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We review the recent simulations of muon production targets using the GEANT4 framework.
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materials, geometries and incident beam energies.

PACS numbers: xxx

I. INTRODUCTION

Intense beams of polarised muons are required by
the muon spin rotation, relaxation or resonance (µSR)
technique to probe materials in the bulk in order to
tackle fundamental problems in condensed matter sci-
ence, chemistry, medicine and particle physics [1–7]. The
µSR technique uses the muon’s spin to examine the struc-
tural and dynamical processes in bulk materials on the
atomic and subatomic scale. Muons are implanted into a
sample material and their spins precess around the local
atomic and nuclear magnetic fields. The unstable muons
decay with an average lifetime of 2.2 µs into a positron.
Since these positrons are emitted preferentially in the di-
rection of the muons’ spin, the precessional motion can
be followed simply by observing their angular and time
dependent distribution. µSR, at the existing muon facili-
ties, has made major contributions to our understanding
of a diverse range of phenomena such as superconductiv-
ity, itinerant magnetism, semiconductors etc. [8–15] If,
however, more intense muon beams were routinely avail-
able it would enable rapid parametric investigations as
a function of magnetic field or temperature, for exam-
ple [16], and be beneficial for novel muon methods, such
as low energy beams or experiments that exploit pulsed
stimuli.

µSR experiments generally (though not always) rely
upon polarised beams of relatively low energy positive
muons which rapidly thermalise within 1 mm after enter-
ing the sample being studied. An intense source of such
polarised muons, known as surface muons with momenta
of ≈28 MeV/c, is produced by the decay of positive pions
which are at rest at the surface of the production target.
The polarised surface muons, initially exiting in all di-
rections, are focused and guided with magnetic fields to
the muon spectrometers.

For muon experiments involving high pressure cells and
similar complex sample environment equipments, pene-
trating high momentum muon beams are required. In
this case decay muon beams are used, where the pions
from the target are collected into a beam and allowed to
decay in flight. Selection of the momentum of both the
pions and the resulting muons allows selection of those

produced by forward (or backward) decays which have a
high polarisation.

µSR experiments can be carried out at the continu-
ous muon beam facilities at PSI (Switzerland) [17] and
TRIUMF (Canada) [18], or at the pulsed beam facili-
ties at ISIS (UK) [19] and J-PARC (Japan) [20]. The
high cost related to accelerator construction and opera-
tion have resulted in the so-called multipurpose facilities
where muon experiments are carried out alongside oth-
ers such as neutron scattering, providing complementary
information in a wide variety of scientific applications.
As a result of this coexistence, the design of each of the
muon facilities, such as the geometry and efficiency of
the pion/muon target and the energy and time structure
of the proton beam, is essentially a compromise which
leads to a sub-optimal muon delivery rate to the µSR
spectrometers [21].

Therefore it is of technical interest to consider how
muon production can be optimised. Using the ISIS tar-
get as a reference, simulations have been performed to
provide an optimised solution for the target design with
respect to pion/muon production. Implications of the op-
timised solutions for the ISIS facility are also discussed
in this paper.

The development of these simulations will be essential
if the full potential of the next generation sources is to be
realised. Using the methods discussed here, the potential
for muon production at the ESS might be investigated in
future work, and compared to the utility of a stand alone
facility (perhaps co-located with other large facilities to
benefit from scirntific and technical support), optimised
specifically for muon production for µSR experiments.

II. SIMULATION CODES

Optimisation studies were performed using the Monte
Carlo code GEANT4 [22], which simulates particle inter-
actions and transport through the target material. Pion
production differential cross sections for 730 MeV pro-
ton energy were modelled using three physics packages:
QGSP-BERT [23] , QGSP-BIC‘[24], and QGSP-INCL-
ABLA [25].

