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What is ultra-slow muon ?

2

μ+ beam"
(surface muon)"

~ 4 MeV
Muonium"
~ 0.2 eV
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ionization

Lyα laser
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Ultra-slow μ+

re-accelerate

extremely small"
transverse momentum"

( ~ target temperature )

target

μ+
e-

stop
μ+

surface
e.g., MUSE H-line at J-PARC MLF!

1 x 10^8 μ+/s at 28 MeV/c!
in a 5% (rms) momentum bite



Applications
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Resonant Laser Ionization of Muonium 

(~106 µ+/s) 

Graphite target 

 (20 mm)�

3 GeV proton beam 

 ( 333 uA) �

Surface muon beam  

(28 MeV/c, 1-2x108/s) �

Muonium Production  

(300 K ~ 25 meV�2.3 keV/c)�

Silicon Tracker 

66 cm diameter 

Super Precision Magnetic Field 

(3T, ~1ppm local precision) �

Measuring the muon g-2#
and EDM at J-PARC

Grant-in-Aid for Scientific Research on Innovative 
Areas 2011-2015, “Ultra Slow Muon Microscope”"

( http://slowmuon.jp/english/index.html )
J-PARC E34 proposal  http://j-parc.jp/researcher/

Hadron/en/pac_1001/pdf/KEK_J-PARC-PAC2009-12.pdf

Condensed matter physics Particle physics
Extended μSR#

(muon spin rotation relaxation resonance) "
- thin films, surfaces & interfaces, nano-structures - -> talk by Prof. A.Denig on Tuesday

our approach : E=0 

( no need to be "magic" momentum )

-> need well controlled muon beam 
-> start with ultra cold muon beam.

towards 0.1 ppmfor studying magnetism of the materials …

http://slowmuon.jp/english/index.html
http://j-parc.jp/researcher/Hadron/en/pac_1001/pdf/KEK_J-PARC-PAC2009-12.pdf


4

target

μ+
e-

stop

Key issue Muonium in vacuum

emitting into"
vacuum

so far we know only…

hot tungsten"
~ 2300 K !

unhandy due to"
significant heat

silica powder"
room temp.

unhandy due to"
powdery material

SiO2

( not only producing but emitting in vacuum"
for laser ionization )

Muonium-emitting material
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TEMSEM

with help from "Advanced Technology Support Division" at RIKEN

✓ Same chemical composition as silica powder

✓ Self standing

✓ Extremely low density

New idea : Silica aerogel

3 x 4 cm2

3D-network structure

of SiO2 grains linked together

μ+
muonium 

(μ+e-)

grain size 
<~ 5 nm

stop
ejection

diffusion

Scanning Electron Microscope Transmission Electron Microscope



1. Handiness

➡ Easy to handle ⇔ hot-W radiating significant heat


2. Smaller Emittance

➡ lower energies of the produced Mu

➡ smaller transverse momentum of muon beam


3. Smaller Spacial Spread & Doppler Broadening

➡ Narrower energy distribution

‣ smaller spatial spread of Mu in vacuum

‣ smaller Doppler broadening of resonant line for Mu excitation


➡ more efficient use of laser power

6

Merit of room-temperature target



7

μ+ DC beam

Multi-wire drift chamber

muonium 
in vacuum

decay e+

Trigger counter (TC)

NaI calorimeter 

Veto counter

Start counter
Aerogel target

tracking

timing

energy
Side view

(19 - 25 MeV/c)

~17 kHz

Collimator
500 Hz

“> 30 MeV/c “ cut

Trigger : BC x TC x Pileup ( ~150 Hz)

~ 0.2 mm

resolution

TRIUMF S1249 experiment
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The first Mu observation from aerogel

PTEP 2013, 103C01 P. Bakule et al.

z (mm)
-20 -10 0 10 20 30 40 50 60

E
ve

nt
s

1

10

210

310

410

510

Data (30mg/cc)

Target decay

Ta
rg

et

B
ea

m
 c

ou
nt

er

S
up

po
rt

 fr
am

e

R
eg

io
n 

1

R
eg

io
n 

2

R
eg

io
n 

3

Fig. 3. Distribution of positron track extrapolation positions. Closed circles show data with 29 mg cm−3

aerogel. The histogram indicates the target decay distribution estimated from a simulation of muon stopping
smeared by the extrapolation resolution.

muonium decay in vacuum (vacuum decay). The third, due to positrons from decays in other locations
such as the support structure or vacuum chamber walls, became negligible after applying fiducial
volume selections.

The extrapolated spatial distribution for positrons from target decay is described by the convolution
of the muon stopping distribution in the target and the extrapolation resolution. The muon stopping
distribution was estimated with a Monte Carlo simulation by comparison with the measured stop-
ping rate in the target as a function of beam momentum for each target density and thickness. The
extrapolated distribution measured with the calibration target was used to characterize extrapolation
resolution. Figure 3 shows the distribution of extrapolated position and the estimated contribution
from the target-decay positrons. A Monte Carlo simulation of decay positron tracking was also used to
account for finite detector resolution, multiple scattering of the positrons, and decay position effects
(parallax smearing), constrained by the results of the solid silica target where no muonium emission
is expected. Figure 3 also gives an example of the success of this method when applied to an aerogel
target by showing how well the target region profile is reproduced; note that the beam counter was not
included in this positron tracking simulation, so it does not appear in the “target decay” background
estimate. The total number of positron tracks in the region from z = −8.4 mm to 40 mm was used to
normalize the target-decay distribution to the number of muons stopping in the aerogel target. This
normalization is then independent of the track reconstruction efficiency.

Positrons from target decay are a dominant contribution near the target surface region, whereas
there is an excess over the target-decay positrons in the vacuum region (z > 10 mm).

The time structure of the excess events was examined by dividing the positron tracks into three
z regions. We define the regions 1, 2, and 3 as 10 < z < 20 mm, 20 < z < 30 mm, and 30 < z <

40 mm, respectively. The time distribution of each region is shown in Fig. 4 for the 29 mg cm−3

aerogel. In the plots in the left panel, data are shown as closed circles, and the target-decay events are
shown as open squares. The target-decay events were estimated from data with the calibration target
scaled by a normalization factor that was pre-determined in the comparison of the z-distribution
(Fig. 3). The time distribution of the excess over the target-decay events has a peak that moves to
later time as the selected region moves farther from the target surface.

The time distributions after subtracting for the target decay events were compared with models
of muonium diffusion. The solid histograms in the right panel of Fig. 4 indicate predictions from
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μ+ beam

stop

Muonium

Z distribution [mm]

Prog. Theor. Exp. Phys. 2013, 103C01

PTEP 2013, 103C01 P. Bakule et al.
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Fig. 4. Left plots are time distributions of positrons in each region for 29 mg cm−3 aerogel. Right plots are
background-subtracted time distributions compared with diffusion models.

three-dimensional diffusion at room temperature (naive diffusion model). In this model, muonium
moves with velocity selected from a Maxwell distribution from its initial position and diffuses among
silica grains until it decays or is emitted from the target surface. A parameter in this model is the mean
free path between collisions. The angular distribution of muonium emission that naturally emerges
from the target surface is approximately proportional to cos θ , where θ is the polar angle of muonium
with respect to the normal to the surface. The naive diffusion model describes basic features of the
peaking structure in time and its evolution with spatial region. However, it underestimates data points
at early time in region 1 and region 2, which correspond to fast-moving muonium.

