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Low-energy muon beams

cLFV experiments

Ultralow-energy muons

Future high-brightness and high-intensity beam lines: 
muCool and HiMB projects
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(Low Energy) Muon Sources in the World
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PSI Proton Accelerator HIPA
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Cockroft-Walton

Injector cyclotron
590 MeV cyclotron  
2.4 mA, 1.4 MW 
50 MHz

Spallation source SINQ

Proton therapy

Spallation source for 
ultracold neutrons 
nEDM experiment

Muon target stations TgM & TgE 
7 beamlines for particle  
physics and material science
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Muon Production Target TgE

40 mm polycrystalline graphite
~40 kW power deposition
Temperature 1700 K
Radiation cooled @ 1 turn/s
Beam loss 12% (+18% from scattering)
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Meson Production 
 Target 

Muon Rate: 
4.6E8 P+/sec 
@ p=29.8 MeV/c 

T.Prokscha et al NIM-A (2008) 

Muon Transport Channel PE4 target, d=40mm 

solenoids 

quadrupoles 

TARGET CONE 
Mean diameter:      450 mm 
Graphite density:    1.8 g/cm3 

Operating Temp.:   1700 K 
Irrad. damage rate:  0.1 dpa/Ah 
Rotation Speed:      1 Turn/s 
Target thickness:    40 mm 
                                 7 g/cm2 

Beam loss:              12  % 
Power deposit.:    20 kW/mA 

M.Seidel, J-PARC, Oct 2015 

protons
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Surface muons

Low-energy muon beam lines 
typically tuned to surface-μ+ at  
~ 28 MeV/c
Contribution from cloud muons at 
similar momentum about 100x 
smaller
Negative muons only available as 
cloud muons
Time structure of cyclotron 
smeared out by pion lifetime → DC 
muon beams 
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Surface muons

Cloud muons

protons

π+

μ+

surface muons 
stopped pion decay

x

π+/-

μ+/-

cloud muons 
pion decay-in-flight
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Surface Muon Rates: TgE

Graphite: 40 mm length, 6 mm width
2.4 mA protons at 590 MeV
Conventional muon targets are highly efficient in generating surface muons!
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1.2 x 1011 surface-μ+/s1.2 x 1011 surface-μ+/s

1.1 x 1010 surface-μ+/s

1.8 x 1010 surface-μ+/s

protons
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Surface Muon Rates: Beam Lines

Five beam beam lines around TgE, two with high-intensity
Only small fraction of initial surface muons are transported (< 0.5%)
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μE4 beamline  
5.5 x 108 μ+/s
material science

πE5 beamline  
1.3 x 108 μ+/s
particle physics
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Experiments at Low Energy Beam Lines
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Needs high intensity

Material science:
Muon Spin Rotation (μSR)

Bulk properties

Surface effects

Particle physics

Muon lifetime

cLFV: μ➝eγ, μ➝eee, μ+N➝e+N

Light muonic atoms: proton radius

Muon capture

…
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cLFV Experiments

Physics of cLFV experiments: 
see talk by Y. Kuno
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Fig. 1 Schematic view of the MEG detector showing one simulated signal event emitted from the target

This configuration is optimised to sweep low-momentum
positrons from Michel decays rapidly out of the magnet, and
to keep the bending radius of the positron trajectories only
weakly dependent on their emission angle within the accep-
tance region (see Sect. 3).

The positron track parameters are measured by a set of
very low mass Drift CHambers (DCH) designed to min-
imise the multiple scattering (see Sect. 4). The positron time
is measured by a Timing Counter (TC) consisting of scin-
tillator bars read out by PhotoMultiplier Tubes (PMT) (see
Sect. 5).

For γ -ray detection, we have developed an innovative
detector using Liquid Xenon (LXe) as a scintillation ma-
terial viewed by PMTs submersed in the liquid. This de-
tector provides accurate measurements of the γ -ray energy
and of the time and position of the interaction point (see
Sect. 6).

We monitor the performance of the experiment continu-
ously by introducing a variety of calibration methods (see
Sect. 7).

We employ a flexible and sophisticated electronics sys-
tem for triggering the µ+ → e+γ candidate events along
with calibration data (see Sect. 8).

Special considerations influenced the development of the
data acquisition system. We record signals from all detec-
tors with a custom-designed waveform digitiser, the Domino
Ring Sampler (DRS) (see Sects. 9 and 10).