The results were validated against experimental data
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from Cochran et al. [26], who performed experiments
at the Lawrence Radiation Laboratory cyclotron which
measured the pion production cross-sections on targets
over a wide range of production angles and pion ener-
gies. The experiment used a proton beam extracted from
a cyclotron, a selected target material and a pion spec-
trometer consisting of a bending magnet and an array of
12 counter telescopes. The eleven target materials used
were liquid H2, CD2, Be, C, Al, Ti, Cu, Ag, Ta, Pb and
Th. The spectrometer was repositioned to select pions
emitted at one of several angles with respect to the pro-
ton beam. The measured differential cross-sections for
pion production by 730 MeV protons on targets provided
a reliable guide for the design of pion beams at various
meson facilities.
Validation results are shown in Fig. 1 and demon-

strate good agreement between simulation and exper-
imental data for version geant4.9.3.p02 [27]; however,
for later releases (versions geant4.9.4.p04, geant4.9.5.p02
and geant4.9.6.p01) the results are noticeably different.
In these releases the function getMomModuleFor2toMany
from the class G4ElementaryParticleCollider has been
modified by eliminating a special case initialisation to
obtain better agreement with data for pion and kaon in-
teractions with hadrons at the higher end of the kine-
matic range. However, this modification significantly
changed the comparison of Bertini model output to data
for hadron-nucleon cascades [28].
At small angles the previous versions geant4.9.3.p02

and geant4.9.4.p04 seem to be in reasonably good agree-
ment with the experimental data for all three cascade
models. Versions geant4.9.5.p02 and geant4.9.6.p01 how-
ever show significant discrepancies especially for Bertini
and Binary Cascade models. At large angles the QGSP-
BERT package gives a better agreement with data while
QGSP-BIC tends to overestimate pion production. The
QGSP-INCL-ABLA package also overestimates the data,
apart from version geant4.9.6.p01 where the experimen-
tal results are underestimated. Therefore, in our simula-
tions we used the version geant4.9.3.p02 with the QGSP-
BERT package, as this is demonstrably more reliable for
our particular problem. This package comprises several
physics models:

• the Bertini Cascade Model (BERT) for intranuclear
cascade followed by pre-equilibrium and evapora-
tion phases of the residual nucleus for proton, neu-
tron, pion and kaon interactions below 9.9 GeV;

• parameterised models for all remaining hadrons;

• parameterised capture and fission for low energy
neutrons;

• hadronic elastic scattering;

• standard electromagnetic physics;

• Chiral Invariant Phase Space (CHIPS) model of nu-
clear capture of negatively charged particles at rest;

• parameterised muon-nuclear interactions;

• CHIPS model for gamma-nuclear and electron-
nuclear interactions;

• Quark-Gluon String (QGS) model for all hadronic
interactions above 12 GeV followed by the Precom-
pound model for pre-equilibrium and evaporation
phases of the residual nucleus;

• Low Energy Parameterised model for hadronic in-
teractions between 9.5-25 GeV;

• quasi-elastic scattering.

III. OPTIMISING PROTON ENERGY

A. Proton Transmission

Muon production targets are typically used in trans-
mission, with the transmitted proton beam being used
for production of other particles. For example, at ISIS,
only 4% of the proton beam is used for muon produc-
tion, with the remaining protons producing spallation
neutrons. Therefore, for a muon target at a shared facil-
ity it is desirable to optimise the number of muons pro-
duced while keeping in mind the limitations of the target
geometry and proton transmission. An optimisation of
the collection geometry might also be advantageous.

Simulations were carried out to investigate proton
beam transmission as a function of proton energy and
target thickness [27]. For convenience, the ISIS target
geometry (discussed in section VI) was modelled, using
graphite as the target material oriented at 45◦ to the
proton beam. An incident proton beam having 109 pro-
tons at the required energy and with zero energy spread
(the actual value at ISIS is 1 MeV) was used, with pro-
tons considered to be transmitted if scattered through an
angle less than 28.8 mrad allowing them to pass through
downstream collimation (discussed further in section VI).

Simulation results shown in Fig. 2(a) confirm that pro-
ton transmission through a graphite target increases with
proton energy. The result suggests that thicker targets
could be used at higher energies. Further simulations
were carried out to investigate this, with the target thick-
ness for 96% proton transmission shown as a function of
proton energy (Fig. 2(b)). As expected, muon production
on future multipurpose high power sources can realise an
immediate benefit from the ability to use thicker muon
production targets while maintaining proton transmis-
sion. However, for the purposes of this study, the target
thickness was not generally varied with proton energy.
Instead, the variation of pion or muon yield was com-
pared with the proton beam loss.
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(a)Pion production double differential cross section using the GEANT4 version geant4.9.3.p02.
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(b)Pion production double differential cross section using the GEANT4 version geant4.9.4.p04.

