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Early History of μSR :
Fantasy ➜ Fiction ➜ Physics
Fantasy:  violates the “known laws of physics”

Science Fiction:  possible in principle, but 
impractical with existing technology.   (Clarkeʼs Law:    
“Any sufficiently advanced technology is indistinguishable from magic.” )

Routine Physics:   “We can do that . . .”

Applied Science:  “ . . . and so can you!”
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Before 1956: μSR = Fantasy
(violates “known laws of physics”) 

1930s: Mistaken Identity                                        
Yukawaʼs “nuclear glue” mesons ≠ cosmic rays                                      
1937 Rabi: Nuclear Magnetic Resonance 

1940s: “Who Ordered That?”                                                     
1940 Phys. Rev. Analytical Subject Index: “mesotron”                                       
1944 Rasetti: 1st application of muons to condensed matter physics                
1946 Bloch: Nuclear Induction (modern NMR with FID etc.)                            
1946 Various: “two-meson” π-µ hypothesis                                                           
1947 Richardson: produced π & µ at Berkeley 184 in. Cyclotron             



Problem:
What’s the mean field inside 

a ferromagnet, B or H ?

Opportunity:
Deflection of cosmic ray 

“mesons” (muons)

First application of muons to condensed matter physics.
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Before 1956: μSR = Fantasy
(violates “known laws of physics”) 

1930s: Mistaken Identity                                        
Yukawaʼs “nuclear glue” mesons ≠ cosmic rays                                      
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1956-7: Revolution 
1950s: “Particle Paradise”                             
culminating in weird results with strange particles:                                      
1956 Cronin, Fitch, . . . : “ τ - θ puzzle” (K+ decay)

First big problem!

1956: Lee & Yang postulate                                   
P-violation in weak interactions

First big opportunity!

1957: Wu confirms P-violation in β decay;                   
Friedman & Telegdi confirm P-violation in π-µ-e decay;                     
so do  Garwin, Lederman & Weinrich, using a            
prototype μSR  technique.

P
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For newcomers . . .
How does it work?

  . . . a brief introduction to P



Pion Decay:    π+ → µ+ + νµ

Conservation of Linear Momentum:     The µ+ is emitted with momentum    
equal and opposite to that of the νµ . 

Conservation of Angular Momentum:  µ+ & νµ have equal & opposite spin.

A spinless pion stops in the “skin” of the primary production target.  
It has zero linear momentum and zero angular momentum.

Weak Interaction:    

Only “left-handed” νµ 

are created.  

Thus the emerging µ+ 
has its spin pointing 
antiparallel to its 
momentum 
direction. ✘



Neutrinos have negative helicity, antineutrinos positive.
An ultrarelativistic positron behaves like an antineutrino.
Thus the positron tends to be emitted along the µ+ spin
when  νe  and  νµ   go off together (highest energy e+).

μ 
+ Decay

–



Transverse Field
(TF)-µ 

+SR 

Typical time spectrum  
(histogram)



1958-1973: Science Fiction era

Problem :  How to make all this practical?

Solution (mid-1970s):  Meson Factories — Intensity x 1000!                                    
Switzerland: SIN (→ PSI)                      Canada: TRIUMF
USA: LAMPF (now defunct)
Japan: KEK/BOOM ( → J-PARC)         UK: RAL/ISIS

Opportunity :  Science Fiction → Routine Science.



  Where in the World is μSR?  

J-PARC



1958-1973: Science Fiction era
1960s:  Fundamental Physics Fun! — Tours de Force       

Michel Parameters = Weak Interaction Laboratory                                
Heroic QED tests:  AHF(Mu),  µµ,  gµ − 2                                                       
All lead to problems  requiring refined µSR techniques (opportunities). 

1972:  Bowen & Pifer search for for  µ + e − → µ − e +  conversion

Problem :  How to produce slow Mu in vacuum?        . 
Solution:   build first Arizona/surface muon beam.                 .

Opportunity :  Study Mu chemistry in gases.

Opportunity :  (later) ~10 
3 x smaller solid samples.  

Opportunity :  (much later) Ultra-Low Energy Muons       . 
that can stop in thin films and probe interfaces.                           
(Requires ~104 incoming muons for each LEM.)



Muon Beams    ➙   Quality Factors
PERFORMANCE of MUON BEAMS for µSR

REQUIREMENTS:

HIGH POLARIZATION
HIGH FLUX (>2x104 s−1 on target)
SMALL SPOT SIZE (< 1 cm2)
SHORT STOPPING RANGE  ⇒  low momentum
LOW CONTAMINATION of π, e etc.

∴ “QUALITY FACTOR”     .

        Q =              (POLARIZATION)2 x FLUX   
(1 + CONTAM.) x RANGE x (SPOT SIZE)

HISTORY of IMPROVEMENTS:

Before Meson Factories:  Q ~ 102      (1970)
Decay channels at Meson Factories:  Q ~ 105      (1975)

Surface µ+ beams at Meson Factories:  Q ~ 106      (1980)
“3rd generation” surface muon beams:  Q ~ 107      (1990)

                  ~ 104 µ+/s                       25 mg/cm2

                 } 6 mm
(net mass ≈ 9 mg)

Low Energy (moderated) Muons at PSI:  Q ~ 109     (2005)

} LUMINOSITY

s−1gm−1

DECAY MUON CHANNEL (µ+ or µ−)

                 π→µ decay section
                                                        pµ analyzer
        π
            pπ selector                                         “Forward” µ

“Backward” µ           .
~ 80% polarized          . 

pµ ~ 65 MeV/c          .
Range: ~ 4±1 gm cm−2

“Arizona” or SURFACE µ+ CHANNEL

“Surface” µ+                                            .