We evaluate detector response functions using data with
help of detector simulations (see Sect. 11).

In this paper, we mostly refer to a cylindrical coordinate
system (r,φ, z) with origin in the centre of COBRA. The z-
axis is parallel to the COBRA axis and directed along the in-
coming muon beam. The axis defining φ = 0 (the x-axis of

the corresponding Cartesian coordinate system) is directed
opposite to the centre of the LXe detector (as a consequence
the y-axis is directed upwards). Positrons move along trajec-
tories of decreasing φ coordinate. When required, the polar
angle θ with respect to the z-axis is also used. The region
with z < 0 is referred as upstream, that with z > 0 as down-
stream.

The angular acceptance of the experiment is defined by
the size of the LXe fiducial volume, corresponding approx-
imately to φ ∈ ( 2

3π, 4
3π) and | cos θ | < 0.35, for a total ac-

ceptance of ∼11 %. The spectrometer is designed to fully
accept positrons from µ+ → e+γ decays when the γ -ray
falls in the acceptance region.

2 Beam line

2.1 Experimental requirements

In order to meet the stringent background requirements nec-
essary for a high-sensitivity, high-rate coincidence experi-
ment such as MEG, one of the world’s highest intensity con-
tinuous muon beams, the πE5 channel at PSI, is used in con-
junction with the high-performance MEG beam transport
system which couples the πE5 channel to the COBRA spec-
trometer (see Sect. 3). This allows more than 108 µ+/s, with
an optimal suppression of beam-correlated background, to
be transported to the ultra-thin stopping-target at the cen-
tre of COBRA. The main requirements of such a low-
energy surface muon beam are: high-intensity with high-
transmission optics at 28 MeV/c, close to the kinematic edge
of stopped muon decay and to the maximum intensity of the

MEG experiment at PSI
μ+ ➝ e+γ

Mu3e experiment at PSI
μ+ ➝ e+e-e+
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cLFV Coincidence Experiments

Need low instantaneous rate → DC muon beams at PSI
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cLFV Results & Prospects

Potential of probing mass scales of new physics of 1000 TeV

Future sensitivity needs high intensity
For Mu3e Phase II need 109 μ+/s → currently not available!
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Current upper limit Future sensitivity

BR (μ+ → e+ γ) < 5.7 x 10-13 (MEG)

BR (μ+ →  e+ e+ e- ) < 1.0 x 10-12 (SINDRUM)

SES (μ+ → e+ γ)  ~ 5 x 10-14 (MEGII)

SES (μ+ →  e+ e+ e- ) ~ 10-15 (Mu3e Phase I)
SES (μ+ →  e+ e+ e- ) ~ 10-16 (Mu3e Phase II)

Adam et al., PRL 110, 201801 (2013) 
Bellgardt et al., Nucl. Phys. B299, 1 (1988)
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MEG11 Detector

13

MEG II Experiment

better uniformity w/ 
VUV-sensitive 

12x12mm2 SiPM

single-volume He:iC4H10  
small stereo cells

30ps resolution 
w/ multiple hits

full available  
intensity 
7x107/s

further reduction 
of radiative BG

x2 resolution everywhere
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Mu3e Detector

Timing is key at ~109 μ+/s
Challenge to bring 109 μ+/s on  
20 mm target for Phase II
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An Experiment to Search for the Decay µ æ eee

Target

Inner pixel layers

Outer pixel layers

μ Beam

Figure 6.7: Minimum detector cofiguration for early commissioning with central silicon only (phase IA).

Target

Inner pixel layers

Scintillating fibres

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam

Figure 6.8: Detector with one set of recurl stations for physics runs and tile detector commissioning
(phase IB).

Target

Inner pixel layers

Scintillating fibres

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam

Figure 6.9: Final detector with two sets of recurl stations for high intensity physics runs (phase II).
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An Experiment to Search for the Decay µ æ eee

Target

Inner pixel layers

Outer pixel layers

μ Beam

Figure 6.7: Minimum detector cofiguration for early commissioning with central silicon only (phase IA).
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Recurl pixel layers
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Figure 6.8: Detector with one set of recurl stations for physics runs and tile detector commissioning
(phase IB).
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Scintillator tiles

μ Beam

Figure 6.9: Final detector with two sets of recurl stations for high intensity physics runs (phase II).
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~110 cm

~15 cm

B = 1 T
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82 Y. Miyake et al.