Pion KE (MeV)

0 50 100 150 200 250 300 350 400 450 500

)
sr

 M
eV

m
b

( Ω
dE

dσ2 d

-410

-310

-210

-110

1

QGSP_BERT - 15 degrees

QGSP_BIC - 15 degrees

QGSP_INCL_ABLA - 15 degrees

Pion KE (MeV)

0 50 100 150 200 250 300 350 400 450 500

)
sr

 M
eV

m
b

( Ω
dE

dσ2 d

-410

-310

-210

-110

1

QGSP_BERT - 90 degrees

QGSP_BIC - 90 degrees

QGSP_INCL_ABLA - 90 degrees

Pion KE (MeV)

0 50 100 150 200 250 300 350 400 450 500

)
sr

 M
eV

m
b

( Ω
dE

dσ2 d

-410

-310

-210

-110

1

QGSP_BERT - 135 degrees

QGSP_BIC - 135 degrees

QGSP_INCL_ABLA - 135 degrees

(c)Pion production double differential cross section using the GEANT4 version geant4.9.5.p02.
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(d)Pion production double differential cross section using the GEANT4 version geant4.9.6.p01.

FIG. 1. Double differential cross-section predictions with the last four GEANT4 versions for positive pion production. Three
physics packages (QGSP-BERT, QGSP-BIC, QGSP-INCL-ABLA) are compared with experimental data.
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(a)Transmission through a 7 mm graphite target.
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(b)Graphite target thickness for 96% proton
transmission.

FIG. 2. Proton transmission as a function of the proton beam
energy.

B. Pion Production

Simulations were carried out to investigate pion yield
within the production target as a function of proton beam
energy. The threshold for single pion production that
results from proton-nucleon interactions inside the tar-
get is typically 280 MeV (or twice the pion mass) in the
laboratory frame. This is clearly seen in the simulation
results shown in Fig. 3, which also demonstrate that the
pion yield increases rapidly with energy once beyond this
threshold.
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FIG. 3. Variation of pion yield with proton energy.

To obtain the maximum number of single pions, the

incident proton beam should have an energy in the range
500-800 MeV. At higher energies it is possible to produce
pions in pairs. Double pion production reactions occur
only when there is sufficient energy in the collision, and
are typical for proton energies beyond 1 GeV. This is
demonstrated by the simulations shown in Fig. 4, where
the momenta and energy spectra of the pions is shown
for various incident proton energies.

The onset of the double pion production at 750 MeV
(Fig. 4(a)) is seen by the shoulder in the curve, while
the double pion production peak becomes prominent at
1 GeV incident proton energy and above (Fig. 4(b)).
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FIG. 4. Pion momentum and energy spectra for various inci-
dent proton energies.

The momentum spectrum and angular distribution of
the pions produced depend on the primary proton beam
energy, and therefore simulations were performed using
several incident proton energies. Energies were chosen
to correspond to the incident proton beam character-
istics of the TRIUMF, ISIS and J-PARC accelerators
(Figs. 5(a)–(c) respectively). Pions exiting the target at
angles smaller than 20 degrees, or higher than 160 de-
grees, with respect to the proton beam were recorded
(Fig. 5). Pion production is forward biased, and the
forward-backward asymmetry increases with the energy
of the proton beam. The momentum distribution of the
pions exiting the target at angles larger than 160 degrees
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is a single gaussian. The average momentum increases
from 122 MeV/c for 500 MeV protons to 160 MeV/c for
3 GeV protons. For the pions coming out of the tar-
get at angles smaller than 20 degrees, the momentum
distribution for 3 GeV protons can be approximated by
a superposition of three Gaussians, one centered at 150
MeV/c, one at ∼500 MeV/c and one at ∼1 GeV/c.
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FIG. 5. Pion momentum distributions at various incident
proton energies.

C. Muon Production

A fraction of the pions produced inside the target have
low energy, stopping within the target after having com-
pletely lost their momentum inside the target itself. They
decay at rest producing monoenergetic muons with a high
polarization in their direction of travel, and those muons
formed close to the sample surface may escape. Another
fraction of pions decay in flight in the free space close to
the production target, and because the momentum of the
parent pion is unknown, the muons produced (known as
cloud muons) have a lower net polarisation.

The muons produced by pions decaying at rest near
the target surface have sufficient energy to escape from
inside the target and are known in literature as surface
muons. Only positive surface muons can be produced
because any negative pions stopped inside the target are
rapidly captured by the nuclei. Surface muons have a
momentum range 0-30 MeV/c, with the spread resulting
from the depth from which the muons escape, and the
muon beam has a high intensity due to the high stopping
pion density inside the target.

