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Three types of muon production
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Users of the surface muon beam
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Material scientists (µSR users)
Muon spin precession in a material by its local magnetic 
field. 
• Pol.=100%, 29MeV/c, Small beam size, 106-8µ+/s
µ lepton flavor violation search with a DC beam  
µ→eγ(MEG, MEG-II @ PSI)
• 29MeV/c, Small beam size, 108µ+/s
µ→eee (mu3e @PSI)
• 29MeV/c, Small beam size, 109-10µ+/s
After the discovery of the µLFV signal, spin-dependent 
experiments are important to understand physics of the 
µLFV.
• Pol.=100%, 29MeV/c, Small beam size, 1010-11µ+/s
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A high intense surface µ study at PSI
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A high intense surface µ study at PSI
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Use the neutron spallation target as a surface muon target.
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A high intense surface µ study at PSI
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While Fig. 2 shows the full geometry with each
individual lead filled zircaloy rod implemented, usually
the simulation was, for reasons of computational speed,
performed with the individual zircaloy rods replaced by a
simple appropriate mixture of materials. No difference was
observed in the results from the two approaches.
The proton beam parameters were taken from fits to the

simulation of the proton beam line at PSI performed using
TRANSPORT [23] and TURTLE [24]. The horizontal and
vertical beam size (σx and σy) and proton beam current Ip at
the entrance window are

σx ¼ 21.4 mm

σy ¼ 29.6 mm

Ip ¼ 1.7 mA: ð7Þ

The beam divergence was found to have a negligible impact
on the results and was set to zero.
Figure 3 shows the production vertices of pions and

muons from pion decay at rest, from within a 10 mm thick
vertical slice through the center of the spallation target.
While the initial pion production positions are still fairly
close together and feature a sharp cutoff at around z ≈
100 mm due to the proton energy dropping below the pion
production threshold, the muon positions are spread out
and are governed by the material distribution and the
corresponding pion range.
In order to assess and characterize the particles leaving

the spallation target in our simulation we placed a virtual
detector with a slightly larger diameter of 220 mm just
below the lowest point of the safety vessel. When mention-
ing detected particles in the following paragraphs it refers
to particles sampled by this detector. In addition this allows
one to extract the pion properties that lead to a detected
muon. Figure 4 shows the initial positions of these pions

and their kinetic energy. There are two main areas gen-
erating the pions that later lead to surface muons. The first
area is the window of the safety vessel itself where low
energy pions are immediately stopped close to their initial
position. The second area is located at around z ≈
−100 mm where the proton beam starts impinging on
the zircaloy rods and a somewhat larger number of pions is
produced. Pions from deeper within the spallation target are
effectively shielded by the high stopping power of lead and
do not reach the window. The mean energy of the pions
contributing to the surface muons is ∼50 MeV with a large
tail to higher energies [see Fig. 4(b)].
Figure 5 shows some characteristics of the spallation

target as a source of surface muons. Figure 5(a) gives the
momentum spectrum of all muons traversing the virtual
detector in the downwards direction. Clearly visible are the
peaks at ∼30 MeV=c stemming from surface muons and
the broad peak at ∼85 MeV=c coming from muons from
pion decay in flight. Figure 5(b) shows the size and
divergence of surface muons at the detector along the x-
axis. The y-components look similar. The RMS values are

(a)

(b)

FIG. 3. Production vertices for (a) pions and (b) muons from
pion decay at rest in a central vertical slice of 10 mm thickness
through the spallation target. The lowest position of the safety
vessel is at z ≈ −160 mm with the concave window extending up
to z ≈ −125 mm.

FIG. 2. Cross section of the SINQ spallation target as imple-
mented in our GEANT4 simulations. Visible are the outer and
inner safety vessels made of AlMg3 (grey), the zircaloy (green)
rods filled with lead (black) and the lead reflector surrounding the
zircaloy rods. Protons enter the target from below.
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µ+/p = 8.8x10-6 (pµ<29.8MeV/c)
Iµ+=9.4x1010µ+/s (pµ<29.8MeV/c)
Iµ+=4.3x1010µ+/s (25.0<pµ<29.8MeV/c)

Proton beam Surface µ+ beam

Use the neutron spallation target
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A high intense surface µ study at PSI
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Use a rotated slab target

standard meson target, target E at PSI as shown in Fig. 6.
As the proton beam size is small when impinging on
the target it is not necessary to simulate the full target
wheel and we approximate it by a rectangular box structure
of 40 mm length, 6 mm width and 40 mm height. The
proton beam impinges on the 6 mm wide face with
parameters

