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The Muon Spin Rotation/Relaxation/Resonance (MuSR) technique uses a muon beam to probe the
structure and dynamics of matter at a microscopic level. An experimental muon source (EMuS) will
be built at the China Spallation Neutron Source (CSNS). A MuSR spectrometer was proposed to
be constructed in a sub-branch of EMuS. In this contribution, the size of the scintillator and light
guides of the polarized MuSR spectrometer were optimized by Geant4. The simulation shows that a
scintillator with a length of 175 mm can cover a large solid angle (43 %) and get a good detection
eﬃciency and collection eﬃciency. Double counts can be minimized with a scintillator thickness of
5 mm.

1. Introduction
When energetic protons impinge into a graphite target, their kinetic energy is lost through the interaction with carbon nuclei and pions can be generated. Pions are unstable particles with a mean lifetime
of 26 ns. If a π+ decays at rest, the kinetic energy of the generated muon is 4.1 MeV (28.9 MeV c−1 )
according to energy conservation. The pion is spinless, and the helicity of the muon neutrino is −1.
Hence, the spin of the muon is antiparallel to its momentum, meaning it is 100 % polarized. Because
of the muon’s short range (0.7 mm) in the target, only so-called “surface muons” which are generated
in the near surface can get out of the target. The muons lose energy very quickly when implanted
into the sample. Note that the thermalisation does not influence the polarization of muons [1]. The
magnetic moment of the thermalized muon will Larmor precess in the local magnetic field and the
muon will decay into a positron and two neutrinos with a lifetime of 2.2 μs. The positron is preferentially emitted along the direction of the muon polarization. The energy of the positron varies from
0 to 52.3 MeV. The MuSR spectrometer is used to detect the time spectrum of positrons, which can
then be used to deduce the depolarization of muons in the condensed material. The MuSR technique
has been widely used in magnetic systems, superconductors, transport of neutral or charged particles
in matter, semiconductors, chemistry and biological systems [2].
Both positrons and muons are leptons and can be utilized to characterize the defects in materials.
For the MuSR technique, most research has been focused on metals, comparing theoretical calculations and experimentally obtained results [3–5]. For muons, most experiments were conducted on
metals or alloys and investigated the temperature dependence of defect characterization [6–11]. As
mentioned before, muons thermalize quickly without losing their polarization degree. Subsequently,
the muon can be localized at particular sites, diﬀuse with a diﬀusion constant Dμ or diﬀuse accompanied by trapping at defects [4]. If muons are trapped by the defects, the fraction of time a muon
spends trapped inside the material will greatly influence the relaxation function, resulting in a change
of the depolarization rate [11]. Due to the diﬀerences between the MuSR technique and positron
annihilation spectroscopy (PAS), MuSR can be a good complement to PAS.
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PAS experiments can be based on radioactive sources (22 Na) or positron beams. However, MuSR
experiments can only be conducted with positive muon beams. There are only four muon beamlines in
the world: STFC ISIS [12] in UK, PSI [13] in Switzerland, TRIUMF [14] in Canada and J-PARC [15]
in Japan. The muon beam in ISIS and J-PARC are pulsed, but continuous in PSI and TRIUMF.
CSNS also proposed to build a muon beamline to do MuSR experiments. The accelerator in CSNS
can provide a high energy (1.6 GeV), high power (120 kW) proton beam with a repetition rate of
25 Hz [16, 17]. Each pulse of the proton beam contains two bunches. The width (FWHM) of each
bunch is nearly 40 ns, and the time interval between two bunches is 300 ns. The muon beam is
produced via the bombardment of protons on a graphite target [18]. The MuSR spectrometer will be
built downstream of a surface muon channel. In the present paper, we report on the optimization of
the design of a MuSR spectrometer using the Monte Carlo method.