Three alternative models were considered to understand the early-time enhancement compared
to naive diffusion. First, we consider that muonium is locally heated up when it is formed. Dotted
histograms indicate the diffusion model with the initial temperature elevated to 400 K. Another pos-
sibility is that the initial muonium energy is elevated by a chemical potential as it exits a silica surface
within the aerogel sample. Interpretation of muonium emission to vacuum with a chemical poten-
tial as large as 0.3 eV was reported for data taken with a mesoporous silica film [20]. We examined
whether this could be present in these silica aerogels, with a simulation represented by dash-dotted
histograms in Fig. 4. We found the simulated early-time enhancement is too large to explain the data
for such a large chemical potential (0.3 eV). However, such a scenario may describe the data if the
chemical potential is smaller (25 meV) and muonium energy is thermally moderated during the dif-
fusion process (small chemical potential model). This model is shown as the dashed histograms in
Fig. 4. The early-time data points are now better described by either the elevated-temperature or the
small chemical-potential models.

The yield of muonium in the region 1–3 (10 < z < 40 mm) per 1000 muons stopping in the aero-
gel was found to be 2.74 ± 0.11(stat.)+0.10

−0.13(syst.) for density 29 mg cm−3. This is based only on the
background-subtracted data and is thus independent of the diffusion model. The mean free path
in the diffusion model was estimated from the yield, assuming the muonium formation fraction
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Time distribution [μs]

PTEP 2013, 103C01 P. Bakule et al.

Table 1. Vacuum yield in the region 1–3 and mean free path

Density Vacuum yield Mean free path (µm)
(mg cm−3) (per 1000 muon stops) (small chemical potential model)

29 2.74 ± 0.11+0.10
−0.13 0.226 ± 0.016+0.113

−0.079

47 2.81 ± 0.11+0.14
−0.08 0.118 ± 0.009+0.060

−0.034

97 3.13 ± 0.20+0.12
−0.09 0.035 ± 0.004+0.018

−0.012

178 1.60 ± 0.11+0.07
−0.10 0.0050 ± 0.0007+0.0020

−0.0014
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Fig. 5. Mean free path and density of silica aerogel.

of 0.52 ± 0.01 as determined by MuSR. The mean free path is a model-dependent quantity as it
depends on the velocity distribution. The velocity distribution was not uniquely determined from the
time distribution that is a convolution of muonium emission from aerogel and velocity. The value of
the mean free path that best represents the time distributions varies by 10% among different mod-
els, except the large chemical potential model. We obtained 0.226 ± 0.016(stat.)+0.113

−0.079(syst.) µm for
density 29 mg cm−3 using the small chemical potential model for the central value. The systematic
uncertainties are dominated by the uncertainty of the muon beam momentum distribution, which is
mostly correlated for all samples. Thus, this uncertainty is not relevant in the relative comparison
of densities, except perhaps for the most dense sample. Note that the vacuum yields of the other
three samples are approximately consistent within the stated uncertainties. However, comparison
with simulations used central beam momenta and stopping distributions that were unique for each
target, where small variations were important in assessment of mean free paths in the diffusion model
for different densities of aerogel. The yields and mean free paths for all samples are given in Table 1.

Density dependence of the mean free path can be parameterized using a scaling power relation
L = L0(

ρ
ρ0

)α , where ρ is the density, ρ0 and L0 are reference density (29 mg cm−3) and its mean
free path, and α is a parameter. It is known that the muon stopping density (stopping muons per unit
sample thickness) scales with the material density as αµ = +1.0, i.e., there is a linear proportionality
between stopping density and material density. The total yield in the vacuum region should scale as
α/2 + αµ since the mean one-dimensional distance travelled in the diffusion process scales as

√
L

for isotropic scattering. The value of α is predicted to be −1.0 in a simple geometric model that
assumes silica aerogel consisting of grains of SiO2 spheres. In this case, higher yield is expected at
higher density, but this gain with density would disappear if α < −2.0. The density dependence of
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~ 0.3 % per 
muon stop

Histogram : target decay distribution estimated from a simulation of 
muon stopping smeared by the extrapolation resolution

aerogel
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counter
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Toward more yields

→ increasing surface area
Relative muonium yield 1

Max. yield is at 
around

aspect ratio
pitch / depth ~ 1 / 10

Max. yield does not 
depend strongly on 

other than the aspect 
ratio

although, hole-depth 
should be smaller than 

the initial muon 
distribution depth

hole pitch [mm]

hole depth : 4 mm

hole depth : 2 mm

hole depth : 3 mm
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thickness :  
hole size = hole pitch 
   separation :

5 mm 
 
0 mm 

hole size is fixed to the pitch size of the holes

flat surface

13年7月6日土曜日

simulation with diffusion model

simulated by M. Iwasaki

Surface model
different from Glen’s surface

drilled out pyramid-like tapered-
hole from the silica-aerogel surface

simulation:

diffusion : thermal dump model

mμ / MX = 2.5 x 10-5

Vchem = + 15 eV
Δlmfp = 1.865 x 10-4 mm

ρ = 30 mg/cc equiv.
initial muonium position

aerogel : 
5 mm thick

uniform over aerogel in z-direction

muoniums generated in a hole 
were rejected into garbage 

Gauss distribution in x / y-direction
σx = σy = 4.4 mmdepth

pi
tc
h
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ra
tio
n

pitch = hole + separation

thickness

depth < thickness

(repulsive potential)

13年7月6日土曜日
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Laser-drilled aerogels

2013 July 12 g-2 Y. Oishi

⤖ᯝ͗ 䝗䝷䜲ရ

ϮϬϭϯͬϲͬϮϬ >d�ϭϯϬϱϮZWϬϭ ϲ

᮲௳D: 50uJ ᮲௳E: 100uJ

ᅗ 50ಸ㢧ᚤ㙾෗┿

✰㛫㝸: 500um

ᅗ 50ಸ㢧ᚤ㙾෗┿

✰㛫㝸: 500um

䠆 䜴䜵䝑䝖ရྠᵝ䛾ຍᕤ㜈್

Impression
- processing threshold was about 30 µJ/pulse (almost same as set sample)
- cracking threshold was higher compared with wet sample
- depth and shape of holes could not measured (3~5 mm depth was observed)

1 mm

hole to hole space 500 µm

config. D config. E

5

surface

Pitch : 300 - 500 μm

Hole size : ~ 300μm

Depth :~ 2mm

All silica-aerogel samples we used were

prepared at Chiba Univ. by M. Tabata (Chiba/JAXA)) and

drilled by Y. Oishi (RIKEN) & Y. Asakawa (LIGHTEC Inc.)
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Result from laser-drilled aerogels
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Fig. 3 Time distributions of positrons in the entire target region and in each of three
vacuum regions, for flat aerogel (open circle) and laser-ablated aerogel with pitch of 300 µm

