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Abstract 

A five quadrupole, two bending magnet negative 
pion beam transport channel has been designed to 
deliver a physical dose of 0.2 rad/sec into a volume 
of 10 cm x 10 cm x 8 cm thick located at a mean depth 
of 24 cm. The dose as a function of depth will be 
varied by a momentum-defining slit which will travel 
during the irradiation; a second slit in the system 
will be used to give a sharp lateral cut-off in the 
dose. Beam size will be varied by appropriately 
choosing the distances from the second bend to the 
last quadrupole and from the last quadrupole to the 
irradiation location. The changes in beam properties 
due to second-order terms and their correction by 
sextupole magnets and pole edge curvatures will be 
described. 

Discussion 

There is a great deal of interest in the 
potentialities of negative pi-mesons in the treatment 
of deep-seated localized malignancies, because a beam 
of such particles sho7uld give a distribution of dose 
with depth that is significantlylb;tter than any other 
type of external radiation beam. ) If one can control 
the momentum distribution of the pions reaching the 
patient, much better dose localization to the tumor 
volume is possible than with the conventional x-ray 
and y-ray therapy. There are two primary reasons for 
this. Firstly, ',he range of a pion in an absorber is 
a well-defined function of partLcle momentum, and, 
according to the Bragg curve for loss of kinetic 
energy by a charged particle, the linear energy trans- 
fer is hiahest at the end of the pion's range (15 MeV 
in the last cm). Consequently, biological damage per 
unit volume is highest in the pion stopping volume. 
Secondly, when the pions stop in the absorber, the 
fission fragments from the pion "stars" deposit 
approximately 25 MeV within 1 cm of the stopping point. 
The combination of these two factors make negative 
pions particularly well suited to localization of 
radiation dose. 

The transmission of a picn beam suitable for 
radiation therapy imposes diverse design criteria on 
the beam transport system. One principal requirement 
is that of an adequate beam intensity. Pion beams 
have not as yet been used for radiation therapy 
because existing beams have dose rates far too low to 
allow therapeutic doses in a reasonable treatment 
5irr.e. The minimum dose rate for the TRIUMF biomedical 
pion channel was specified to be 3.2 rnd/sec to a 
Treatment volume of i3CO cm3 (10 x 10 cm area, 8 cm 
thickness). The implied pion intensity is 2.5 x 10' 
pions per second at the irradiation location. 

Wi tb R 20 g&cm2 carbon target placed in TRIUMF's 
13Op.4, 500 MeV proton beam, a sufficient flux of pions 

with mean energy 80 MeV (range of 20 cm in water) will 
be transmitted through a transport system with an 
acceptance of 0.19 MeV-sr. A more intense pion beam 
will be available if the TRIUMF accelerator is operated 
at 380d, 450 Mev. The shortest channel length consis- 
tent with shielding requirements around the production 
target is approximately 8.0 meters. The channel must be 
kept as short as possible: the survival of 80 MeV 
pions after an 8 m drift length is only 43%, decreasing 
to 33% at 50 MeV. In addition, the drift distance 
after the last bend should be minimized to keep the 
muon contamination down. 

It is proposed to take the pions at an angle of 
30' above the forward direction of the proton beam 
bend the pions through two successive co-planar 45O 
bends so that the pion beam emerges into the irredia- 
tion laboratory horizontally, perpendicular to the 
proton beam and some 8 feet above it. This angle was 
chosen both because it is the smallest forward angle 
allowable by the space available around the target, and 
because in this configuration the target presents its 
narrow dimension (0.4 cm) to the plane of dispersion of 
the bending magnets. This second consideration allows 
a momentum resolution of 0.5%. Range straggling 
affects the stopping distribution of the picns to the 
extent that, for the purposes of radiation therapy, a 
resolution of 1% would be adequate. 

The uniformity of the radiation dose, both in 
cross-section and in depth, are also important consid- 
erations. The pion beam should be constant over a 
cross-sectional area to better than i5%. This 
requirement is easily fulfilled for x-ray and y-ray 
beams by the use of compensating filters, but such a 
solution is not possible wLth a pion beam. One solu- 
tion is to place divergence-limiting apertures in the 
path of the pion beam to make certain that each point 
in the irradiated field sees the same angular range of 
particles from the target. Since the pion production 
is nearly isotropic over the angular range accepted by 
the channel, :his should assure first order beam 
uniformity. Another solution is to form the pion beam 
into a narrow strip and scan the beam across the 
desired area by mcving the patient across in front of 
the beam. Probably both modes of operation will be 
used with this channel. 

