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Realization of muon microscope
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Fe [001] 

Fe [001] 

MgO [001] 

Observing spin state on the 
boundary between Ferro/insulator

µSR measurement in situ

!!Extension towards half metal etc. 
!!Spin Implantation to semiconductor

Spin implantation depends upon 
Atomic spin state on the boundary

Butler et al. PRB 63, 056614 (2001). 

Spin direction of the Ultra Slow Muon can be easily controlled by Spin Rotator

According to Prof. Yoshino

A02 Spin Transport and Reaction at Interface



A03: “Heterogeneous electronic correlation at sub-surface & interface” 
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Ultraslow muon serves as a unique tool to 
probe the electronic state of subsurface 
and interface in the real space. 
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Depth and Beam Size Scanned by 
Ultra Slow Muon Microscope

with Development Scenario



U1A Area 
 Thin film µµSR  
 H reaction on Surface 
  etc. 

2 x 108 /s surface muon 
(161 times more intense) 
 than Rutherfor Appleton Labo. 

Focusing 
Solenoid 

Curved 
Solenoid 

A01 team 

A04 team 



Mu Target



Surface µµ+ stopping on W

A/mm2

Beam size and focal length 
   Dependence of current density of the last coil 

! = 18 mm, Focal length 460 mm 
! = 25 mm, Focal length 700 mm 

Beam profile at the final  
focusing point 700mm

Intensity: 2 x 108  µµ+/s, on  W (70 x 40 mm2 (@1 MW) 
Intensity: 1.2 x106  (""0.5 x 106 ) µµ+/s, on W (40 x 35 mm2 @RIKEN-RAL 
1.2 x106/s is surface µ+ arriving at Port3, could be less than 0.5 x 106/s stopping on W 

W Target (70 x 40 mm2



Wy = 5 mm 

Wy = 220 mm 

W target y-size dependene  

Surface muon Beam Size : 65 mm! (2") 
Laser Area   : Center = (0, 0, 3 mm) 
     Lx 100 mm, Ly 4 mm, Lz 2 mm   

Time structure 

0 z

yW target 
(2000 K)

Laser 
Area

LxLz

Ly

     
     

 

v (mm/µs) 

T= 2000 K 

97.4% 

1 

Direction Distribution cos # 
Velocity Distribution Maxwell 

    Wy  (mm)  
Target Dimensions  

Wx  70mm,     Wy  : parameter

x

Hot Tungsten (W) Target Size ?;*@*A;*++=**
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Target studies 
Hydrogen solution in metals  
•! Extensive studies have been done for the 

solubility of hydrogen in metals. 
•! Large (positive) solution enthalpy means the 

work function for hydrogen (muonium) to 
escape from metal is small. 

•! But the depth of adsorption energy could 
play a role, as well as the height of surface 
barrier energy. 

!! Needs experimental studies! 
•! Matsushita et al. studied muonium 

production from  Iridium(Ir)1), Platinum(Pt)2) 
and Renium(Re)3), and obtained a promising 
result for Iridium. 

•! Ruthenium(Ru) and Molybdenum(Mo) also 
seem promising. 

•! Our system is a very sensitive muonium 
detector! 

"H(eV/atom) Melt point (C) 
W 0.22 3387 
Pt 0.20 1772 
Ir 0.76 2457 

Mo 0.53 2610 
Ru 0.56 2250 
Rh 0.28 1963 
Ta 0.37 2996 
Nb 0.37 2468 
Ti 0.47 1675 
V 0.32 1890 

1) A. Matsushita et al. Hyp. Int. 106 (1997) 283 
2) A. Matsushita et al. Phys. Lett. A 244 (1998) 174 
3) A. Matsushita et al. unpublished 



Target studies 
•! Increasing conversion efficiency from 

incident muons to thermal muoniums is 
a straight-forward way to increase slow 
muon yield. 

•! Micro-fabricating cryogenic 
moderator increased slow muon 
yield at PSI by 30% 

Increasing surface area... 
•! Etching by chemicals 
•! Laser micro-fabrication : 20% 

increase of surface area expected.  
 (under discussion with * Ltd.)  

•! Micro-fabrication by a diamond cutter : 
50% increase of surface area 
expected.  
 (under discussion with * Lab.) 

 

tungsten surface drilled by pulsed laser irradiation 
 (by Mr. David Wall, * Ltd.) 

