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Experimental technique overview

‣ Muons in magnetic field:
1. Cyclotron motion 

2. Spin precession
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Principle

�c =
eB

�mc
d�p

dt
= e�v � �B ⇒

d�S

dt
= �µ� �B

(�v · �B = 0)

⇒ �s =
geB

2mc
+ (1� �)

eB

�mc

Larmor precession
Thomas precession

�a � �s � �c = aµ
eB

mc
Difference
frequency:

Precision measurements 
of ωa, B ⇒ aμ

aµ �
g � 2

2

(J. Mott’s previous talk)
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Overview

‣ C-shaped 7.1-m radius superconducting magnet excites 1.45 T 
magnetic field in storage volume
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The Magnetic Field

The storage ring is a 14 m diameter, super-
ferric 700-ton circular "C" magnet.

Field homogeneity and reduction of higher
multipoles is obtained from thermal 
insulation and both active and passive 
shimming.

A beam-tube trolley carrying an array of 17 
NMR probes maps out the magnetic field 
inside the storage ring ~3 times per week.

Absolute calibration of the trolley probes to 
a spherical reference probe is made before 
and after data-taking periods.

The field is monitored continuously by 375 
NMR probes fixed above and below the 
vacuum chamber.

B field Measurement
Systematic Errors

Source of Error

Absolute calibration of 
standard probe

Calibration of trolley 
probes

Trolley measurement of 
dipole field

Interpolation with fixed 
probes

Uncertainty from muon 
distribution

Others*

Total

Size of Error
(ppm)

0.10

0.10

0.05

0.07

0.03

0.10

0.20

* higher multipoles, trolley temperature and its power supply 
voltage response, and eddy current from the kicker

Multipoles (ppm)

normal skew

Quad -0.29 0.15

Sext -0.71 -0.48

Octu 0.06 0.01

Decu 1.08 0.39
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Deviations of the vertical magnetic field in ppm
around the storage ring as measured by the 
trolley.

Deviations of the vertical magnetic field, aver-
aged over azimuthal position, in ppm.  Note 
that the contour lines in 1999 are in 1 ppm
steps, whereas in 2000 and 2001, they are in
0.5 ppm steps.

The stability of the magnetic field-monitoring
over time.  Note that this is not the same as 
the stability of the magnetic field itself: the field
may vary, however this is not a problem as 
long as we know what the changes are.
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Beam storage systems
‣ Needed to increase 

7

Actively cancels 
magnet fringe field so muons 

injected tangentially

Injected muons off-orbit.  
“Kicks” muons onto correct 

path

Statistics, statistics, 
statistics… 

Helps eliminate off-
momentum muons
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channel



Beam storage systems
‣ Needed to increase 
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Actively cancels 
magnet fringe field so muons 

injected tangentially

Injected muons off-orbit.  
“Kicks” muons onto correct 

path

Statistics, statistics, 
statistics… 

Helps eliminate off-
momentum muons

Cornell prototype

New kicker will feature stronger
kick, faster rise/fall time

➥ Improved storage efficiency, systematics



Focussing quadrupoles
‣ Around 40% of storage volume equipped with electric focusing quadrupoles for 

vertical confinement
- dramatically increases storage efficiency

‣ Complicates the physics, but fortunately…
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Focussing quadrupoles
‣ Around 40% of storage volume equipped with electric focusing quadrupoles for 

vertical confinement
- dramatically increases storage efficiency

‣ Complicates the physics, but fortunately…
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Magnetic field
‣ Challenge is to measure field experienced by the muons to 70 ppb.  Enormously 

challenging.  Many many systematic effects enter.  Our best tool to reduce their 
effect is to make the field as homogeneous as possible.
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Precision Field Shimming Requirements and Techniques

• Improvements in !p measurement rely on better field stability and homogeneity than BNL

• Hall temperature stability < ±1� C is essential (factor 2+ better than BNL E821)

• Improvements in homogeneity reduce closed orbit distortions, reduce impact of position
uncertainty on muons, trolley, calibration probes

A

R
 

) Reduce field variations in azimuth by factor two :
�B

B
 ± 25 ppm

) Reduce field gradients in transverse so azimuthally averaged quadrupoles  0.25 ppm,
multipoles beyond quadrupole at 0.1-0.2 ppm level

Field Measurement and !p Systematics Muon g-2 Independent Design Review & Director’s Review of CD-2/3 Readiness D.Kawall, June 17-19, 2014, 19

Azimuthally-averaged magnetic field 
achieved in BNL g-2
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The Magnetic Field

The storage ring is a 14 m diameter, super-
ferric 700-ton circular "C" magnet.

