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Target optimization studies for surface muon production
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The current paper discusses possible designs for a stand alone muon target for MuSR studies of
condensed matter science. Considering the ISIS 7 mm graphite target as a reference, GEANT4 simulations
have been performed in order to optimize the target parameters with respect to muon and pion yield.
Previous studies suggested that the muon production can be optimized by using a thin graphite slab target
with an incident proton energy significantly lower than initially considered. Surface muon production
obtained by firing an 800 MeV proton beam energy onto the target is simulated and potential
improvements to the target material, geometry and angle orientation with respect to the incoming proton
beam as well as an estimated performance of the muon target are presented in this paper. Implications for
the ISIS muon facility are also discussed. A comparison of the pion production cross section between
experimental data and three theoretical models for the latest four GEANT4 versions is also included in
this paper.

DOI: 10.1103/PhysRevSTAB.17.034701 PACS numbers: 29.25.-t

I. INTRODUCTION

Intense beams of polarized muons are required by the
MuSR technique to probe deep inside materials in order to
tackle fundamental problems in condensed matter science,
chemistry, medicine, and particle physics [1–4]. The MuSR
technique uses themuon’s spin to examine the structural and
dynamical processes in bulk material on atomic and sub-
atomic scale.Muons are implanted intomaterial samples and
their spins precess around the local atomic and nuclear
magnetic fields in the material. The unstable muons decay
with an average lifetime of 2.2 microseconds into a positron
and because the positrons are emitted preferentially in the
direction of the muons’ spin, the precessional motion or the
depolarization of the muon spins by the internal magnetic
fields can be determined by observing the angular and time
dependent distribution of emitted positrons.WhilstMuSRat
the current muon facilities has already made a major
contribution to our understanding of phenomena as diverse
as superconductivity [5,6], itinerant magnetism [7], spin
glasses [8], semiconductors [9] etc., it is clear thatmuchmore
could be learned if more intensemuon beamswere routinely
available to enable, for example, rapid parametric inves-
tigations as functions of magnetic field, temperature,
pressure, or sample composition [10].

MuSR experiments generally (though not always) rely
upon polarized beams of relatively low energy positive
muons which rapidly thermalize within a few mm of the
sample being studied. Fortunately such polarized muons,
known as surface muons with momenta of ≈28 MeV=c,
are produced by the decay of positive pions which are at
rest at the surface of the production target. The polarized
surface muon beams are then guided with magnetic fields
to the muon spectrometers.
The MuSR experiments are carried out at the continuous

muon beam facilities at PSI (Switzerland) [11] and
TRIUMF (Canada) [12] and the pulsed beam facilities at
ISIS (U.K.) [13] and J-PARC (Japan) [14]. The high cost
related to accelerator construction and operation have
resulted in the so-called multipurpose facilities where muon
and neutron experiments are carried out all together,
providing complementary information in a wide variety
of science. In this respect the design of each of the muon
facilities, and in particular the geometry and efficiency of
the pion/muon target, is essentially a compromise which
leads to a suboptimal muon delivery rate to the MuSR
spectrometers [15].
A stand alone muon facility would be desirable for muon

experiments and it is of technical interest to consider how
muon production can be optimized. Therefore using the
ISIS target as a reference simulations have been performed
to provide an optimized solution for the target design with
respect to the pion/muon production. Implications of the
optimized solutions for our U.K. facility are also discussed
in this paper.
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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. (a) Pion production double
differential cross section using the GEANT4 version geant4.9.3.p02. (b) Pion production double differential cross section using the
GEANT4 version geant4.9.4.p04. (c) Pion production double differential cross section using the GEANT4 version geant4.9.5.p02.
(d) Pion production double differential cross section using the GEANT4 version geant4.9.6.p01.
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II. THE SIMULATION CODE