Mu

Ultra slow muon
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Lyman-α laser generation and Mu 
dissociation by laser resonant ionization 
method

J-PARC 4 MeV muon

Mu target

(Mu    µ+ e-)
Thermal Mu

Mu generator

;

Magnets
Positron detectors
Loadlock Chamber

µSR spectrometer

Ultra slow muon

Beam window Ultrahigh vacuum

Lyman-α laser

SOA Lens

J-PARC 4 MeV muon

Mu target

RF accelaration
0.05 keV-10 MeV

 Beam size
  1 mm   -10 µm

Mass separation
device

Thermal Mu

Electrostatic 
Quadrupole Lens

φ φ

Fig. 2 A concept of the ultra low muon microscopy

frequency mixing (ωVUV = 2 ωr − ωt) where two 212.5 nm photons(ωr) are used for
two-photon resonant excitation of the 4P55P[5/2] state in Kr, subtracted by a photon
with a tunable difference wavelength (ωt; 820 nm), rather than the frequency tripling
(non-resonant) of 366 nm photons, of which conversion efficiency is in the order of
10−5−6. In our new laser system developed by Wada et al. [6], ωr(100 mJ/p, 2ns) is
generated as the 5th harmonics of 1062 nm (1 J/p), which consists of all solid state
laser system, such as diode laser, fiber amplifier, regeneration amplifier, OPA, OPG
etc., generating expectedly more than 71 µJ/cm2 Lyman-α light of the saturation
intensity for the Doppler broadened Mu at 2000 K.

Comparing the surface muon intensity between RIKEN-RAL (1.2 × 106/s) and U-
Line (2 × 108/s), we can gain a factor of 160. Taking into account the repetition rate
of the pulsed laser system and the muon beam, we can also gain a factor of two, since
both the laser and the muon beam can be synchronized to 25 Hz at MUSE, whereas
the muon beam (50 Hz) is synchronized to every second laser pulse at the RIKEN-
RAL facility. Moreover, the new solid state laser system is designed to generate an
intense Lyman-α light of more than 100 µJ/cm2 needed to saturate the transition of
Mu from the 1S state to the 2P state [6], whereas only about 1 µJ/cm2 of the Lyman-α
light was produced at RIKEN-RAL. Consequently, we may expect, as a maximum,
0.6 × 106/s of the ultra-slow µ+/s at MUSE (Fig. 2). This work was supported by a
Grant-in-Aid for Scientific Research on Innovative Areas “Ultra Slow Muon” (No.
23108002) of the Ministry of Education, Culture, Sports, Science, and Technology,
Japan and its commissioning will be performed in the winter of 2012.

5 Summary

At J-PARC MUSE, we are installing the U-Line which consists of a large acceptance
solenoid made of mineral insulation cables (MIC) and a superconducting curved

Ultralow-Energy Muons: Beam Lines
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Low energy µ+ beam and set-up for LE-µSR (LEM) 

~ 11000 µ+/s; accelerate 
up to 20 keV

~1.9 • 108 µ+/s

- UHV system, 10-10 mbar

- some parts LN2 cooled

Polarized Low Energy Muon 
Beam 
Energy:          0.5-30 keV
∆E,  ∆t:        400 eV,  5 ns
Depth:            1 – 300 nm
Polarization   ~100 %
Beam Spot:    12 mm (FWHM)

at sample:           
up to ~ 4500 µ+/s

Sample environment:

B = 0 – 0.3 T ┴ , 0 – 0.03 T ║ 
sample surface
T = 2.5 – 320 K

Beam spot at sample

Spin-rotator
(E x B)

Conical lens

Start detector
(10 nm C-foil)

Sample cryostat
e+ detectors

electrostatic mirror

Einzel lens
(LN

2
 cooled)

moderator

Einzel lens
(LN

2
 cooled)

MCP detector

“surface” µ+ beam, ~4 MeV

Spin

LEMS @ PSI
Moderation of μ+   
in cryogenic layer18 Muon beam, target and electronics

π
_

8 −110   s

µ
e

B=2 T

B=4 T

B=4 T

n

  