Simulations were carried out to investigate surface
muon production as a function of proton energy. To
ensure a proper count of muon production, simulations
modelled a target surrounded by a spherical detector
shell of inner radius 14 cm and outer radius 16 cm. The
shell contained a vacuum to avoid particle scattering af-
fecting the result. The total yield for surface muons and
muons from pions decaying in flight with a momentum
lower than 30 MeV/c is shown in Fig. 6(a). A peak at
an incident proton energy of about 500 MeV can be ob-
served.

Increasing the proton energy above this value merely
produces more high momentum pions in the forward di-
rection, most of which are well outside the momentum
range likely to be used by a decay beam, though there is
a small increase in the 50–200 MeV/c range. At higher
proton beam energies, most pions have high kinetic en-
ergy and escape the target rather than coming to rest and
having time to decay to surface muons. A normalisation
to the incident proton energy is shown in Fig. 6(b), with
a clear peak in the yield at about 500 MeV.

Since the proton transmission is a function of the pro-
ton energy, a normalisation to the number of protons in-
teracting in the target was also investigated, and it also
shows a peak at about 500 MeV (Fig. 6(c)). This normal-
isation was performed in order to calculate the average
number of muons produced in a proton interaction in-
side the target as a function of incident proton energy.
Therefore, for surface muon production, TRIUMF ob-
tains a higher muon yield at 500 MeV than ISIS at 800
MeV, with only a marginal benefit at 3 GeV (J-PARC).
Because the muon yield starts to increase above 1 GeV,
the study was extended to higher proton energies to look
for a second peak in muon production. However, a con-
tinuous increase in muon yield with proton energy was
found up to 9 GeV (Fig. 7(a)). The normalisation of the
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FIG. 6. Variation of muon yield with proton energy.

muon yield to the incident proton energy shows a single
peak at about 500 MeV (Fig. 7(b)) and there is clearly no
gain in going to higher energies for this particular target
geometry and material.
Momentum distributions of the surface muons pro-

duced by the incident proton beam of energies used at
TRIUMF, ISIS and J-PARC accelerators are shown in
Figs. 8(a)–(c) respectively. Simulations recorded the sur-
face muons emitted in the forward direction at an angle
smaller than 20 degrees with respect to the proton beam
and in the backward direction at an angle higher than

160 degrees. For pion production, the forward-backward
asymmetry increases with the proton energy, while in the
case of muons, muon rates and momentum distributions
are similar for all three proton energies, while the abso-
lute number of muons produced clearly reflect the results
of simulations shown in Fig.6 This suggests that surface
muon production is close to isotropic, which might be
expected from a pion (spin 0) at rest.
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FIG. 7. Variation of muon yield with proton energy at higher
energies.

IV. MATERIAL CHOICE

A substantial gain in intensity can be achieved through
optimisation of the target material. At current muon fa-
cilities, low-Z materials like graphite and beryllium were
chosen for the target as both have a low density, allow-
ing the proton beam to pass through the target without
significant interaction. Additionally, both materials have
a high melting point, 3800 K for graphite and 1560 K
for beryllium, essential as the target is expected to run
hot in vacuum. Beryllium, in particular, also has a high
temperature stability and a low coefficient of expansion
with temperature. For a stand alone muon target, nickel
might also be considered as a potential candidate due to
the high melting point (1726 K) and stress resistance.
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FIG. 8. Surface muon momentum distributions for incident
proton energies reflecting the proton beam at existing facili-
ties

Low-Z target materials are preferred for production
targets as they maximise pion production while minimis-
ing both the rate of absorption of secondary pions and
multiple scattering of the proton beam itself within the
muon target. The material properties must also be suit-
able for operating in the extreme conditions of an intense
high energy pulsed proton beam — providing efficient en-

ergy dissipation and surviving both the pressure waves
induced by beam pulses and the long-term effects of ra-
diation damage.

Simulations were carried out to investigate muon yield
as a function of target thickness, with the production ef-
ficiency of various materials being investigated [29]. Sim-
ulations were set up in a similar manner — a Gaussian
beam was formed of 109 protons with a radius of 10 mm,
and the target was surrounded by vacuum including a
spherical detector with inner radius 13 cm and outer ra-
dius 14 cm.