Optimization studies have been performed using the
Monte Carlo code GEANT4 [16] which simulates particle
interactions and transport through the target material.
Validation studies for pion production differential cross
section for 730 MeV proton energy were performed using
three physics packages QGSP-BERT [17], QGSP-BIC
[18], and QGSP-INCL-ABLA [19] and the results are
compared with the experimental data. The data were
measured by Cochran et al. [22] at the Lawrence
Radiation Laboratory for different target materials and
detector angles. Figure 1 shows the double differential
cross section for positive pion production at 15, 90, and 135
degrees with respect to the proton beam.
The validation results have shown a good agreement

between simulation and experimental data for version
geant4.9.3.p02 [20], 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 elimi-
nating a special case initialization and thus obtaining a
better agreement with data for pion and kaon interactions
with hadrons at the higher end of the kinematic range.
However, this modification significantly changed the com-
parison of Bertini model output to data for hadron-nucleon
cascades [21].
At small angles the previous versions geant4.9.3.p02 and

geant4.9.4.p04 seem to be in reasonable good agreement
with the experimental data for all three cascade models.
Versions geant4.9.5.p02 and geant4.9.6.p01 however show
significant discrepancies especially for Bertini and binary
cascade models. At large angles the QGSP-BERT gives a
better agreement with data while the QGSP-BIC tends to
overestimate the pion production. The QGSP-INCL-ABLA
also overestimates the data apart from version
geant4.9.6.p01 where the experimental results are under-
estimated. Therefore, in our simulations we used the
version geant4.9.3.p02 with the QGSP-BERT package as
it is more likely to produce sensible results for our
particular case. This package comprises several physics
models:

(i) the Bertini cascade model (BERT) for intranuclear
cascade followed by preequilibrium and evaporation
phases of the residual nucleus for proton, neutron,
pion, and kaon interactions below 9.9 GeV;

(ii) parametrized models for all remaining hadrons;
(iii) parametrized capture and fission for low energy

neutrons;
(iv) hadronic elastic scattering;
(v) standard electromagnetic physics;
(vi) chiral invariant phase space (CHIPS) model of

nuclear capture of negatively charged particles
at rest;

(vii) parametrized muon-nuclear interactions;

(viii) CHIPS model for gamma-nuclear and electron-
nuclear interactions;

(ix) quark-gluon string model for all hadronic inter-
actions above 12 GeV followed by the precompound
model for preequilibrium and evaporation phases of
the residual nucleus;

(x) low energy parametrized model for hadronic inter-
actions between 9.5–25 GeV;

(xi) quasielastic scattering.

III. RESULTS

Because all but one of the current muon facilities
(TRIUMF is the exception) coexist symbiotically with
the neutron facilities and the muon targets are placed
upstream of the neutron targets, the proton transmission
through the muon targets and a following set of collimators
is an important factor that must be taken into account when
designing the targets. In general, the total beam loss
induced by the muon production targets should not exceed
10%. At ISIS for example the proton transmission is around
96% while at J-PARC the beam loss at the 20 mm muon
target is 6.5% [23]. Such restrictions would not be
necessary in a stand alone muon facility.
Simulation studies have shown the low rates of muons

that are currently used in muon experiments. For the 7 mm
graphite target used currently at the ISIS muon facility the
proton transmission is 96.77%. From these 96.77% trans-
mitted protons, 69.58% pass through the target without
interacting while 27.19% of the protons reach the down-
stream neutron target interacting in the muon target via
other processes (multiple scattering, elastic scattering,
ionization, etc.) From the remaining 3.23% nontransmitted
protons which also interact in the target only 2.04% interact
inelastically and 1.19% interact via other processes. From
the 2.04% protons only 0.56% will produce pions.
Substantial gain in intensity can be achieved through

optimization of the target material. At current muon
facilities low-Z materials like graphite and beryllium are
chosen for the target as both have a low density such that
the proton beam passes through the target without signifi-
cant interactions. Also both materials have a high melting
point (3800 K for graphite and 1560 K for beryllium) as the
target is expected to run hot in vacuum. Beryllium in
particular has also a high temperature stability and a low
coefficient of expansion with temperature. For a stand
alone muon target, nickel can be considered as a potential
candidate due to the high melting point (1726 K) and stress
resistance.
A Gaussian beam of 109 protons with a radius of 10 mm

