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Outline 

•  A few words about magnetic moments 
•  The beginning: ge ≅ 2	


•  The discovery that ge > 2	

•  The ge   industry 

•  The discovery that gµ ≅ 2	


•  The discovery that gµ > 2	


•  The CERN (gµ  - 2) Experiments 
•  Preparing for the BNL Experiment 
•  Final remarks 
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In the preceding two talks we heard: 

1.  “The goal is to find new physics.” 
2.  “trivial factor of 1” 

I would say: “The goal is to understand how nature works.” 

     Remember that quantum mechanics was once          
“new physics” and everything we know is built on the 
pioneering work of Schrodinger, Heisenberg, Thomas, 
Uhlenbeck and Goudsmit,  

      and especially  Dirac, who produced the  “trivial factor 
of 1 (g = 2)”; along with the foundation for modern field 
theory which assumes the Dirac equation as the 
beginning.  

     (remember all those γ matrices on days 1 and 2?) 
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Magnetic Dipole Moments 
Dipole in a B field: 

µs  for a particle with spin: 

Larmor  precession 
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Measurements of Magnetic Dipole moments started with a 
proposal by Otto Stern to study space quantization: 

Z. Phys. 7, 249 (1921) 

B. L.  Roberts,  KVI, 18 February 2010 
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First Result from Walter Gerlach and Otto Stern 

 Z. Phys. 8, 110 (1922) 

W. Gerlach 
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ohne Magnetfeld mit Magnetfeld 



Ultrasensitive Experiments - B. Lee Roberts - Fermilab – 1 October  2013 - p. 8/67 

in modern  language 

By 1924 they had published 3 papers plus this review 
article. 

10% precision 



What had to be understood to conclude ge = 2 ? 

•  Quantum Mechanics 
•  Spin 
•  Thomas Precession 
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G.E. Uhlenbeck 
S. Goudsmit 
postulated 
electron spin to 
explain fine- 
structure 
spectra 

Naturwissenschaften 
13, 953 (1925) 
Nature                  
117, 264 (1926) 

Klein, U & G 

On account of its magnetic 
moment, the electron will be 
acted on by a couple just as 
if it were placed at rest in a 
magnetic field of magnitude 
equal to the vector product 
of the nuclear electric field 
and the velocity of the 
electron relative to the 
nucleus.  
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Only after L.H. Thomas’ paper deriving the famous factor 
of 2, did some people believe in spin. 

Nature 117, 514 (1926) 
Phil. Mag. 3, 1 (1927) 

B. L.  Roberts,  KVI, 18 February 2010 
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Thomas later told Goudsmit that Pauli ridiculed the 
idea when he first heard the suggestion from Kronig. 

L.H. Thomas 



Ultrasensitive Experiments - B. Lee Roberts - Fermilab – 1 October  2013 - p. 13/67 

Theory of Magnetic and 
Electric Dipole Moments 

Proc. R. Soc. (London) A117, 610 (1928) 
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Dirac was surprised when his theory gave the correct 
magnetic moment of the electron, i.e. g=2 

Non-relativistic reduction of the 
Dirac Equation for an electron in a 
weak magnetic field. 

 "an unexpected bonus for me, completely unexpected." 
quoted by A. Pais in Paul Dirac: The Man and His Work, P. Goddard, ed., Cambridge U. 
Press, New York (1998).  
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But … the hydrogen hyperfine structure was not as expected …  
Nafe, Nelson, Rabi, Phys. Rev. 71, 914 (1947) 
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Discrepancy confirmed by Nagle, Julian and Zacharias 
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So What? 
The first loop calculation:	


Dirac            
Stern-Gerlach 

Schwinger 
Kusch-Foley 
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gS measured to 50 × 10-6   (50 ppm) 
ae to 42 × 10-3   ( 42 parts per mil) 

 



Ultrasensitive Experiments - B. Lee Roberts - Fermilab – 1 October  2013 - p. 20 

Summary of magnetic moments 

•  Since g > 2, need to add a “Pauli” (anomalous) 
moment a 

   

PDG value 
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    Particle: q    = Qe  moving in a magnetic field:                                            
momentum turns with cyclotron frequency ωC,  

   spin turns with ωS 

 
 

Spin turns relative to the momentum with ωdiff      
 

 

 

which we call ωa 

 

Spin Motion in a 
Magnetic Field 



I.I. Rabi 
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Never measure 
anything but 
frequency 



The quantum cyclotron 
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No fundamental constants needed! 

Spontaneous emission in the 
cylindrical trap inhibited by ~140 

A single electron in a penning trap, 
cooled to mK temperatures 
 



The quantum cyclotron 
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At 80 mK  all ground state  
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Theory and Experiment 
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8th and 10th order QED calculations 
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Experiment and Theory for ae  
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What would the inventors of QED think about the 
astoninshing ageement between experiment and theory 
for ae? 