2. Methods and model
Geant4 is a toolkit for simulating the passage of particles through matter. It includes a complete range
of functionality including tracking, geometry, physics models, hits and field. The physical processes
cover a comprehensive range, including electromagnetic, hadronic and optical process and so on [19].
In this study, Geant4.10.3 was used on a Linux system.
2.1 Model description

Like other conventional MuSR spectrometers, the spectrometer prototype (Fig. 1) for EMuS mainly
contains of four parts: beam pipe, sample chamber, magnet (not shown in the figure) and detection
system. The sample chamber comprises a sample holder and a cryostat. The detection system includes

Fig. 1 Geometry of the MuSR spectrometer in Geant4 (cut-away view). Note:
Variables H, W, and L are the height, width, and length of the scintillators.
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Table I Parameters of the muon beam simulated in Geant4.
Spatial distribution
σ x [mm] σy [mm]
20

20

Momentum [MeV c−1 ]

Polarization [%]

27 ± 0.81

100

64 × 2 = 128 detectors (scintillators, light guides and photomultiplier tubes (PMTs)) and a degrader.
The scintillators are fixed on the degrader ring. The degrader can also eliminate some background.
The parameters of the muon beam which was simulated in Geant4 are listed in Table I. For each
event, there are 5 × 106 simulated. The size of the beam pipe, collimators, sample holder and cryostat
are referred from [20].
2.2 Key parameters

For a thin plastic scintillator, a positron will lose some amount of its energy as it passes through. A
fraction of the deposited energy can generate optical photons, as determined by the light yield. Figure 2 shows a schematic of the energy deposition and the propagation of optical photons inside the
scintillator. The optical photons are transported through the scintillator, light guide or other transparent optical devices by reflection and refraction. Finally the optical photons will be absorbed by the
photocathode painted on the endcap of the PMT. As is well known, the timing resolution is determined by;
σsp
σ= √ ,
n

(1)

where σsp is the timing resolution of a single photon and n is the number of detected photons. The
number of detected photons is largely influenced by the reflection, refraction and absorption of the
optical devices and the response of photocathode. These influences will not be discussed in this report.
For the absorption of photons in the photocathode, it can be evaluated by;
CE =

NDetected
× 100 %,
NEmission

Fig. 2 Energy loss of positron in a scintillator, the generation and transport of optical
photons.
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where CE is the collection eﬃciency of optical photons, NDetected is the number of detected optical
photons in the photocathode and NEmission is the number of optical photons generated in an event.
After the conversion of detected photons into photoelectrons, the photoelectrons will multiply
in 11 or 12 dynodes and signals can be output from the anode of PMT. The total time, tTotal , from
the emission of the primary particle (positron) to the collection of electrons on the anode of PMT is
determined by
tTotal = tEloss + tEmit + tPro + tTT

(3)

where tEloss is the time between the generation of primary particle and its energy loss in the scintillator, tEmit is the emitting time of optical photons, tPro is the propagation time of optical photons
before detection by the photocathode and tTT is the transit time of electrons inside the PMT. A single
photoelectron signal, vi (t) [21], in the PMT is
t2

vi (t) = GCe 

t 2 e τ2

,

2

− t2

t2 e

τ

(4)

dt

where G is the gain of the PMT, Ce is the conversion factor for charge to voltage and τ is the rise time
of PMT. For one energy loss in the scintillator, there are many optical photons that will be generated.
Hence the signal from the PMT is the convolution of all the single photoelectrons,
VPMT (t) =

NDetected


vi (t).

(5)

i=1

The total timing resolution is determined by the fluctuation of the four processes outlined in Eq. (3).
If the type of the PMT is confirmed, the tTT and tTTS (transit time span) are fixed. What we can
optimize are tEloss , tEmit and tPro . To minimize tEmit , we choose the plastic scintillator–EJ200 [22] as a
fast scintillator with a decay time of 2 ns. tEloss and tPro can be optimized by changing the size of the
scintillator and the light guide.

Fig. 3 Energy deposition in the scintillators. The dots show the counts below the
threshold and the solid lines show those counts above the threshold. The number of
primaries is 5 × 106 .
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3. Results and analysis
3.1 Energy threshold

As shown in Fig. 1, before the positron gets into the scintillation rings, it can loss some energy in
the cryostat, degrader and even the wrappings of the scintillator by ionization or bremsstrahlung.
These side eﬀects can generate secondary electrons or gamma rays. Such secondary particles can
also deposit energy in the scintillators. We assign a hit by secondary particles in the scintillators as
a fake event. The energy spectrum of both good events and fake event is as shown in Fig. 3. The
deposited energy of most fake events is smaller than 700 keV. Hence an energy threshold can be set
at 700 keV. When this threshold is set, the ratio of fake events to real events changes from 0.53 to
0.15 and the rate of double counts is reduced from 11.4 % to 3.69 %. Note that a good event means
the energy loss is from a positron, double counts means two or more scintillators detect a signal in
one event.