(closed circle). No background has been subtracted

models of the motion predict that this probability falls exponentially with initial distance130

from the surface for a decaying particle. The exponential has a mean distance or planar131

diffusion length ld = (Dτ)−
1
2 , where D is the diffusion parameter and τ is the mean lifetime.132

In practice, the diffusion length is small compared to both the thickness of the target and133

the range spread of muons stopping in the target. Thus it is expected that the highest rate of134

muonium emission into vacuum would be achieved when the stopping density at the surface135

(or within ld of the surface) is maximized. This can be accomplished with the muon decay136

position imaging system; it is used to record the relative rate of muon decays in the target137

as the mean beam momentum, thus the muon stopping position distribution, is adjusted.138

The position resolution of the positron track extrapolation was estimated as ∼2 mm (RMS)139

using data taken with a calibration and background estimation target, a silica plate of140

thickness 100 µm. The time distribution of the positron tracks was analyzed in four z regions.141

The first region, defined to include decays both from the target and the vacuum following the142

target, included the entire range (-8< z <40 mm) considered in this analysis (the target plus143

40 mm beyond, into the vacuum). Vacuum regions 1,2, and 3 were defined as 10 mm wide144

ranges of z starting from 10, 20, and 30 mm from the emitting surface of the target (z = 0),145

respectively. The time distributions for the flat aerogel and ablated aerogel within these146

regions are shown in Fig. 3. The time distribution appears mostly exponential for decays of147
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Fig. 3 Time distributions of positrons in the entire target region and in each of three
vacuum regions, for flat aerogel (open circle) and laser-ablated aerogel with pitch of 300 µm

(closed circle). No background has been subtracted

models of the motion predict that this probability falls exponentially with initial distance130

from the surface for a decaying particle. The exponential has a mean distance or planar131

diffusion length ld = (Dτ)−
1
2 , where D is the diffusion parameter and τ is the mean lifetime.132

In practice, the diffusion length is small compared to both the thickness of the target and133

the range spread of muons stopping in the target. Thus it is expected that the highest rate of134

muonium emission into vacuum would be achieved when the stopping density at the surface135

(or within ld of the surface) is maximized. This can be accomplished with the muon decay136

position imaging system; it is used to record the relative rate of muon decays in the target137

as the mean beam momentum, thus the muon stopping position distribution, is adjusted.138

The position resolution of the positron track extrapolation was estimated as ∼2 mm (RMS)139

using data taken with a calibration and background estimation target, a silica plate of140

thickness 100 µm. The time distribution of the positron tracks was analyzed in four z regions.141

The first region, defined to include decays both from the target and the vacuum following the142

target, included the entire range (-8< z <40 mm) considered in this analysis (the target plus143

40 mm beyond, into the vacuum). Vacuum regions 1,2, and 3 were defined as 10 mm wide144

ranges of z starting from 10, 20, and 30 mm from the emitting surface of the target (z = 0),145

respectively. The time distributions for the flat aerogel and ablated aerogel within these146

regions are shown in Fig. 3. The time distribution appears mostly exponential for decays of147
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Table 1 Yield of Mu in the vacuum region 1–3. For all laser processed samples, the
diameter of the structure is 0.27 mm.

Sample Laser-ablated structure Vacuum yield
(pitch) (per 103 muon stops)

Flat none 3.72 ± 0.11
Flat (Ref. [5]) none 2.74 ± 0.11
Laser ablated 500 µm 15.98 ± 0.23
Laser ablated 400 µm 20.85 ± 0.73
Laser ablated 300 µm 30.50 ± 0.32

muons or Mu from the entire region. The Mu in vacuum2, on the other hand, moves across148

regions 1–3 with a thermal velocity. The time distribution of such Mu is a convolution of the149

Mu emission out of aerogel sample and the velocity distribution, creating the peak structure150

in the regions 1–3. There are small contributions in regions 1–3 from muon decay events151

in the target that were subtracted by assuming the exponential functional form in order to152

estimate the yield of muonium in vacuum.153

Table 1 summarizes the Mu yield, after subtraction of the background, summed for regions154

1–3. The beam momentum was set to stop about 50% of muons in the sample; the remainder155

mostly escaped from the target and vacuum regions where their decays were not detected.156

An enhancement of Mu in vacuum from the laser ablated aerogel compared to flat aerogel157

is evident. The yield is higher when the hole pitch is smaller. The highest yield observed158

among these targets was the laser ablated sample with 270 µm diameter and 300 µm pitch.159

That yield is 3% compared to the total number of muons observed to decay in the combined160

target and vacuum regions.161

4. Discussion and prospects162

The application of this result to development of a muonium production target in the163

g−2/EDM experiment at J-PARC is discussed in the following. The beam momentum and164

its spread at J-PARC is designed to be 28 MeV/c and 5% (RMS), respectively. The projected165

yield at J-PARC is estimated as 1 × 10−2 per incident muon under the assumption that only166

a small region near the surface contributes to emission [5]. Taking into account the area of167

overlap of muonium in vacuum with the ionizing laser, and the ionization efficiency [1], the168

estimated ultra-slow muon rate is 0.2 × 106/s. With this muon source, the projected statis-169

tical sensitivity is 0.4ppm for aµ in 107 s of data taking time with 50% beam polarization,170

exceeding the precision of the previous measurement [2].171

5. Conclusion172

A technology was developed to introduce non-uniform structure (holes) on the surface of173

silica aerogel samples with laser ablation. Emission of muonium into vacuum increased in all174

2 Note that the interpretation of the vacuum decay events as arising from non-neutral forms (µ+)
is excluded; a vertical magnetic field of 8 mT was present in all measurements that would cause
thermal charged forms to curl back to the target surface via cyclotron motion.
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The emission probability for the laser-
processed aerogel sample is at least


eight times higher than for a uniform one.

Table 1 Yield of Mu in the vacuum region 1–3. For all laser processed samples, the
diameter of the structure is 0.27 mm.