TOF

B=5 T
Hydrogen target

Velocity filter

HV= −19 kV
200 nm foil
for muon extractionp=100 MeV/c

Muon detector
&

Frictional cooling
ExB

Momentum filter

Solenoid

CT

B=0.1 T

MEC

1 m

Figure 3.1: Lay–out of the muon beam, with cyclotron trap CT, muon extraction channel MEC
and 5 Tesla solenoid.

muons [44] cannot be used for negative muons since they are forming exotic atoms.
The beam line producing the ultra–low energy negative muons consists of the cyclotron

trap (CT) [45–47] for the production of low energy muons, the muon extraction channel
(MEC) for their transport and selection, and a 1 m long 5 T solenoid with two transmission
detectors for the muon trigger (see Fig. 3.1). The solenoid also encloses the hydrogen gas
target with its detectors. The features of these three components of the beam line, which
provide a ultra–low energy muon beam with small transverse size and low background are
explained in the following sections. A photo of the PSI πE5 area with the muon beam
line is shown in Fig. 3.2.

3.1.1 Cyclotron trap

The cyclotron trap developed by L. Simons is a magnetic trap produced by two super-
conducting ring coils at a distance of about 40 cm giving a magnetic field of 2 T in the
median plane and 4 T at the coil centers (see Fig. 3.3). Negative pions (108 s−1) with a
momentum of 102 MeV/c with a momentum spread of ∆p/p = ±6% (FWHM) from the
πE5 channel are tangentially injected in the median plane of the trap where they hit a
moderator. The position (radial: r ∼ 10 cm) and thickness (5.4 g/cm2) of the moderator
are chosen such that the pions have a precession trajectory when they exit the moderator
which minimizes the chance of a second hit on the moderator. After moderation the pions
have a momentum of 40−60 MeV/c, i.e., near the “magic momentum” of 40 MeV/c which
is optimal for the generation of muons at low energy. This feature maximizes the number
of axially extracted muons.

About 30% of the moderated pions decay in flight into muons before returning back to
the moderator or hitting the wall of the target vessel. Only a few percent of these muons
have suitable momenta and angles accepted by the magnetic quasi–potential–well (radial

Lambshift @ PSI
Slowing down of π-/μ-   
in thin foil + frictional  
cooling

Ultraslow muons  
@ J-Parc
Laser ionization  
of muonium

All ultralow-energy 
muon beam lines 
extremely limited by 
intensity of incoming 
particles
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Ultralow-Energy Muons: Applications
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FIG. 3. Depth dependence of Bext 2 Bsad obtained at T !
20 K and Bext ! 10.4 mT. The dashed curves are predic-
tions of the London model for different values of the London
penetration depth lab and Bext ! 10.4 mT. Excellent agree-
ment between the experimental and calculated values is ob-
tained for lab ! 150 nm.

In Fig. 3 we plot the measured depth dependence of
the cusp shift Bext 2 Bsad and compare it to the results
of calculations for three different values of the London
penetration depth lab of 140, 150, and 160 nm (dashed
lines). One can see from Fig. 3 that lab controls the
magnitude of the cusp shift, but has very little effect
on the depth dependence. Excellent agreement between
the measured and calculated cusp shift is obtained for a
penetration depth of about 150 nm, in good agreement
with the value determined from the exact analysis of the
line shape.
In summary, we have used for the first time low en-

ergy m1 as a microscopic probe to study the magnetic
field distribution in the vortex state of a YBa2Cu3O72d

film. By varying the energy of the muons we were able to
measure the evolution of the field distribution as the flux
lines emerge through the surface of the superconducting
film. The results are in excellent agreement with calcula-
tions based on the London model and clearly demonstrate
the potential of the LE-mSR technique for investigations
of the thin film properties with a depth resolution in the
order of a few nanometers. We look forward to further
measurements in samples such as multilayered high-Tc
films, which offer the possibility to study the rich phe-
nomenology of the vortex matter in a system with tunable
anisotropy.

We thank the Paul Scherrer Institut and its support staff
for continuing assistance. This work was supported by
the German BMBF and the U.K. EPSRC. C.N. acknowl-
edges the financial support by the Deutsche Forschungs-
gemeinschaft. The technical support of Hans-Peter
Weber and M. Horisberger is gratefully acknowledged.
The TRIM.SP code was kindly provided by W. Eckstein.
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atoms formed. The measurement times varied between 3 and 13 h per
laser wavelength. The 75-ns-long laser time window, in which the
laser induced Ka events are expected, is indicated in Fig. 4. We have
recorded a rate of 7 events per hour in the laser time window when on
resonance. The background of about 1 event per hour originates
mainly from falsely identified muon-decay electrons and effects
related to delayed muon transfer to target walls.

