NMI.‘I“
T
hmidr_. Vi =
Dembuﬁtm? New
itgen Therapy of Ga,

PYs
Ly
ige d des
Hen . Wendinferso
} March =

~»ES, O N, A¥D Kiux
pentgen Rays and Sali,”
wrens.  Am. J. Rocu-

g.: Treatment of C..
-Pigs ;ut& Neopronton:,
ine. J. Clin. Im ign
039, VES i
ys in the Treatment o
a 1: B5-68, Jan. 20, 164
¥, A. H., avp Vixeisa,
Rm&g% Radiation i=
s: Clinical and Expe-
<. & Obst. T4:_361-377,

@@

Suly 1944,

Radiological Use of Fast Protons

ROBERT R. WILSOH
Muchhbmﬂrdmnmﬂ University
Cambridge, Massachusstis

xcEPT FOR electrons, the particles

E which have been accelerated to high

energies by machines such as cyclotrons or

van de Graaff generators have not been
directly used therapeutically. Rather,

{he neutrons, gamma rays, Or ifici

adicactivities produced in various reac-

dons of the primary particles have been
applied to medical problems. This has, in
¢ lrge part, been due to the very short

nenetration in tissue of protons, deuterons,
und alpha particles from present acceler-
sors. Higher-energy machines are now
.nder construction, however, and the ions
immthemwiﬂingmﬂnlbttuergeﬁc
encugh to have a range in tissue com-
-arable to body dimensions. It must have
-ccurred to many people that the particles
emselves mow become of considerable
‘herapeutic interest. The object of this
~aper is to acquaint medical and biological
vorkers with some of the physical proper-
s and possibilities of such rays.

To be as simple as possible, let us con-
ider only high-energy protons: later we
an generalize to other particles. The
«ccelerators now being comstructed or
slanned will yield protons of energies above
:25 Mev (million electron volts) and per-
fﬂPSashighasimMEm The range of a

_ 125 Mev proton in tissue is 12 cm., while
‘hat of a 200 Mev proton is 27 cm. It is
dear that such protons can penetrate to

* 4y part of the body.

The proton proceeds through the tissue
A very nearly a straight line, and the tissue
 ionized at the expense of the energy of
f“" proton until the proton is stopped. The
‘Sage ig pmportinnal to the ionization

-

i
: %;'_'j;‘:t’-fmtd for publication in
Terissed in Mev.

per centimeter of path, or specific ioniza-
tion, and this varies almost inversely with
the energy of the proton.
i is ma:

Thusthe&%’ c
i 1 O] ﬂﬂsﬁ

and since the range of the beam is easily
controllable, precision exposure of well
defined small volumes within the body will
soon be feasible.

Let us examine the properties of fast

protons somewhat more quantitatively.
Perhaps the most important biological
quantity is the specific ionization, or num-
ber of jons per centimeter of track. This
quantity is not difficult to calculate. The
results of such calculations are shown in
Figure 1, where the range of protons in
tissue is plotted for protons of various ener-
gies. In the same figure, the specific ioni-
zation is plotted as a function of the range
in tissue. For of calculation,
tissue has been assumed tohave the molec-
ular formula (1): Co.sHs0s.6No.14, and to be
of unit density, s.e., 15 per cent protein
and 85 per cent water. The calculations
can be easily extended to other materials
and densities.? The accuracy is perhaps 5
per cent. However, exact values for var-
ious tissues can be quickly measured as
soon as the fast protons are available.
Figure 1 shows, for example, that if we
want to expose a region located 10 cm. be-

in @i inm,:ms issive.nbrthnmmlmtfmmuhﬂ = (E/9.20)"* where the energy is
Th:n.n;tlﬂti:.NEisl.ll}(lﬂ"'timﬂthenn[eiunin toppin

[pﬂ!‘ﬂﬂfﬂhﬂ'mb*

-
L _*%es may be found in Livingston and Bethe: Rev. Mod. Physics 93 246, 1037. The physical calenlations of
s paper will be submitted to the Physical Review for publication.
487

.

reg0)
Peok

———————TE VT W T



vs. Depth 1nTissue

‘Prolon
:.! p—
22MV X-rays
— Spread out Peak
o~ 200 MN Proton
[ N —

B2

Relative Dose

Depth in Tissue (cm)

J0

Comparison of depth dose distribution for X—, ¥ —-ray and electron beam with.