Perhaps she is telling us that she loves sloppiness.” 
Freeman Dyson (private communication) –  December 2006 

“The main point was that all of us who put QED  together, including  
especially Feynman, considered it a jerry-built and provisional  
structure which would either collapse or be replaced by something  
more permanent within a few years. So I find it amazing that it has  
lasted for fifty years and still agrees with experiments to twelve  
significant figures. It seems that Nature is telling us something.  

- p. 28 
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An aside:  The g-value of the proton 

•  In 1933, against the advice of Pauli who believed that 
the proton was a pure Dirac particle, Stern and his 
collaborators showed that:   

   which has something to do with its internal structure. 
•  Internal structure can also change g from 2.  
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The Muon 
 “a particle of uncertain nature” 

Paul Kunze, 
Z. Phys.  83, 1 (1933) 

First observed in cosmic rays in 1933 



Identified in 1936 
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Study of cosmic rays by 
Seth Neddermeyer and    
Carl Anderson 



Confirmed by Street and Stevenson 
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It took 10 years to conclude that the 
muon interacted too weakly with matter 
to be the “Yukawa” particle which was 
postulated to carry the nuclear force 



So what is the muon? 

•  An excited electron? 
–  no, µ → e γ  was not observed.  

•  Was it related to the electron? 
–  well it’s decay was 3-body, and only     

 an electron was observed 

•  Did it behave like an electron? 
–  conservation of angular momentum could be used to guess that 

it was spin ½  
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I.I. Rabi 



Fitch and Rainwater looked for fine-structure splitting 
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Stop µ- in matter, forms a muonic Bohr-like atom 



•  The fine-structure splitting depends on the magnetic moment;  the  
2p → 1s transition is split into 2 lines  

•  The resolution of the NaI detector was not sufficient to see 2 lines, 
only a broad blob – no nonlinear least square fitting program (no 
root or PAW then) 

Fitch and Rainwater looked for fine-structure splitting 
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Measuring the Muon 
Magnetic Dipole Moment 
 

 



How do you know where the spin is, and how fast it 
rotates? 
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How do you know where the spin is, and how fast it 
rotates? 
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“starting with a π meson at rest, one could study the 
distribution of the angle θ between the µ-meson 
momentum and the electron momentum, the latter being 
in the CM system of the µ meson.  If parity is conserved 
in neither (5) nor (6), the distribution will not in general 
be identical for θ and π-θ. … 
 If (5) violates parity conservation, the muon would be in 
general polarized in it’s direction of motion…” 



Muon Production:    π+ → µ+ + νµ	


•  In the rest frame: 
–  Initial spin is 0 
–  Final spin is 0 – but the neutrino is left-handed so the muon is 

polarized! 

•  In the Lab Frame with a pion beam: 
–  the very forward muons (highest energy) are highly polarized 
–  the very backward muons (lowest energy) are highly polarized 
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Garwin, Lederman, 
Weinrich, PR 
105,1415 (1957) 
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Friedman, Telegdi  
PR105, 1681 (1957) 



Lee and Yang explained that if parity is violated 

–  produces polarized muons along the muon momentum, and the 
decay 

–  analyzes the spin orientation at the decay time 
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“They also point out that the longitudinal polarization of the muon 
offers a natural way of determining a magnetic moment.” – Garwin, 
Lederman, Weinrich  



The Nevis Experiment 

–  Produce a beam of π+,µ+	


–  Stop π+ in a carbon 
degrader, permitting muons 
to stop in a carbon target 

–  Use a simple telescope to 
detect e+  with Ee > 25 MeV 

–  count e+ between 0.75 – 2 µs 
–  look for the angular 

distribution (1 + a P cos θ) 
–  However, the counter only 

samples e+ at 100o 

–  Use a B field to rotate the 
spin, so for a small time 
window, the angular 
distribution is turned into a 
distribution of counts vs. 
magnet current 
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85 MeV π+, µ+ 

degrader to 
stop π+ before 
C target 



The first muon spin rotation experiment 
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Fit to 

g = 2   ± 10% 

n.b. The number of details that must be 
understood is inversely proportional to the error! 



Final Nevis Experiment: PR 118, 271 (1959)  
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gµ measured to ~140 × 10-6   (140 ppm) 
aµ to 42 × 10-3   ( 12.4%) 

≈ ×3 Kusch and 
Foley precision  

Note added in 
proof 



Final Nevis Experiment: PR 118, 271 (1959)  
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gµ measured to ~140 × 10-6   (140 ppm) 
aµ to 42 × 10-3   ( 12.4%) 

≈ ×3 Kusch and 
Foley precision  

Note added in 
proof 



Muon decay 

•  The highest energy e+, are correlated with the muon spin direction 
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θ 	

E/Emax 



Muon decay in flight 
•  µ-e decay asymmetry depends on pe , and the µ  beam 

polarization P.   
•  For a single energy threshold on the e± detectors, the 

figure of merit, NA2 peaks at ~0.65 Eµ. 
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For pµ = 3 GeV/c; differential and integral N, NA2 and A 

J. Miller, E. de Rafael, BL Roberts,  Rep. Prog. Phys. 70 (2007) 795–881  
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What if the particle is moving in the magnetic field? 
 

