ob 034885 
0.029238 
0.024198 

v cmlrec 

9.16667 
n 

10.8333 
13.1665 
15.6338 
18.9267 
22.5458 
27.2202 
32.4982 
39,1660 
46.8308 
55.7754 

member 14, 1972 

Tn oLIaac 

10 
12 
14 .4  
17 o 28 
20.7360 
24 e 8832 
29.8599 
35 8319 
42.9982 
51.5978 
6 1.9886 

an cIp/aac 

11.11ll 
18 . 6650 
23.6866 
37.9346 
50 0294 
77 3 4 3 2  

105.0650 
159 . 2810 
219.7180 
305 . 9214 
513. S781 

Kh For any va lue  of y the peak dore per weep i r  -and the plateau 
K 0 

do8e i8 7 T. 

rweap are given in Table I1 for the  values of y that arc indicated. 
Valuer of peak dome, plateau done and total  dome pet 

Table I1 

0 
1.5 
3.0 
4 . 5  
6 .O 

7 . 5  
9.0 

10.5 
12.0 
13.5 
15 ,O 

Peak dore per 
awetp (radr) 

7.5000 
6 a 2500 
5.2083 
4.3403 
3.6169 
3.0141 
2 . 5 l l 7  
2.0931 
1.7443 
1.4535 
1.2099 

Plateau dome per  
lrwecp (radr) 

0 .ow0 
1.2500 
2.2917 
3.1597 
3.8831 
4 .4859 
4.9887 
5.4069 
5.7557 

6.0465 
6 . 2901 

Total do#. per 
weep  (rada) 

7.5000 
7.5000 
7.5000 
7.5000 
7 5000 

7.5000 

7 .SO00 

7 . 5000 
7.5000 
7 . 5000 
7.5000 
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-7- Ngyomber 14, 1972 

Soma remarkr on t h e  method 

1. 
time and v a l o c i t i u  a t ta ined to  place axactly the  rane dore at peak 
width in te rva l8  u t he  beam movam upward. 

the elapsed t he ,  the veloci ty  a t ta ined  8nd the exact do80 for  every 
value of y .  

1 cm into peak width region for  n = 7. 

A8 ohom in t he  tab les ,  t h e  method dercribod glvor the total daprad 

The method a100 give8 exact ly  

Aa an example, let w take y = 10 an. This value extend8 
We uae 

2 1 = v7t + 1/28,' t o  get  the time taken f o r  th i a  1 cm. 

Putt ing in valuer  from Table I, ve get 

t = 0.034447 

We add this t o  T6 t o  get T for 10 a!. The reSUlt  ir 

0.633039 

so We multiply t h i r  by 7 and ge t  p l a t u u  dose - 
Point8 with y - 10 cm Will get peak do80 

poakmover f roa  y = 10 cm t o  y - 11.5 cm. We 
the t h e  t o  go frm 10 cm t o  10.5 01 p l u s  t he  
11.5 0. MI f i r r t  of these  i r  Simply 

- 0.034447 = 0.015788 8.c 

We g e t  t he  t i m e  froa 10.5 to  11.5 from 
2 1 - vat + 1/2agt  

5.27533 rad. 

vh i lo  the  top edge of the  
f ind  t h e  time for t h f r  ba 

time t o  go from 10.5 am t o  

Th. result l r  0.028746 'sac. The sum of tharc t values 

.= 0.044536 mec 

The peak doae l r  SO x 0.04454 = 2.22670 rad. 
The total  dore is 7.5020 rads. 
Thia differ8 i n s ign i f i can t ly  frool the  vuluer of 7.3000 given in Table If. 
Thir $8 t r u e  fn general  f o r  y values intermediate between those r h m .  
A8 o the r  oxtmp1cs, f o r  7 9 2.5 an, the t o t a l  dore is 7.4874 r.d, f o r  
y = 5.0 ca, the t o t a l  is 7.4936 rad,  and for y - 8.5 cm, the t o t a l  is 
7.4971 rad. 
f r a a  t h e  7.5 rad per sweep for the y values in  t he  tables .  

There value6 a l l  d i f f e r  by a small f r ac t ion  of one percent 
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To: D i r t d b u t i o a  -8- Xovaber 14,  1972 

2. 
peak moves upvard (davnuard in the table) .  
dore f o r  la rge  values of y comes from lower LET t8dht iOn.  
unfavorable f o r  Om. 
dore from an opposite port .  
plateau might be included i n  determining the r a t i o  r.  