Example of micro-fabrication by a diamont cutter 
(from pictures on *) 



Inserting Na dispenser 
in front of W foil

Alkali Metal coating on W surface
Lower the W-foil temperature of Mu production in vacuum 
Increase Mu production rate  "  Mu evaporation at RT

Mu- evaporation Experiments at J-PARC

Na (Cs) dispenser W foil

Vacuum chamber for investigating Mu 
production rate from W foil



Expected Yield of Ultra Slow Muon !

20 slow muons/second at RIKEN-RAL""J-PARC, MUSE 

1)! Repetition Rate                                                                          
25 Hz (At RIKEN-RAL  50 Hz)      factor 2 times  (1.5) 

2)! Surface Muon Yield by Super Omega Channel                                                                                 
2.0 x 108 /s  / 1.2 x 106 /s (RIKEN-RAL) = 161 times  (400) 

3)! Lyman-# Intensity by Laser Development$

     71 µJ/p   /   <1 µJ/p (RIKEN-RAL) ~ 100 times 

Our Goal of Ultra Slow Muon Yield is  

20 /s x  2 x 161 x 100 = 0.6 x 106/s (Maximum)  
Riken-RAL Slow Muon Intensity Started with realistically, 103-5/s ! 

U-Line!



Polarization



Muon spin rotation signal  
asym [%]= 10.63 ± 
0.29 

50 % polarization; only TMu conserve its polarization!



Muonium spin precession signal in SiO2 

No observed 
change of 
asymmetry even 
at high 
frequency (14 
MHz)  



Recovery of muonium polarization 
•! Currently muonium are 

generated under no magnetic 
field, resulting loss of 
polarization due to triplet states 
are mixed up. 

•! Applying magnetic field to 
muonium would resolve 
degenerated levels. 

# less depolarization of muonium 
at triplet state 

# 100% polarization of muonium
Overcoming our weak side) 

 
•! Needs careful study for beam 

transportation, though. 
# we have to cut a fringing field  
     of 3kG in order to  extract!  



Extraction



Extraction and acceleration of ultra slow muon 

T T = 30.0kV   
S1 = 29.8 kV 
S2 = 28.5 kV 
S3 = 18.8 kV 
S4 = 0 V 

S1 S2 S3 S4 

Electric Potential induced by electrodes of the present SOA Lens 

Need optimization 
in the case 30kV 

10kV 



Design and Fabrication of Mu chamber, Slow Ion Optics
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Design and Fabrication of Mu chamber, Slow Ion Optics



Effect of Fringe Field of Focusing solenoid (Beam Spot at F1) 
Field Cramp  + Correction 
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(static) 

By Strasser



Optics Calculation : musrSim* (based on GEANT4) 
* developed by PSI group (K. Sedlak et al, http://lmu.web.psi.ch/simulation/) 

Transmission Efficiency ~100 %   
(except for µ-e decays, r < 2 mm and  %< 30 mrad at F1) 



by P. Strasser 



Ultra slow muon Beam Property 

I  :  6 x 105 µ+/s, Beam size : ~ mm"!
200 V 
14 mm 

= 2 mm 

Center 3mm 

=14.3 V/mm 

T - S1 of SOA 

 
14 mm 

E = 30 keV ± 29 eV by static field extraction 

Static! Pulsed!
V (V)! 200! 2000!

E (V/mm)! 14.3! 143!

duration t (ns)! static! 8.2!

vel. (mm/ns)! 0.49 - 0.54! 1.0!

"E (eV)! ± 29! 0!

"t (eV)! 3.9! 2.0!

Development of Pulsed 
H.V. Extraction 

in principle 

t (ns)!

V!

U(T)-U(S1) !
T 

Laser 
Ionization 

0!



Need R&D !! 



Related Facility and Items



Radiation evaluation by Kawamura,  
requires 30cm thick concrete shielding area



Shielding area, and Water Manifolds were installed Feb., 2012
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Road Map of Construction 

Ultra Slow Muon Beam 
Commissioning will start 
from Jan. 2013 



End



Test Plan for Muon Linac@ U-line
•! A few MeV cold muon beam is required for muon 

microscopy.

RFQ

Target

•! Shunt Impedance is higher 
•! Construction is easier  

–! comes in three pieces 

IH Linac

Acceleration test 
Yoshida, Toge,Hayashizaki 

@2012-2013