Figure 5 shows the measured 2S–2P resonance curve. It is obtained
by plotting the number of Ka events recorded in the laser time window,
normalized to the number of events in the prompt peak, as a function of
the laser frequency. In total, we have measured 550 events in the res-
onance, where we expect 155 background events. The fit to the data is a
Lorentzian resonance line on top of a flat background. All four para-
meters (Lorentzian amplitude, position and width, as well as back-
ground amplitude) were varied freely. A maximum likelihood fit
using CERN’s ROOT analysis tool accounted for the statistics at each
laser wavelength. Our statistical uncertainties are the 1s confidence
intervals.

We obtain a centroid position of 49,881.88(70) GHz, and a width of
18.0(2.2) GHz, where the given uncertainties are the 1 s.d. statistical
uncertainties. The width compares well with the value of 20(1) GHz
expected from the laser bandwidth and Doppler- and power-broad-
ening of the natural line width of 18.6 GHz. The resulting background
amplitude agrees with the one obtained by a fit to data recorded
without laser (not shown). We obtain a value of x2 5 28.1 for 28
degrees of freedom (d.f.). A fit of a flat line, assuming no resonance,
gives x2 5 283 for 31 d.f., making this resonance line 16s significant.

The systematic uncertainty of our measurement is 300 MHz. It
originates exclusively from our laser wavelength calibration proced-
ure. We have calibrated our line position in 21 measurements of 5
different water vapour absorption lines in the range l 5 5.49–6.01mm.
The positions of these water lines are known28 to an absolute precision
of 1 MHz and are tabulated in the HITRAN database29. The measured
relative spacing between the 5 lines agrees with the published ones. One
such measurement of a water vapour absorption line is shown in Fig. 5.
Our quoted uncertainty of 300 MHz comes from pulse to pulse fluc-
tuations and a broadening effect occurring in the Raman process. The
FSR of the reference Fabry–Perot cavity does not contribute, as the FSR
is known better than 3 kHz and the whole scanned range is within 70
FSR of the water line. Other systematic corrections we have considered
are Zeeman shift in the 5 T field (,30 MHz), a.c. and d.c. Stark shifts
(,1 MHz), Doppler shift (,1 MHz) and pressure shift (,2 MHz).
Molecular effects do not influence our resonance position because
the formed muonic molecules ppm1 are known to de-excite quickly30

and do not contribute to our observed signal. Also, the width of our
resonance line agrees with the expected width, whereas molecular lines
would be wider.

The centroid position of the 2SF~1
1=2 {2PF~2

3=2 transition is
49,881.88(76) GHz, where the uncertainty is the quadratic sum of
the statistical (0.70 GHz) and the systematic (0.30 GHz) uncertainties.
This frequency corresponds to an energy of DẼ 5 206.2949(32) meV.
From equation (1), we deduce an r.m.s. proton charge radius of
rp 5 0.84184(36)(56) fm, where the first and second uncertainties ori-
ginate respectively from the experimental uncertainty of 0.76 GHz and
the uncertainty in the first term in equation (1). Theory, and here
mainly the proton polarizability term, gives the dominant contri-
bution to our total relative uncertainty of 8 3 1024. Our experimental
precision would suffice to deduce rp to 4 3 1024.

This new value of the proton radius rp 5 0.84184(67) fm is 10 times
more precise, but 5.0s smaller, than the previous world average3,
which is mainly inferred from H spectroscopy. It is 26 times more
accurate, but 3.1s smaller, than the accepted hydrogen-independent
value extracted from electron–proton scattering1,2. The origin of this
large discrepancy is not known.

If we assume some QED contributions in mp (equation (1)) were
wrong or missing, an additional term as large as 0.31 meV would be
required to match our measurement with the CODATA value of rp.
We note that 0.31 meV is 64 times the claimed uncertainty of equation
(1).