The variation of the total and surface muon yield as
a function of target thickness is shown in Fig. 9(a). All
muons having momentum in the range 0-100 MeV/c are
recorded in the shell. Selecting only those muons with
momentum below 30 MeV/c enables a count of both
the surface muons produced by pions decaying at rest
near the target surface with sufficient energy to escape
from inside the target, together with background “cloud”
muons (muons coming from pions in flight and having a
momentum lower than 30 MeV/c). Results suggest that a
nickel target would give a substantially higher muon yield
compared to those obtained from graphite and beryllium.
For example, a 30 mm Ni target would produce four times
more surface muons than a 7 mm graphite target. How-
ever, as a high-Z material, proton transmission would be
compromised thus making it more suited to a stand alone
muon facility.

Target thickness can also be expressed in terms of the
number of proton interaction lengths and the correspond-
ing muon yields can be compared for the same num-
ber of interaction lengths in the three materials. The
muon yield, given by the same number of proton inelas-
tic interactions in these materials, enables us to compare
the muons produced per interaction, rather than target
thickness, giving a measure of efficiency for muon pro-
duction. From Fig. 9(b) it can be seen that the muon
yield per proton interaction is lower in beryllium than in
both graphite and nickel. It is clear that a comprehensive
study of different target configurations which addresses
all the engineering aspects of each solution should be car-
ried out as a continuation of this work.

V. TARGET GEOMETRY AND ANGLE

Since surface muon production at small target thick-
nesses is nonlinear, the muon yield might be improved
by splitting the target into two or three slabs such that
the total thickness remains equivalent to the single slab.
By doing so, more pions decaying at rest will be close to
a surface, thus enhancing surface muon production with-
out compromising beam transmission. Simulations were
carried out using a similar geometry to that described in
section IV and modelling proton beam interaction with
graphite slabs of total thickness 7 mm presented at 45◦

to the proton beam. Muon yield was investigated as a
function of the number of slabs and their separation, with
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FIG. 9. The comparison of the muon yield per proton for
three different materials.

results shown in Fig. 10.
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FIG. 10. Variation of the surface muon yield with the slab
separation distance. The muons are detected by the spherical
shell.

For small slab separations, a fraction of the surface
muons are implanted into an adjacent slab and so do

not reach the shell. Therefore, the surface muon yields
for two and three slabs are similar when the separation
distance is below 20 mm. As the distance is increased
the muon detection rate rises and then flattens as all the
muons produced in the slabs reach the detector. Com-
pared to the standard geometry, surface muon produc-
tion can theoretically be increased by 21% and 40% by
segmenting into two and three slabs respectively.
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(a). The two slab design.
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(b). The three slab design.

FIG. 11. Variation of the surface muon yield with distance be-
tween the slabs and slabs angle orientation for a 2-slab design
(a) and a 3-slab design (b).

The simulations up to now involved a target of 7 mm
thickness. By adjusting the target orientation, differ-
ent slab thicknesses can be presented in the beam path,
thus leading to more proton interactions inside the tar-
get and a higher surface muon yield. Results of further
simulations designed to study surface muon yield as a
function of slab separation and orientation are shown in
Fig. 11. For the smallest angles, a higher total slab thick-
ness is presented in the proton beam path leading to an
increase in flux (and a corresponding increase in proton
beam loss).

While these simulations show clear advantages in us-
ing a target comprising more than one slab, for a practi-
cal muon beamline muons must be collected and focused
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onto a sample. Being able to collimate to suit small sam-
ple sizes without significant loss of intensity is an advan-
tage. This becomes difficult for a target assembly with
multiple distinct regions where muons are produced, and
is therefore not obviously the best choice for a practical
beamline.

VI. OPTIMISATION FOR ISIS AND FUTURE
FACILITIES

The optimised solutions described previously have
been implemented in simulations of the ISIS muon tar-
get. The pulsed muon facility at ISIS facility has oper-
ated successfully for many years serving an international
µSR community. During operation, the ion source of the
ISIS accelerator injects negatively charged hydrogen ions
into a linac which accelerates and transports the ions to
the synchrotron where, on injection, they are stripped of
their electrons by a thin foil, leaving bare protons. The
synchrotron then accelerates the protons to 800 MeV.
The resulting extracted proton beam has a double pulse
structure with 2.5×1013 protons per double pulse, with a
frequency of 50 Hz, resulting in a nominal proton beam
current of 200 µA. (One pulse in 5 is sent to a second
target station, resulting in the muon target receiving 160
µA proton beam current at a mean repetition rate of 40
Hz.)