Fig. 4 Scheme of calculating the covered solid angle (cut view). O is the position of
the sample. θ1 and θ2 are emission angles of positrons. W is the width of each segment.
Z is the position of detector rings in along z-axis. R is the radius of the detector ring.

Fig. 5 Covered solid angle at diﬀerent radii and distances. The length of the
scintillator in this case is L = 175 mm.
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3.2 Covered solid angle

As shown in Fig. 4, the solid angle Ω which one detector ring covers can be determined by the formula
Ω = 2π(cos θ1 − cos θ2 ).
The total covered solid angle is 2Ω. The width W can be calculated by


2π
W = 2R tan
.
128

(6)

(7)

Changing the radius R and the distance of the ring to the sample Z, the covered solid angle Ω
changes significantly as seen in Fig. 5. If the radius is fixed, the solid angle Ω declines quickly as
the distance Z increases. For a given distance, the solid angle Ω rises with the increase of radius R.
Hence, we can choose a relatively small distance Z and large radius R. As the inner radius of the main
magnet equals 17 cm–18 cm, the radius of the ring R cannot be larger than 15 cm. The sample will be
mounted inside a cryostat, then the distance of the ring Z is limited by the outer radius of the cryostat
(6.4 cm). The distance of the detection ring to the sample can be 7 cm. At such condition the covered
solid is approximately equal to 43 %.
3.3 Optimization of the scintillators
3.3.1 Length

In section 3.2, it was concluded that the scintillators should be put at R = 150 mm and Z = 70 mm in
cylindrical coordinates. At such condition, the width of each scintillator is W = 13.5 mm (calculated
by Eq. (7)). The emission of positrons is not isotropic. Hence the sites where positrons implant into
the scintillator are not distributed uniformly.
Figure 6 shows the calculated distribution of sites where positrons lose their energy. Fitting the
line with an exponential function gives an estimate of the attenuation length λ which equals 87.8 mm.
A distance of twice of attenuation length can detect almost 85 % of the positrons in the region
(θ1 , θ2 ) = (0, 65◦ ). Note that 65◦ is determined by arctan(R/Z) = arctan(150/70).

Fig. 6 Distribution of the energy deposition sites along the axis of the scintillator.
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Fig. 7 (a): Collection eﬃciency of optical photons. (b): Time variation of the flight
time. Symbol λ is the attenuation length.

Although the scintillator can generate a large number of optical photons, it can also absorb optical
photons along their trajectories. A longer scintillator corresponds to a longer optical path, thus a larger
possibility that the photon will be absorbed. Figure 7(a) shows the reduction in collection eﬃciency of
optical photons when the length of the scintillator increases. If the height of the scintillator is 5 mm,
the mean energy deposition of positrons is nearly 1 MeV, generating 10000 photons. Note that the
photon yield of EJ200 is 10000 photons MeV−1 . A reduction in the collection eﬃciency also reduces
the timing resolution. Hence the scintillator cannot be too long.
Before implanting into the scintillator, the positron will fly in the space. The flight time of
positrons depends on the kinetic energy and the distance from the sample to the implantion point
on the scintillator. The positron has a broad energy spectrum and the scintillator is not too short.
Hence, the variation of the flight time can influence the timing resolution of the detection system significantly as shown in Fig. 7(b). As a compromise between detection eﬃciency, collection eﬃciency
and time variation, the suggested length of the scintillator is 175 mm.

1 –A normal event in which the positron
Fig. 8 Two types of double count events. (a) 
2
3 –A double count
passes directly get through the scintillator with little energy loss, 
event in which the positron loses some energy in a scintillator and is scattered into an
adjacent scintillator. (b): positron spirals in a transverse field, eventually passing
through a number of scintillators along its trajectory leadding to a double count event.
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Fig. 9 Changes of ratio of fake event (left) and double counts (right) to the good
event, count rate of good event (middle) in diﬀerent height H.