proton beam

“ﬁ*\l’h%\ t%’\\- h‘-v\k'a oW Y‘{ \\um. \N.wm. E‘hth}“



Wy o2 W b pads =

.._n,........__J o4

-Abasus weaq salabuea uojoxg g *Bra
Ci

QL nﬁ/dﬂu? DY = n.ﬂu.;d A

& : gﬂ_z:mhm:m:EEn_ _ /\

|
0f7 0y2 QfZ Ogc QIz o 05. 081 O 09t' 951 ovL 0gL Ozt 0K 00k 06 08 O
I

-
$
3
\x | s

S e _ ~0p

{wo) yideg




daay ._ﬁ_u..._ daay
oD N 1L<
_w oY .
11D (ERM) 14110
§ L1jue ¥ £ijue § Anue
daig
dinbg
lan
A LIS .
1 J._ %
weag Ppaxid piBAYDYIMS oneaqije
1110 B

ojeJdaladoy [/ 1202V

ﬁﬁﬁudn_ mmd._..w;v.ﬁnro.i .ﬂm..c;..d dﬁ.o.w




ﬂtﬁuﬁunu

x(ﬂnw aQ If.# nw.l..ﬂlvﬁw VAT jvd

¢ &

fiﬁd (DS a0




At t..t\ttu*ot Ke..\ufﬂ et S

For  Prokewn T\\Q.tq\s

’ . S W ‘g't&'t !.h\ 1\\\1\&\\\

Rule 0\ N\.\s . |Qn Ph’\\n& /n'tdt

% 100 H\ /ﬁtﬁ\g W 20w &\h‘“t\"’
Utt'tw; To of Prdneas

2. VosioMe Eneroy 10-250 MeV
3. cnn?m.'\ %‘tbf;. 20 *e 40 mlers 0.k,
4. Cos\ - Lov as tp-tsi\;\t

5-. Lgu Tf angtjeie tﬁ\\u&t —1‘ m'm;mi_ ¢
Btm S't3l$ "N\ Tfnﬂ?et\ 8 g Gn-\" hli‘

6. Low 9?2 £ 259,

For Rosker Sg..mcm‘ Reaw— with Supeneétn
\. Stew Wwilorm Extracdked Ren

%Iz_. 1h o Loune B iilesndn

2. S W Sp Enesgs, Youdikil,



TN Y w50 W veim, 00000577 sy

ﬁ&j 000 .ﬁ-nﬂJJI ﬂ”ﬂ \>OQO— S ﬁ.ﬁa__w
\s39 0001 =8 ) ™Y 002

wxcﬁﬂdi 004&5. n—ﬁdﬁ

(¥ jo 1) sjodrupenp

(Bjo1)
ajodiq Buipueg

/N ="
x Z ajodiq
; / Bulpuag

1o L)
ﬂ_ﬁﬁm uonesaEIRY 4 3
e _ ‘\V UoSHeqUIET UOTIoRING ;= R el
.._- ]
=Ty -_nbm—. \...-_.' .ll-f. \_ .D
: e Buipuag

9
(ZHWoZ) pioio)

UW. fususiu| wesg

!ﬂ/‘v&.@n& 3inog ol

ﬂ.._a:ﬂom

Jaxany pue
wnydeg uoijoalu|

>as 2z Wane ‘g oy | yoaday -y
— 95 % Nne uér_n.o;m Doy - ¢
5l oury wiweg C_ 0/X§) P3S % w NUOS7 & Weapny Y
fu 0°=A) AZ Y0 dsw| w .w;p,.o.& __Q ﬁu.w:H 1



The Lowo Linda
2. G& Mnosen (ro( e S\'u\\w‘wns

A, Siepe b - rnuss‘mh dowe by
\:«A.-u...ts Ngeles ooy,
R, Gomgadiness - 20 Gk Qomerer kg
Ak e e q'n\».\ t.m&\ug
C. Bewm ShMNh - Luvge dsgension
FEC0 o T R Y n\mt X .
D. Lwedne SN Moo Nousahinn: themn
‘1\33.‘_'3‘3. = Ne \“ﬁ\\&m\ sk hieg

\\L‘t\\ h.tl-l.\l.\’ lé\'\ -

\\!\Ilﬂtﬂ" ) \-.t3c ﬂis?eu:nn.. \'m‘.\:', ‘mwth\um.

muaetmu. A\ VN, Ky AX = D ﬁ_g
P

Ax: 10 Cen

= & + Q.
D= \Owmetes - $£'051






| 8661 | 1661 9661
SYIrPTWYWIdIrANOSYIrrAYVAITAQNOSY IrTNYINAT
| RSN TS W N— — L it 3 .+ & i & i b i it 4 & 0 8 e ) i grg

%00° L6

%0026

(36.8°86) ebeiany Jesp sauyl - - - - - - %00'E6

a2y awndn Jojeie@o0y %00 6

E=SE %0056

%0096

%00 L6

I

s

%0086

%00°66

%00°00}

sisAjeuy awndn Jea A 9aiy] uosjosysauis SNNTT

awndn



?.4\.._.. ~waQ7

A T1°0
c unyy !
T;

Risvoyer”

AW -

.r. : : Iulla
_ | !

llllll

vze |

i
L

MW, \ r.uu/&

J/Jﬂu vox.a..,.u/d.u.ud 4,..,3.5 N

=1

L=l = T

bR L

Ll x

-+

- TICAORIN -SSR —

ik

i

> ——

e i 1 o e e e ———

i | ——

¥

i
i
{
I
1
i
[
!