Achieving a uniform distribution of dose with 
depth is another sticky problem. For one thing, a 
uniform distribution of stopping pions with depth dces 
not give a uniform dose distribution becaiise all of 
the pions that stop at the deep end of the tumor con- 
tribute to the dose at the shallow region, but the 
converse is not true. For another, the biological 
effect will not be uniform with depth even if the 
ionizing energy is deposited unifcrmly, so that the 
momentum distribution that will b;i.vr a uniform bil- 
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logiCal e ff?Ct v:th &Fth iS COt h'e;l kX!wn. Tk.e 
solution t,: this prcblem at TRIi?P is to make the 
coment,~+limiting apertures in the system variable 
(during the irradisti82n time, s: that the mCmert.;n: 4 
s~cctr~;m inte gra-,ed 5vcr the :q:hzle treatment period 
s23n bis,.re a-y tiesireq2 s;-..are . Ec-de-,-er , in Ihe hem 
scsczicg zo;le ;ren:L~ned >re>;ioc.sl:;, the xmen-,.dm ~1:~s 
3ho.Ai travel through :heir pre-programmed path in a 
time that is start compared with the 7;ime the beam 
trr-erses 57.e treated area. 

The :aymt J f the final IChannel is shosrn in 
?'Ig. 2. It tconsists if tke two 'r5" uniform field 
ke5:ir,g naqnzts, five ~iadr-qx;e f0:cssir.g magnets, 
nr.3 two sext.upole magnets. The system betTJeen the 
entrance of Bl and the ~xi: &of i?2 is swmetric abo-t 
the Center of quadrupole 93, which is $1~0 the loca- 
tisn of the momentum focal plane. The momentum- 
1iir.itir.g slits (digitally controlled through stepping 
ni,ti'rs) hs-?e to trsve1, at most, 12 cm in a period of 
se-iem. 5eccr.d.s. The maxim- axial energy transmitted 
will be ii0 MeV > which gives a Tisn range in srater of 
I:ver 30 cm, 

The beam size shculd be variable over as large a 
range as possible. By varying the position and field 
gradient of the last q~aclru~nle magnet and the posi- 
tier. of the irradiation location, there is sufficient 
flexibility to allow beam varying in size jetween 
3 x 5 and 10 x 10. Smaller beams will. require 
colllmaticn by a beam-limiting spert.xe before El), 
and larger treatment areas will require beam 
ccamir,g. 

'The calculations of the optical properties of 
this channel are all compatible with the Frnpram 
y"JJyprp" 3 , -, &z?d ail second order Scam transfer n;atrix 
elements were Calculated using that program. On the 
basis of these calculntions, it was fcund nezessarj to 
correct fCr several of the second order effects: 
rotation of the momentum focal plane, changes in beam 
uniformity due to geometric nberr~~tjons, and variation 
of beam size with energy at the irradiation location. 
The first and third of these are both caused by the 
ieccnd order coefficient 'I:;c. Eecause of the large 
di.$ergence accepted from the target (+50 m-ad) and tte 
13rge mnmentu;n acceptance (+lO%:, this <aberration can 
,::iuse 3 s%rong Lependence of X-plane beam size on 
particle momentum. If uncorrected, the momentum foca; 
plane insilde 123 would be rotated by nearly 60" from 
me perpndic-dar to the optic ,axis . At this ,acgle , 
evjr. if: resolution woul~d be diffiCuit to achieve. 
'kke vzriati7n of bes.m cite . I vith enerbz wzulgi be r.C;;t 
noticeable ;~hen 1 x:ng 9 0ea.m that is Trer~ narr,w in 
',he X ciirh:t; ,-n I .^ _I__ . If uncarrec~sd, I-,? exnr.Flr 

' "' 
‘c??X :I?+-t k? cm xlrie n% -2 c;e:-,t‘n z:* 2.2 ,3x, 2 
,A :,;e :,,, 'i6 r:y.,'ar.d 5 ,:m wi,:e +.i::i n a.t 20 cm d~:pth. 
.F:;,:h :I :Itutltl,n is <cl i?,arl_y into].,-Jr,-ib! r . 