FIG. 12. GEANT4 modelling of the ISIS muon target, beam
window and collimators. The target is tilted at 45 degrees
and the muons produced in the target are collected by the
beam window. The transmitted proton beam passes through
the collimation system and impacts further on the neutron
target situated 20 m downstream.

The extracted proton beam then passes through a
thin graphite muon production target with dimensions
50×50×7 mm, oriented at 45 degrees to the proton beam
and giving an effective length of 10 mm along the beam
(Fig. 12). The interaction of the proton beam with the
target nuclei produces pions which decay into muons.
The primary requirement for the target is to produce
a large number of pions and hence muons in order to

achieve acceptable intensities for experiments.

The surface muons produced at the target are ex-
tracted into two beam lines each at 90 degrees with re-
spect to the proton beam. One port serves the EU facility
[30], comprising three instruments that are fully sched-
uled for condensed matter experiments, the second port
provides beam for the RIKEN-RAL facility [31], with
four end stations carrying out various condensed matter
and nuclear physics research. The muon beam is fully po-
larised and the polarisation is maintained during beam
transport. Both beam lines are separated from the main
proton beam and target vacuum vessel by a thin alu-
minium window (typically 60 µm). The beam window
has a diameter of 8 cm and is situated 15 cm from one
side of the target. The production target is followed by
a set of two collimators [27]. The collimators stop any
muons and neutrons formed at low angles, or any pro-
tons scattered through larger than average angles, which
would otherwise hit the beam pipe or quadrupole mag-
nets between the muon and neutron targets. The colli-
mators are angled cones of 40 cm length and are made of
Cu. The first collimator has an inner radius of 37.5mm
and an outer radius of 54.15 mm and the second collima-
tor has an inner radius of 51 mm and an outer radius of
61.4 mm and intercepts protons at angles greater than
28.8 mrad. Protons exiting the second collimator are
considered as transmitted.

The transmitted proton beam goes on to impact the
tungsten neutron production target situated 20 m down-
stream. Because the muon facility is essentially parasitic
with respect to the neutron facility, the proton trans-
mission through the muon production target (defined as
the fraction of protons passing through the collimation
system) must be maintained at a predetermined level to
prevent loss in neutron intensity.

The requirement for 96% proton transmission is satis-
fied by either a 7 mm graphite or beryllium target or a
1.6 mm nickel target. Results shown in Fig. 9, however,
demonstrate that a 7 mm graphite target gives a higher
surface muon yield than 7mm targets formed from either
nickel (1.6 mm) or beryllium (7 mm). However, we have
investigated an optimisation of a beryllium target, where
a nickel coating is used to prevent evaporation or sput-
tering of beryllium from the target surface that might
contaminate the beamline and create a health hazard.
Nickel has been shown to be a suitable coating material
for conventional low Z targets. Clearly the nickel coat-
ing should be sufficiently uniform and robust to prevent
any sputtering and evaporation of beryllium, but at the
same time be sufficiently thin so as to not compromise
the proton transmission through the composite target.
From simulations using a geometry discussed in section
IIIA, we found that a beryllium target of 6 mm thickness
encapsulated with 0.5 mm nickel on all surfaces gives a
proton transmission of 95.01% for an 800 MeV beam en-
ergy. Simulation results for the total and surface muon
yield (using the geometry discussed in section III C)for
graphite, beryllium, nickel and composite targets for a
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comparable proton transmission are presented in Table I.

TABLE I. Total and surface muon yield detected over a spher-
ical shell for a similar proton transmission.

Material Thickness (µ/p)× 10−6 (Surface µ/p)× 10−6

Graphite 7 mm 8.07±0.09 7.09±0.08
Be 7 mm 5.29±0.07 4.65±0.06
Ni 1.6 mm 5.22±0.07 4.71±0.07

Be, Ni coating (6+1) mm 6.62±0.08 5.84±0.08

The distribution of surface muon production from the
composite target is shown in Fig. 13. The different
colours represent the contribution of the two materials to
the pion production, irrespective of the material in which
the pion decays. The relative contributions of beryllium
and nickel to the surface muon yields are 59% and 41%
respectively.
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FIG. 13. Contribution of both materials to the surface muon
production. Different colours represent the material in which
the parent pion was produced.

Simulations were repeated to study muons passing
through the ISIS beam window. The simulation geome-
try was modified with a detector substituting the beam
window. The performance of the plain and encapsulated
targets is shown in Table II.