Sample Laser-ablated structure Vacuum yield
(pitch) (per 103 muon stops)

Flat none 3.72 ± 0.11
Flat (Ref. [5]) none 2.74 ± 0.11
Laser ablated 500 µm 15.98 ± 0.23
Laser ablated 400 µm 20.85 ± 0.73
Laser ablated 300 µm 30.50 ± 0.32

muons or Mu from the entire region. The Mu in vacuum2, on the other hand, moves across148

regions 1–3 with a thermal velocity. The time distribution of such Mu is a convolution of the149

Mu emission out of aerogel sample and the velocity distribution, creating the peak structure150

in the regions 1–3. There are small contributions in regions 1–3 from muon decay events151

in the target that were subtracted by assuming the exponential functional form in order to152

estimate the yield of muonium in vacuum.153

Table 1 summarizes the Mu yield, after subtraction of the background, summed for regions154

1–3. The beam momentum was set to stop about 50% of muons in the sample; the remainder155

mostly escaped from the target and vacuum regions where their decays were not detected.156

An enhancement of Mu in vacuum from the laser ablated aerogel compared to flat aerogel157

is evident. The yield is higher when the hole pitch is smaller. The highest yield observed158

among these targets was the laser ablated sample with 270 µm diameter and 300 µm pitch.159

That yield is 3% compared to the total number of muons observed to decay in the combined160

target and vacuum regions.161

4. Discussion and prospects162

The application of this result to development of a muonium production target in the163

g−2/EDM experiment at J-PARC is discussed in the following. The beam momentum and164

its spread at J-PARC is designed to be 28 MeV/c and 5% (RMS), respectively. The projected165

yield at J-PARC is estimated as 1 × 10−2 per incident muon under the assumption that only166

a small region near the surface contributes to emission [5]. Taking into account the area of167

overlap of muonium in vacuum with the ionizing laser, and the ionization efficiency [1], the168

estimated ultra-slow muon rate is 0.2 × 106/s. With this muon source, the projected statis-169

tical sensitivity is 0.4ppm for aµ in 107 s of data taking time with 50% beam polarization,170

exceeding the precision of the previous measurement [2].171

5. Conclusion172

A technology was developed to introduce non-uniform structure (holes) on the surface of173

silica aerogel samples with laser ablation. Emission of muonium into vacuum increased in all174

2 Note that the interpretation of the vacuum decay events as arising from non-neutral forms (µ+)
is excluded; a vertical magnetic field of 8 mT was present in all measurements that would cause
thermal charged forms to curl back to the target surface via cyclotron motion.
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flat

laser 
drilled

-> ultra-slow muon rate ~ 0.2 × 106 /s 
-> so now, the vacuum yield achieved 
the operational level for g-2 ! 
"
( though still 5 times smaller than the design intensity to achieve 
the final statistical sensitivity of 0.1 ppm)

Vacuum yield : ~3 % per muon stop

again at TRIUMF with the same experimental setup (in 2013)
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μ+ beam ~ 4 MeV
Muonium"
~ 0.2 eV

1) Mu generation in vacuum

μ+
e-μ+

-> Confirmed at TRIUMF S1249

Fig. 1 (left) An optical image of an aerogel sample having a triangular hole pattern with
equal spacing of 400 µm. (right) Photograph of a laser-ablated aerogel sample installed on
a target holder. The muon beam enters the convex surface while muonium is emitted from
the ablated (concave) surface.

could be increased substantially by an irregular surface, covered by holes or channels with76

dimensions of order 100 µm.77

2. Aerogel samples78

The highly uniform silica aerogel was produced by the same methods described in the previ-79

ous paper [5, 10]. We considered and tested several methods to create a non-uniform structure80

on the aerogel surface. Because the silica aerogel is rather fragile, mechanical treatment of81

the surface is not considered very promising. It is known that laser light can be used for82

processing aerogel [11]. The laser material processing method for our targets was developed83

and tested in RIKEN before the actual processing was done commercially.84

The indentations or holes were created by ablation with a femtosecond laser with wave-85

length 800 nm, pulse duration 230 fs, and energy 0.6 mJ/pulse, at a 1 kHz repetition rate.86

The laser pulse was focused on the surface of silica aerogel with a spot size of 30 µm.87

The processing time for each hole was 0.8 sec (800 pulses). An aerogel surface area of88

30 mm × 30 mm was covered by a triangular pattern of holes with equal spacing of 300 µm,89

400 µm or 500 µm. After ablation, the hole depths were typically 4.5 to 5.0 mm, compared90

to the total thickness of 7 mm for the 29 mg cm−3 aerogel samples. The diameter of the91

holes at the surface of the aerogel was about 270 µm, enlarged compared to the laser size92

by the induced plasma. Microscopy showed that the holes were not smooth and regular in93

shape, but were surrounded by microfractures and were tapered along their depth. Figure94

1 shows an optical microscope image of the hole pattern, as well as a photo of one of the95

targets in a holder prior to exposure to muons. Note the bend created in the aerogel sample96

as a result of contraction after ablation from one side. We expect to be able to reduce or97

eliminate this curvature by modification of the laser process.98

3/8

Laser ablated"
aerogel

Mu emission probability is an 
order of magnitude higher 

than for a uniform one.

μ+
e-

2) Laser#
ionization

Lyα
μ+

3) Ultra-slow#
μ+ extraction

extremely small"
transverse momentum"

( ~ target temperature )

next step :

Actual ultra-slow 
muon production



(1) Production :

     ultra-slow muon production with the room-temp.  

(2) Extraction :   
     establishment of ultra-slow muon extraction scheme 

     Hot-W (electrode)  vs.  Aerogel (insulator) 

(3) Stability : 
     testing of the long term stability 

(4) Optimization towards higher yield : 
    - structured-target shape 

    - laser with reflection mirrors installed near the target 

    - etc …

R & D of room-temperature target 
to be developed to a practical level

13

Ultra-slow muon production at RAL



Layout of the RIKEN-RAL Muon Facility (2010) 
�

Ultra-slow muon 
beamline Port-3

14

RIKEN-RAL Muon Facility (UK)
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Experimental setup

50 cm

aerogel
target

muon beam

ac
ce

rel
ate

 & fo
cu

s

3`THU�ʸ
beam

mirror

ultra slow
muon beam

MCP

1

surface


muon
ultra-slow


muon

Lead

shield Lyman α

355 nm

Laser

SOA lens

top view birds-eye view

preparing towards the first beam test

at RIKEN-RAL on March, 2015
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Summary

✓ Ultra-slow muon for next generation μSR and muon g-2/EDM exp.


✓ Plenty of merit with room-temperature target


✓ Great performance with laser-drilled aerogel target (TRIUMF S1249)


✓ R & D of room-temp. target at RAL to be developed to a practical level



Backup slides
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muon beam
Mu

ae
ro

ge
l

another idea for more yields

sandwiched aerogel target

drilled aerogel target

momentum distribution

Mu



19

Hot-Wmesh

Laser

Mumuon

Electric field

Aerogelmesh

Laser

Mumuon

Electric field

The electrode is Hot-W itself

cannot be an electrode

mesh here !
to be sure that the electrical potential 

( but dielectric body )

Muon extraction after laser ionization
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Beam trajectories

1) mesh 
electrodes

acceleration system

2) SOA 
lens

beam size

30 mm Φ

~ 550 mm

16

calculated by CPO (Charged Particle Optics)

Beam trajectories

Lead collimator 
~ 100 mm

Detector 
(MCP)

su
rfa

ce
 μ

Φ 20 
mm

enough for stopping e+ 
from μ+ stop

Φ 8 
mm

for 300K (30 mmΦ beam) : 2.1 mmΦ @ FF

for 2300K (30 mmΦ beam) : 5.6 mmΦ @ FF



g-2
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muon g-2 and EDM 

P = gP (e/2mP) s 
aP = (gP�-2)/2 : anomalous magnetic moment 
Dirac equation predicts g=2. 
Radiative corrections deviates g from 2. 
a = a(QED) + a(Hadronic) +a(Weak) + ... 
 
