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A B S T R A C T

The low energy muon spin rotation spectroscopy (LE-𝜇SR) is primarily used to investigate thin films, surfaces,
and interfaces of materials, which has matured at the Paul Scherrer Institute (PSI) and is routinely employed
by users of the low energy muon (LEM) facility. However, because of the large beam spot and low implanted
muons rate, LE-𝜇SR measurements on small samples are difficult, requiring an optimal sample size of
25 × 25 mm2. Recently, we have boosted our ability to measure small samples, down to 5 × 5 mm2 area,
by beam collimation and tuning. This achievement is crucial for the measurements of many magnetic and
superconducting materials. Furthermore, we have devised a method that allows us to measure five small area
samples mounted together on the same sample plate. We expect this method to further improve the efficient
use of beam time at LEM.
1. Introduction

Muon Spin Rotation, Relaxation, and Resonance (𝜇SR) is a powerful
technique for studying the local magnetic and electrical properties of
materials due to its inherent sensitivity to the atomic environment
surrounding the muon stopping site [1]. In general, the 𝜇SR technique
primarily utilizes positively charged muons (𝜇+) produced at the sur-
face of a muon production target to measure bulk materials. Since these
so-called surface 𝜇+s originate from the pions’ decay at rest, they are
almost fully polarized and have high kinetic energy, around 4 MeV.
The LEM facility at PSI can slow down a small fraction of surface
𝜇+s and extend the 𝜇SR technique to the investigation of thin films,
heterostructures, and surface regions with tunable 𝜇+s’ energies from
1 to 30 keV [2–6].

As shown in Fig. 1, the surface 𝜇+s from the high intensity 𝜇E4
beamline impinge on a moderator to generate epithermal 𝜇+s of ap-
proximately 15 eV. The moderator consists of a 125 μm patterned
silver foil covered with an approximately 300-nm-thick solid Ar-N2
layer whose moderation efficiency is 10−5 – 10−4 [4,5]. After being
emitted from the moderator surface, epithermal 𝜇+s can be accelerated
to different kinetic energies (up to 20 keV) by high-voltage grids near
the moderator. The potential at the electrostatic mirror is the same as
that at the moderator in order to bend the slow 𝜇+ beam by 90◦ towards
the spin rotator and allow the unmoderated 𝜇+s to pass through. The
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spin rotator (SR) can be set to change the 𝜇+s’ spin angle from −90◦

to +90◦ with respect to the surface muon momentum direction and
to reduce the background of protons and other charged particles –
originating from the moderator with different velocity – by the 𝐸 × 𝐵
field of SR [7]. The trigger detector (TD) provides the start signal by
detecting secondary electrons, which are generated from 𝜇+s passing
through a ten-nanometer-thin carbon foil [8,9]. Three Einzel lenses (L1,
L2, L3) and one conical lens (RA, ring anode [10]) are used to optimally
transport and focus the slow 𝜇+ beam onto the sample plate. The
potential at the sample plate can be varied between −12 and +12 kV,
which – together with the high-voltage grids near the moderator –
allows to adjust the implantation energy of slow 𝜇+ in the range from
1 to 30 keV, so that they can be implanted into the sample at a mean
depth range from a few nanometers to ∼200 nanometers.

Due to the large phase space of the 𝜇+ beam, about 80% of the
slow 𝜇+s stop in an area of 20 × 20 mm2, and only 42% in 10 × 10 mm2.
Measurements on 5 × 5 mm2 sized samples are unfeasible because of
the low fraction of the beam (16%) stopping in this small area, making
the signal-to-background ratio unacceptably low. Therefore, an optimal
sample size of 25×25 mm2 is required at the LEM facility, which restricts
the measurements of some novel magnetic and superconducting mate-
rials, since they usually can only be manufactured in small sizes. In this
study, we designed two collimators with diameters of 10 and 15 mm,
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Fig. 1. Schematic of the low energy muon facility. The muon spin direction (blue arrow) at L1 is denoted as +10◦ with respect to the momentum (red arrow) of the incoming
surface muon beam. The spin rotator changes the muon spin direction to −10◦ and acts as a separator to reduce protons and ions generated at the moderator.
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respectively, which can be inserted in front of the carbon foil of TD by
an UHV-compatible magnetic transporter. Consequently, it is possible
to measure small samples with a size of 10 × 10 mm2 or 5 × 5 mm2 by
beam collimation and tuning the beam transport with a significantly
increased signal-to-background ratio and figure-of-merit. In addition,
we can also measure four 10 × 10 mm2 or five 5 × 5 mm2 small samples
mounted on the same sample plate by adjusting the high voltages of
the four segments of RA (RAL, RAR, RAT, RAB) to direct the 𝜇+ beam
to these samples’ positions.

