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MUONSVERSUS HADRONS FOR RADIOTHERAPY *

N. V. Mokhov', and A. Van Ginneken, FNAL, Batavia, IL

Abstract

Intense low energy muon beams — as part of a muon col-
lider complex —may become availablefor usein radiother-
apy. Itisof interest to compare their effectiveness in this
application with that of hadron beams in a setting where
processes common to these beams are treated exactly aike.
Detailed simulationsof physicsprocessesfor muon, proton,
antiproton, neutron, kaon and pion beams stopping in vari-
ous media have been performed using the MARS code with
newly devel oped weighted a gorithms. Specia attentionis
paid to u—, #—, and p capture on light nuclei. Caculated
distributions of energy deposition and dose equivaent due
to processesinvolving primary beams and generated secon-
daries are presented for ahuman tissue-equivalent phantom
(TEP). Theimportant ratio of dose delivered to hedlthy tis-
sue vs dose to tumor is examined within this model. The
possibility of introducing heavier elements into the tumor
to increase capture of stopped 1.~ isbriefly explored.

1 INTRODUCTION

Facilities needed for a muon collider[1] would provide an
unprecedented variety of intense hadron and muonbeamsin
an energy range well suited for radiotherapy. Hadron beams
have been shownto offer certain advantagesin cancer treat-
ment compared to conventional photon radiotherapy[2]. To
explore the potentia of beams available at amuon collider,
we have devel oped the coding necessary to simulate thede-
tailed dose distributions associated with these beams. A
large part of this effort concerns the processes occurring
when particles are stopped. First results show that such
beams can be used successfully in radiotherapy. Compar-
ison of the effectiveness of various beams with each other
and with simulations may offer vauable insight into this
type of cancer treatment.

2 STOPPED HADRONSAND MUONS

A careful treatment of processes near and below the
Coulomb barrier in hadron and muon transport hasbeenim-
plemented in MARS (stopping by ionization losses vs nu-
clear interaction vs decay).

2.1 Pions

A stopping 7+ decaysinto T of 4.1 MeV plusaneutrino
while a 7~ attaches to a nucleus (via a modified Fermi-
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Teller law). While cascading down the atomic energy lev-
els the pion is captured predominantly from a high orbit
thus only a few low energy photons are emitted (which
may be neglected here). The hadronic interaction of the
stopped 7~ istreated using the Cascade-Exciton Modd [4]
with a few modifications. When hydrogen is the target it
is assumed there is a 60% probability for charge exchange
(m—p — 7°n) whereupon the 7° decays into two pho-
tons of 68.9 MeV each and the neutron acquires a small
(0.4 MeV) kinetic energy. The remaining 40% of stopped
7~ in hydrogen interact via radiative capture: 7—p —
nv. Here the photon acquires 129.4 MeV and the neu-
tron 8.9 MeV kinetic energy. Other nuclides have a much
smaller probability for radiative capture (1-2%) which is
taken into account in competition with the non-radiative
type as simulated by the CEM95 code. The photon energy
is chosen from an empiricd fit to experiment whilethe re-
mainder is deposited as excitation energy.

2.2 Muons

A stopping x adways decays into evv while a p~ at-
tachesitself to anucleus. When a .~ stopsin a compound
or mixture one first decides to which nucleus the p,~ at-
taches (modified Fermi-Teller law). Following attachment
the muon may still decay as decided by comparing cap-
ture and decay lifetimes of which the latter is favored for
light nuclei (Z<11). A captured i~ then cascades down
to the ground state of the muonic atom emitting photons
along with some Auger dectrons, al of whichissimulated
using approximate fits to the atomic energy levels. In hy-
drogen 1.~ capture always produces a5.1 MeV neutronvia
inverse 5-decay. In complex nuclei the giant dipole reso-
nance playsaroleand resultsin an ‘ evaporation’ -type neu-
tron spectrum with one or more resonances superimposed.
In addition smaller numbers of evaporation-type charged
particles and photons may be emitted.

2.3 Antiprotons

Stoppedp attach tonucle inthesameway as7— or x~. An-
nihilationat rest isassumed to produce only pions, neglect-
ing some of the rarer modes involving strange particles.
Charges of produced pions are dightly skewed towards =~
inview of the ‘brought in’ negative charge. Pion momenta
are chosen from an inclusive distribution|oosdly based on
experiment. The energy weighted distribution is normal-
ized to twice the nucleon mass which predicts a multiplic-
ity of 4.3—close to observation. In a complex nucleus the
annihilation is treated as though it occurs on free nucleon
except that each pion produced by the annihilation process
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is given a 50% probability to interact within the nucleus.
This shortcut attempts to include—at least quditatively—
participation by the constituent nucleons.