3. 
the data I n  t h e  t8ble.  
eegmentr across  ruccesrfve peak widths. 
the peak cmraes each rucceesive peak width with conrt8nt acceleration. 
If I t  should be des i rab le  t o  have a smooth cum. tamplate f o r  computer 
control ,  a very r d l  rounding of corner8 between peak v id th r  could 
produce such a curve with negl igible  e f foc t  on the  dore rate. 

& saen in Table 11, the  contribution of t he  peak decreuer u the  

T h h  meam t h a t  most of the 
Thir i r  

This can mainly be overcame by giving half  the  
If t h i s  i r  impossible, the  OER of peak and 

The rolfd cume In Pig. 2 shows ve loc i ty  u a function of depth f o r  

This follows from the  f a c t  t h a t  
The cume ac tua l ly  is a reries of s t r d g h t  line 

4, 
could follow from a dome rate of 1000 rad/mln in the  peak with an RBE of 
3. Th ac tua l  value t o  be umed w i l l  have t o  be detemined a f t e r  m y  
measurm.nti  of dola rate and RBE value. 

The 50 ra&/r.c assumed fo r  % is of no special rignificance.  It 

The value  1.5 cm tha t  WM ured f o r  h appears reasonable on the b u l s  
of present  infonution. 
be quite s e a r i t i v e  t o  the  value urumed f o r  h. 
For a givur pion be= of f ixed cross sect ion,  the average dore rate In 
the  p u k  I s  l aver re ly  proportional t o  h which caueer r a lso  t o  be inversely 
proportional t o  h. 
s e n s i t i v e  t o  the  value u r d  f o r  h ,  t h e  method h u  been used t o  work out a 

d i s t r ibu t lon  f o r  h .I 2.0 cm. 
3/4 of t h e i r  value f o r  h = 1.5. 
8111. dose rate of 7.5 r8dm per  rwcep as with h = 1.5 cm. 
veloc i ty  d i s t r ibu t ion  is r h m  81 t h e  dotted curve l a  Plo. 2. 

5. 
veloc i ty  d i r t r i b u t l o n  be reversed f o r  the  downward journey, the  damward 
dose w i l l  be the  r o e  as the  upuard dome. 

It might seem that the  method described vould 
k t u r f l y  th io  i r  not true. 

To show that the ve loc i ty  d i s t r ibu t lon  I s  not  very 

Since 2.0 - 4/3 of 1.5, we change r and 1[ t o  

The value of 5, 1s chosen t o  gtve the 
The resu1ting 

The upward motion of the  barn may be 8topp.d at m y  point and ff  the  

It is not  true t h a t  the 

1 0 7 5 1 3 8  
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To: Dfstr ibut ioa -9- November 14, 1972 

downward motion ma9 be stopped anywhere. 
m o t  r e tu rn  t o  i t 0  lowest point. 

i n i t i d  ve loc i ty  at the  tumor ad$r and i t r  upward veloci ty  d i r t r i bu t ion  
from there  are always the  same. 

Forauniform dore,  t h e  peak 
It then murt move upward so that f tB 

Ae the  pa t ien t  moves ma indicated in ?I$. I, the treatment thickncrr 
w i l l  i n  p n r r a l v a r y  AS shown. 
cont to l led  80 t h 8 t  the lower stopping region follows the  contour, and 
each o r c l l l 8 t i o n  should s ta r t  off  t o  give the same veloc i ty  d i r t r i bu t ion  
In t he  treatment value. 
l a t i o n ,  the t8b le  speed will have t o  vary w i t h  thickness of treatment 
value a 

The osc f l l a t iun  rhould be computer 

Since the  method giver equal dorer per  oscil- 

6. Throwhout the  dirCU8BionB dose rater h e  been Qtpreared AI radr ,  
when ac tua l ly  t h q  are r8ds timer RBE. Pram 1931 to 1959 i t  w u  common 
t o  u r e  "rem" a8 a unit f o r  rads  time RBE. With the introduction of the  

tenn8 "quality factor"  8nd "dose equivalent" in 1959 to  be u r d  in 
rad ia t ion  protect ion,  the  "rem" went with "dore equivalent" 80 t ha t  
r d f 8 t i o a  therapy 1s without an acceptable name f o r  RBE x radr. 

7. 
Bragg peak t o  move in a desired va loc i ty  pa t te rn  have been designed and 
prototyper are under c o n ~ ~ c t i o n . ~  Veloci t ies  and accelerat ions t h a t  
are needed should be e a r i l y  a t t r i nab le .  

Mechmical d w i c r r  t h a t  can VA- u1 abeorber thicknesr t o  cauae the  

8 0 1 5 1 1 9  
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