The paper is organized as follows: in Section 2, we determine
the optimum diameters of collimator by Geant4 Monte Carlo simula-
tions [11]. Then, as shown in Section 3, microchannel plate (MCP) tests
were carried out to optimize the beam spots, not only at the center but
also at the four corners. In Section 4, we introduce the 𝜇SR measure-
ments of small samples with the optimal transport settings found by the
MCP, including one 10×10 mm2 SrTiO3/Nd0.8Sr0.2NiO2/SrTiO3 sample,
four 10 × 10 mm2 and five 5 × 5 mm2 SrTiO3 samples mounted on one
sample plate. Finally, the summary is presented in Section 5.

2. Simulations

To select the optimum collimator size, we performed beam transport
simulations using the Geant4-based program musrSim [11]. Following
the parameters of LEM components, the simulation geometry model
was constructed, and all electro-magnetic field maps employed were
calculated using Comsol Multiphysics® and Opera [12,13]. The muon
beam with 104 initial 𝜇+s was placed at the moderator with an initial

kinetic energy of 15 eV and an FWHM of 20 eV [14]. We optimized the

2

beam transport for different collimator sizes for 12 and 15 kV extraction
voltages at the moderator, i.e. muon beam transport energies of 12
and 15 keV, respectively. These are the most frequently used transport
energies in LEM experiments. The corresponding high voltages of L1,
L2, L3, and RA were adjusted in the simulation to optimize the figure
of merit (FoM). In a 𝜇SR experiment, FoM is given by the product
𝐴2 × 𝑁 , where 𝐴 is the measured asymmetry of decay positrons –
proportional to the polarization of the 𝜇+ ensemble – and 𝑁 is the total
number of recorded muon decays. In the LEM instrument, the samples
are usually glued onto Ni-coated sample plates, where muons missing
the sample quickly depolarize in the ferromagnetic Ni layers, causing a
reduction of 𝐴 [15]. Therefore, 𝐴 is proportional to the fraction 𝐹𝑠𝑎𝑚𝑝 of

uons stopping in the area of the sample, and 𝑁 is proportional to the
ransmission 𝑇 𝑟 of the muon beam up to the sample position (fraction
f muons arriving at the sample plate), which is proportional to the
EM rate, i.e. the number of detected muon events. In the simulation,
he figure of merit can then be expressed by 𝐹𝑜𝑀 = 𝐹 2

𝑠𝑎𝑚𝑝 × 𝑇 𝑟. Here,
e investigate the fraction of muons stopping in areas of 10 × 10 mm2

or 5 × 5 mm2 and the transmission of muons to the sample region as a
function of collimator size. As shown in Fig. 2, the FoMs of 10×10 mm2

and 5×5 mm2 areas with collimators are significantly higher than those
without collimator. The collimator with a diameter of 40 mm represents
reference values without a collimator since the diameter of the carbon
foil frame of TD is 40 mm. At V𝑚𝑜𝑑 = 15 and 12 kV, the 15-mm
collimator performs best for 10×10 mm2 area sample measurements. A
15-mm collimator is best for measuring 5×5 mm2 area samples at V𝑚𝑜𝑑
= 15 kV, while a 10-mm collimator is best at V = 12 kV.
𝑚𝑜𝑑
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Fig. 2. Simulated figure of merit FoM as a function of collimator diameter for sample sizes of (a) 10 × 10 mm2 and (b) 5 × 5 mm2, respectively, at 12 and 15 kV transport settings.
The corresponding beam fraction on sample, 𝐹𝑠𝑎𝑚𝑝, and the number of muons 𝑁 transmitted to the sample plate are shown in panels (c) and (d), respectively. 12 and 15 kV
transport settings refer to the potentials at the moderator (V𝑚𝑜𝑑 ). Based on V𝑚𝑜𝑑 , the high voltages of L1, L2, L3, and RA are optimized to transport the muon beam and maximize
the number of muons on the sample plate. The lines connecting the data points are from a simple ‘‘line+symbol’’ mode.
Table 1
Comparison of beam spots with and without collimators at V𝑚𝑜𝑑 = 15 and 12 kV. The LEM rate is normalized to 1 mA of
proton current of the PSI proton accelerator HIPA [16] used to generate the muons. FoM = Fraction2× LEM rate.
Collimator diameter V𝑚𝑜𝑑 Fraction