Field homogeneity and reduction of higher
multipoles is obtained from thermal 
insulation and both active and passive 
shimming.

A beam-tube trolley carrying an array of 17 
NMR probes maps out the magnetic field 
inside the storage ring ~3 times per week.

Absolute calibration of the trolley probes to 
a spherical reference probe is made before 
and after data-taking periods.

The field is monitored continuously by 375 
NMR probes fixed above and below the 
vacuum chamber.

B field Measurement
Systematic Errors

Source of Error

Absolute calibration of 
standard probe
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Deviations of the vertical magnetic field in ppm
around the storage ring as measured by the 
trolley.

Deviations of the vertical magnetic field, aver-
aged over azimuthal position, in ppm.  Note 
that the contour lines in 1999 are in 1 ppm
steps, whereas in 2000 and 2001, they are in
0.5 ppm steps.

The stability of the magnetic field-monitoring
over time.  Note that this is not the same as 
the stability of the magnetic field itself: the field
may vary, however this is not a problem as 
long as we know what the changes are.
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The Magnetic Field

The storage ring is a 14 m diameter, super-
ferric 700-ton circular "C" magnet.

Field homogeneity and reduction of higher
multipoles is obtained from thermal 
insulation and both active and passive 
shimming.

A beam-tube trolley carrying an array of 17 
NMR probes maps out the magnetic field 
inside the storage ring ~3 times per week.

Absolute calibration of the trolley probes to 
a spherical reference probe is made before 
and after data-taking periods.

The field is monitored continuously by 375 
NMR probes fixed above and below the 
vacuum chamber.

B field Measurement
Systematic Errors

Source of Error

Absolute calibration of 
standard probe

Calibration of trolley 
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Trolley measurement of 
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around the storage ring as measured by the 
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Deviations of the vertical magnetic field, aver-
aged over azimuthal position, in ppm.  Note 
that the contour lines in 1999 are in 1 ppm
steps, whereas in 2000 and 2001, they are in
0.5 ppm steps.

The stability of the magnetic field-monitoring
over time.  Note that this is not the same as 
the stability of the magnetic field itself: the field
may vary, however this is not a problem as 
long as we know what the changes are.
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‣ Many more passive and active tools that control strength of various multipoles

Passive shims
•Iron wedges
•Pole tilt
•Iron pole bumps
•Thermal insulation

Active shims
•Dipole correction coils
•Surface correction coils

Precision Field Shimming Requirements and Techniques

• Improvements in !p measurement rely on better field stability and homogeneity than BNL

• Hall temperature stability < ±1� C is essential (factor 2+ better than BNL E821)

• Improvements in homogeneity reduce closed orbit distortions, reduce impact of position
uncertainty on muons, trolley, calibration probes

A

R
 

) Reduce field variations in azimuth by factor two :
�B

B
 ± 25 ppm

) Reduce field gradients in transverse so azimuthally averaged quadrupoles  0.25 ppm,
multipoles beyond quadrupole at 0.1-0.2 ppm level

Field Measurement and !p Systematics Muon g-2 Independent Design Review & Director’s Review of CD-2/3 Readiness D.Kawall, June 17-19, 2014, 19

FNAL g-2 goal  
is x2 improvement  

in homogeneity 
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‣ Current status, path forward
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Since reaching 5K
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‣ Began injecting small amounts of current, monitored many many circuit 
elements for resistance, voltage drops
- consistently measured nΩ range, magnet is superconducting!

‣ Mounted hall probe and wide-band NMR device 
to roughly monitor field as we ramp to full 
power (5200A)

0.8 T

‣ During slow ramp-ups, noticed anomalously 
high resistance (~μΩ) at particular joint along 
with temperature rise

‣ Well understood and mundane mechanical issue. 
Repair happening as I speak!

First in situ 
magnetic field 

tests!



Summary
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‣ The muon g-2 magnet is an enormously powerful tool for physics 
exploration designed and built 20 years ago and is still being improved upon

‣ Various upgrades to the injection systems will increase storage efficiency

‣ Built in magnetic field “shim kit” will 
help understanding the field 
experienced by stored muons
- 1/2 of the observables in the experiment!