                               ...+ ....+ ...+ 
 
 
Contributions from all particles, even undiscovered 
 
d = K (e/2mc) s 
If EDM is nonzero -> T reversal is violated.  
=> First indication of CP violation in the lepton sector.  
 
 

unknown 
X 
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muon g-2  

BNL E821 measured aP to 0.7 ppm for P+ and P- (sum 0.5 ppm) 

Deviation of experiment and theory by 3.4 V was observed.  

New physics? 

Experiment and theory to better precision is waited for. 

ʋ+ 

ʋ- 

Hadronic contribution (experimental input) 

study by several groups and methods  

(“e+e- Æɶ*Æ hadrons” and tau-decay). 

=> Some variations but not enough large to 

explain the discrepancy. 

 

+... 
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Muon g-2/EDM@J-PARC 

We plan an independent measurement at J-PARC 
based on ultra-cold muon beam and MRI-type storage ring. 
 
with different scheme - in systematic errors. 
 
 
 
 
 
Make E=0 by making focusing need low.  
- no high "magic" momentum requirement. 
Need of well controlled muon beam 
- start with ultra cold muon beam.  
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g-2 measurement                            EDM 

Out-of plane oscillation is 
an indication of EDM. 
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BNL-E821 Fermilab J-PARC 

Muon momentum 3.09 GeV/c 0.3 GeV/c 

gamma 29.3 3 

Storage field B=1.45 T 3.0 T 

Focusing field Electric quad 
Very weak 
magnetic 

# of detected P+ 
decays  

5.0E9 1.8E11 1.5E12 

# of detected P- 
decays  

3.6E9 - - 

Precision (stat) 0.46 ppm 0.1 ppm 0.1 ppm* 

Our goal: comparison 

* Based on 1 x 106/s stored muons  
   x 1 year data taking (107 s).  
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Muon g-2/EDM@J-PARC 

High intensity Japan Proton Accelerator Research Complex  
1 MW at 3 GeV (0.3 MW at present), 0.75 MW at 50 GeV 
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proposed experimental site 

Parking lot 

cold muon 
source 

spallation neutron 
source 

g-2/EDM 
storage magnet 

DeMee,  
MUSEUM(MuHFS) 

H-line 

J-PARC MLF (Materials and Life Science Facility) 

H-line will provide 108/s surface muons. 
Installation in the proton beam tunnel completed  
  (Y. MIyake, this workshop) 
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Ultra-slow muon from Thermal Muonium 

 
 
 
 
 
 
 

Silica powder has been known to be a good 
Mu emitter at room temperature 
Mu diffuse out through network of SiO2 grains 
(large surface area) 

Silica aerogels with similar network structure 
can be more easily handled and may fit better  
our system 
 

Stop muons in a material,  
some diffuse out at thermal energy. 
Good muonium emitter and  
an intense laser to remove the electron  
are essential.  
 

Typical surface muon beam (4 MeV, 'p~2%, 4cmI, 50 mr) 
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Measurement S1249@TRIUMF 

text 

P+ 

e- 

e+ 

Decay in vacuum 

Muonium 
Target 

Mu velocity in vacuum ~5 mm/Ps 
MWDC intrinsic  resolution ~0.1 mm 
Track back resolution ~2mm 
(from 0.1mm silica-plate data) 
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First results S1249@TRIUMF 2010-2011 
Mu excess over reference target was observed 
Yield was "not" satisfactory (~1% emission per stopped P) 
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More muoniums wanted 
Muon should stop near surface (<0.1mm)  
to come out! 
Simulation with structured surface by M. Iwasaki  
(Ultra Slow Muon Microscope Meeting, Sapporo, 
2012) 

How to make it? 
  Ion beam, dust-gun, mold, push-pin, ... 
  Laser ablation was successfully applied.  

x6 
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New measurement (S1249@TRIUMF 2013) 

(to be published in PETP soon!) 

x10 

aerogel 
vacuum 
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Muon source 

Huge increase (x10) of Mu yield in measurement last October. 
We now have about 10% of muons coming out in vacuum.  
 (from 23 MeV/c, Vp=2% ) 
Expected ultra-cold muon yield is only factors away from requirement.  
(present estimate is 0.2 x 105/s assuming other conditions are fulfilled) 
 
=> Further optimization of target condition (density, hole size/pitch, ...) 
(we initially tested only four samples)  
is now feasible at J-PARC 
 
=> Demonstration of ionization from silica aerogel  
is planned at RIKEN-RAL. 
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Mu Ionization Laser 

Remove e- for g-2 measurement (and acceleration) 
with lasers 

OMEGA 1䠖 High energy 212.556 nm source 
Distributed 
feedback laser 

Fiber amplifier 
All-solid-state 

amplifier 

0.1 mJ 

Z1 

1062.78 nm (Z1/5) 
ǻȞ = 1 GHz 
2 ns 

OMEGA 2䠖 820.649 nm source 
Optical parametric 

generator and amplifier 

Z1 

ZLy-D 

Kr 4p55p 

Kr 4p6 

Lyman-Į�6KLIWHU��.U\SWRQ�JDV�FHOO 

Z1 

Z2 

Diode 
laser 

2Z1/5 4Z1/5 

Nonlinear  
frequency conversion 

820.649 nm (Z2) 
ǻȞ2 = 230 GHz 

Lyman-Į 
 
 
Mu:122.09 nm 
H: 121.57 nm 

21
2.

55
6 

nm
 

0.
8 

m
J 

1.
2 

m
J 

Improved Coherent Lyman-Į 
System Configuration 

100 mJ 

Mu H 

Diode 
laser 

CLBO CLBO 
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Lyman-D  laser progress 
New Lyman-D laser developed by RIKEN laser group 
for ultra-slow-muon-microscope project (USMM by Grant-in-Aid) 
aimed for use of ultra-cold-muons for materials study 
  => Laser intensity goal is 100 PJ (x100 improvement over record) 
 
Lyman-D was introduced to the USMM beamline this year. 
Laser tuning and calibration progressing 
=> Good R&D for muon g-2/EDM laser 
Ionization test (with Mu source from hot-W) this autumn 

laser fluorescence in the source chamber laser system installed  in J-PARC (for USMM) 



36

Ultra-cold muon from silica aerogel 

Muonium to ultra-cold muon beam by ionization and acceleration 

So far all the ultra-cold muon beam at KEK and RIKEN-RAL Muon Facility 

was based on Mu from hot-W (~2000K) and with static field (~10 keV). 

 

Ultra-cold muon beam from silica-aerogel source need to be demonstrated. 