3.3.2 Height

Figure 8 shows two types of double count events. If the scintillator is too thick (large height), it
is more probable that positrons can be scattered into an adjacent scintillator (a) or implant into the
scintillator along their trajectories (b). For the Fig. 8(b), the magnetic field which is generated by
Helmholtz coils is not a constant. So the radius of the spiral reduces gradually.
When the height of the scintillator doubles or triples, the ratio of Fake/Good events and the count
rate of good events changes gradually, but the ratio of Double/Good events increases by three times or
more as shown in Table II. Changes of these ratios in TF (transverse field) or LF (longitudinal field)
are similar to that in ZF (zero field) which can be seen in Fig. 9. Increasing height of the scintillator
does not gain detection eﬃciency significantly but increases double counts greatly. In experiments,
fake events or double counts cannot be eliminated completely. If the deposited energy of double
counts or fake events is larger than the threshold, the electronics cannot distinguish them from real
counts except using pulse-shape discrimination. Therefore we propose to limit the final height of the
scintillator to 5 mm.

Table II

Variation of ratios in ZF setup.

Height [mm]

Ratio of Fake/Good

Count rate of good event

Ratio of Double/Good

5
10
15

0.062
0.078
0.092

0.244
0.258
0.267

0.036
0095
0.163

3.4 Optimization of light guides

The type of PMT for the MuSR spectrometer prototype is Hamamatsu R13478. It is linear focusing
and cannot work normally if the magnetic field is beyond 10 Gauss. The influence of the magnetic
field in the z direction is larger than that in radial direction. So we set an upper limitation of the field
inside the PMT: |Bz | < 2 Gauss, |B x | or |By | < 10 Gauss. The radius of the Helmholtz coil is 20 cm,
and the total current is 6.7 × 103 A. Hence, the magnetic field in the central point is almost 300 Gauss.
According the distribution of the magnetic field calculated by G4beamline [23], the volume R >
8
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Fig. 10 (a): Three types of light guides, (b): Collection eﬃciency of optical photons,
(c): Time resolution. Note: the radius and the theta of configuration (II) is 75 mm and
90 degree, respectively.

55 cm and |Z| > 40 cm in cylindrical coordinates can meet the limitation outlined above.
From the above considerations, the placements of the scintillator and PMTs are confirmed. The
spread of the light guide (BC802) in the z direction is 15 cm and in the radial direction is 40 cm.
Three types of light guides are considered as shown in Fig. 10(a). The influence of the light guide
to the detection system is the absorption of optical photons which can lower the collection eﬃciency
and time resolution. As shown in Eq. (3), the time of energy loss, photon emission and transportation
can be simulated by Geant4. However, the multiplication of photoelectrons inside the PMT cannot
be calculated by Geant4 but the flight time of photoelectrons approximates to N(0, tTTS ). tTTS is the
time spread of the PMT, for R13478 the FWHM = 130 ps. For simplicity, the arrival time of the first
photon tFirst [24] was simulated to analyze the timing resolution in each configuration. tFirst is the
time when the first photon is absorbed by photocathode. Figures 10(b) and 10(c) show the collection
eﬃciency of optical photons at the photocathode and the time resolution of tFirst , respectively. The
collection eﬃciency increases gradually as the bending radius increases (configuration (II)) or the
bending angle decreases (configuration (III)). The timing resolution shows an inverse trend to the
9
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collection eﬃciency. The decline of the timing resolution can be explained by the decrease of the
total length of the light guide. The light guide can not only propagate optical photons but also absorb
them. Longer the length can lead to a higher possibility of absorption of optical photons. Hence the
collection eﬃciency will decline. As described in Eq. (1), the timing resolution will decrease when
the collection eﬃciency declines.
From the analysis of the collection eﬃciency and timing resolution, configurations (II) and (III)
are more advantageous than configuration (I). Considering the diﬃculty of manufacturing the scintillator, configuration (II) is much more optimal.

4. Conclusion
The design of the MuSR spectrometer was optimized through Monte Carlo simulations using Geant4.
The material of scintillator was chosen to be EJ200. The energy threshold was set to 700 keV in
order to suppress fake events and double counts. The radius of the detection rings is 150 mm, which
can be constructed with 128 scintillators each of width 13.5 mm. The length of the scintillator was
set to 175 mm, a good compromise between large solid angle (43 %) and relatively good collection
eﬃciency and time resolution. The height was optimized to 5 mm in order to minimize double counts.
The PMT was placed at R > 55 cm and |Z| > 40 cm from the sample in cylindrical coordinate where
the radial magnetic field is lower than 10 Gauss. An S-shaped light guide with a radius of 75 mm and
total length of 485 mm was chosen as the optimal design to transfer photons from the scintillators to
the PMTs.
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