‣ The Brookhaven g-2 measurement is 
arguably the strongest existing hint for 
new physics.  With recently 
recommissioned storage ring and 
strong new collaboration, the muon 
g-2 experiment has a bright future
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‣ The muon g-2 magnet is an enormously powerful tool for physics 
exploration designed and built 20 years ago and is still being improved upon

‣ Various upgrades to the injection systems will increase storage efficiency 
and thus statistical power

‣ Small setback recently, but with arguably the strongest hint of new physics 
from the Brookhaven g-2 measurement and a strong, committed new host 
in Fermilab, the muon g-2 experiment has a bright future

Thanks for your attention!



Summary

19

‣ The muon g-2 magnet is an enormously powerful tool for physics 
exploration designed and built 20 years ago and is still being improved upon

‣ Various upgrades to the injection systems will increase storage efficiency 
and thus statistical power

‣ Small setback recently, but with arguably the strongest hint of new physics 
from the Brookhaven g-2 measurement and a strong, committed new host 
in Fermilab, the muon g-2 experiment has a bright future

‣ Built in magnetic field “shim kit” will be invaluable tool for understanding 
the field experienced by stored muons
- 1/2 of the observables in the experiment!

Thanks for your attention!
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Beam storage systems
‣ Needed to increase 

21

Actively cancels 
magnet fringe field so muons 

injected tangentially

Injected muons off-orbit.  
“Kicks” muons onto correct 

path

Statistics, statistics, 
statistics… 

Helps eliminate off-
momentum muons



g-2 measurements, improvements for FNAL g-2

‣ Statistics by far largest improvement
‣ To test current g-2 hint at >5σ, need systematic improvement ~ factor 3

22

magnetic field systematics
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Figure 2.1: (a)Measurements of aµ from CERN and BNL E821. The vertical band is the
SM value using the hadronic contribution from Ref. [71] (see Table 2.3). (b) Citations to
the E821 papers by year: light blue [38] plus [39]; green [40]; red [41]; blue [36]; and yellow
the Physical Review article [37].

where Q = ±1, e > 0 and m` is the lepton mass. Dirac theory predicts that g ⌘ 2,
but experimentally, it is known to be greater than 2. The small number a, the anomaly,
arises from quantum fluctuations, with the largest contribution coming from the mass-
independent single-loop diagram in Fig. 2.2(a). With his famous calculation that obtained
a = (↵/2⇡) = 0.00116 · · ·, Schwinger [51] started an “industry”, which required Aoyama,
Hayakawa, Kinoshita and Nio to calculate more than 12,000 diagrams to evaluate the tenth-
order (five loop) contribution [52].

(a) (b) (c)

γ

µ
γ γ

µ

γ

γµ

γ

µ

X X

Y

µ −
e

+
e

µ µ

Figure 2.2: The Feynman graphs for: (a) The lowest-order (Schwinger) contribution to the
lepton anomaly ; (b) The vacuum polarization contribution, which is one of five fourth-order,
(↵/⇡)2, terms; (c) The schematic contribution of new particles X and Y that couple to the
muon.

The interaction shown in Fig. 2.2(a) is a chiral-changing, flavor-conserving process, which
gives it a special sensitivity to possible new physics [53, 54]. Of course heavier particles can
also contribute, as indicated by the diagram in Fig. 2.2(c). For example, X = W± and
Y = ⌫µ, along with X = µ and Y = Z0, are the lowest-order weak contributions. In the
Standard-Model, aµ gets measureable contributions from QED, the strong interaction, and

Brookhaven ’04 measurement 
first to find robust discrepancy 

with SM value of ~3.6σ

‣ Long history of g-2 measurements, BNL 
first to find robust discrepancy (~3.65σ)

‣ To verify/refute, must test with better 
precision!

 



Focussing quadrupoles
‣ Around 40% of storage volume equipped with electric focusing quadrupoles for 

vertical confinement
- dramatically increases storage efficiency

‣ Complicates the physics, but fortunately…
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Focussing quadrupoles
‣ Around 40% of storage volume equipped with electric focusing quadrupoles for 

vertical confinement
- dramatically increases storage efficiency

‣ Complicates the physics, but fortunately…
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Focussing quadrupoles
‣ Around 40% of storage volume equipped with electric focusing quadrupoles for 

vertical confinement
- dramatically increases storage efficiency

‣ Complicates the physics, but fortunately…
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for γ = 29.3
finite γ spread
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Beam storage systems
‣ Needed to increase 
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Actively cancels 
magnet fringe field so muons 

injected tangentially

Statistics, statistics, 
statistics… 

Helps eliminate off-
momentum muons

BNL collimator

Produce new, thicker collimators for better 
beam cleaning efficiency