 

Silica aerogel will be evaluated for 

1) long term stability of Mu yield 

2) brittleness and vacuum 

3) electrical field stability  
(use of meshed metal container) 

and also we try good things  

1) colder beam spread 

2) multiple-pass laser mirror 

3) other functions (spin control, ...) 

 

A new Muon Source chamber will be constructed for evaluation study.  
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Baseline for muon g-2 accelerator 

Baseline scheme 
42.3 MeV 
ɴуϬ͘ϳ 

0.34 MeV 
ɴуϬ͘Ϭϴ 

CDS or DAW 
(1300MHz) 

Interdigita-H 
(324 MHz) ʅĞ-  

5.1 MeV 
ɴуϬ͘ϯ 

RFQ 
(324 MHz) 

Middle-E�Low-E�

200 MeV 
ɴуϬ͘ϵϰ 

Disk loaded structure 
(1300MHz) 

High-E�

5.6 keV 
ɴуϬ͘Ϭϭ 

Bunching Section 

Initial acceleration simulation 
for ex. RFQ capture loss~30%, muon decay x 0.7 

テキスト
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2900 m
m

 

Muon storage orbit 
Super conducting coils 

Magnetic field䠖 B=3T 
   local uniformity 1ppm 
   +very weak magnetic focusing (n~10-5, 1ppm/cm) 

e+ tracking 
detector 

Muon storage magnet and detector 
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Beam Injection 

Design of injection-matching transport beamline. 
Spiral injection test with mini-solenoid and electron gun soon 

Injection scheme 
  Spiral injection + weak magnetic kick (8 mr) to storage-orbit 

z 
r 

Br Br 

kick 

injection through  
guided tunnel 

Main coil 

iron 
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Muon storage magnet and field monitor 
Good synergy with MUSEUM (P. Strasser, MuHFS talk) 
 
in physics (O=PP/Pp needed for g-2) 
 
ultra-precision magnet (3T vs 1.7 T) 
 shimming method of MuHFS magnet 
 
 
 
 
 
 
 
 
and field measurement 
  monitoring system, NMR probe 

MuHFS magnet 1.7T 
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Detector 
measure muon decay positron tracks with Silicon-strip detectors 
forward/backward decay gives different positron momentum 

beam test with test sensor  
muon beam at J-PARC 
and electron at Tohoku-U 
in progress 
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Collaboration 
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Muon g-2/EDM@J-PARC : Status 

J-PARC PAC 
Conceptual Design Report at J-PARC PAC (13 Jan 2012) 
Stage 1 approval as E34  (21 Sep 2012) 
Most recent PAC report highly recognized  
our progress in muon source.  

 
Collaboration Meeting held every half year.  
9th C.M. will be in 6-8 Nov at KAIST in Daejon, Korea 
 
Technical Design Report to be made this year  
Expect to start running in 3~4 years (dep. on budget) 
 
Several small grants obtained for development.  
Overall budget is still a issue.  
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Summary 

New muon g-2/EDM measurement is under preparation at J-PARC. 
Since last year, there has been significant progresses.  
 
Muon Source (x 10 Mu emission)  
Practical Mu ionization study will follow 
 
New Lyman-D Laser progressing in collaboration with USMM group 
 
Also progress in accelerator, storage magnet, injection, detection.  



Concept of new beamline 
at RAL port-3

45



Layout of the RIKEN-RAL Muon Facility (2010) 
�

Ultra-slow muon 
beamline Port-3
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RIKEN-RAL Muon Facility



Hot tungsten

~ 2100 K

room-temp. target

~ 300 K

Optimal beamline design is 
different

No radiating significant heat

47

Motivation for new beamline



2980

26
50

surface muon

initial acceleration (SOA)

Bending Magnet

Electrostatic deflector

Ultra-slow muon detection

by MCP or muSR

• avoid from heat radiation from W

• avoid BG from initial surface muon

• PID (d, Li ... from W)• avoid from heat radiation from hot-W


• spin rotation (90 degrees) of muon (for muSR)

Hot tungsten 
target (~2100K)~ 27 MeV/c

muonium (μ+ e-) production

laser ionization-> ultra-slow muon production of

( T=25meV,  size=20 mmΦ )

acceleration：10 ~ 30 keV

48

Present beamline port-3



2980

26
50

surface muon
~ 27 MeV/c
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Concept of new beamline (1)

Remove
✓ No bending magnet  (no heat radiation from hot-W)

✓ Only rotational-symmetric electrostatic field

➡ Simple beam optics and efficient transport

initial acceleration (SOA)



2980

26
50

surface muon
~ 27 MeV/c

50

Concept of new beamline (2)
2980

26
50

✓ 45-degrees extraction of muonium

✓ Installation of collimators on beamline

➡ background reduction (due to limited area size)

avoiding e+ background

ultra-slow mu 
extraction ✓thick for muon beam


✓thin for Mu extraction

μ+ beam
stop

MCP collimators 
( lead wall )
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Final design



(A) Minimum setup


➡ Only meshed electrodes and SOA lens


➡ Enough for R&D of laser ionization and mu+ extraction


➡ Beamline extension is possible for more study of sharpening


(B) Lyα reflection mirrors


(C) Minimization of incident surface muon size 


(D) Magnetic coils ( for control of spin and earth magnetism / fringing field )
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Main chamber / beamline design
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(A) Minimum setup



1) mesh 
electrodes

acceleration system

2) SOA 
lens

beam size

30 mm Φ

~ 550 mm

54

calculated by CPO (Charged Particle Optics)

Beam trajectories

Lead collimator 
~ 100 mm

Detector 
(MCP)

su
rfa

ce
 μ

Φ 20 
mm

enough for stopping e+ 
from μ+ stop

Φ 8 
mm

for 300K (30 mmΦ beam) : 2.1 mmΦ @ FF

for 2300K (30 mmΦ beam) : 5.6 mmΦ @ FF
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Beamline chamber design

( Compact & Simple )

detector!
(MCP)

surface muon



surface muon

aerogel 
target

ultra-slow

muon

Lead

shield

muon

in the case 
of H-line

Lyman α

355 nm

Laser

SOA lens
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Setup overview
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aerogel target MCP
φ40mm


10mm thick40 x 40 mm

7 mm thick

main chamber

27 MeV/c μ+ beam
45 degree injection

degrader

Mylar 65 um

Beam counter

Scintillator 0.3 mm

2 collimators
50 mm thick 
Φ30mm

50 mm thick 
Φ15mm

half stop condition • RAL surface muon : ~5 x 104 μ+ / pulse


➡ ~ 3 counts / pulse (incident mu+)

➡~ 0.5 counts / pulse (incident e+)

Background simulation

Solid angle for 40Φ MCP @ 550 mm = 4 msr

(~3.3 x 10-4)

cf., ultra-slow muon : 900 / sec

~ 35 / pulse
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(B) Lyα reflection mirrors
(w/ circularly polarized laser?)