σx ¼ 0.75 mm

σy ¼ 1.25 mm

Ip ¼ 2.4 mA: ð12Þ

As in the case of the spallation target the divergences have a
negligible impact and are neglected. The target material is
polycrystalline graphite with a density of 1.84 g=cm3.
We examined the source characteristics by placing a

virtual detector close to each of the four side surfaces and
sampling the muons traversing those detectors. Figure 7
shows the characteristics of two of the sides. The param-
eters for the backward face for positive muons with
momenta below 29.8 MeV=c are

xrms ¼ 1.6 mm

x0rms ¼ 668 mrad

yrms ¼ 7.3 mm

y0rms ¼ 677 mrad

μþ=p ¼ 1.2 × 10−6

Iμþ ¼ 1.8 × 1010 μþ=s: ð13Þ

The values for the forward face are very similar albeit with
a reduced muon flux of 1.2 × 1010 μþ=s. For each of the
two side faces the values are

zrms ¼ 10.9 mm

z0rms ¼ 678 mrad

yrms ¼ 7.9 mm

y0rms ¼ 678 mrad

μþ=p ¼ 8.3 × 10−6

Iμþ ¼ 1.2 × 1011 μþ=s: ð14Þ

Both z0 and y0 are calculated with respect to the x-axis, so
z0 ¼ dz

dx and y0 ¼ dy
dx. It is interesting to note that the side

face of target E is as efficient in generating surface muons
as the spallation target [compare the muon to proton
numbers of Eq. (9) and (14)] though featuring a much
smaller initial phase space. In the backward direction the
spallation target is more than 7 times as efficient profiting
from its larger size.
Figure 8 shows the energy spectrum of pions that

generate surface muons at the side face of target E. The

FIG. 6. Picture of the target E wheel used for surface muon
production at PSI. The proton beam impinges on the outer rim as
shown by the arrow. In order to radiatively cool the target, the
wheel rotates with a frequency of 1 Hz.

(a)

(b)

FIG. 7. Size and divergence distribution for the backward face
(a) and side face (b) of target E.

F. BERG et al. PHYS. REV. ACCEL. BEAMS 19, 024701 (2016)
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Modeled as 
L=40mm, W=6mm, H=40mm 

in Geant4
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FIG. 7. Size and divergence distribution for the backward face
(a) and side face (b) of target E.
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µ+/p = 1.2x10-6 (pµ<29.8MeV/c)
Iµ+=1.8x1010µ+/s (pµ<29.8MeV/c)

Proton beam

Surface µ+ beam from the backward face

spectrum for the backward and forward faces is similar. The
average energy is 18.6 MeV and thus substantially lower
than in the case of the spallation target [see Fig. 4(b)].
Table I summarizes the results for the rates obtained by

changing the length of target E but otherwise keeping all
parameters the same. While the backward and forward rates
saturate above a length of ∼20 mm the rates from the side
scale more than linearly with the target length. This is due
to the fact that the pion stop density within the target needs
a certain distance at the beginning and at the end in order to
build up to its maximal value [as can be seen in Fig. 7(b)].

V. OPTIMIZATION OF STANDARD MESON
PRODUCTION TARGETS

Several alternative target geometries were investigated in
an attempt to enhance the surface muon production, each
with varying degrees of success. These geometries focused
on methods of either increasing the surface volume (surface
area times acceptance depth) or the pion stop density near
the surface. Each geometry was required to preserve, as
best as possible, the proton beam characteristics down-
stream of the target station (spallation neutron source
requirement). The muon beam extraction directions con-
sidered here are sideways, backwards, and forwards with
respect to the proton beam. The accepted phase space used

in our simulations roughly corresponds to the acceptance of
the following beam lines at PSI: μE4 (sideways at 90°) with
a maximum surface muon intensity of 4.8 × 108 μþ=s [9],
πE5 (backwards at 165°) with a maximum surface muon
intensity of 1.1 × 108 μþ=s [26] and πE1 (forwards at 8°)
with a maximum surface muon intensity of around 106

μþ=s [27,28]. All enhancements listed below are relative to
the standard target geometry described in Sec. IV. A model
of each geometry investigated is shown in Fig. 9.
The first geometry explored is a radially grooved target

where equidistant grooves, placed parallel to the proton
beam, are staggered on either side of the target surface, so
preserving the overall thickness. The basic idea being to
increase the available surface area for surface muon
production. No significant improvement over the standard
target was observed (see Table II). While the grooves
increased the geometric surface volume by up to 45% not
all of this volume is useful for small angular acceptance
beam lines as the surface becomes too steep for the surface
muons with their limited range to still exit the surface
volume. This can be seen in Fig. 10 which shows the initial
positions for accepted surface muons. Instead of the
expected half circular shape the distribution takes on a
crescent form thereby reducing the surface volume gain
from the grooves.
The small enhancement factors still achieved for the

grooved target stem from the fact that the pion stop density
is not constant throughout the target. Figure 11 shows the
pion stop density through the target from one side to the
other and integrated along its length. While the pion stop
density is lowest at the sides where surface muons can

FIG. 8. Distribution of pion energies that generate surface
muons in target E.