was used in all simulations. The target was surrounded in
our simulations by a spherical shell detector with an inner
radius of 13 cm and an outer radius of 14 cm. The spherical
shell was made of vacuum to avoid particle scattering. The
variation of the total and surface muon yield as a function of
target thickness is shown in Fig. 2(a). All muons having the
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momentum in the range 0–100 MeV=c are recorded in the
shell. However, if a cut is applied in practice at 30 MeV=c,
the surface muons produced by pions decaying at rest near
the target surface with sufficient energy to escape from
inside the target will be detected together with background
muons (muons coming from pions in flight and having a
momentum lower than 30 MeV=c). In a stand alone muon
facility a nickel target would give a substantial higher muon
yield than graphite and beryllium especially for thicker
targets. For example, a 30 mm Ni target would produce 4
times more surface muons than a 7 mm graphite target.
In addition to this comparison between the three materi-

als, the target thickness can be expressed in terms of the
number of proton interaction length and the corresponding
muon yields can be compared for the same number of
interaction lengths in the three materials. The muon yield
given by the same number of proton inelastic interactions in
these materials enables us to compare the muon yields per
interaction rather than target thickness. From Fig. 2(b) it
can be seen that the muon yield per proton interaction is
lower in Be than in graphite and Ni. An in-depth study of
different target configurations addressing all the engineer-
ing aspects of each solution must be done further.

Because the surface muon production at small thick-
nesses is nonlinear, the muon yield can be increased even
further if the 7 mm graphite target is split along the proton
beam line into two or three sets of slabs such that the total
thickness is still 7 mm. Thus more pions will be decaying at
rest at the surface of the slabs producing even more surface
muons. The distance between the slabs is varied gradually
and the surface muons detected by the shell as a function of
slab distance is presented in Fig. 3.
If the slices are too close, a fraction of the surface

muons does not reach the shell because of channeling
between them. Therefore the surface muon yields for two
and three slabs are similar when the separation distance is
below 20 cm. As the distance is increased the muon
production rate is going up and then flattens as all the
muons produced in the slabs reach the detector. For a two-
slab design geometry the surface muon production
increases with 21% compared with the initial design.
For the set of three slabs, the muon production increases
with 40%.
The thickness of the set of slabs was kept constant in

the previous simulations. However, by varying the ori-
entation angle, different slab thicknesses will be presented
in the beam path leading to more proton interactions
inside the target and a higher surface muon yield. Figure 4
shows the variation of surface muon yield with the
separation between the slabs and the slab angle orienta-
tion for the two- and three-slabs design case. At small
separation distances the muon yield is higher at smaller
angles because a higher total slab thickness is presented in
the proton beam path. At large separation distances a
higher muon yield is obtained for larger angles because
muons that are produced on both sides of each of the
slabs are now detected.

target thickness (mm)

(a)

(b)

0 5 10 15 20 25 30

/p
+ µ

0

5

10

15

20

25

30

35

40

45

50
-610×

Graphite - total muons

Graphite - surface muons

Beryllium - total muons

Beryllium - surface muons

Nickel - total muons

Nickel - surface muons

No of interaction lengths

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

/p
+ µ

2

4

6

8

10

12

14

16

18

20

-610×

Graphite - surface muons

Beryllium - surface muons

Nickel - surface muons

FIG. 2. The comparison of the muon yield per proton for three
different materials. (a) Variation of the muon yield with the target
thickness. (b) The muon yield as a function of the interaction
length.

d(mm)

0 20 40 60 80 100

p
/N µ

N

7

7.5

8

8.5

9

9.5

10

10.5

-610×

2 slabs

3 slabs

FIG. 3. Variation of the surface muon yield with the slab separation
distance. The muons are detected by the spherical shell.