100 mm

muon

aerogel 
target

ultra-slow

muon

Lead

shield Lyman α

355 nm

Laser

mirror
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Setup overview

reflectivity

~ 82 %(?)
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(C) Minimization of incident 
surface muon size 
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-500 -400 -300 -200 -100 020

30

40

50

60
: x distribution

: y distribution

FW
HM
 b
ea
m
 s
ize
 @
 F
F 
[m
m
]

z=-700

z=-1030

block 
end

Q20 
end

duct 
end z=-500

Main 
chamber

move to z= -100mm

z=-100

Su
rfa
ce
 m
uo
n 
be
am

target

100-um-thick Mylar 
window at “duct end”

original position 
(duct end)

Mylar window z position [mm]

new setup

original position

be
am
 d
uc
t

install Mylar 
window here

without 
Mylar 
window

 Mylar position : -500 mm -> -100 mm 
 Beam size x(FWHM) : 53 mm -> 25 mm 
 Beam size y(FWHM) : 55 mm -> 31 mm

FWHM beam size by changing the Mylar 
window position from -100 to -500 mm

Entries  99189
Mean   -0.8112
RMS     10.53
Underflow       0
Overflow        0

-100 -80 -60 -40 -20 0 20 40 60 80 1000

500

1000

1500

2000

2500

3000

3500

4000

4500 Entries  99189
Mean   -0.8112
RMS     10.53
Underflow       0
Overflow        0

X [mm]

w/o window 
z=-100 mm  
z=-200 cm 
z=-300 cm 
z=-400 cm 
z=-500 cm

G4 sim 
w/ turtle 
input

Surface muon beam size at final focus



100 mm

muon

100-um mylar 
window

previous 
window 
position

aerogel 
target

ultra-slow

muon

Lead

shield Lyman α
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Setup overview

move
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(D) Magnetic coils



Gyromagnetic ratio

14 kHz / Gauss 1.4 MHz / Gauss 14 kHz / Gauss
slow μSR fast spin rotation slow μSR
(surface) Mu Mu (in vacuum) (Ultra-slow) 

muon

~ 14 kHz / Gauss

Mu

~ 1.4 MHz / Gauss

x 100 
 reduced mass : x 200 


spin : 1/2 -> 1

μ+ e-
μ+

e-
μ+

target material

e-

μ+

laser

stop & forming Mu diffusion process ionizationinjection
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An idea of spin control at target
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Magnetic field coils (& MuSR counters)
surface mu

Aim: 

•   Stabilize spin against earth & leakage magnetic field

•   Measure the field at the sample directly

   (Calibrate field sensor relative to center field)

•   Optimize muon stopping condition by MuSR

~0.2 Gauss



Muonim spin control!
at target

66



Gyromagnetic ratio

14 kHz / Gauss 1.4 MHz / Gauss 14 kHz / Gauss
slow μSR fast spin rotation slow μSR
(surface) Mu Mu (in vacuum) (Ultra-slow) 

muon

~ 14 kHz / Gauss

Mu

~ 1.4 MHz / Gauss

x 100 
 reduced mass : x 200 


spin : 1/2 -> 1

μ+ e-
μ+

e-
μ+

target material

e-

μ+

laser

stop & forming Mu diffusion process ionizationinjection
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An idea of spin control at target



68

Mu spin control

earth magnetism

compensator

surface muon

Mu

Pulse magnet

Ultra-slow mu

target 

(1) Duration of being Mu => Laser irradiation timing

(2) Strength of a magnetic field applied

Laser

Electromagnets

Top view

might be better to install those electromagnets 
inside as much as possible.
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20 ms (50 Hz)

320 ns

320 ns
RAL double pulse

70 ns

Mu spin control

Laser timing

480 ns

Mu gyromagnetic ratio : 1.4 MHz / Gauss
optimized condition of diffusion time 

to maximize the number of Mu emitting 
in laser irradiated area 

rotating 60° 

rotating 30° 

Mu

Mu

Polarization -> [cos(15)+cos(-15)]/2 = cos(15) ~ 0.97
( for transversal polarization, just changing the sign of the magnet )

0.186 Gauss



Ion source for beam tune
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beam tune without muon beam
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ion source

Since we cannot use Li+ or D+ 
dissociated by the hot tungsten target, 

we need ion sources.

(just a filament for bulb?)

with laser without laser

The first laser is operating at 212.5 nm and is tuned to a two-photon 
resonance in Kr, while the second laser operating in the range of 810 - 
850 nm provides the tuneability of the Lyman-a output and is designed 
to have sufficient bandwidth to cover the Doppler width of muonium. 
The wide tuneability of the output allows us to ionize under the same 
conditions not only muonium, but also hydrogen or deuterium. This 
provides a useful tool for testing the whole apparatus without need for 
the muon beam.

laser ionization of 
hydrogen and deuterium

NIM B 266 (2008) 335



Capillary
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-6      -4      -2      0       2       4       6
Y [cm]

-6      -4      -2      0       2       4       6
X [cm]

σ = 1.5 cm

σ = 1.5 cm
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Measured surface muon profile!
of RAL port-3 beamline

on 7-8 April, 2011



Focusing with tapered capillary method

Person-to-person distribution by the author only. Not permitted for publication for institutional repositories or on personal Web sites.

0.51!, which was 18 times finer than that of the gold-coated
copper plate of 9.2!. The surface of the glass was finer than
that of metals used.

After these measurements, a muon spin precession was
observed with the !SR (muon spin rotation and relaxation)
method in order to study if the muon spin polarization was
conserved. The experimental setup for this purpose is shown
in Fig. 1(d). A pair of permanent ferrite magnets (100mm
square each) on top and bottom was placed at 150mm
downstream of the outlet. A silver target (20mm square)
was located at the center of the magnet gap. Just upstream
of the target, another beam defining counter (T11, 16mm",
500 !m thickness) was mounted to identify muons incoming
to the target. The pair of magnet described above generated
a homogeneous magnetic field of approximately 50mT
around the target in the transverse direction to the muon
spin. The initial muon was polarized ("90%) in parallel
to the muon momentum direction. All muons through
T11 counter stopped at the target holding the initial spin
polarization, precessed at a Larmore frequency around
the direction of the magnetic field and finally decayed
into positrons. The positrons was preferentially emitted to
the spin direction of the initial muon. The time evolution
of the decay positrons was observed with T6, T7, and T10
counters.

Data acquisition system was built with a CAMAC based
exp2k software6) on PC/Linux. Output pulse height from
the SSD was recorded with a peak-hold analog-to-digital

converter (ADC) through a preamplifier and an amplifier.
Energy deposit for each scintillation counter was recorded
with charge integrating ADCs. Timings of all detectors were
recorded with a 32 ch multi-hit time-to-digital converter
(TDC). All timings and energy deposit data were read and
cleared with a trigger generated from T1 and SSD signals.
A time window was opened for 15 !s before the trigger
timing (common stop mode). Typical muon beam rates were
approximately 1:6# 103 and 5:2# 103 muons/s at momenta
of 30 and 40MeV/c, respectively in the present experiment.