TABLE I. Surface muon rates in μþ=s for all muons with
momenta below 29.8 MeV=c emitted from the various sides of
target E for various lengths of the target in mm. The values for the
side rates correspond to a single side only.

Length Backward Forward Side

10 1.4 × 1010 9.0 × 109 1.8 × 1010

20 1.6 × 1010 1.2 × 1010 5.1 × 1010

30 1.9 × 1010 1.1 × 1010 8.5 × 1010

40 1.8 × 1010 1.1 × 1010 1.2 × 1011

60 1.8 × 1010 1.2 × 1010 2.1 × 1011

FIG. 9. Different geometries studied in our target optimization.
From left to right: grooved target, trapezoidal target, fork target,
rotated slab target. The red line marks the proton beam.

TABLE II. Enhancement factors for the various geometries (see
Fig. 9) and directions compared to the standard target E. The
rotated slab target yields the best overall enhancement while at
the same time being a mechanically simple solution. Statistical
errors of the simulation are ∼1% for the sideways and backward
directions and ∼5% for the forward direction.

Geometry Sideways Backwards Forwards

Grooved 1.02 1.00 0.97
Trapezoid 1.15 0.98 0.79
Fork 1.45 1.14 0.79
Rotated slab 1.28 1.40 1.63

TARGET STUDIES FOR SURFACE MUON PRODUCTION PHYS. REV. ACCEL. BEAMS 19, 024701 (2016)
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x 10 improvement is needed for the Pol. MEG/mu3e 
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Ratio of the used proton
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proton
Ein=585MeV

Graphite t20mm

                             Eout(MeV)

95%

Recycle 95% protons to improve the surface muon yields. (x 20)

Eout
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Solutions
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proton
5% proton loss

Graphite t20mm

95% proton
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Solutions
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proton
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Muon from stopped pion
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proton beam

The target should be small to achieve a point source.

Graphite
L=20mm, r=50mm
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Solutions
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proton

ΔE
Ep<E of pion production threshold cannot produce pions.
Not a point source
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Solutions
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proton

ΔE
Ep<E of pion production threshold cannot produce pions.
Many pi/mu capture systems 

17年9月12日火曜日



Akira SATO　 　MuSIC 

Solutions
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proton

target

RF
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ERIT for surface muon production
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FFAG’17, Sept. 8-11,2017, Cornell Univ., Ithaca

Ord. ERIT vs. New ERIT for 
muon production (MERIT)

full energy 
injection

RF 
energy recovery

internal target

Ord. ERIT MERIT

RF 
acceleration & 

energy recovery

Low energy  
injection

wedge-shape 
target

FFAG’17, Sept. 8-11,2017, Cornell Univ., Ithaca

Ord. ERIT vs. New ERIT for 
muon production (MERIT)

full energy 
injection

RF 
energy recovery

internal target

Ord. ERIT MERIT

RF 
acceleration & 

energy recovery

Low energy  
injection

wedge-shape 
target

Tiny internal 
target

SUPERIT
SUrface particle production ERIT

17年9月12日火曜日



Akira SATO　 　MuSIC 

My last FFAG tracking study 
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My study tool is G4beamline 
 Geant4 based MC code.

• particle interaction with materials, 
• tracking in B/E fields by Runge-Kutta,
• particle decays 
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Lattice for SUPERIT
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FFAG’17, Sept. 8-11,2017, Cornell Univ., IthacaMERIT with proton 
-basic optics-Ring configuration H_FFAG

Energy range 500MeV-800MeV

Magnetic rigidity 3.633 -4.877Tm

Lattice FDF

Average radius 5.044-5.5m

Magnetic field(F) 1.96-2.41T

Magnetic field(D) 1.71-2.11T

Number of cell 8

Packing factor 0.7

Magnet opening angles

Focusing 0.2032

Defocusing 0.1432

gap 0.01732

Geometrical field index 2.4

F/D ratio 1.1

k 2.4

Qh 0.2188

Qv 0.1797

ρf 2.0233m(2.411T)

ρd 2.3157m(2.106T)
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SUPERIT model in G4beamline
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RF Amp=15.2MV
10.8MeV/turn

Target
Graphite

L=20mm, W,H=50mm

500MeV proton 

10m
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SUPERIT: Transverse acceptance 
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SUPERIT without RF
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SUPERIT with RF
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SUPERIT with RF
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SUPERIT with RF
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Conclusion: SUPERIT can work!
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