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Abstract

A five quadrupole, two bending megnet negative
pion beam transport channel has been designed to
deliver a physical dose of 0.2 rad/sec into a volume
of 10 em x 10 em 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; & 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
choosirg 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 & beam
of such particles should give a distribution of dose
with depth that is significantly better than any other
type of external radiation beam.1>2 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 particle momentum, and,
according to the Bragg curve for loss of kinetic
energy by & charged particle, the linear energy trans-
fer is highest at the end of the pion's range (15 MeV
in the last em). 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 stopring point.
The combination of these two factors make negative
pions particularly well suited to localization of
radiation dose.

The transmission of & picn beam suitable for
radiation therapy imposes diverse design criteria on
the beam transport system. One principal requirement
i{s that of an adequate beam intensity. Pion beams
nave 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
+ime. The minimum dose rate for the TRIUMF biomedical
pion chanrel was specified to be 0.2 rad/sec to a
~reatment volume of 8C0 cm3 (10 x 10 em area, 8§ cm
thickness). The implied pion intemsity is 2.5 x 108
pions per second at the irradiation location.

With a 20 gm/cm2 carbon target placed in TRIUMF's
100pA, 500 MeV proton beam, a sufficient flux of pilons

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
et 380uA, 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 450
bends so that the pion beam emerges into the irradia-
tion lsboratory horizontally, perpendicular to tke
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, &
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 :5%. 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 with 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, this should assure first order beam
uniformity. Another sclution 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 & uniform dose distribution because 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 bte uniform with depth even if the
ionizirg energy is deposited unifermly, so that the
momentum distribution that will give a uniform bio-
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logizal effect with depth is not well known. The

solution tc this prcolem at TRIVLE is %o make the

romentum-iimizing apertures in the system variable

the Irradiation time, 32 that the mcomentum
ated cover the whcle treatment period

Eowever, in the beam

c usly, the momentum slits

should ura"el Vhrougn their pre-programred path ir a

time that is short compared with tne time the beam

traverses the treated ares.

during
spectrum integr
any desired snape.

_ayout of the Zinal channel is showr in

It consists ¢f the two 45° uniform rield
nagnets, five juadrupoie focussing magnets,
saxtupole magnets. The system between the

entrance of Bl and the exit of B2 is symmetric abou<®
the center of quadrupcle Q3, which is also the loca-

tion of the momentum focal plare. The momentum-
limiting siits (digitally controlled through stepping
motors) have to travel, at mest, 12 cm in a period of
seccrnds. The maximum axial energy transmitted
111 be 110 MeV, which gives a pion range in water of
cver 30 om.

The beam size should be variable over as large a
range as possible. By varying the position and field
gracient of the last quadrupole magnet and the posi-~
tior of the irradiation location, there is sufficient
flexibility to allow beams varying in size between
3 x5 and 10 x 10. Smaller beams will require
colllimaticn by a team-limiting aperture before E2,
and Larger treatment areas will regquire team
scanning.

The czlculations of the optical properties of

this channel are all compatible with the program
‘F ISPCRT, Y and all second order beam transfer matrix

~ements were calculated using that program. On the
vasis of these calculations, It was found necessary to
correct for several of the seccnd order effects:
rotation of the momentum focal plane, changes in beam
uniformity due to geometric aberrations, and variation
of beam size with energy at the irradiation location.
The flrst and third of these are both caused by the
second order coefficient T;;g. Eecause of the large
divergence accepied from the target (#50 mrad) and the
large momentum acceptance (+10%), this aberration can
cazuse a sirong dependence of X-plane beam size on
particle momentum. If uncorrected, the momentum focal
plane inside Q3 would te rotated by nearly 60° from
rae perﬁﬂndicalar to the optiec axis. At this angle,
olut;or would be difficult tc achieve.

= b4
eVEeEn L0

The 71“1¢t1 of team size with energy would be moss
noticeable when using a beam that ig very narrow in
the X direction. If uncorrazectaed, axarmpl “he

om o wide at o= 12 om, Q cm
and 5 cm wide =zgain at 20 er dopth.
ticn is alearly intelerable.
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ral, it has teen Zound “hat creoss-
invelving toth X end
Sl

coupling terrs rlanes such as
T3235 T3oys and T are smell ard iave no measurable
effect cn the beam. Twe more terms %l

serious =7feets are Tizg and Ty,g, se
variations In Y beam size with ensrgy. Fowever, since
the emittarce of the keam in the ¥ viane (302 cnm-rrad)
is much larger than that in %the X-plane (L.0 cm—mrad)
the possible fractiocnal change in beam size is much
smaller for these aberrations than it is in the
X-plare.

There are two basic metheds for cerrectl rg these
seccnd crder effects, bath of which inveolve aidlng a
sextupcle component to the magnetic fieids., It is
possible to do this by ocurving the antrance and exit

st

pole edges of the bending magnets or by actually zdd-
ing rhysical sextupcle magnets to the system. The
latter has the advantage of being remotely adjustable
once the system has teen inssalled. Since the second
crder coefficients are linear functions of the
sextupole fields," minimization of “he second order
effects is essentially a linear programming problen
once the second order coefficients and the effects of
the sextupcle fields are known, and this is the
procedure that was used for this channel. I+ car be
shown that there are several equally good soluticns to
the second order problem when four pole-edge curvatures
and two sextupole field strengths are used as variables.
The improvement in uniformity after second order
correction can be seen by comparing Fig. 2 which shows
the uncorrected distributions, with Fig. 3, which

shcws the pion distributions after qecond order
correction. It may alsc be shown that the chromatic
aberrations Ty,5, T334, and Taug may rot be eliminated
sirultaneously by any values for the sextupole fields,
so some diaphragming of the pion beam adjacent to the
irradiation lccation must be used to improve tke
lateral cut-off of dose.

References
1. P. E. Fowler, 1564 Rutherford Memorial Lecture:
7T mesons versus cancer? Froe. Phys. Soc. 85, 1051~
1066 (1365).
2. H., 8. Feplan, Fotentizlities of 77 mescrn tears in
others In Froceedings of “he thiri
A

lamos Ecientific Laboratory

3. EBrewn, XK. L. and
Computer Program Sor
SZtanford Linea

(13703,

gring

cmeters

rs.

Confarernce an




Table 1. System Parameters. The D's represent [ o T

field-free drift regions, the Q's are quadrupole
magnets, the S's are sextupoles, and the B's are I__r_Jv l
uniform field bending magnets.
e e i e r |
(m) (kG) (cm) _J . ) ) ) ‘ —]
. -6 -4 -2 0 2 4 &
D 0.971 X (cm)
Q1 0.26k4 2.743 10.16
D 0.265
Bl 0.628 8.627 7.62 x 15.24
D 0.438
s 0.254 <a 15.2k4 —
D 0.158
Q2 0.400 3.716 15.24 I_'—
D 0.336
Q3 0.400 4.540 15.24
D 0.336
Qh 0.400 3.716 15.24
D 0.158 l__)
8 0.254 <1 15.24 l—"
D 0.438 ==
B2 0.628 8.627 7.62 x 15,24 % -4 -2 0 2 4 &
D 0.300 Y {em)
Q5 0'320 <5.00 10.16 Fig. 2. Monte Carlo calculations of the pion beam
D 1.360 distributions at the irradiation position before

uniformity corrections.
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Fig. 1. Layout 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.
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