100% polarized                        .
pµ ~ 28 MeV/c                         .

Range: ~ 0.14±0.02 gm cm−2         .

              BLOW
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Spin-Rotated Muon Beams

Problem :  μ 
+ beam has huge e 

+ background. 

Solution:  Use E ×B velocity selector to remove positrons.

Problem :  How to do TF-µ 
+SR in high fields?

(S || p ⊥ B  ⇒ muon beam is deflected)

Solution:  Use E × B velocity selector to rotate muon spins 90o.

Opportunity :  TF spectroscopy in high-field limit!



High Field µSR

TRIUMF:  Fields of up to 8 T are now available, requiring a “business end” of 
the spectrometer only 3 cm in diameter (so that 30-50 MeV decay positron 
orbits don’t “curl up” and miss the detectors) and a time resolution of ∼150 ps.   
PSI:  9.5 T spectrometer coming in 2011.   ISIS:  5 T spectrometer (LF only).



Brewer's List of μSR Acronyms

Transverse
Field

Zero Field

Longitudinal
Field

Avoided
Level

Crossing
Resonance

Muon
Spin
Echo

Muon
Spin

Resonance

Fourier
Transform

µSR

µALCR

LF-µSR

ZF-µSR

TF-µSR



Muonium as light Hydrogen
  (Mu = µ+e−)                            (H = p+e−)

  Mu vs. H atom Chemistry:

  - gases, liquids & solids

  - Best test of reaction rate theories. 

  - Study “unobservable” H atom rxns. 

  - Discover new radical species.

  Mu vs. H in Semiconductors: 

 - Until recently, µ +SR →   only data on 
   metastable H states in semiconductors!

The Muon as a Probe

  Quantum Diffusion:  µ + in metals (compare H+);  Mu in nonmetals (compare H). 

  Probing Magnetism: unequalled sensitivity

  - Local fields: electronic structure; ordering

  - Dynamics: electronic, nuclear spins

  Probing Superconductivity:  (esp. HTcSC)

  - Coexistence of SC & Magnetism

  - Magnetic Penetration Depth  λ

  - Coherence Length  ξ

 “Themes” in µSR 



 > Molecular Structure & Conformational 
        Motion of Organic Free Radicals
> Hydrogen Atom Kinetics
> “Green Chemistry” in Supercritical CO2
> Catalysis
> Mass Effects in Chemical Processes
> Ionic Processes at Interfaces
> Reactions in Supercritical Water
> Radiation Chemistry & Track Effects 
        in Condensed Media
> Reaction Studies of Importance to Atmospheric Chemistry
> Reaction Kinetics as Probes of Potential Energy Surfaces
> Electron Spin Exchange Phenomena in 
        Gases & Condensed Media.

> Molecular Magnets & Clusters
> Hydrogen in Semiconductors
> Magnetic Polarons
> Charged Particle Transport 
> Quantum Impurities
> Metal-Insulator Transitions
> Colossal Magnetoresistance
> Spin Ice Systems
> Thermoelectric Oxides
> Photo-Induced Magnetism
> Magnetic Vortices
> Heavy Fermions
> Frustrated Magnetic Systems
> Quantum Diffusion
> Exotic Superconductors

Some Recent
Applications

of μSR  



Finis



History of μSR
pre-1956:  Fantasy 

1956-7: Revolution!                    
π-µ-e decay and µSR 

1958-73: Science Fiction 
Michel Parameters                         
QED tests with Muonium    
“Problems” → Applications

1970s: Meson Factories    
SIN/PSI, LAMPF, TRIUMF,          
KEK/BOOM, RAL/ISIS 

ʼ80s & ʼ90s: Routine Science 
µSR Methods developed          
“Themes” in µSR 

2000s: 
Chemistry & Semiconductors 
Magnetism & Superconductors            
Fundamental Physics 

FUTURE:  Applied Science     
(No more magic?  Donʼt count on it!)



High Flux, ultra-Low Energy Muon 
beam facility:  >104 µ+/sec

OR . . . re-accelerate 
to ~ 500 keV and 

focus on very small spot.
(Scanning Muon Microscope?)

“Leaky Magnetic Bottle”
Bent

Solenoid

PSI
LEM

Production Target

Alternative for pulsed facilities: 
laser-ionized thermal muonium



New Science Opportunities

Simply increasing Low Energy Muon intensity 
from 103 to 104 µ+/s = a huge step for LE-µSR.

Combined with β-NMR, probe thin films, 
multilayers, magnetic nanostructures, . . . 

Re-accelerate LEM to ~ 1 MeV ➙ parallel beam  
can be focused onto µm-sized spot: 

“Scanning µSR Microscope” (SMM)?