TABLE II. Total and surface muon yield at the ISIS beam
window for similar proton transmissions.

Material Thickness (µ/p)× 10−6 (Surface µ/p)× 10−6

Graphite 7 mm 0.18±0.01 0.16±0.01
Be 7 mm 0.13±0.01 0.11±0.01
Ni 1.6 mm 0.11±0.01 0.10±0.01

Be, Ni coating (6+ 1) mm 0.15±0.01 0.13±0.01

It can be seen that the 7 mm graphite target gives the
best performance of all four targets investigated. Results
indicate that the ISIS beam window is capturing ∼2% of
the total number of surface muons produced in the target.
This is as expected since the solid angle to the beam

window is Ω = 0.071π and the surface muon production
is isotropic [27].

The acceptance of the beam line downstream of the
window means that only those muons appearing to come
from a region of the target with height ±5 mm and width
±30 mm, as well as with a divergence of 35 mrad in the
horizontal direction and 180 mrad in the vertical direc-
tion, and momentum in the range 25-27 MeV/c per unit
charge, are transmitted to the sample. Selecting only de-
tected muons in this range, for the 7 mm graphite target
used at ISIS, approximately 7×10−9 surface muons per
proton will be delivered to the sample.

Given that graphite appears to be the most efficient
target material, we have therefore explored the effect of
replacing the current ISIS muon production target with
one using two or three graphite slabs. Again we selected
only those muons within the source position, angle and
momentum ranges appropriate to the real beamline. The
results are shown in Fig. 14. Simulations have been car-
ried out for both two and three slabs; in the former case
the midpoint between the two slabs was centred on the
beamline window axis, while in the latter configuration
the centre slab was centred on the window.
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FIG. 14. Variation of the surface muon yield as a function of
slab separation for a 45◦ orientation. Only muons entering the
ISIS beam window are detected, and the appropriate selection
cuts are applied.

For a two slab geometry, the muon production rate is
optimised with a slab distance of ∼30 mm. At greater
distances the muons are no longer captured by the 30 mm
horizontal acceptance of the beamline and the rate can
be seen to fall away. At the optimum distance the surface
muon yield could be increased by 54 % compared to the
present target design configuration. A three slab target
geometry has an optimum muon production rate asso-
ciated with a 20 mm slab separation, which compared
to the current design configuration would give a 50 %
increase in surface muon yield. When the distance be-
tween the slabs was increased to more than 50 mm, only
surface muons emitted by the central slab were collected
by the beamline.
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(a). Variation of surface muon yield with slab
separation and angle for the two slab design.
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(b). Variation of surface muon yield with slab
separation and angle for the three slab design.

FIG. 15. Variation of the surface muon yield accepted by the
ISIS beamline as a function of distance between the slabs and
slab angle orientation. Results shown for a 2-slabs design (a)
and a 3-slabs design (b). Acceptance and angular cuts are
applied in both cases.

Since the total thickness of the slabs is always equal to
the thickness of the original target (7 mm in the present
simulations), the proton transmission does not depend on
the number of slabs or on the distance between them, it
only depends on their angle of orientation to the proton
beam. Targets segmented into two and three slabs, each
with a 45 degree angle of orientation with respect to the
beam, give a proton transmission of 96.89% and 97%
respectively.

The variation of surface muons with the slab separa-
tion distance and the angular orientation after applying
the acceptance and angular cuts for the ISIS beam win-
dow are shown in Fig. 15. Considering that the ori-
entation angle must be larger than 35 degrees in or-
der to maintain the proton transmission above 96%,
one can see that an increased muon yield can be ob-
tained for a two-slab design at 35 degrees and 30 mm
(15.5×10−9µ/p) and a three-slab design at 40 degrees
and 20 mm (12.2×10−9µ/p). The surface muon yield
doubles for the two slab design case. It should be noted,
however, that our simulations are based upon the existing
ISIS muon beam line optics. Substantially higher muon
beam intensities might be achieved if the beam optics
were optimised specifically for the multiple slab geome-
tries.

VII. CONCLUSION

We have modelled muon production by protons on a
solid target using the GEANT4 package. We find a peak
in muon production for an incident proton energy around
500 MeV, a minimum near 1 GeV and a gradual increase
above 1.5 GeV. Graphite is found to be a good target
material if the transmitted proton beam is to be used for
other purposes, but in a stand alone source, nickel would
also be a good choice.
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