
muons. This is followed by Sec. III, in which we explore
the possibility of extracting surface muons from an existing
spallation target. Section IV then describes an existing
standard target for surface muon production followed by
Secs. V and VI, where we explore the possibilities of
enhancing the surface muon production by optimizing the
shape and material of the standard target.

II. PION PRODUCTION CROSS SECTIONS

Pions are produced at a proton accelerator through a
multitude of different channels. Above the single pion
production threshold of ∼280 MeV in the center-of-mass
frame the following reactions are available:

pþ p → pþ nþ πþ pþ n → pþ nþ π0

pþ p → pþ pþ π0 pþ n → pþ pþ π−

pþ p → dþ πþ pþ n → nþ nþ πþ

pþ n → dþ π0:

Beyond a proton energy of 600MeV the creation of pairs of
pions becomes possible and additional reaction channels
open up:

pþ p→ pþ pþ πþ þ π− pþ n→ pþ nþ πþ þ π−

pþ p→ pþ pþ π0 þ π0 pþ n→ pþ nþ π0 þ π0

pþ p→ nþ nþ πþ þ πþ pþ n→ nþ nþ πþ þ π0

pþ p→ nþ pþ πþ þ π0 pþ n→ dþ π− þ πþ

pþ p→ dþ πþ þ π0 pþ n→ dþ π0 þ π0

pþ n→ pþ pþ π− þ π0

At even higher proton energies further higher multiplicity
pion production channels become possible. However, for
traditional meson factories with energies below 1000 MeV
only the above reaction channels are relevant.
In the early years of the meson factories detailed

measurements of the pion production cross sections were
performed at SIN (now Paul Scherrer Institute PSI) and
at the 184” cyclotron of the Lawrence Berkeley National
Laboratory (LBNL) at proton energies of 585 and
730 MeV, respectively [11–13]. Especially the measure-
ments at low pion energies [13] are of utmost importance in
understanding the generation of surface muons.
Hadronic models distributed with GEANT4 [14] are

generally able to model the pion production reactions
given above. However, several models perform rather
poorly and even models that perform well for certain
proton energies, scattering angles, and for certain elements
perform poorly under other conditions. Figure 1 shows a
comparison of data with the results of various hadronic
models widely used with GEANT4. Especially the two

models BERT (the default GEANT4 hadronic model) and
INCLXX deviate strongly by as much as a factor of 10 [15].
For the above reasons we have embarked on the task of

introducing reliable πþ production cross sections into our
GEANT4 simulations. The basis for our own cross sections

(a)

(b)

(c)

FIG. 1. Simulated double-differential cross sections for πþ

production on carbon at a proton energy of 585 MeV and a
scattering angle of (a) 22.5, (b) 90 and (c) 135 degrees for several
hadronic models used in GEANT4 4.9.6 (BERT, BIC, INCLXX)
and 4.9.5 (INCL_ABLA) in comparison to data from [12,13].
The parametrization is described in the text.
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