BUNGAU et al. Phys. Rev. ST Accel. Beams 17, 034701 (2014)

034701-4



IV. IMPLICATIONS FOR ISIS

The optimized solutions described previously have been
implemented in the simulations of the ISIS muon target.
The pulsed muon facility at ISIS facility has operated
successfully for many years serving a wide international
MuSR community. 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.
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. 5). 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 physics experiments.
Low-Z target materials are preferred in order to maxi-

mize the pion production and to minimize both the rate of
absorption of secondary pions and the multiple scattering
of the proton beam itself within the target material. Second,
the target must survive in the extreme condition of an
intense high energy, pulsed proton beam by dissipating the
energy deposition and by surviving both the pressure waves
induced by beam pulses and also the long-term effects of
radiation damage.
The surface muons so produced are extracted into two

beam lines each at 90 degrees with respect to the proton
beam and these two beam lines are separated from the main
proton beam and target vacuum vessel by a thin aluminum
window. The beam window has a diameter of 8 cm and is
situated at 15 cm from one side of the target. The
production target is followed by a set of two collimators
which are angled cones of 40 cm length and are made of
Cu. The first collimator has an inner radius of 37.5 mm and
an outer radius of 54.15 mm and the second collimator has
an inner radius of 51 mm and an outer radius of 61.4 mm.
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 transmission
through the muon production target, defined as the fraction
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FIG. 5. GEANT4 modeling 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.
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of protons passing through the collimation system, must be
maintained at a predetermined level to prevent loss in
neutron intensity at the neutron instruments, thus limiting
the muon production rates.
The requirement for 96% proton transmission is satisfied

by either a 7 mm graphite or beryllium target or a 1.6 mm
nickel target. Figure 2 showed that 7 mm graphite gives a
higher surface muon yield than either 1.6 mm Ni or 7 mm
Be. However, we have investigated the potential optimi-
zation of a Be target in more detail. Beryllium can
potentially evaporate or sputter from the target surface in
the intense proton beam, thereby contaminating the beam
line and creating a health hazard. Nickel has been shown to
be a suitable coating material for conventional low-Z
targets. Clearly the Ni coating should be sufficiently
uniform and robust to prevent sputtering and evaporation
of Be, but at the same time be sufficiently thin to not
compromise the proton transmission through the composite
target. We find that a Be target of 6 mm thickness coated
with 0.5 mm Ni layer on all sides gives a proton trans-
mission of 95.01%. The total and surface muon yield given
by graphite, Be, Ni, and Be=Ni targets for a comparable
proton transmission are presented in Table I.
The distribution of surface muon production from the

composite target is shown in Fig. 6, in which different
colors represent the contribution of the two materials to the

pion production reflecting the material in which the pions
are produced, irrespective of the material in which the pion
decays. The contribution of beryllium to the surface muon
production is 59% while for nickel it is 41%.
The performance of the plain and coated targets with

respect to those muons detected by the ISIS beam window
is presented in Table II.
It can be seen that the 7 mm graphite target has the

optimum performance of all four targets. The validity of the
results obtained previously with the spherical shell con-
figuration relies on the fact that the surface muon produc-
tion is isotropic [20]. Thus the ISIS beam window is
capturing ∼2% of the total number of surface muons
produced in the target. This result is to be expected since
the solid angle to the beam window is Ω ¼ 0.071 π and the
surface muon production is isotropic.
However, only those muons emerging from the target

within a vertical acceptance of �5 mm and a horizontal
acceptance of �30 mm, with divergence of 35 mrad in the
horizontal direction and 180 mrad in the vertical direction
and momentum in the range 25–27 MeV=c per unit charge
are accepted by the muon beam line. The muon beam is
fully polarized and this polarization is maintained as the
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TABLE I. Total and surface muon yield detected by the
spherical shell for a similar proton transmission.

Material
Thickness
(mm) ðμ=pÞ × 10−6

ðSurface μ=pÞ
×10−6

Graphite 7 8.07� 0.09 7.09� 0.08
Be 7 5.29� 0.07 4.65� 0.06
Ni 1.6 5.22� 0.07 4.71� 0.07
Be, Ni coating (6þ 1) 6.62� 0.08 5.84� 0.08