Particle: q    = Qe  moving in a magnetic field:                                              
momentum turns with cyclotron frequency ωC,  

   spin turns with ωS 

 
 
Spin turns relative to the momentum with ωa  independent of p 
 

Nevis Experiment was 
done at rest 



The featues that make the experiment possible: 

•  Parity violation 
–  produces polarized muons 

–  analyzes the spin orientation at the decay time 

•  The 2.2µs  lifetime is practically forever 
•  All aµ experiments, except at Nevis, used the rate at 

which the spin turns relative to the momentum, which 
only depends on the anomaly and B field. 
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The First CERN Experiment at the Synchrocyclotron 
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•  Inject polarized muon into a long magnet (B ≈ 1.5 T) with a small 
gradient – particles drift in circular orbits to the other end: 7.5 µs = 
1600 turns 

•  Extract muons with a large gradient into a polarization monitor 
where they stopped 

•  Time in the magnetic field was measured by counters 
•  Use one set of counters and a pulsed field to rotate the spins by π	

•  Measure the time dependent forward-backward asymmetry 



The First CERN Experiment at the Synchrocyclotron 
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•  Inject polarized muon into a long magnet (B ≈ 1.5 T) with a small 
gradient – particles drift in circular orbits to the other end: 7.5 µs = 
1600 turns 

•  Extract muons with a large gradient into a polarization monitor 
where they stopped 

•  Time in the magnetic field was measured by counters 
•  Use one set of counters and a pulsed field to rotate the spins by π	

•  Measure the time dependent forward-backward asymmetry 



A portion of the CERN data and the final answer 
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t(µs) 

A(t) 

•  Limitations: 
–  not enough data (1 muon/second in analyzer) 
–  muon lifetime too short 

sensitive to 

(4300 ppm) 



You need to measure B and ωa 

•  The magnetic field is normalized to the Larmor frequency 
of a free proton ωp. 

•  Remember what Rabi said; measure frequencies. 
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10.5 GeV/c 
Proton 
beam 

production 
target 

Background flash in 
the counters was 
horrendous!  

~200 µ stored/fill 

The first CERN storage ring; π production target inside 
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•  Go to pµ = 1.27 GeV/c, γµ = 12; γτ = 27 µs;  
•  using a weak-focusing magnetic storage ring; B = 1.71 T; 
n = 0.13; τa ≈ 3.7 µs.  

•  p + N  

0     1m    2m 

→ π → µ which are stored  → e  which are detected 



Arrival time spectrum for Ee > 830 MeV 
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270 ppm;  Sensitive to  



To get better precision a number of things needed: 

•  Longer muon lifetime (more wiggles) 
•  More muons stored 
•  To decrease the uncertainty on          ,  since 

•  With gradients in the field, you have to know the muon 
trajectories very well to determine 
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- p. 57 

However, you need vertical focusing: 

What about an electric quadrupole field for focusing? 

without vertical focusing 
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•  Everybody knows that to a relativistic charged particle, 
an electric field looks like a combination of E and B 



Non-relativistic positive spinning particle 
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+ 

- 

parabolic path      
spin unchanged 

+ 

- 

parabolic path,              
spin leads the momentum 

Relativistic positive spinning particle 



- p. 59/68 

The Magic γ  

0 With an electric quadrupole field for vertical focusing 

- 

+ 

+ 

- 
E 
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Beam Dynamics: Weak Focusing Betatron 
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If the quadrupole is uniform, get simple 
harmonic motion   

Must adjust the field index to avoid resonances.  



The Third CERN Experiment;  The magic γ 
NPB 150, 1 (1979)	
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•  Inject pions 
•  Use π → µ decay to kick muons onto stable orbits 

40 separate 
magnets 

π beam 

Electric 
quadrupoles 



The CERN3 storage ring 
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The CERN Inflector Magnet  

•  To deliver the beam at the edge of the storage region, 
CERN used a pulsed co-axial line, 300 kA peak current 
to null the main field. 
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CERN 3 experiment:  NPB 150, 1 (1979) 
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2 ppm contours 

What are these discrete areas? 
The width of the grinding wheel 

To map the field, they had 
to take out the vacuum 
chambers. 



The average field 
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   In the average, B couples 
multipole by multipole with 
the moments of the muon 
distribution. 