10×10
Fraction
5×5

LEM Rate
(mAs)−1

FoM
10×10

FoM
5×5

No collimator 15 kV 0.426 0.165 1356.0 246.1 36.9
15 mm 15 kV 0.698 0.392 751.2 366.0 115.4
10 mm 15 kV 0.816 0.455 477.3 317.8 98.8
No collimator 12 kV 0.388 0.148 1147.5 172.7 25.1
15 mm 12 kV 0.655 0.315 580.0 248.8 57.6
10 mm 12 kV 0.752 0.405 368.3 208.3 60.4
3. Beam spot measurements

Based on the simulation results, we fabricated an aluminium plate
with a 10- and 15-mm holes which was mounted on a magnetic
transporter to serve as an adjustable collimator in the UHV chamber,
as shown in Fig. 3. In this way, the 10- and 15-mm collimators can be
easily moved in front of the carbon foil of TD and switched as needed.
A position sensitive micro-channel plate detector (MCP, Hamamatsu
F1217-01) with delay-line readout [17] was placed at the sample plate
position to measure the beam spots and the muon rate. In many LEM
experiments, magnetic fields ≤ 10 mT are applied parallel to the beam
direction at the sample position. Here, we use a field of 10 mT to opti-
mize the beam transport to the sample position. The E × B field of SR
can rotate the muon spin from +10◦ to −10◦ direction, see Fig. 1. Thus,
while doing so-called transverse field measurements, i.e. magnetic field
applied transverse to the muon spin direction, the background can
be reduced to its lowest level. Results of these measurements are
3

summarized in Table 1 and show that, without a collimator, 42.6%
muons stop in the area of 10×10 mm2, and only 16.5% stop in the area
of 5 × 5 mm2 at V𝑚𝑜𝑑 = 15 kV. While experiments on 10 × 10 mm2 are
still feasible with a 42%-fraction of muons stopping in the sample, the
fraction on the 5×5 mm2 sample makes LEM experiments impracticable.

With a 15-mm collimator, the fractions of muons stopping in an area
of 10×10 mm2 and 5×5 mm2 were significantly improved to 69.8% and
39.2%, respectively. The fractions increased even more with a 10-mm
collimator at the expense of a further reduced LEM rate. The LEM rate
is given by the coincidence of a detected decay positron with a 13-
μs wide time window started by an event in the TD. In general, with
a 10- or 15-mm collimator, FoM (FoM = Fraction2 × LEM rate) was
evidently improved compared to the ‘‘No collimator’’ setup. The 15-
mm collimator is ideal for measurements on samples of 10 × 10 mm2

and 5 × 5 mm2 area at V𝑚𝑜𝑑 = 15 kV. As shown in Table 1, the FoMs of
small samples at V𝑚𝑜𝑑 = 12 kV were also significantly enhanced with a

10- or 15-mm collimator. Fig. 4 shows the measured beam spot at the
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Fig. 3. The magnetic transporter with 10- and 15-mm-diameter collimators attached to its insert on its vacuum side. Marking the collimator size on the transporter enables accurate
positions. The inset picture (a) was taken from upstream of TD at a viewport mounted at the vacuum chamber of the electrostatic mirror. The insert (b) shows the collimator’s
location in a schematic diagram.
Fig. 4. Beam spots at the center with and without collimators at V𝑚𝑜𝑑 = 15 and 12 kV. The black dots are background counts.
MCP and its dependence of collimator size and transport energy. The
RMS (root mean square or standard deviation) without collimator is
approximately 6.6 mm. With a 15-mm collimator, the RMS is lowered
to around 4.6 mm, while a 10-mm collimator further reduces the RMS
to approximately 3.6 mm.