. L r.i" :-,2i;xetri2 abtrrzzion ::7at IcRUses <ho r,::it 
,li'"' Il*l',:,. i:i 'i;;l: . As a rer,al: ,:1‘ tti 5 c5effi:is:c:, 
:,_, i 'i,T:-,.r; .r,.-, -' 5 7,r-. ;; ;I.;y-c:t,ri~1. ..I: ;i;t i+,- ,:ep+vi I_ _, :r.,! : : ; , 1 
,- .'-. ;i .,t,r'i i'i,::-. i;h7r:r,y; A, 5 z :!i t-. 1 t ; a,,:,? :; i ?s :;.r.,l 

~,fl.'r.~: '2 ~le~8:r~-~,:...*- ,;f in',,eri.. :.',;; ,jn t:-,+ ,;:,,li-;r ;-i,1,: ,jf 

tke field. Iz ger.ersl, tt has been I'oz.7,3 that cross- 
Coupling zerrs invclving both X and L' slanes su:h as 
T323, T324, Etnd 111-k '32-e szall ad :Ia,re 20 measurable 
eI’:‘eCt CL the beam. 3;s Lore trrzs -.:ia: can have 
szrio-us effects are 1336 and ‘~jr6, both of 'Ghicil cB‘is* 
variations in '1' beam size vith encr,&g. i<cve:rer , 5lcce 
i:e er:ittxse of -,ke bearr ir. tke :! ;isze iSO: ~:IT,-“Arr” d ) 
is much larger than that in the X-plane (1.2 cm-mra,i) 
the possible fractional change in t+am size is m,Ch 
smaller for these aberrations than it is in the 
X-plane. 

There are two besic rethods fsr ccrrec2tir.g tilese 
SeCcnd crdsr effects, b;th of which ir.vo;Tie adding a 
sextupole campinent to the magnetir lieids. It is 
possible to do this by z.ur:+.ng the entrance and exit 
pole edges 3: the bending magnets <or by actually add- 
ing physical sextuple magnets to the system. The 
latter has the advantage n f being remotely ndj,ustable 
once the system has been ins:alled. Slcce the second 
crder coefficients are linear functions of the 
sextnpole fields,4 minimization of the second <order 
effects is essentially a linear programming problem 
once the second order coefficients and the effects of 
the sext.Jpcle fields are known, and this is the 
procedure that was used for this channel. It xx be 
shown that there are several equally good soluticns tc 
the second order prablem when four pole-edge curvatures 
and two sextqole field strengths are Lsed as Tiarisbies. 
The improvement in uniformity after second order 
correction can be seen by comparing Zig. 2 which s -1 a ws 
the uncorrected distributions, with Fig. 3, which 
sh'zws the pion distributions after second order 
correction. It may alsc be shown that the chromatic 
aberrations Ti26, T3z6, and T346 majj not be eliminated 
simultaneously by any values for the sext~nole fields. 
so some diaphragmming c;f the pion beam adjacer.t co the 
irradiation location must be used to improve the 
lateral cu+-off of dose. " 
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Table 1. System Parameters. The D's represent 
field-free drift regions, the Q's are quadrupole 
magnets, the S's are sextupoles, and the B's are 
uniform field bending magnets. 

Element 
Effective Pole tip 

length field 
Cm) (kG) 

Aperture 
radius 

(cm) 

D 
Bl 
D 
s 

E2 
D 
Q3 

i4 
D 
s 
D 0.438 
B2 0.628 8.627 7.62 x 15.24 

0.265 
0.628 0.627 7.62 x 15.24 
0.438 
0.254 Cl 15.24 
0.158 
0.400 3.716 15.24 

:: 430306 4.540 15.24 
0.336 
0.400 3.716 15.24 
0.158 
0.254 Cl 15.24 

0.971 
0.264 2.743 10.16 

:5 
0.300 
0.300 c5.00 10.16 

D 1.360 

PION 
f”W~ION 

IRRADIATION 
POSITION 

Fig. 1. Leyout of the beam transport system in the Fig. 3. Pion beam distributions after corrections 
plane of the two bends (equivalent light optics). up to second order are added. 

X (-0 

Y (-0 

Fig. 2. Monte Carlo calculations of the pion beam 
distributions at the irradiation position before 
uniformity corrections. 

X (cm) 

* (cm) 

1031 