NUaL] UTD

| —

SO-v¥:2l
86-uUnr-22



%G8 - SIOWN | [BIUBKISIUI/SND %G’} - Siown] feuidsesed

%0°G - (sJown | ||NyS Jo aseg)

%0 - siown| YISN g pesH BLUODJESOIPUOYY)/RWOPIOYD)

%9 - seh3 %}°Z - SUONEULIO[BN
SNOUBA [eLsHY
%EC - 13410
: %8’ - uopqy
s pue 1say9 J8yi0
ewolBulieydoiueln
ake Jo yai0 ewopfoonsy
Jjown) pue|b Aiealjes ewoibuluspy
Xukiey % __ﬁmm uofjessusbaq Jejnopy M ﬁﬂu
BLIOUB[ JeinaQ —
YO8N pue peay . sokg [eIUBIJIBIU|/SND

(000Z-0661) sjuswjead] juaiyed DNNT



Test PLAN: planl Slice = 36

?U,O Gy
60.0 Gy
’?Rh: :rll CV Slice ok ?iui'l(n'ke. Tn.ﬁrﬁt.—\:
400 Gl

] i d
UL gL
J. gl

Rectuwm.




cge=tl
PIABAPY AJjBI0]

LIS=u
IS Apey —o—

nﬁimdd y.....a. .#..dw dﬁ*mn... & ...,dy.a.r ...—



(EL) %LS (LS) %S8¢€ (or) %S¥ 0707 <
(LST) %TL (8IT1) %79 (S0T) %9S 0°0Z-101
(S97) %68 (691) %69 (LED) %E8 001 -T'¥
(LP) %001 (LID) %16 (¥87) %716 0y >
IWNTI 5 supydo sugor
e e suojoyg Aw0)2318350.4 g vSd [eng
SHOFO- [BUOIJUIAUO)) [edpey i

[BATAING JIJ-3SBASI(] [BIIWAYI0IE IBIA-C

10ue)) 9eisold ¢l - I .L



Mu.t..u \ae Dtamo.n.\ium

(\00.000 Cases Gh\\\h\\%\

FIGURE 1511 Grossstructure of the eyeball.
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Transverse section of left eyeball (superior view)

B Which structures in the eye do not have their own blood supply and therefore
rely on diffusion r:f oxygen 'ﬂ'ﬂd nutrients from adjacent tissues or fluid? What

B
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TABLE 1. Proton therapy facilities

Year  1994° 1996 1997
Total number of proton ' 16 : i S
therapy facilities
Number of operating 14 15 14
facilities
Estimated Annual Patient
Total 1711 2054 2321
Annual patient load/facility
< 10 patients/year 2 2 1
11 - 100 patients/year 5 7 7
101 - 200 patients/year 4 3 1
201 - 300 patients/year 2 1 3
301 - 400 patients/year 1 1
401 - 500 patients/year 1
501 - 600 patients/year
601 - 700 patients/year 1
701 - 800 patients/year 1
No. of centers using
fractionated therapy 8 8 8
No. of centers treating eye 9 10 10
tumors

*Revised from data presented in reference (7)

Uppsala
UCSF-CNL Chiba
Tsukuha_:‘ v

)/ 4 Clatterbridge

2321 Pﬂ\',\'\ﬂm\.ﬂs
-

\997



Proton Therapy Accelerators in Construction or Completed

Facility Location  accelerator type vendor  date of 1 Tx
ay LLUMEC LomalLinda 270 MeV synchrotron FNAL 1990
b) HIMAC Chiba Heavy ion synchrotron N/A 1995

¢y NEE Kashiwa 230 MeV cyclotron  Sumitomo/IBA 1998

d) NPTC  Boston 230 MeV cyclotron IB.INL 1999
X ¢ Tsukuba Japan 270-MeV synchrotronr  Hitachi- 2001
#& f) Shizouka Japan 250 MeV synchrotron  Mitsubishi M

g) IRE*  Rome 200 MeV LINAC ENEA 20077

* Instituto Regina Elena

AccSys Technology of Pleasanton,CA is-a subcontractor for all proton
synchrotrons and LINACs

Two more proposed synchrotrons-in Japan and one in Germany

*  Wyego, 250 MV ¥ Syndnrde
o (and Qoo Tons) -

X mnhsm%»)ﬁ? e g!sf\f.\\“\\‘ﬂh

* - ReanVeds in ?Tostqss
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Extraction
septum

Extraction magnet

Extracted Beam
(70-270 MeV)

Bending dipole
(1 of 6)

RF electrode
for resonant
extraction

QF = Horizontally

focussing
Sextupole quadrupole
(1 0f 4) QD = Horizontally

defocussing

quadrupole

(acceleration)

Injected beam (7 MeV) SX = Sextupole
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