Since the beam spots can be substantially reduced by the collima-
tors, we considered mounting several small samples on one sample
plate, e.g., four 10×10 mm2 or five 5×5 mm2 samples. By adjusting the
4

voltages of the RA segments (RAL, RAR, RAT, RAB), the muon beam
can be focused on different positions at the sample plate. As shown in
Fig. 5, the beam can be centered at four corners of the MCP, left-top
[−10 mm, 10 mm], right-top [10 mm, 10 mm], left-bottom [−10 mm,
−10mm], right-bottom [10 mm, −10 mm]. With a 15-mm collimator,
the beam spots are larger and more distorted than those with a 10-
mm collimator, but they are still clearly separated from each other.
Therefore, it is possible to put four 10×10 mm2 samples at each of these
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Fig. 5. Beam spots at four corners with (a) 15- and (b) 10-mm collimator at V𝑚𝑜𝑑 = 15 kV. The red boxes in (a) and (b) show where the four 10 × 10 mm2 and five 5 × 5 mm2

samples will be placed, respectively. View in the beam direction.
.

Table 2
Beam spot properties at four corners with a 15- and 10-mm collimator at V𝑚𝑜𝑑 = 15
kV.

Collimator size Beam center position Fraction
10×10

LEM rate
(mAs)−1

FoM
10×10

15 mm Left top [−10, 10] 0.689 725.2 344.3
15 mm Right top [10, 10] 0.684 740.4 346.4
15 mm Left bottom [−10, −10] 0.659 739.2 321.0
15 mm Right bottom [10, −10] 0.690 743.8 354.1
10 mm Left top [−10, 10] 0.365 470.9 62.7
10 mm Right top [10, 10] 0.351 474.8 58.5
10 mm Left bottom [−10, −10] 0.352 470.0 58.2
10 mm Right bottom [10, −10] 0.371 473.3 65.1

four corners with a 15-mm collimator, and five 5×5 mm2 samples (four
corners and center) with a 10-mm collimator. Table 2 summarizes the
beam spot properties at four corners with 15- and 10-mm collimators
with V𝑚𝑜𝑑 = 15 kV.

In the next section we show how the collimators and beam steering
can be used to carry out 𝜇SR experiments on four or five small samples
mounted simultaneously on one sample plate.

4. 𝝁SR measurements

4.1. One 10 × 10 mm2 sample at the center

As an example of usefulness of a collimator for small samples
ounted at the center of a sample plate, we compare the FoM of a
0×10 mm2 area measured with and without the 15-mm collimator. We

mounted a 20 nm SrTiO3/10 nm Nd0.8Sr0.2NiO2/SrTiO3 sample with an
area of 10 × 10 mm2 on the sample plate and measured it using beam-
pot-optimized 12 kV transport settings with 4.5 keV implantation
nergy. This material is interesting due to the recent observation of
uperconductivity in Nd0.8Sr0.2NiO2 which ushered in a new class of
ayered nickelate superconductors [18]. These samples can be grown
nly in thin films and on small substrates of 10 × 10 mm2 or 5 × 5 mm2

ize. Since the top layers of the sample are thin, one needs a low
uon implantation energy to stop a maximum fraction of the muons

n the nickelate layer [19]. As shown in Table 3, the FoM with 15-
m collimator is about 20% larger than that without collimator. The
se of the collimator with a corresponding increase of asymmetry and
eduction of background turned out to be crucial for the analysis of
he 𝜇SR data in zero magnetic field which were used to determine
he details of the intrinsic magnetic state as a function of sample
oping [19]. Note that the LEM rates are lower than those measured
ith the MCP in Table 1 because, in comparison to the MCP setup,
ore positrons from muon decay are stopping in the radiation shield

nd other components of the sample cryostat.
5

Table 3
FoMs of 10 ×10 mm2 SrTiO3/Nd0.8Sr0.2NiO2/SrTiO3 sample with and without collimator