The CODATA determination of rp can be seen in a simplified picture
as adjusting the input parameters rp and R‘ (the Rydberg constant) to
match the QED calculations8 to the measured transition frequencies4–7

in H: 1S–2S on the one hand, and 2S{n‘ n‘~2P,4,6,8S=D,12Dð Þ on
the other.

The 1S–2S transition in H has been measured3–5 to 34 Hz, that is,
1.4 3 10214 relative accuracy. Only an error of about 1,700 times the
quoted experimental uncertainty could account for our observed dis-
crepancy. The 2S{n‘ transitions have been measured to accuracies
between 1/100 (2S–8D) (refs 6, 7) and 1/10,000 (2S1/2–2P1/2 Lamb
shift31) of the respective line widths. In principle, such an accuracy
could make these data subject to unknown systematic shifts. We note,
however, that all of the (2S{n‘) measurements (for a list, see, for
example, table XII in ref. 3) suggest a larger proton charge radius.
Finally, the origin of the discrepancy with the H data could originate
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Figure 4 | Summed X-ray time spectra. Spectra were recorded on resonance
(a) and off resonance (b). The laser light illuminates the muonic atoms in the
laser time window t g [0.887, 0.962] ms indicated in red. The ‘prompt’
X-rays are marked in blue (see text and Fig. 1). Inset, plots showing complete
data; total number of events are shown.
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gives a x2/d.f. of 28.1/28. The predictions for the line position using the
proton radius from CODATA3 or electron scattering1,2 are indicated (yellow
data points, top left). Our result is also shown (‘our value’). All error bars are
the 61 s.d. regions. One of the calibration measurements using water
absorption is also shown (black filled circles, green line).
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Study of the penetration of 
magnetic fields into high-Tc 
superconductor

Spectroscopy of muonic 
hydrogen to determine 
proton radius 
→ proton radius puzzle

Planned measurement of 
g-2 at J-Parc using 
reaccelerated ultralow-
energy muons
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R&D Projects: muCool and HiMB

muCool:
Development of high-
brightness ultralow-
energy beam by stopping 
and compression of 
surface muon beam
Reduction of phase 
space by factor 1010

17

HiMB:
Development of high-
intensity beam by 
modification of existing 
target (TgM) and beam 
lines
Goal of 1010 surface-μ+/s
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muCool Project
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Muon swarm compression inside a helium gas target 
employing position-dependent muon drift velocity 
followed by extraction into vacuum.

D. Taqqu, Phys. Rev. Lett. 97, 194801 (2006)

Transverse compression
Longitudinal compression

Secondary μ+ beam
D ≈ 10 mm
E ≈ 4 MeV
continuous
polarized

Tertiary μ+ beam
D < 1 mm
E < 1 eV
pulsed, tagged
polarized

5 mbar He gas
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muCool Results

Longitudinal compression 
demonstrated experimentally
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First results from transverse 
compression expected this year

Bao et al., Phys. Rev. Lett. 112, 224801 (2014)
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HiMB Project

First version of beam optics showing that large number of muons can be 
captured and transported.
Almost parallel beam, no focus, no separator, …
Final beam optics under development

Beamline of solenoids 
similar to current μE4  
solenoids

Large aperture (500 mm) 
bending magnets

20 mm TgM 
5˚ rotated slab
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1.3 x 1010 μ+/s @ 2.3 mA Ip transported

p

μ+

500 mm
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HiMB Project

21

Source1.2 x 1011 μ+/s 1.3 x 1011 μ+/sTgE modified TgM

Capture7.2 x 109 μ+/s  
C ~ 6%

3.4 x 1010 μ+/s  
C ~ 26%

Transmission
5 x 108 μ+/s  
T ~ 7%
Total ~ 0.4%

1.3 x 1010 μ+/s 
T ~ 40%
Total ~ 10%

Existing μE4  
beam line

Proposed  
solenoid  
beam lineGain due  to high capture 

and transmission efficiency
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The proton accelerator
Conclusions

Large variety of experiments at existing low-energy muon beam lines from 
material science to particle physics

cLFV experiments and ultralow-energy muon beams in need of higher 
beam intensities

Synergies between low-energy and muon collider concepts:
High-power accelerators
Targets for muon generation
Capture solenoid technology
Muon cooling R&D
Concept for muon collider based on low-energy muon cooling developed 20 
years ago → worth revisiting 
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D. Taqqu, AIP Conf. Proc. 372, 301 (1996) 