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

Material Thickness (mm) ðμ=pÞ × 10−6
ðSurface μ=pÞ

×10−6

Graphite 7 0.18� 0.01 0.16� 0.01
Be 7 0.13� 0.01 0.11� 0.01
Ni 1.6 0.11� 0.01 0.10� 0.01
Be, Ni coating (6þ 1) 0.15� 0.01 0.13� 0.01
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FIG. 7. Variation of the surface muon yield as a function of
slabs distance for a 45 degrees angle orientation. The muons are
detected by the ISIS beam window and the appropriate selection
cuts are applied.
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beam is transported to the muon spectrometers. For the
7 mm graphite target used at ISIS, ≈7 × 10−9 surface
muons per proton are detected by the beam window.
Given that graphite appears to be the most efficient target

material, we have therefore explored the effect of multiple
graphite slab geometry at the ISIS muon production target.
For this particular case the muons entering at large angles
are excluded because they will not enter the first quadru-
pole and therefore will not be transmitted by the muon
beam line. In order to estimate the usable muon yield, we
have applied the acceptance and angular cuts appropriate to

the ISIS muon beam line. The muons which do not pass the
above selection cuts cannot be used in a MuSR experiment.
Figure 7 shows the results.
For a two-slab geometry there is an increase in the muon

production rate but after ∼30 mm, which seems to be the
optimum distance, the rate decreases as the resulting muons
are no longer captured by the 8 cm diameter beam window.
For a three-slab geometry the rate increases initially with
separation being optimum at 20 mm separation distance but
when the distance between the slabs is greater than
∼50 mm, the only surface muons collected by the beam
window are those produced in the central slab. Having a set
of two slabs results in a higher surface muon yield of 54%
with respect to the present target design configuration, for
the optimum distance of 30 mm between the slabs. The set
of three slabs results in an increase in the surface muon
yield of 50% with respect to the present target design
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FIG. 8. Variation of the surface muon yield detected by the ISIS
beam window with distance between the slabs and slab angle
orientation. Acceptance and angular cuts are applied in both
cases. (a) Variation of surface muon yield with slab distance and
angle for the two-slabs design case. (b) Variation of surface muon
yield with slab distance and angle for the three-slabs design case.
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configuration, for the optimum distance of 20 mm between
the slabs.
Since the total thickness of the slabs is always equal to

the thickness of the original target, the proton transmission
does not depend on the number of slabs or on the distance
between them, it only depends on the angle of orientation to
the proton beam. For the two and three design case and 45
degrees angle orientation, the proton transmission is
96.89% and 97%, respectively.
The variation of surface muons with the slab separation

distance and the angular orientation after applying the
acceptance and angular cuts for the ISIS beam window is
shown in Fig. 8. Taking into account that the orientation
angle must be larger than 35 degrees in order to maintain
the proton transmission above 96%, one can see that a
higher muon yield can be obtained for a two-slab design at
35 degrees and 30 mm (15.5 × 10−9 μ=p) and a three-slab
design at 40 degrees and 20 mm (12.2 × 10−9 μ=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 could be achieved if the
optics were optimized specifically for the multiple slab
geometries.
GEANT4 simulations were performed initially to inves-

tigate the proton energy dependence of the surface muon
production for the current ISIS target parameters, indicating
that ≈500 MeV is the optimal energy for the ISIS target
material and geometry [20]. Using the optimal target design
described above, namely two slabs placed at 30 mm
separation with an orientation angle of 35 degrees to the
incident proton beam, the surface muon production shows
an increase of 38% for the optimal energy of 500 MeV
[Fig. 9(b)].

V. CONCLUSION

Possible designs for a stand alone muon target for MuSR
studies of condensed matter science are discussed in this
paper. Using the ISIS target as a reference material and
geometry optimizations are performed in this paper.
Performances of materials like graphite, beryllium, and
nickel are studied. The best candidate for a stand alone
target is nickel. An increase in the surface muon yield is
obtained by using a set of two and three slabs of the same
total thickness as the initial target. A further increase can be
obtained by varying the orientation angle made with the
initial proton beam. An implication of the optimized
solution for ISIS is discussed next. For ISIS where the
proton transmission is an important factor that must be
taken into account, the best material performance was
found to be graphite. A higher increase in surface muons is
obtained for a two-slab geometry at a separation distance
of 30 mm and an orientation angle of 35 degrees.

Implementing in simulations the optimized solutions for
the ISIS target, at the optimum beam energy of 500 MeV, it
was found that an increase of 38% can be obtained with
respect to the current ISIS parameters.
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