Collimator diameter Asymmetry A LEM rate R (mAs)−1 FoM A2×R

No Collimator 0.056±0.001 905 2.84±0.10
15 mm 0.092±0.001 390 3.30±0.07

4.2. Four 10 × 10 mm2 SrTiO3 samples at four corners

As shown in Fig. 6, we designed a mask with four quadratic open-
ings that covers the sample plate and is used to accurately and repro-
ducibly mount the samples in well defined positions. Here we used
SrTiO3 samples which is an excellent reference sample that has a full
diamagnetic muon asymmetry at room temperature (0.23 in LEM). We
measured the asymmetries and relaxation rates of the samples at the
left-top [−10 mm, 10 mm] and right-bottom [10 mm, −10 mm] as
a function of temperature. These measurements were performed using
15 kV transport settings optimized by MCP with a 15-mm collimator,
10 mT magnetic field anti-parallel to the beam direction in the sample
region, and 16.2 keV muon implantation energy (i.e. with −4 kV
applied to the sample plate). As shown in Fig. 7, the asymmetries
measured in both samples exhibit similar behavior, and their relax-
ation rates are nearly identical. From 250 to 70 K, the asymmetry
remains constant. However below 70 K, it quickly decreases due to the
formation of a shallow muonium state, which reduces the observable
asymmetry [20]. When the temperature is below 25 K, the asymmetry
increases again. This may be caused by the reduction of the muo-
nium formation probability due to the increasing dielectric constant
of SrTiO3 [20]. Fig. 7(c) shows the 𝜇SR time spectrum of the left-top
sample at 250 K, under a transverse field (TF) B = 10 mT. The solid
line is from an exponentially damped cosine fitting function:

𝐴𝑇𝐹 (𝑡) = 𝐴0𝑒
−𝜆𝑡𝑐𝑜𝑠(𝛾𝜇𝐵𝑇𝐹 𝑡 + 𝜙). (1)

The asymmetry 𝐴𝑇𝐹 (𝑡) is proportional to the time evolution of
the muon spin polarization which depends on the local magnetic and
electrical environment at the muon stopping site, 𝐴0 is the initial
asymmetry amplitude, 𝜆 is the damping or relaxation rate, 𝜙 is the
detector phase with respect to the initial muon polarization direction.
The Larmor precession frequency of muon spin 𝜔 is determined by the
muon gyromagnetic ratio 𝛾𝜇 = 2𝜋×135.5 MHz T−1 and the magnetic
field 𝐵𝑇𝐹 at the muon site, which is as follows:

𝜔 = 𝛾𝜇𝐵𝑇𝐹 . (2)

From the MCP measurements in Table 2, the stopped muons’ frac-
tions in the 10 × 10 mm2 area at these positions are about 69%.
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Fig. 6. Four 10 × 10 mm2 SrTiO3 samples at four corners of one sample plate. The mask (a) was designed to help mounting samples at the exact positions. View in the muon
beam direction.
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Table 4
Asymmetries of four 10 × 10 mm2 SrTiO3 samples mounted on one plate and measured
at 250 K.

Left top
[−10,10]

Right top
[10,10]

Left bottom
[−10,−10]

Right bottom
[10,−10]

Asymmetry 0.154
±0.001

0.148
±0.001

0.138
±0.001

0.144
±0.001

Therefore, the asymmetries should be 0.159 (0.23 × 0.69). From Fig. 7
and Table 4, the sample at the left top matches very well with what
we expect from the MCP measurement. However, those at the other
three positions have about 4%–10% lower asymmetries. This could be
because the active area of MCP has a diameter of 42 mm, while the
sample plate has a diameter of 70 mm. Consequently, the beam spots at
these four corners may extend outside the MCP’s active region, causing
the fractions in the 10 × 10 mm2 region to be slightly different between
the MCP and 𝜇SR measurements.

4.3. Five 5 × 5 mm2 SrTiO3 samples on one sample plate

Measurements on five 5 × 5 mm2 SrTiO3 samples were performed,
in a similar fashion to the measurements in Section 4.2, except that
the 10 mm collimator was utilized here. As shown in Fig. 8, we also
designed a mask to mount five 5 × 5 mm2 samples. The 𝜇SR results
in Fig. 9 and Table 5 show, that the asymmetry of the sample at
the center is 20%–40% higher than those at the other four corner
positions, and that the asymmetry in the center is in good agreement
with MCP measurements, where we expect an asymmetry of 0.105
(0.23 × 0.455). The beam spots at the corners are more distorted than
that at the center, causing the reduction of asymmetry due to the
smaller fraction of muons stopping on the sample. Nevertheless, the
small sample measurements clearly show the characteristic temperature
dependencies of the asymmetry of SrTiO3 due to shallow muonium
formation below 70 K. Since the LEM rate and asymmetry per sample
are lower compared to the measurements on the 10 × 10 mm samples
with 15 mm collimator shown in Fig. 7, the relaxation rate results
have bigger error bars for same measurement time and the temperature
dependencies show a much larger scatter below 50 K. This can be
improved in the future with a significant increase in the surface 𝜇+

beam rate on moderator by 40% (see Section 5).
We note that measurements at low implantation energies below