   



CERN 3 results 
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A portion of the 
CERN 3 data 



Lessons from CERN 

•  Don’t grind the magnet, instead have a shimming kit, 
including currents 

•  Make the magnet monolithic 
•  Don’t use a pulsed inflector  
•  Use a circular aperture 

•  Use direct muon injection to get rid of the pion flash 
•  Develop a way to map the B field without powering down 

and removing the vacuum chambers. 
•  Monitor the field everywhere during data collection 
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Design Decisions for E821 at BNL 

•  Make the magnet superferric – i.e. use superconducting 
coils to excite the magnet, but iron to shape the field. 
–  much more stable, can start data collection very soon after 

power-up (CERN had to wait a week for stability) 

•  Shim the field to ~ 1 ppm uniformity 
•  Design a superconducting inflector 

–  No transient magnetic fields 

•  Design a muon kicker that kicks the beam onto orbit, but 
does not leave any remnant field behind that interferes 
with the precession measurement 

•  Use modern electronics and wave-form digitizers  
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Assembling the yoke for the first time 
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Winding a coil 



Installing an inner coil into its cryostat 
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Installing a pole piece 
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The Magnet 
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The Magnet 
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Magnetic Circuits 

Lee Roberts  – Collaboration Meeting  13 December 2012 - p. 75 

Magnetomotive 
force 

reluctance 

µ ≈ 1 for air,     µ → 104  for steel 



The Magnet 
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    A circular aperture minimizes 
the effect of higher multipoles 
on  



Lee Roberts  – Collaboration Meeting  13 December 2012 - p. 77 

quadrupole 

sextupole octupole 

normal skew 
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Magnet shimming tools (Gordon Danby’s design):  
wedges – radial motion dipole;  
wedge angle – quadrupole   
pole bumps – sextupole 
pole windings 
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The magnetic field is measured and controlled using 
pulsed NMR and the free-induction decay. 

•  Calibration to a spherical water 
sample that ties the field to the 
Larmor frequency of the free 
proton ωp. 

B. Lee Roberts - Argonne – 25 March  2013 

17 NMR 
probes 

378 fixed NMR probes  



Absolute calibration: Spherical water sample 
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 The Larmor frequency of a proton in a spherical water sample is 
related to that of the  free proton through 

where σ(H2O, T) =  25.790(14) × 10-6  is from the diamagnetic shielding of 
the proton in the water molecule, determined from 

1.  the ratio of the g-factors of the proton in a spherical water sample 
to that of the electron in the hydrogen ground state 

2.  the ratio of electron to proton g-factors in hydrogen 
3.  the bound-state correction relating the g-factor of the proton 

bound in hydrogen to the free proton 



Ultrasensitive Experiments - B. Lee Roberts - Fermilab – 1 October  2013 - p. 81 

B field averaged over azimuth 

E821:   0.5 ppm contours 
CERN:  2 ppm contours 



The need for an inflector magnet 

82 
476.03.03: Inflector BL Roberts, Muon g-2 CD1 Review, September 17-18 2013 

outer coil 

yoke coil 



The beam penetration through the outer coil 
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84 
476.03.03: Inflector BL Roberts, Muon g-2 CD1 Review, September 17-18 2013 

56
m

m
 

18mm 

B 

=3 T 
BI =0 
out-
side  

=0  

Helium Channel
(for cooling)

Helium Channel
(for radiation shield)

Beam 
Channel

Inner
Coil

Outer
Coil

NiTi/Nb/Cu
Magnetic Flux
Shield

JacketE821 Inflector: both 
ends closed 

Inflector Design 

µ beam 



Inflector Geometry 

85 
476.03.03: Inflector BL Roberts, Muon g-2 CD1 Review, September 17-18 2013 

Inflector 

Services

Inflector Body

Inflector 

Cryostat

Central Orbit

Fixed NMR

Probe

Muon Beam Vacuum Chamber

µ	


central 
orbit 

~1.7 m 



Radial beam motion 

86 

B 
•  Beam exits yoke 
•  Beam through outer coil 
•  Beam through Inflector 
•  Beam kicked onto orbit 

476.03.03: Inflector BL Roberts, Muon g-2 CD1 Review, September 17-18 2013 



The muon kicker 
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The muon kicker 

Ultrasensitive Experiments - B. Lee Roberts - Fermilab – 1 October  2013 - p. 88 



The muon kicker circuit 

Ultrasensitive Experiments - B. Lee Roberts - Fermilab – 1 October  2013 - p. 89 



The kicker pulse forming network 
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•  Scalloped vacuum chamber minimizes pre-showering,  
so the correct energy is measured –  improves A, and 
thus NA2 
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- p. 92 

To measure ωa, we used Pb-scintillating fiber calorimeters.       

Count number of e- with 
Ee ≥ 1.8 GeV 

400 MHz digitizer 
gives  t, E 
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To be continued …  