Total cross sections for pA in flight are estimated from
geometrical considerationsandfrom oy, oy, Opp, AN 0y,
data. Annihilation in flight uses the same (Lorentz trans-
formed) inclusive pion distribution as annihilation at rest.
Above0.1 GeV/casmall pp — mn component isincluded.
Nuclear target effects are again approximated by alowing
some re-interaction of emerging particles in the same nu-
cleus. Quasi-dastic eventsof p, m with target nucleonsrely
on MARS agorithms for pA and nA but with the fastest
emerging nucleon identified asitsantiparticle.

3 DOSE DISTRIBUTIONS

A few selected results on dose delivered to the TEP are
presented. For lack of space these are restricted to ab-
sorbed dose [5]. To facilitate inter-comparison, the beam
energy for each type of particleis chosen to have arange
of 15 cm in tissue: 147.2 MeV for protons, 68.3 MeV for
pions and 61.8 MeV for muons. Each beam is uniformly
distributed over -0.5<x,y<0.5 cm and isincident normally
ona30cmsdab TERP. A 70 MeV neutron beam isincluded
for a comparison. Fig. 1 shows the absorbed energy as a
function of depth for each beam. |sodose contours for ab-
sorbed dose produced by thep, 7=, and ©~ beams are pre-
sented in Fig. 2. In Fig. 3 the lateraly integrated dose due
ton~ and u~ beams of the above energy is analyzed into
its main contributing mechanisms. In both cases ioniza-
tion losses are the main contribution up to and including
the Bragg peak. For 7~ there is comparable contribution
near the peak from high-dE/dx charged particles associated
with capture. Decay of the pionsresults in muons deposit-
ing3.17 and 0.49 MeV for n+ and =~ whileneutrinoscarry
away 60.2 and 0.49 MeV, respectively. For 1~ the second
largest dose contribution is due to eectrons from 1. decay
and the showersinduced by them.
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Figurel: Laterally integrated absorbed energy inaTEPfor
proton, pion, muon and neutron 1x1 cm beams.
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Figure 2: Absorbed isodose contours (nrad per incident
particle) in a TEP for 147.2 MeV p (top), 68.3 MeV 7~
(middle) and 61.8 MeV 1~ 1x1 cm beams.

As arough messure of effectiveness of the various par-
ticle beams one may compare dose delivered at entrance
withthat a the peak. The entrance dose can be regarded as
ageneral proxy for dose delivered to healthy tissue and—
in addition—isof particular interest in connection with the
‘skin sparing effect’[2]. In this regard it makes sense to
compare the ratio of peak absorbed dose, as a measure of
radiotherapeutic effectiveness, to entrance dose equivalent
as ameasure of damage to healthy tissue (and in particular
to the skin). Thiscomparisonis shownin Table 1 for doses
averaged over Ar about the beam axis and over a depth of
Az near thepeak for two cases. (1) Ar=Az=0.5cmand (2)
Ar=Az=1.5 cm. These can be thought to represent tumors
with volume of 0.39 and 10.6 cm?, respectively. It isseen
that by thismeasure 7~ are most effective athough, except
for neutrons, the other beams come close—particularly for
the larger region.

A stopping p.— attaches more readily to a heavy nucleus
than to alight one—such as found in tissue. To exploit this
one might inject a heavy eement or compound, in adurry
or solution, into the tumor region prior to irradiation. Such
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Figure3: Laterally integrated absorbed energy and itscom-
ponentsfor 68.3MeV 7~ (top) and 61.8 MeV 1~ (bottom).

an agent must be chosen with some care not only with re-
gard to itseffectiveness in delivering alarger dose but aso
toitstoxicity, residual radioactivity produced, capability for
removal after irradiation, etc. To obtain a preliminary in-
dication we tried a Bal, solution of a density 1.67 g/cm?,
present in a 1.5 cm region around the dose pesk. Fig. 4
shows that peak dose increases by about 30%. This strat-
egy would have much less effect for 7= where captureis
assured even for light nuclei.

Table 1: Peak absorbed dose to entrance dose equivalent

Cae| p at | o | out | oo n
1 131 100| 142 | 0.73 | 0.71 | 0.08
2 203 | 255 | 297 | 252 | 249 | 0.12

4 CONCLUSIONS

The variousbeams avail ablein connectionwithamuon col-
lider might be of considerable interest to radiotherapy. En-
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Figure4: Laterally integrated absorbed dose for a 75 MeV

1~ 1x1cmbeam inastandard TEP and in one with Bal,

solution at 18.5<z<20.5 cm and r<1.5 cm.
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ergy deposition distribution in a TEP induced by various
beams show substantially different patternswhich might be
exploited by thetherapist. Negative pion beams providethe
best peak-to-entrance doseratio but pure 7~ beams are dif-
ficult to prepare. Cooled muon beams could riva proton
beams with regard to purity and deliver a better pesk-to-
entrance ratio—particularly for larger tumors. Muon dose
appears adso to be more uniformly distributed compared
with protons. An important aspect would be the ability to
evaluate and intercompare the efficacy of thevariousbeams
in a common setting which might be provided by a muon
collider complex.
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