3. Analysis and Results

3.1 Raw spectra analysis
The incoming muon beam was identified with T1 counter

and then the beam stopped in the plates, SSD, the array
counter or T10 counter. Since the number of positrons from
the beamline was less than 10$4 of that of muons in T1
counter, a T1 counter hit associated with an incident beam
was chosen as the muon event. A typical correlation between
muon energy distribution in the SSD and positron hit timing
in the SSD veto counter (T8) is shown in Fig. 3. This
correlation was measured when the 20-mm-width slits were
inserted. Muons at an initial momentum of 45MeV/c
(9.2MeV), for example, penetrated 0.33 cm (corresponding
to a muon stopping range in the SSD) into the SSD and
decayed into positrons. Some positrons were emitted in the
opposite direction to the initial muon, penetrated the same
length in the SSD and then, hit T8 counter. When the muon
decayed earlier than the shaping time of the SSD amplifier,
the positron energy was piled up to the muon energy, which
is clearly seen in the region of 0 < t < 2 !s of T8 hit timing
in Fig. 3(a). In order to remove this pile-up component, the
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Fig. 2. (Color online) Narrowing plates and tubes. (a) Schematic
illustrations of the narrowing vertical plates, conical tube and trapezoid
tube (side view). (b) Surface roughness (b1) of the gold-coated plate (solid
line) and polished copper plate (dashed line) were measured with 0.125!m
step. Distributions of local gradient # for the (b2) gold-coated copper plate
and (b3) polished copper plate. Definition of # is shown in (b1). Averaged
values of local gradients were 9.2 and 0.51!, respectively.
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Fig. 3. (Color online) (a) Correlation between energy deposit of 45MeV/c
muons in the SSD and positrons hit timing in T8 counter from the decay
of muons that had stopped in the SSD. This correlation was measured when
the 20-mm-width slits were inserted. Note that thickness of the SSD is 0.5 cm,
and a stopping range of 45MeV/cmuon in the SSD is approximately 0.33 cm.
(b) Energy distributions all over the time window of 0 < t < 15 !s (solid line)
and in the time region of t > 2 !s (dashed line, entries are scaled by 10). This
time threshold is shown with a dashed line in (a). (c) Positron time spectrum
of T8 counter from the decay of muons that had stopped in the SSD.
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observed with the forward (T6 and T7) and backward (T10)
counters. A time evolution of a spin asymmetry AðtÞ was
defined by

AðtÞ ¼ NFðtÞ $ !NBðtÞ
NFðtÞ þ !NBðtÞ

¼ ½NT6ðtÞ þ NT7ðtÞ' $ !NT10ðtÞ
½NT6ðtÞ þ NT7ðtÞ' þ !NT10ðtÞ

; ð2Þ

where ! is a setup-dependent correction factor. The
NFðtÞ ½¼ NT6ðtÞ þNT7ðtÞ' and NBðtÞ ½¼ NT10ðtÞ' denote the
number of hits in the forward (T6 and T7) and backward
(T10) counters, respectively. The AðtÞ was observed in three
conditions: the trapezoid copper tube, trapezoid glass tube,
and corresponding slits that kept the spin polarization of the
initial beam. Figure 8 shows asymmetry spectra. The fitting
function was expressed by

AðtÞ ¼ A sinð2"f t þ #0Þ þ B; ð3Þ

where A, #0, and B denote the amplitude, the initial phase,
and a background term, respectively. The amplitude A
corresponds to the muon spin polarization. The fitting
results of the spin precession frequency f was 7.1MHz
and the applied magnetic field of 52.4mT was deduced.
Amplitude and its statistical error were Acopper ¼ ð17:9(
1:2Þ%, Aglass ¼ ð16:8( 0:7Þ%, and Aslit ¼ ð16:2( 1:1Þ%.
These were consistent within a standard deviation. No
significant depolarization was observed if the copper or glass
tube was inserted.

4. Discussion

The density enhancement factors derived in various
conditions are summarized in Table I. The first and second
brackets denote statistical and systematic errors, respec-
tively. The systematic errors were naively estimated to be
5.0 and 10.0% for 20 and 10mm outlet plates and 7 and 14%
for 20- and 10-mm-square outlet tubes because components
in the setup were manufactured and installed with an
accuracy of 1mm. Each enhancement factor was calculated
with eq. (1), where the energy integration region from $min

to $max was set to three standard deviations ((3%) from
the peak energy in the distribution of the slits data. Each
weighted average over a momentum region was calculated

for clarifying material dependence of the density enhance-
ment. Each weight was calculated by using a quadratic sum
for the statistical and systematic errors. Typical initial beam
intensities for each momentum is also shown in the table.
This beam intensity was defined by the number of muons
through the slits. Their size was the same as the outlet of the
plates or tubes. It is noted that these values of the intensity
were the cases for the present beamline. Although enhance-
ment factors at different momenta could not compared
strictly due to the difference of the initial beam condition
and scattering at T1 counter, the table indicated that the
largest enhancement factor was obtained with the gold-
coated copper plates. The enhancement factors for the
copper plates and gold-coated copper plates were calculated
to be 1.2 and 1.3 with an average of the factors in all
momenta, respectively. The averaged enhancement factor
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Fig. 8. (Color online) Spin asymmetry spectra AðtÞ of the outgoing
muons when (a) the copper tube, (b) the glass tube and (c) corresponding
slits were inserted at an initial momentum of 40MeV/c. The bold lines
show fittings given by eq. (3). Fitting results of asymmetry and its statis-
tical error are Acopper ¼ ð17:9( 1:2Þ%, Aglass ¼ ð16:8( 0:7Þ%, and Aslit ¼
ð16:2( 1:1Þ%, respectively.

Table I. Summary of density enhancement factors in various conditions and initial beam intensity observed at the SSD position.

Material Outlet
Initial muon beam momentum (MeV/c)

30 35 40 45 Average

Plates

Polished copper 20mm 1.268(6)(63) 1.404(5)(70) 1.142(3)(57) 1.221(3)(61) 1.24(3)

Rough copper 20mm 1.231(6)(62) 1.360(5)(68) 1.154(3)(58) 1.187(4)(59) 1.22(3)

10mm 1.520(9)(152) 1.446(6)(145) 1.48(11)

Gold-coated copper 20mm 1.364(6)(68) 1.481(6)(74) 1.209(3)(60) 1.282(4)(64) 1.32(3)

Glass 20mm 1.137(5)(57) 1.223(4)(52) 1.046(3)(52) 1.110(4)(56) 1.13(3)

Initial beam intensity (muons/s) 20mm 1:6) 103 2:8) 103 5:2) 103 5:8) 103

Tubes

Conical glass 20mm# 1.477(6)(103) 1.415(4)(99) 1.44(7)

10mm# 1.508(10)(211) 1.586(6)(222) 1.55(15)

Trapezoid glass 10mm square 1.542(9)(216) 1.336(5)(187) 1.42(14)

Trapezoid copper 10mm square 1.825(10)(256) 1.652(5)(231) 1.73(17)

Initial beam intensity (muons/s) 10mm square 6:0) 102 1:4) 103
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