3 keV become unfeasible at the four corner positions due to large
distortions of the beam spot in the decelerating electric field in front of
the sample plate, causing an increase of beam size with a corresponding
reduction of asymmetry.
6

Fig. 7. Asymmetries (a) and relaxation rates (b) of 10 × 10 mm2 SrTiO3 samples at
eft-top [−10 mm, 10 mm] (black circles) and right-bottom [10 mm, −10 mm] (red
ircles) of sample plate as a function of temperature. The 𝜇SR time spectrum in one
f the positron detectors (c) of the left-top sample at 250 K, under a transverse field
= 10 mT. The solid line is from an exponentially damped cosine function (Eq. (1)).
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Table 5
Asymmetries of five 5 × 5 mm2 SrTiO3 samples mounted on one plate and measured at 250 K.

Center Left top
[−10,10]

Right top
[10,10]

Left bottom
[−10,−10]

Right bottom
[10,−10]

Asymmetry 0.107
±0.001

0.080
±0.001

0.061
±0.001

0.069
±0.001

0.061
±0.001
Fig. 8. Five 5 × 5 mm2 SrTiO3 samples on one sample plate. One is at the center and the others are at the four corners.
b

Fig. 9. Asymmetries (a) and relaxation rates (b) of 5 × 5 mm2 SrTiO3 samples at the
enter (black circles), left-top [−10 mm, 10 mm] (red circles), left-bottom [−10 mm,
10mm] (blue circles), right-top [10 mm, 10 mm] (green circles) and right-bottom
10 mm, −10 mm] (purple circles) of sample plate as a function of temperature.

Although the use of the collimators leads to a significant reduction
f the muon beam rate, i.e. the total number 𝑁 of accumulated muon
ecay events in a given time 𝛥𝑇 , measurements on small samples can
𝑎𝑐𝑐

7

e carried out using the same data collection time 𝛥𝑇𝑎𝑐𝑐 with an even
better statistical precision, which is determined by 𝐹𝑜𝑀 = 𝐴2 × 𝑁 .
This is because the gain in asymmetry squared (𝐴2) overcompensates
the loss in total events 𝑁 .

5. Summary

By beam collimation and tuning, we have demonstrated the feasibil-
ity to carry out LE-𝜇SR measurements on samples as small as 5×5 mm2

using the LEM facility at PSI. This is an important improvement towards
the utilization of low-energy muon beams, which suffer from a large
phase space and relatively low rates, limiting measurements to larger
samples (typically 25 × 25 mm2). This development is significant not
only for many magnetic and superconducting materials – which often
can be grown only on small substrates – but also for research using
external stimuli such as application of electric fields and illumination.
For electric field measurements, small samples offer the benefit of a
better bias control over the smaller sample area. For illumination ex-
periments, a small sample allows better light focusing, which improves
the illumination effect by reaching higher uniformity and intensity.

Using collimators to reduce the beam spot size, four 10× 10 mm2 or
five 5 × 5 mm2 samples can be mounted simultaneously on one sample
plate. Thus, avoiding loss of beam time for sample changes — which
usually takes three hours, hence enhancing the utilization efficiency of
the LEM facility with a typical oversubscription of two.

Using the collimator reduces the LEM rate, but this can be compen-
sated. The installation of a slanted muon target E in 2019 has already
resulted in a 40% increase in the surface 𝜇+ beam intensity in the 𝜇E4
beamline [21,22]. Our recent work shows that by replacing the last
quadrupole triplet of the 𝜇E4 beamline by a special solenoid magnet
with minimized fringe fields, one can obtain an additional increase of
40% of the original beam intensity at the LEM moderator [23]. The
installation of this solenoid is foreseen for 2026. Both improvements
will result in a factor of two increase in LEM intensity. In a longer
term perspective, the High-Intensity Muon Beams (HIMB) project will
provide a surface muon beam rate of about twenty times the current
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𝜇E4 rate [24]. If approved, this project will be realized in 2028.
Meanwhile, all of the above improvements for increasing the LEM rate
provide opportunities for making further improvements in the FoMs in
LE-𝜇SR measurements.
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